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ABSTRACT OF THE DISSERTATION 

 

Air Quality Impact of Distributed Generation of Electricity 

by 

Qiguo Jing 

Doctor of Philosophy, Graduate Program in Mechanical Engineering 
University of California, Riverside, December 2011 

Dr. Akula Venkatram, Chairperson 
 

This dissertation summarizes the results of a five-year investigation of the impact of 

distributed generation (DG) of electricity on air quality in urban areas. I focused on the 

impact of power plants with capacities of less than 50 MW, which is typical of DG units 

in urban areas. These power plants are modeled as buoyant emissions from stacks less 

than 10 m situated in the midst of urban buildings. Because existing dispersion models 

are not designed for such sources, the first step of the study involved the evaluation of 

AERMOD, USEPA’s state-of-the art dispersion model, with data collected in a tracer 

study conducted in the vicinity of a DG unit. The second step of the study consisted of 

using AERMOD to compare the impact of DG penetration in the South Coast Air Basin 

of Los Angeles with the impact of replacing DG generation with expansion of current 

central power plant capacity. The third topic of my investigation is the development and 

application of a model to examine the impact of non-power plant sources in a large urban 

area such as Los Angeles. This model can be used to estimate the air quality impact of 

DG relative to other sources in an urban area.    
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The first part of this dissertation describes a tracer study conducted in Palm Springs, CA.  

Concentrations observed during the nighttime experiments are generally higher than 

those measured during the daytime experiments. They fall off less rapidly with distance 

than during the daytime. AERMOD provides an adequate description of concentrations 

associated with the buoyant releases from the DG during the daytime when turbulence is 

controlled by convection induced by solar heating. However, AERMOD underestimates 

concentrations during the night when turbulence is generated by wind shear. Also, 

AERMOD predicts a decrease in concentrations with distance that is much more rapid 

than the relatively flat observed decrease. I have suggested modifications to AERMOD to 

improve the agreement between model estimates and observations during the night.      

The second part of this dissertation examines the air quality impact of using DG to satisfy 

future growth in power demand in the South Coast Air Basin of Los Angeles (SoCAB), 

relative to the impact when the demand is met by expanding current central generation 

(CG) capacity. The air quality impacts of these two alternate scenarios are quantified in 

terms of hourly maximum ground-level and annually-averaged primary NOx 

concentrations, which are estimated using AERMOD. The shift to DGs has the potential 

for decreasing maximum hourly impacts of power generation in the vicinity of the DGs. 

The maximum hourly concentration is reduced from 25 ppb to 6 ppb if DGs rather than 

CGs are used to generate power. However, the annually-averaged concentrations are 

likely to be higher than for the scenario in which existing CGs are used to satisfy power 

demand growth. Future DG penetration will add an annual average of 0.1 ppb to the 

current basin average, 20 ppb, while expanding existing CGs will add 0.05 ppb. 
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The third part of my dissertation focused on formulating a model to estimate 

concentrations of NO2, NOx, and O3 averaged over a spatial scale of the order of a 

kilometer in a domain extending over tens of kilometers. The model can be used to 

estimate hourly concentrations of these species over time periods of years. It achieves the 

required computational efficiency by separating transport and chemistry using the 

concept of species age. Evaluation with data measured at 21 stations distributed over the 

Los Angeles air basin indicates that the model provides an adequate description of the 

spatial and temporal variation of the concentrations of NO2 and NOx. Estimates of 

maximum hourly O3 concentrations show little bias compared to observations, but the 

scatter is not small. 
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1. Introduction and Objectives 

 
1.1 Problem Area and Approach 

 
Distributed generation (DG) has the potential to meet a significant portion of increased 

power demand because of the following advantages: 1) reduction in electricity 

transmission losses because DG units are located in the area they service, 2) flexibility in 

size tailored to local power demand; 3) increase in efficiency and decrease in emissions 

by replacing boilers by Combined Heat and Power (CHP) systems. It may serve a single 

home, neighborhood, or business more efficiently and reliably than a centrally located 

power plant, and at a lower cost (Allison and Lents 2002). These benefits and the 

continuing concerns about the power reliability, quality, costs, and evolving technology 

have all contributed to the use of DG.  

Small DG units have the potential of causing air quality problems because they emit 

pollutants from relatively short stacks, and they are usually located in populated urban 

neighborhoods. A single DG may have an impact on air quality at scales of tens of meters 

from the source, while the cumulative impact of several DGs located in an urban area will 

affect air quality at scales of kilometers from the source. The overall objective of this 

thesis is to develop methods to estimate the air quality impacts of DG on NOx and NO2 

relative to other sources of NOx over scales ranging from meters to kilometers.   

The air quality impact of DGs can, in principle, be estimated using a combination of a 

short-range dispersion model, such as AERMOD (AMS/EPA Regulatory Model, 

Cimorelli et al., 2005) and a long-range transport model such as CMAQ (Community 



2 
 

Multiscale Air Quality, Byun and Ching, 1999). Models such as AERMOD are designed 

to estimate the air quality impact of isolated sources in a spatially homogenous area. 

They have not been tested adequately in an urban area, which has a complex spatially 

varying surface. DG units emit pollutants from relatively short stacks, which can be 

below the heights of the surrounding buildings. Even though DG exhaust gases are 

usually hot and thus buoyant, the emitted plumes are affected by buildings. Furthermore, 

the micrometeorology (Britter and Hanna, 2003) that governs the dispersion of these 

plumes is a strong function of the complex urban surface. Thus, modeling dispersion at 

short distances from a DG unit poses major problems. This thesis addresses the solution 

of some these problems. It also provides an approach to estimating the cumulative air 

quality impact of several DGs relative to those of central generating stations and other 

sources in a large urban area.  

This thesis applies AERMOD (Cimorelli et al., 2005) to the South Coast Air Basin of Los 

Angles to examine the relative impact of distributed and centralized generation of 

electricity on local air quality. Before doing so, this thesis examines the applicability of 

the current generation of dispersion models such as AERMOD to a DG, which represents 

a low level buoyant source in an urban area. This thesis also presents a Lagrangian model 

to estimate background concentrations of NO2, NOx, and O3 associated with other urban 

sources. These concentrations are averaged over a spatial scale of the order of a kilometer 

in a domain extending over tens of kilometers. Finally, this thesis compares the impact of 

emissions from a DG on urban air quality estimated using AERMOD with the impact of 
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emissions from all other sources predicted by the Lagrangian model. The next section 

reviews past studies relevant to the research described in this thesis.  

 
1.2 Background 

 
1.2.1 Vertical Structural of Urban Boundary Layer 

 
The atmospheric boundary layer or the planetary boundary layer (PBL) is the part of the 

troposphere that is directly influenced by the presence of the earth’s surface, and it 

responds to surface forcing with a timescale of about an hour or less (Stull 1988). The 

troposphere exchanges momentum, heat, and mass with the ground through the PBL. The 

turbulence within the PBL is produced by shear stresses associated with gradients in the 

horizontal wind and vertical motion induced by buoyant air parcels rising from the 

surface heated by solar radiation. 

The urban boundary layer (UBL) is formed when air flows from a rural area to an urban 

area. The surface roughness increases from rural to urban areas, and the urban surface 

temperature is usually higher than the rural temperature. Figure 1-1 shows the vertical 

structures of the urban and rural boundary layers, which is adapted from Grimmond and 

Oke (2002). The surface layer is usually defined to be the lowest 10% of the boundary 

layer, where turbulent fluxes vary less than 10% in magnitude with height. The surface 

layer over urban areas can be divided into two sublayers: an inertial sublayer and a 

roughness sublayer.  

The roughness sublayer (RSL) is the region where flow is directly influenced by the 

roughness elements. In this layer, the turbulence field is inhomogeneous and the flow is 
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The urban canopy layer (UCL) is the region below the average building height, and is the 

lowest part of the RSL. Some researchers, such as Rotach (1993a, 1993b), define the 

lower boundary of the RSL as the top of the UCL. The micro-scale processes within the 

street canyons between the buildings dominate the UCL (Oke, 2003). The mean flow and 

turbulence are controlled by the geometry of immediate buildings and street canyons. 

Modeling dispersion in the UCL is the primary challenge in estimating the air quality 

impact of a DG located in an urban area.     

 
1.2.2 Field Studies on Urban Dispersion 

 
Several tracer studies have been conducted in urban areas to understand dispersion from a 

variety of sources. The St. Louis study (McElroy and Pooler, 1968), conducted over the 

period 1963-1965, consisted of a series of 26 daytime and 16 evening experiments in 

which fluorescent zinc cadmium sulfide particles were released near ground level at two 

different locations. The plume dispersion data from St. Louis together with data from 

other urban tracer experiments conducted in Johnstown, Pennsylvania (Smith, 1967) and 

Ft. Wayne, Indiana (Csanady et al., 1967) were fitted to power curves by Briggs (1973). 

These curves, referred to as the McElroy-Pooler curves, are used in EPA models such as 

ISC3 (USEPA, 1995), to estimate dispersion in urban areas. Venkatram (2005) 

reanalyzed the St. Louis data to show that a simple dispersion model can explain the 

observed concentration data if the measured values and wind speed and turbulence at 

release height are used as inputs.   
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The Copenhagen experiment (Gryning and Lyck, 1984) was conducted during 1978 to 

1979 to investigate the dispersion of tracer released from an elevated source, 115 m high, 

over an urban area during neutral and unstable conditions. As in the case of the St. Louis 

study, the ground-level concentrations were described well with a simple Gaussian 

dispersion model using measured turbulence and wind speeds at release height as inputs.  

Recently there have been several urban tracer experiments in European and American 

cities. URBAN 2000 (Allwine et al., 2002; Hanna et al., 2003) was conducted in Salt 

Lake City in October 2000 to understand dispersion of pollutants in heavily built up areas.  

Hanna et al. (2003) found that a relatively simple Gaussian dispersion model explained 

the behavior of the maximum concentrations when the initial plume spread induced by 

buildings was accounted for.   

Venkatram et al. (2004a) conducted a tracer field study in Barrio Logan, California to 

understand dispersion in an urban area with buildings of heights less than 10 m. This 

study showed that observed concentrations could be described by a simple dispersion 

model in which plume spreads were estimated using turbulent intensities in the upper part 

of the boundary layer. Gryning and Batchvarova (2005) reached the same conclusion in 

modeling dispersion of tracers released in two experiments: the Copenhagen experiment 

(Gryning and Lyck, 1984) in which tracer was released at a height of 115 m in an urban 

area, and the BUBBLE experiment (Rotach et al., 2004) in which a tracer was released at 

a height of 20 m, which was just above roof level in a built up area of Basel, Switzerland.  

The primary conclusion from these tracer studies that one hour averaged concentrations 
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can be predicted adequately with relatively simple models as long as the 

micrometeorology in the urban area is characterized well.  

However, these field studies do not apply directly to emissions from low level buoyant 

sources such as a DG fired with gas or diesel. For such sources, plume buoyancy can play 

a major role in determining ground-level concentrations. This motivated the field study, 

described in this thesis, to examine the applicability of AERMOD to low level buoyant 

sources located in an urban area.   

 
1.2.3 Past Studies on the Impact of DG on Air Quality 

 
Several studies have examined the impact of DG on air quality at urban and regional 

scales. Iannucci et al. (2000) evaluated the net air emissions effects from the potential use 

of cost-effective DG in California. First, the study used information on the available DG 

technologies and their costs to assess the economic market potential for DG, for both 

utilities and large commercial/industrial customers in years 2002 and 2010. Second, total 

emissions were calculated for the selected years, given the estimated market penetration 

levels for each type of DG, and compared with central-generation only scenario. The 

study concluded that the current California central generation (CG) mix is so clean that 

virtually no cost-effective distributed generation source could lower net emissions, even 

when transmission and distribution electric line losses are included. Fuel cells achieved a 

marginal market penetration, because of their high cost, but showed great promise 

because fuel cell air emissions are much lower than central station generation. 
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Allison and Lents (2002) examined the tradeoff between the increase in emissions 

associated with urban DG emissions and the decrease in emissions by replacing heating 

plants with waste heat generated from DG plants. They found that realistic DG scenarios 

were likely to lead to net increases in emissions in urban areas. These two relatively 

simple analyses focused on aggregated emissions and did not relate these emission 

changes to air quality. The results and conclusions of these studies were based purely on 

the assessment of total emissions and did not account for the impact on air quality of the 

relocation of emissions from rural areas into populated urban areas.   

Researchers at the University of California at Irvine (Medrano et al., 2003; Carreras et al., 

2004; Samuelsen et al., 2005; Rodriguez et al., 2006) have performed a detailed 

examination of the impact of DG emissions on ambient concentrations of both primary 

and secondary pollutants in the South Coast Air Basin (SoCAB) averaged over scales of 

kilometers. A major part of their effort was the construction of detailed emission 

inventories for the year 2010. These inventories accounted for growth in energy demand 

as well as likely DG penetration scenarios. The DG emissions were spatially allocated in 

the SoCAB using demographic and land-use information. The air quality impacts of DG 

were examined by running a comprehensive photochemical model using these emission 

scenarios as inputs. Because DG emissions contribute less than 3% to the total projected 

NOx emissions in SoCAB, and less to the VOC emissions, ambient concentrations of 

ozone, NO2, and PM are changed by relatively small amounts.  The maximum 

concentrations show almost no change, while the largest changes of about 5% occur 

during nighttime conditions. These results show that DG penetration, amounting to as 
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much as 20% of energy growth until 2010, has little effect on secondary pollutants such 

as ozone and PM2.5 concentrations. However, this study did not provide results on the 

impact of primary DG emissions on scales of less than 5 km because the comprehensive 

air quality model uses a 5 km by 5 km grid resolution. Thus, emissions are 

instantaneously mixed through a box that is 5 km by 5 km by 10 m. While this 

approximation might be valid for estimating secondary pollutants, it cannot provide 

realistic concentration estimates of primary pollutants at neighborhood scales of meters to 

kilometers. 

Heath et al. (2003; 2006) and Heath and Nazaroff (2007) have examined the air quality 

impact of DGs relative to CG stations. They found that the air quality impact of DGs, 

quantified in terms of intake factors, could be several times that of CG stations because a) 

the ground-level concentrations normalized by emissions from the high stack of a CG 

plant are much smaller than the corresponding concentrations associated with the near 

ground emissions from DGs, such as microturbines, and b) CG plants are likely to be 

located far from populated urban centers, while DGs are located in urban areas close to 

energy consumers. These conclusions are based on a simple Gaussian model that assumes 

an effective emission height of 5 m for DGs. As we will see later, this assumption might 

exaggerate the relative impact of DGs relative to central generating stations with large 

effective stack heights. Furthermore, the intake fraction used to estimate the relative 

impacts of the DG and CG stations normalizes the concentrations by the emission rates, 

which means that comparison of the relative impacts is effectively a comparison of the 

dispersive abilities of tall CG stacks with much shorter DG stacks. A more realistic 
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comparison has to account for the fact that CG stations have much higher emission rates 

than DG stations. Thus, the results from these studies do not directly address the impact 

of DG emissions relative to emissions from CG stations. 

 
1.3 Motivation and Objectives 

 
AERMOD is currently the most widely used dispersion model in the United States 

because the USEPA recommends it as the model of choice for regulatory applications. 

AERMOD is also used for non-regulatory applications, such as risk assessment, because 

it incorporates the state-of-the-art in dispersion and micrometeorology, it is available at 

no cost and is relatively easy to use. AERMOD has been evaluated extensively with data 

collected in the vicinity of isolated power plants located in both flat and complex terrain.  

Although it has been evaluated with ground-level concentrations measured around a 

power plant located in Indianapolis, its applicability to sources within the UCL has not 

been tested (See Perry et al., 2005). Past Studies, such as in Barrio Logan (Venkatram et. 

al., 2004a) and around buildings located in a parking lot (Venkatram et. al., 2004b), 

indicate that AERMOD type models apply even to complicated situations if 

meteorological parameters close to the source are characterized well. However, these 

studies were conducted with inert tracers, which do not mimic the buoyant emissions 

from a typical distributed generator. Therefore, there is a need to evaluate AERMOD 

using data collected around a DG and modify the model, if necessary, to allow its 

application to buoyant emissions from low level sources in urban areas.  
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The review indicates that there is a need to make direct comparison between the relative 

impacts of DG and CG on local and regional air quality explicitly accounting for their 

differences in stack characteristics and emission rates. The comparison must also account 

for the difference in building geometry, urban and rural meteorology and generator type 

distributions. Methods are needed to conduct the comparison of air quality impacts of 

single generators and generator deployments in the short and long terms.  

A more realistic assessment of the air quality impact of urban sources, such as DGs, 

requires a model that can estimate background concentration over multiple scales. In 

principle, an Eulerian grid model could satisfy this requirement if the grid size is small 

enough, but such a model would be impractical from a computational viewpoint. 

Furthermore, at scales of meters, dispersion parameterizations in grid based models are 

inadequate for resolving the horizontal and vertical structure of plumes. Combination of 

transport models with chemistry models is needed to estimate background concentrations 

efficiently over multiple length scales. 

The overall objective of the research described in this thesis is to develop methods to 

estimate the air quality impact of urban sources on multiple scales. The specific 

objectives are: 

a) Evaluate and improve current dispersion models, such as AERMOD, to allow 

their application to low level buoyant sources, such as DGs, located in urban areas; 

b) Use AERMOD, modified if necessary, to evaluate the relative impacts of 

distributed and centralized generation of electricity on local air quality.  
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c) Develop and evaluate methods to combine transport models and chemistry models 

to estimate background concentrations that govern the relative air quality impact 

of local sources.  
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2. Dispersion of Buoyant Emissions from a Low Level Source in an Urban Area 

 
2.1 Introduction 

 
This chapter studies the dispersion of buoyant emissions from a DG in Palm Springs, CA. 

It is motivated by the need for methods to estimate the air quality impact of a DG at 

source-receptor distances of tens of meters to kilometers and the need to examine 

AERMOD’s applicability to low level buoyant sources in urban areas. Past studies on 

dispersion focused on either elevated releases (Venkatram, 1980; Venkatram et al., 1984; 

Venkatram and Paine, 1985) or surface releases (Venkatram, 1982; Eckman 1994; 

Venkatram, 2004). The application of these methods to low level buoyant sources has to 

be examined.  

Tracer studies (Smith, 1967; Csanady et al., 1967; McElroy and Pooler, 1968; Gryning 

and Lyck, 1984; Allewine et al., 2002; Hanna et al., 2003; Venkatram et al., 2004a; 

Rotach et al., 2004) provide important information on passive releases in an urban area, 

but they do not apply directly to the emissions from low level buoyant sources such as a 

DG fired with gas or diesel. For such sources, plume buoyancy can play a major role in 

determining ground-level concentrations.   

Because there is little field data for this type of source, Venkatram et al. (2004b) first 

conducted a tracer study in a parking lot in which a tracer, SF6, was released from the top 

of trailer, surrounded by small buildings. The results of the tracer experiment indicated 

that existing dispersion models, such as AERMOD, do need improvement and can 

overestimate maximum concentrations and underestimate area-wide concentrations in 
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urban areas. Recent reinvestigation of Prairie Grass filed study (Barad, 1958a; Barad, 

1958b) and Idaho Falls field study (Sagendorf and Dickson, 1974) by Qian and 

Venkatram (2011) indicates that AERMOD also needs modification under low wind 

speed conditions, which could be the case when urban buildings are present.  

Although AERMOD has been evaluated with data collected around large power plants 

(See Perry et al., 2005), only one data set was collected from an urban source and the 

emission was from a high level elevated source. Therefore, we conducted a field study to 

collect the data required to model dispersion from low-level buoyant sources. It was 

conducted in Palm Springs, CA on July 2008 to investigate the dispersion of buoyant 

emissions released from relatively low level sources in urban areas at source-receptor 

distances of tens of meters to kilometers. 

 
2.2 Field Study 

 
The tracer experiment was conducted from July 15th, 2008 to July 21st, 2008 at the 

Sunrise Park in Palm Springs, CA. During the experiment, Sulfur hexafluoride (SF6) was 

released at the same temperature, around 460 K, as the exhaust air from the top of DG 

stack which is situated at the top of a 15 m by 15 m by 7 m (W by L by H) building 

surrounded by two major one-storey buildings (40 m by 70 m by 7 m in the south and 40 

m by 50 m by 7 m in the east). The releasing rate was around 3.3 kg/hr, and the exit 

velocity was 11 m/s. The stack itself is 2.3 m high and 0.3 m in diameter. The DG is 

driven by a 650 KW gas fired IC engine with heat recovery (Jing et al., 2009).  
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Figure 2-1. Location of sampling stations and stack. Upper: beyond 100 m from the stack; 
lower: within 100 m from the stack. 

 
Figure 2-1 shows locations of the source, the receptors and those three buildings. SF6 

concentrations were measured continuously in arcs at distances from 60 m to 2000 m 

Stack 

Stack 
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from the source during the releasing time. At each sampling location, SF6 was draw at a 

height of 1 m and transferred through polyethylene tubes to a trailer where concentrations 

were sampled at 5 Hz. 

The meteorological station was deployed on a 4-m high tripod located on the roof of the 

building near the stack. The station consisted of a 3-D Sonic Anemometer and a Krypton 

Hygrometers at 4 m above the roof, i.e., approximately 11 m above the ground level. The 

3-D Sonic Anemometer was pointed toward the true North. 

The sonic anemometer sampled the three components of the velocity and temperature at 

10 Hz. The SF6 was released continuously over seven 6-hour periods between 15th and 

21st July 2008. To see the different boundary condition impact on the dispersion, we 

made three daytime releases (15th, 16th, and 17th July 2008, from 09:00 to 15:00 PDT) and 

four nighttime releases (18th, 19th, 20th, and 21st July 2008, from 01:00 to 07:00 PDT). For 

analysis, concentrations were averaged over a one-hour period, and meteorological 

measurements were averaged over a 5-minute period.  

 
2.3 Analysis of Observations 

 
2.3.1 Meteorological Observations 

 
Figure 2-2 shows 5-minute averaged meteorological parameters as a function of time of 

day during the releasing periods. Table 2-1 shows statistics of these meteorological 

measurements. As shown in the figure and the table, the wind speeds never exceed 3.5 

m/s. The 50th and the 95th percentiles indicate that they are below 2.6 m/s during most of 

the day, and below 1.4 m/s during most of the nighttime. The mean velocities are 1.3 m/s  
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Figure 2-2. 5-minute averaged meteorological measurements during releasing periods. 
Upper left: wind speed, (U, m/s); upper right: sensible heat flux (Hs, w/m2); middle left: 
lateral turbulent velocity (σv, m/s); middle right: vertical turbulent velocity (σw, m/s); lower 
left: lateral turbulent intensity (σv/U); lower right: vertical turbulent intensity (σw/U).  
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during the day and 0.9 m/s at night. This indicates that the tracer study is a low wind 

case, especially during the nighttime. Low wind speed conditions are critical because 

pollutants can build up during these conditions.   

Sensible heat flux during daytime goes up to 300 W/m2, which is 88% of the averaged 

incoming short-wave solar radiation, 342 W/m2. The averaged daytime sensible heat flux 

is 95 W/m2 upwards, 30% of the averaged incoming short-wave solar radiation. The 

upward sensible heat flux reinforces the daytime turbulence produced by wind shear. The 

50th percentiles of lateral and vertical turbulent velocities are 0.3 m/s and 0.6 m/s 

respectively. The vertical turbulent intensities are above 20% during most of the daytime 

release periods, and the lateral turbulent intensities are above 30% during most of the 

daytime.  

At night, both upward and downward sensible heat fluxes are observed. The averaged 

nighttime sensible heat flux is 16 W/m2 towards the ground, which indicates that most of 

the nighttime releases are under the stable conditions.  

Table 2-1 shows that turbulent velocities during the nighttime are less than those during 

the daytime; however, the turbulent intensities are similar. The relatively low wind 

speeds and the relatively high turbulent intensities suggest accounting for horizontal 

meandering in modeling the concentrations during the nighttime. 

 



 
 

 

 

Table 2-1. Statistics of 5-minute averaged meteorological measurements. 

 

U (m/s) 
Hs 

(W/m2)
σ-

w (m/s) σ-
v (m/s) σ-

w/U σ-
v/U 

The 
percentile 

Mean Mean 

The 
percentile 

Mean 

The 
percentile 

Mean 

The 
percentile 

Mean 

The 
percentile 

Mean 
50th # 95th 5th 50th 5th 50th 5th 50th 5th 50th 

Daytime 1.1 2.6 1.3 95 0.2 0.3 0.4 0.3 0.6 0.7 0.2 0.3 0.4 0.3 0.4 0.6 

Nighttime 0.8 1.4 0.8 -16 0.06 0.1 0.2 0.1 0.3 0.3 0.1 0.2 0.3 0.2 0.3 0.5 
# The 50th percentile is the median. 
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2.3.2 Observed SF6 Concentrations 

 
2.3.2.1 Spatial Variation of Observed Concentrations 

 
During low wind speed conditions, meandering due to mesoscale motions, such as low 

level jets, mesoscale wind systems, breaking gravity waves and density currents 

(Salmond and McKendry, 2005), can dominate dispersion in the horizontal. Meandering 

of the wind cannot be readily related to local measurements, and turbulent velocity 

fluctuations in the vertical become uncorrelated with the surface friction velocity.  

The meandering is reflected in the patterns of SF6 concentrations observed during the 

experiments. The top panel of Figure 2-3 is typical of the concentrations observed during 

the daytime. The negative distances refer to upwind receptors. The concentrations drop 

off with distance as expected, but there are small upwind concentrations up to distances 

of 1000 m.   

The pattern is very different during the night when the wind speeds are low and the 

turbulent intensities are high. The concentrations are generally higher than the daytime 

concentrations and do not fall off as rapidly as during the day, and the upwind 

concentrations are comparable to the downwind concentrations. This suggests that the 

DG plume is trapped in a relatively shallow boundary layer at night, and is spread in all 

directions by the meandering wind. 
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Figure 2-3. Observed concentrations as a function of downwind distance on 17th, and 18th 
July, 2008. 

 
Table 2-2 shows the statistics of observed upwind and downwind concentrations. The 

maximum concentrations during the daytime and nighttime are comparable, but the 

median concentrations, both upwind and downwind, are significantly larger during the 

night. The median of the upwind concentrations, 5 µg/m3 is two orders of magnitude 

larger than that during the daytime. The downwind median concentration during the night 



22 
 

is about ten times larger than that during the day. The maximum concentrations do not 

differ significantly between night and day at upwind and downwind receptors; the 

downwind maxima are about two to three times the maxima at the upwind receptors.  

 
Table 2-2. Statistics of observed daytime and nighttime concentrations 

 
Upwind concentration (µg/m3) Downwind concentration (µg/m3) 

percentile 
Maximum 

percentile 
Maximum 

30th Median 95th 30th Median 95th 
Nighttime 1 5 18 29 4 8 39 77 
Daytime 0 0.06 3 26 0.2 1 36 50 

 
 
Figure 2-4 shows averaged concentrations as a function of the deviation of the wind 

directions from the line joining the center of the source to the receptor. These averaged 

concentrations were obtained by averaging the 6 hours of the measured hourly 

concentrations over 10º sectors. During the daytime, the highest concentrations occur 

directly downwind of the emission source, but at angles over 100º, levels less than 10% 

of the maximum value are observed; at night, the meandering wind spreads the DG 

plume in all directions, and levels close to 25% of the nighttime maximum value are 

observed at angles over 100º.  
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Figure 2-4. Concentrations as a function of the deviation of the wind direction from the line 
joining the center of the source to the receptor. Hourly concentrations averaged over 10º 
sectors. 

 
Figure 2-5 shows the spatial variation of maximum observed concentrations during all 

release periods. The daytime observations fall off at a rate which is inversely proportional 

to the radial distance from the source to the power of 1.4. However, the concentrations 

fall off slower than the daytime, at a rate of about distance raised to 0.63. Figure 2-5 also 

shows that some of the observations at 2000 m are close to 10 μg/m3 during the night.  
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Figure 2-5. Hourly maximum arc concentrations as a function of radial distance 

 
2.3.2.2 Temporal Variation of Observed Concentrations 

 
It has already been shown in the above analyses that the daytime dispersion pattern is 

quite different from the nighttime. This section will discuss the concentration differences 

among daytime or nighttime periods.  
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Figure 2-6. Comparison of observed concentrations among different daytime or nighttime 
releasing periods using Quantile-Quantile plots. 

 
Figure 2-6 shows one daytime or nighttime observed concentration against another using 

quantile-quantile (Q-Q) plots (Venkatram, 1999; USEPA, 2003). The Q-Q figures plot 

ranked model predictions against ranked observations. The main point of comparing 

distributions is to minimize the scatter associated with inherent uncertainty. The upper 

panel shows that there are temporal variations in the daytime concentrations during 
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different release periods. However, the concentrations vary much more from one night to 

another. July 20th and July 21st have lower nighttime concentrations than the other two 

nights, and July 20th has the lowest ones.  

Table 2-3 shows that the concentration distribution patterns of July 20th and July 21st are 

different from the other two nights, and they are similar to daytime patterns. The 

concentrations during July 20th are smaller than those observed during daytime. However, 

Table 2-3 does not show distinct differences in stack parameters, emission rates and 

meteorological measurements. The high concentrations that occur on July 18th and July 

19th nights could be related to the trapping of pollutants by a shallow mixed layer, whose 

height is difficult to estimate. This trapping is plausible because the buoyant and 

momentum parameters shown in Table 2-3 indicate an average final plume rise of 30 m 

according to Briggs’s equations (Briggs, 1969) assuming a neutral atmosphere.   



 
 

 

Table 2-3. Statistics of variables and concentrations of each releasing period. 

 
Ts 

a 

 
(K) 

Q b 

 
(kg/hr) 

FM 
c 

 
(m4/s2) 

FB 
d 

 
(m4/s3)

U e (m/s) σv (m/s) σw (m/s) 
Concentration 

(µg/m3) 
The 

Percentile Mean 
The 

Percentile Mean
The 

Percentile Mean
The 

Percentile Mean
5th 50th 5th 50th 5th 50th 50th 100th 

7/15 438 3.3 

2.7 

0.8 0.5 1.1 1.2 0.3 0.6 0.6 0.2 0.3 0.4 0.8 57 6 
7/16 437 3.3 0.8 0.5 1.2 1.4 0.3 0.6 0.7 0.2 0.3 0.4 0.3 157 5 
7/17 436 2.9 0.8 0.4 1.2 1.4 0.2 0.6 0.7 0.2 0.3 0.4 0.2 50 3 
7/18 456 3.3 0.8 0.3 0.6 0.7 0.1 0.2 0.3 0.06 0.1 0.1 6 77 9 
7/19 461 3.3 0.9 0.4 0.9 0.9 0.1 0.3 0.4 0.09 0.2 0.2 4 59 11 
7/20 519 3.3 1 0.3 1.1 1.1 0.1 0.4 0.4 0.09 0.3 0.2 0.2 49 2 
7/21 465 3.2 0.9 0.4 0.6 0.7 0.1 0.2 0.2 0.05 0.1 0.1 0.9 23 3 

a Ts
 is the exit temperature. 

b Q is the SF6 releasing rate. 
c Momentum parameter ܨெ ൌ ௦ଶܦ௦ଶݒ 4⁄ , where vs is the exit velocity, and Ds is the stack diameter. 
d Buoyancy parameter ܨ஻ ൌ ௦ଶሺܦ௦ݒ݃ ௦ܶ െ ௔ܶሻ 4⁄ ௦ܶ⁄ , where g is the acceleration due to gravity, and Ta is the ambient temperature.   
e U is the mean wind speed 
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2.4 AERMOD Modeling 

 
AERMOD (AMS/EPA Regulatory Model, Cimorelli et al., 2005) is representative of the 

new generation of dispersion models based on current understanding of 

micrometeorology and dispersion. The USEPA recommends its use for regulatory 

applications. AERMOD is the dispersion component of modeling system that consists of 

two major components. AERMET is the meteorological processor that converts routinely 

available meteorological observations into variables such as friction velocity and mixed 

layer height required by AERMOD. The modeling system also includes two other 

components whose use is optional: AERMAP, which uses digital terrain data to generate 

inputs required by AERMOD to account for the effects of terrain on dispersion, and 

AERSURFACE, which uses land-use data to generate surface data, such as roughness 

length and Bowen ratio, required by AERMET.   

Past Studies, such as in Barrio Logan (Venkatram et. al., 2004a) and around a building 

located in an urban parking lot (Venkatram et. al., 2004b), indicate that AERMOD type 

models apply even to complicated situations if meteorological parameters close to the  

are characterized well. This suggested that AERMOD could be applied to modeling the 

concentrations observed during the Palm Springs field study if the meteorological inputs 

close to the source were used.   

 
2.4.1 AERMET Performance 

 
AERMET, AERMOD’s meteorological processor, is based on a one-dimensional 

boundary layer model. AERMET estimates the surface heat flux based on the surface 
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energy balance, which is a function of latitude, surface albedo, Bowen ratio, surface 

temperature, fractional cloudiness and so on. The surface heat flux, the roughness length, 

and the wind speed are used in Monin-Obukhov similarity theory to compute the surface 

friction velocity and the convective velocity scale. The heat flux is used in combination 

with upper air temperature soundings to compute the variation of mixed layer height 

during the day. The surface friction velocity is used to estimate the mechanical mixed 

layer height during the night. The surface parameters and the mixed layer heights are 

included in AERMET’s surface file (.sfc), which is then used in AERMOD to construct 

vertical profiles of temperature, wind speed, and turbulence using Monin-Obukhov 

similarity theory (MOST) (See Cimorelli et al., 2005 for details). 

In principle, AERMET cannot be applied to an urban area where surface properties vary 

sharply. However, Princevac and Venkatram (2007), Venkatram and Princevac (2008), 

and Qian and Venkatram (2011) show that MOST provides adequate estimates of local 

meteorological inputs for dispersion models if local  measured wind speeds and estimates 

of roughness length are used. Therefore, in this study, AERMET was used to generate the 

meteorological inputs using meteorological variables measured next to the tracer release.  

The wind speeds and temperature information were initially used from the 11 m sonic 

measurements made onsite. The surface parameters corresponded to those recommended 

by the South Coast Air Quality Management District, which derived the parameters by 

applying AERSURFACE to the Palm Springs urban area. These parameters are: 

roughness length, z0 = 0.509 m; displacement height, dh = 2.5; Bowen ratio, Bo = 1.5, 
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which is ratio of sensible heat flux to latent heat flux; and albedo, al = 0.22. The 

cloudiness was taken to be constant at 0.75.  

AERMET was also applied using National Weather Service (NWS) data derived from 

wind speeds and temperatures measured at the Palm Springs airport during the field study 

conducted in 2008. The upper air data for 2008 was downloaded from the National 

Oceanic and Atmospheric Administration’s Radiosonde Database 

(http://raob.fsl.noaa.gov/) at Miramar NAS (NKX site), which is close to Palm Springs.  

The surface parameters were the same as those used for the onsite data, except that actual 

cloudiness data were used.  

The outputs from these two different inputs to AERMET were compared with observed 

values of surface friction velocity and heat flux. Figure 2-7 shows that both approaches, 

using NWS and onsite data, lead to substantial overestimation of surface heat fluxes 

during the daytime, suggesting that the recommended Bowen ratio might be too high for 

the park environment of the Palm Springs site. This overestimation of heat flux has a 

relatively small effect on the surface friction velocity estimated using onsite wind speeds: 

the estimated values are within a factor of two of the observed values, which indicates 

that the surface friction velocity is insensitive to the surface heat flux. Qian and 

Venkatram (2011) also shows that the overestimation of heat flux at a central urban site 

or underestimation at a downwind suburban site has little effect on estimating surface 

friction velocity. The higher airport wind speeds of the NWS data lead to overestimation 

of surface friction velocity.   
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Figure 2-7. Comparison of AERMET outputs with measurements of heat flux and surface 
friction velocity made at 11 m during daytime hours. 
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Figure 2-8. Comparison of AERMET outputs with measurements of heat flux and surface 
friction velocity made at 11 m during nighttime hours. The absolute values of the heat 
fluxes, which are primarily negative during the night, are plotted. 

 
Figure 2-8 shows that using the (incorrect) relatively high wind speeds of the NWS data 

compensates for underestimation of surface friction velocity by similarity methods due to 

uncertainty of surface roughness and displacement (Qian and Venkatram, 2010). The 

NWS data yields more reasonable estimates of surface friction velocity and heat flux 

(which depends on surface friction) than the onsite data. The surface friction velocity and 

heat flux are substantially underestimated using the relatively low onsite wind speeds. 

These results suggest the need for improvements in methods to estimate surface friction 

and heat fluxes when the wind speeds are relatively low. Because AERMET 
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underestimates surface friction velocity during nighttime hours, AERMOD was first 

evaluated with inputs corresponding to measurements from the 11 m sonic anemometer.    

 
2.4.2 AERMOD Performance 

 
Although the dispersion formulations in AERMOD are complex (Cimorelli et al., 2005), 

the core of the model is the Gaussian equation given by: 

,ݔሺܥ  ,ݕ ሻݖ ൌ ଵ
√ଶగఙ೥௎

,ݔሺܪ ሻݕ ൤݁݌ݔ ൬െ ൫௭ି௛೐೑೑൯
మ

ଶఙ೥మ
൰ ൅ ݌ݔ݁ ൬െ ൫௭ା௛೐೑೑൯

మ

ଶఙ೥మ
൰൨, (2-1) 

where σz is vertical spread, U is mean wind speed, z is the receptor height, heff = hs+Δh is 

the effective stack height, hs is the stack height, Δh is the plume rise and the H(x,y) is the 

horizontal distribution. AERMOD modifies the equation to include several effects such 

as plume reflections from the top of the mixed layer and penetration of the elevated 

inversion by the buoyant plume.  

AERMOD accounts for meandering by defining the horizontal concentration distribution 

as a linear combination of Gaussian and uniform distributions:  

,ݔሺܪ  ሻݕ ൌ ௣݂ܪ௣ሺݔ, ሻݕ ൅ ൫1 െ ௣݂൯ܪ௥ሺݔ,  ሻ, (2-2)ݕ

where fp is a weighting function, the plume distribution is 

௣ܪ   ൌ
ଵ

√ଶగఙ೤
݌ݔ݁ ൬െ ௬మ

ଶఙ೤మ
൰, (2-3) 

and the uniform distribution is given by  

௥ܪ   ൌ
ଵ
ଶగ௥

. (2-4) 

where r is the source–receptor distance. The upwind concentrations predicted by 

AERMOD result from this meandering algorithm. 
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We first used onsite meteorological inputs to evaluate AERMOD’s performance in 

predicting concentrations from the low level buoyant source.  

 

Figure 2-9. Comparison of predicted and observed hourly maximum arc concentrations as a 
function of radial distance. 

 
Figure 2-9 compares the spatial variation of maximum observed concentrations with 

estimates from AERMOD, when onsite data are used to generate AERMOD inputs. 

AERMOD predicts a decrease in concentrations with distance that is slightly more rapid 



35 
 

than that observed during the daytime. However, the magnitudes of the estimates are 

consistent with the observed values during the daytime: the observations and the model 

estimates fall off by factor of 100 when the receptor distance increases from about 50 to 

2000 m, a factor of 40. During the night, however, AERMOD predicts a decrease in 

concentrations with distance that is much faster than the relatively flat observed decrease. 

It generally predicts lower concentrations than the observations at distances over 1000 m: 

some of the observations at 2000 m are close to 10 μg/m3 while some of the model 

estimates are rarely above 2 μg/m3. This underestimation could be related to the 

overestimation of mixing height by AERMET and the overestimation of vertical spread 

and plume rise.  

This tendency to underestimate concentrations during the night at upwind distances over 

1000 m is also evident in Figure 2-10, which shows the observed and estimated 

concentrations as a function of downwind distance from the source for a daytime and 

nighttime release. Note that AERMOD also predicts upwind concentrations, which is 

consistent with observed behavior. The upwind concentrations result from the 

meandering algorithm in AERMOD, which is important in describing the behavior of 

concentrations in the low wind regimes typical of urban areas.   
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Figure 2-10. Comparison of predicted and observed hourly averaged concentrations as a 
function of downwind distance. 

 
2.4.3 Sensitivity Study 

 
This section compares the distributions of observed concentrations with those of 

estimated values to avoid the inevitable scatter in plots of concentrations paired in space 

and time. The distributions are compared by the plotting the ranked observations with 

ranked model estimates.  
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 Figure 2-11. Comparison of observed concentration distribution with that estimated from 
AERMOD during nighttime conditions when observed heat fluxes, surface friction 
velocities and horizontal and vertical turbulent fluctuations are used as inputs. 

 
Figure 2-11 shows the Q-Q plot for nighttime hours when the observed values of surface 

friction velocity, heat flux, and turbulent levels are used as inputs to AERMOD. 

AERMOD underestimates the observed concentrations by a factor of two over most of 

the concentration distribution.  

Figure 2-11 shows that the upper end of the concentrations is adequately estimated by 

AERMOD when building downwash is not included. Including downwash does not affect 

most of the distribution because the low wind speeds keeps the plume rise high enough, 

an average final plume rise of 30 m, for downwash effects to be negligible. However, 

building downwash does affect the few high concentrations that occur near the source 

and when the plume is still rising. Here the concentrations are overpredicted when 

downwash is turned on.  
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Figure 2-12. Comparison of observed concentration distribution with that estimated from 
AERMOD during nighttime conditions when heat fluxes, surface friction velocities, and 
horizontal and vertical turbulent fluctuations are estimated using onsite data. Upper: urban 
option off; lower: urban option on. 

 
This conclusion is supported by the results presented in the upper panel of Figure 2-12, 

which shows the performance of AERMOD when estimated values of surface friction 

velocity are inputs. As expected, the underprediction is more severe in most of the 

distribution, because Figure 2-13 suggests that observed levels of turbulence are higher 
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than those estimated with similarity theory using observed surface wind speeds as inputs. 

The high concentrations are overpredicted when downwash is included. The lower panel 

of Figure 2-12 shows that model performance improves when the turbulence is increased 

by enhancing the turbulent levels in the urban area.   

 

 

Figure 2-13. Comparison of observed vertical turbulent velocity (σw) with that estimated 
from AERMET during stable conditions using heat fluxes and wind speeds measured on 
site.   

 
Surprisingly, model performance does not improve when the higher wind speeds of the 

NWS data are used as inputs, as seen in Figure 2-14. Most of the distribution is 

underpredicted, while the high concentrations are overestimated. The increase in 

concentrations associated with higher turbulence levels is compensated by the decrease in 

concentration caused by higher boundary layer heights. This result suggests that the 

concentration behavior during the night is a combination of relatively high turbulence 

levels confined within a shallow boundary layer. 
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Figure 2-14. Comparison of observed concentration distribution with that estimated from 
AERMOD during nighttime conditions when AERMET uses NWS data as inputs.  

 
Figure 2-15 shows results when mixed layer heights during the night are restricted to 50 

m and 120 m. The upper panel shows that there is not much difference between the 

results for the two mixing heights, and the lower panel indicates that the mixing heights 

estimated by AERMET are equivalent to fixed mixed layer height of 120 m. The results 

in the two panels indicate that a shallow mixed layer height, by itself, does not reduce the 

underprediction in the middle of the distribution.  
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Figure 2-15. Comparison of observed concentration distribution with that estimated from 
AERMOD during nighttime conditions when observed heat fluxes, surface friction 
velocities, horizontal and vertical turbulent fluctuations, and fixed mixing heights are used 
as inputs. 

 
2.4.4 Modification to AERMOD 

 
The preceding above analysis indicates that using onsite meteorological inputs provide 

the best description of the nighttime dispersion of low level buoyant sources in an urban 
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area under low wind conditions. Sensitivity studies show that the nighttime concentration 

behavior is a combination of relatively high turbulence levels confined within a shallow 

boundary layer. However, including these still underestimates concentrations. This could 

be related to the fact that AERMOD assumes symmetric plume growth where the upper 

part of the plume grows at the same rate as the lower part. This assumption might be 

unrealistic if the turbulence levels decrease with height so that in combination with the 

lower wind speeds near the ground, the plume grows much faster towards the ground 

than towards the top of the mixed layer. These effects can be included by adapting a 

model proposed by Venkatram and Paine (1985) to describe the dispersion of elevated 

releases into a shear-dominated boundary layer, which associates two different spreads 

σzu and σzl with the upper and lower parts of the plume. Their growth of these sigmas is 

controlled by the turbulence levels at the each of each plume.  The growth of the upper 

and lower plumes is limited by the top of the mixed layer and the ground, so that 

௭௨ߪ    ൌ ݉݅݊ሺߪ௭௨, ௜ݖ െ  ௘ሻ (2-5)ܪ

and 

௭௟ߪ  ൌ ݉݅݊ሺߪ௭௟,  ௘ሻ, (2-6)ܪ

where zi is the mixing height, and He is the effective stack height. The vertical spread is 

then taken to be the average of the upper and lower parts of the plume and is limited by 

the boundary layer height, thus: 

௭ߪ  ൌ ݉݅݊ ቀሺߪ௭௨ ൅ ௨௟ሻߪ 2⁄ , ඥ2 ⁄ߨ  ቁ. (2-7)݅ݖ

Although the stack height of the DG at the Sunrise Park is relatively short, 9.3 m above 

the ground, plume buoyancy allows the plume to rise 30 m as shown before. Equations 
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(2-5), (2-6), and (2-7) are used to modify AERMOD. Figure 2-16 shows the results of 

modified AERMOD. The two plume model results in most of the predicted concentration 

distribution lying within a factor of two of the observed distribution. However, the upper 

end of the distribution is overestimated.  

 

 

Figure 2-16. Comparison of observed concentration distribution with that estimated from 
modified AERMOD during nighttime conditions when observed heat fluxes, surface friction 
velocities and horizontal and vertical turbulent fluctuations are used as inputs. 

 
2.5 Conclusions 

 
Data from a field study conducted in Palm Springs, CA in the vicinity of a 650 kW power 

plant were used to evaluate the applicability of AERMOD to modeling concentrations 

associated with a low level buoyant source located within the urban canopy. 

Measurements of micrometeorology and concentrations during the nighttime experiments 

indicate that concentrations observed during the nighttime experiments are generally 
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higher than those measured during the daytime experiments. They fall off less rapidly 

with distance than during the daytime. 

AERMOD provides an adequate description of concentrations associated with a buoyant 

release from DG during the daytime when turbulence is controlled by convection induced 

by solar heating. The inclusion of meandering in AERMOD is important in explaining 

the occurrence of upwind concentrations during low wind speeds. 

AERMOD underestimates concentrations during the night when turbulence is generated 

by wind shear. In addition, AERMOD predicts a decrease in concentrations with distance 

that is much more rapid than the relatively flat observed decrease. AERMET, 

AERMOD’s meteorological processor, provides a poor description of the nighttime 

turbulence levels. Concentration estimates using measured turbulence levels are still a 

factor of two lower than the observed concentrations. The concentration estimates can be 

improved significantly by accounting for the different rates of plume growth in the upper 

and lower parts of the nighttime boundary layer. A modified version of AERMOD that 

includes this effect using an approach proposed by Venkatram and Paine (1985) provides 

the best estimates of the nighttime concentrations.   
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3. The Relative Impacts of Distributed and Centralized Generation of Electricity on 
Local Air Quality in the South Coast Air Basin of California  
 

3.1 Introduction 

 
As addressed in chapter 1, past studies either focused on aggregated emissions and did 

not relate these emission changes to air quality (Allison and Lents, 2002), or did not 

directly address the impact of DG emissions relative to emissions from CG stations 

(Heath et al., 2003; Heath et al., 2006; Heath and Nazaroff, 2007). This chapter considers 

the cumulative impact of distributed generation of electricity relative to that of the 

centralized generation that it is designed to replace.  The region of interest is the South 

Coast Air Basin (SoCAB) in southern California, covering Ventura, Orange, Los Angeles, 

San Bernardino and Riverside counties. The geography, meteorology, and the population 

of the SoCAB have combined together to give rise to poor air quality, which is among the 

worst in the country, even though automobile emission controls have led to major 

improvements in air quality over the last thirty years. NOx emissions from power plants 

required to accommodate future growth in electricity demand are of concern in view of 

the recently promulgated one hour federal standard for NO2 of 100 ppb (USEPA, 2010). 

This is the level that cannot be exceeded by the monitored three year average of the 98th 

percentile of the annual distribution of the daily maxima of the one hour averaged NO2 

concentrations. Although current NO2 levels in the SoCAB are below this standard, Los 

Angeles and San Bernardino counties record levels close to 80 ppb. NO2 monitors placed 

close to roadways, which is required by the new regulation, might indicate much higher 
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levels. NOx emissions from power plants can also increase ozone and fine particulate 

levels, which still violate state and federal standards in several regions of the SoCAB.    

DG using small power plants is one option to reduce the air quality impact of NOx 

emissions. In principle, the impact of DG emissions can be minimized by using the waste 

heat from DG for local heating and cooling and thus offsetting emissions associated with 

these activities. In this chapter, we do not consider the effects of these emission offsets.   

This chapter makes a direct comparison between the relative impacts of DG and CG 

explicitly accounting for their differences in stack characteristics and emission rates. We 

estimate the air quality impacts using AERMOD (Cimorelli et al. 2005), which is based 

on current understanding of dispersion and is recommended by the USEPA for regulatory 

applications. AERMOD has been evaluated in previous chapter. It provides adequate 

estimation for maximum ground level concentrations from a low level buoyant source in 

an urban area. It tends to underestimate concentrations during the night under low wind 

conditions, but among the 26 meteorological stations for this study, only 5 of them has a 

median wind speed which is less than 1 m/s (Venkatram et al., 2010).  Thus, the focus of 

this study is the impact of primary emissions at the source-receptor distances of tens of 

kilometers where a straight-line, steady-state dispersion model, such as AERMOD is 

applicable. 

The primary result of this chapter is a comparison of the relative impacts of CG and DG 

on air quality in the Southern California Air Basin (SoCAB) of Los Angeles when CG 

replaces the projected increase of DG by 2010 (Samuelson et al., 2005).  Because the 
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projection was made in 2005 it might not correspond to the actual increase in DG 

capacity by 2010. 

 
3.2 Methods 

 
We use a simple dispersion model to provide preliminary understanding of the relative 

impacts of CG and DG stations on air quality. We will then refine these calculations 

using AERMOD (Cimorelli et al., 2005). Assume that a source with an effective stack 

height of He emits at a rate Q into a boundary layer with a height, zi, and constant wind 

speed, U. The maximum ground-level concentration, Cmax, is given approximately by, 

௠௔௫ܥ   ൌ ߙ ܳ ሺ݄ଶܷሻ⁄ , (3-1) 

where α is a constant. So the relative impact of a DG station versus a CG station in terms 

of the maximum concentration is given by the ratio 

௠௔௫ܥ 
஽ீ ⁄௠௔௫஼ீܥ ൌ ሺܳ஽ீ ܳ஼ீ⁄ ሻ ∙ ሺ݄஼ீ ݄஽ீ⁄ ሻଶ. (3-2) 

So if emission rates are not taken into account, the impact of a DG is substantially higher 

than that of a CG because the effective stack height of a DG station is generally much 

smaller than that of a CG station. Note that the effective stack height of emissions from a 

DG can be several times the physical height because of the buoyancy of hot exhaust 

gases.   

Once the emitted plumes are mixed through the depth of the atmospheric boundary layer, 

the effective height of emission becomes unimportant, and the concentration as a function 

of distance, r, from the source is roughly 

ሻݎሺܥ  ൌ ܳ ሺݖߠݎ௜ܷሻ⁄ , (3-3) 
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where θ is the angular spread of the plume. We see immediately from this equation that 

the relative impact is now proportional only to the ratio of the emission rates of the CG 

and DG stations. This implies that once the plume is mixed by atmospheric turbulence, 

the DG has a much smaller impact than a CG with a higher emission rate.  

The long-term average concentration, Cav(r) at a distance r from the source is 

approximately   

ሻݎ௔௩ሺܥ  ൌ ܳ ሺ2ݖݎߨ௜ܷሻ⁄ . (3-4) 

Then, the average concentration that a person is exposed to in moving about in an area 

that is within a distance R from the source is 

௘௫ሺܴሻܥ  ൌ ቀ׬ ݎߨሻ2ݎ௔௩ሺܥ
ோ
଴ ቁݎ݀ ሺܴߨଶሻൗ , (3-5) 

which for the simple model works out to be 

௘௫ሺܴሻܥ  ൌ ܳ ሺݖ௜ܷܴߨሻ⁄ . (3-6) 

Thus, total emission rate plays a major role in determining exposure to pollution of a 

person moving around within a radius R from the source. 

Heath et al. (2006) compare the relative impacts of CG and DG using a metric referred to 

as the inhalation factor, IF.  It is defined as the mass of pollutant per unit time inhaled in 

air by the population living with a specified radius of the power plant normalized by the 

emission rate from the plant. In terms of the simple model for dispersion, the expression 

for IF becomes 

ܨܫ  ൌ ௕ܸ ׬ ݎߨሻ2ݎሺߩ ሺ2ݖܷߨ௜ሻ⁄ோ
଴ ݎ݀ ൌ ቀ ௕ܸ ׬ ሻோݎሺߩ

଴ ቁݎ݀ ௜ൗݖܷ , (3-7) 

where Vb is the breathing rate, and R is the distance used to define IF. If the population 

density (r) is taken to be uniform, we can write 
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ߩ  ൌ ܲ ሺܴߨଶሻ⁄ , (3-8) 

where P is the population within a distance R from the source. With equation (3-7), the 

inhalation factor becomes 

ܨܫ  ൌ ሺ ௕ܸܲሻ ሺݖ௜ܷܴߨሻ⁄ . (3-9) 

This simple model suggests that the IF is primarily a function of the meteorology, and 

the region R used to define the factor. If we take zi=500 m, U= 5 m/s, Vb= 12 m3/day, and 

R=100 km, we obtain, 

ܨܫ  ൎ 2 ൈ 10ି଻ܲ, (3-10) 

where P is in millions. The magnitude of IF is comparable to that presented in Table 1 of 

Heath et al. (2006), although it does differ in the details. We see that IF is proportional to 

the population within 100 km for the source, and is a weak function of source 

characteristics. Thus, IF is not an appropriate metric for this study, which focuses on 

effects of the different source characteristics of DGs and CGs on air quality.   

We compare the relative impacts of CG and DG using the measures: 1) the maximum 

hourly ground-level NOx concentration, which is of regulatory significance, and 2) the 

annually averaged NOx concentration averaged over a specified scale, which is a crude 

estimate of exposure to pollution of a person who travels within the specified distance 

from the source. Comparing an individual CG to a DG is not meaningful because one 

does not replace the other. The more relevant comparison is one in which the projected 

increase in distributed power generation is replaced by central generation. This 

comparison is performed for the South Coast Air Basin.  

The representative generating stations used in the simulations are described next. 
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3.3 Generating Stations 

 
3.3.1 Distributed Generators 

 
The physical characteristics of a small DG are modeled after one located at Sunrise Park 

in Palm Springs, CA. A field study, which was described before, was conducted in the 

vicinity of this DG to evaluate the performance of AERMOD in describing dispersion of 

emissions from a small buoyant source located in an urban area. The final plume rise 

from this source has an average of 30 m under low wind speed, stable conditions, when 

the ground-level impact is likely to be significant.  

The Palm Springs DG is driven by a 650KW gas fired IC engine with heat recovery. The 

stack of the Palm Springs DG (PS DG) is situated on the top of a 15 m by 15 m by 7 m 

(W by L by H) building surrounded by two major one-storey buildings (40 m 70 m 7 m 

and 40 m 50 m 7 m). The stack is 2.3 m high above the roof top, with an inside diameter 

of 0.3 m. The waste gases exit at a velocity of 11 m/s at a temperature of 460 K. 

A 650 kW DG is referred to as ‘small’, one with a capacity of 2.5 MW is referred to as 

‘medium’, and a ‘large’ DG has a capacity of 12.5 MW. These sizes are based on the 

distribution of DGs that are projected to be operated in the SoCAB by 2010 (Samuelsen 

et al., 2005). Table 3-1 lists the specifics of the DGs examined in our simulations. 

In evaluating the impacts of DG on local air quality, we will consider the primary criteria 

pollutant, NOx, as a surrogate for other pollutants. Unless the emission factors from DGs 

and CGs are substantially different, this approach provides a reasonable comparison of 

the relative impacts of CGs and DGs for emissions of primary pollutants. 

 

 



 
 

 
 
 
 
Table 3-1. Stack Characteristics and AERMOD results for DGs  

Generator 
Capacity 

(MW) 

NOx 
emission 

factor 
(g/MWh) 

hs
a 

(m) 
Ds

b 

(m) 
vs

c 

(m/s) 
Ts

d 

(K) 
Ratio of energy out of 

stack to capacity 
FB

e 

(m4/s3) 
FM

f 

(m4/s2) 
Cav

g 

(ppt) 

Palm Springs DG 0.650 -- 9.3 0.3 11.0 460 15% 1 3 -- 
Small DG 0.625 120 9.3 1.5 3.0/3.3h 450/773h 100%/200% h 6/11h 5/6h 3/2h 

Medium DG 2.5 120 10.3 1.8 8.2/9.1 450/773 100%/200% 22/45 55/66 5/4 
Large DG 12.5 101 11.3 2.6 19.6/21.9 450/773 100%/200% 111/223 653/789 10/9 

a hs = Stack height;  
b Ds = Stack diameter;  
c vs = Exit velocity of exhausted air;  
d Ts = Exit temperature of exhausted air; 

e Buoyancy parameter FB = gvsDs
2 (Ts-Ta)/Ts/4, where g is the acceleration due to gravity and Ta is the ambient temperature;  

f Momuoentum parameter FM = vs
2Ds

2/4;  
g Concentrations are associated with a 5 km by 5 km grid square with DGs stand in the center, and meteorological data are from Fontana    
  meteorological station;  
h With and without the heat recovery.  
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The exit gas temperatures for DGs are obtained from vendors listed in “California 

Distributed Energy Resources Guide” (CEC, 2006), which are about 773 K, regardless of 

plant capacity (Venkatram et al., 2010). With heat recovery (50% efficiency), the exit gas 

temperatures are taken to be 450 K for all DGs. The building housing the DGs is taken to 

be 13 m by 25 m by 8 m, with the stack located at the center of the roof top.  

The ratio of power out of a stack to the DG’s output is taken to be unity for all DGs when 

heat recovery is considered. This assumes that the efficiency of a DG is 33%, heat 

recovery efficiency is 50%, and there is no other heat loss. Notice that the Palm Springs 

DG vents only 15% of its capacity through the stack, which suggests a 78% heat capture 

efficiency. In the simulations described in this chapter, we use a more realistic heat 

recovery of 50% for a small generator.  

Table 3-1 also lists the momentum parameters and buoyancy parameters. Using these 

parameters and assuming that the wind speed at stack height is 3 m/s, Briggs’s equations 

(Briggs, 1969) are used to estimate the final effective stack height: In the absence of heat 

recovery, the large DG has the highest value of 347 m, and the lowest value, 16 m for the 

Palm Springs DG, is about three times the 5 m assumed by Heath and Nazaroff (2007). In 

the presence of heat recovery, both exit velocities and exit temperatures decrease, which 

results in lower final effective stack heights. Note that if the wind speed is lower, the final 

effective stack heights will be higher:  
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3.3.2 Central Generating Stations 

 
Information on CG stations is taken from the latest USEPA eGrid (USEPA, 2008), and is 

presented in Table 3-2. The total capacities are provided by California energy 

commission (CEC, 2009). The capacity factors are taken from the eGrid and the stack 

parameters and the emission data are taken from the 2002 national emission inventory 

(NEI) of point sources for criteria air pollutants (USEPA, 2007). We selected CG stations 

using the following rules: 1) Stations are in the South Coast Air Basin, and are listed in 

both eGrid and NEI; 2) Total capacity of the CG station is larger than 50 MW; 3) Stations 

have NOx emissions. 

Table 3-1 and Table 3-2 present source information on the CGs and DGs considered in 

this study.  We also provide estimates of annual concentrations averaged over a 5 km grid 

for each of generators, as a measure of air quality impact. Before we discuss these 

numbers, we provide a brief description of AERMOD (Cimorelli et al., 2005), the 

dispersion model that was used to estimate these concentrations.  

  
3.4 Modeling Air Quality Impacts 

 
The previous chapter has evaluated AERMOD using tracer data. The limited comparison 

of observed to modeled concentrations indicates that AERMOD provides adequate 

estimates of the magnitudes of concentrations caused by buoyant emissions from small 

power plants located in urban areas. Note that although emissions from the Palm Springs 

DG have 1/6th of the buoyancy of that assumed for a small generator, the plume rise is 

only half of that for a small generator because plume rise is proportional to the 1/3rd



 
 

 
 
 
Table 3-2. Stack Characteristics and AERMOD results for CGs.  

Generator 
Total 

capacity 
(MW) 

Capacity 
factor 

NOx emission 
factor 

(g/MWh) 

hs
a 

(m) 
Ds

b 

(m) 
Dse

c 

(m) 
vs

d 

(m/s) 
Ts

e 

(K) 

Ratio of energy 
out of stack to 

capacity 

FB
f 

(m4/s3)
FM

g 

(m4/s2)
Cav

h 

(ppb) 

Alamitos 1970 0.0779 236 61.1 4.4 10.8 24.7 401 10% 1812 17780 2 
El Segundo 1020 0.1109 114 61.0 4.0 7.9 24.2 401 11% 961 9239 0.5 

Harbor 597 0.0734 206 53.3 4.8 6.7 23.0 454 17% 881 5986 0.6 
Haynes 1724 0.2380 61 73.5 7.0 17.3 13.9 386 15% 2314 14444 0.5 

Huntington Beach 1 507 0.1998 46 61.9 5.2 7.4 26.2 401 20% 904 9405 0.1 
Huntington Beach 2 507 0.1998 69 61.9 5.2 7.4 26.2 401 20% 904 9406 0.2 

Mountainview 1054 0.0153 49 39.6 3.0 7.5 9.9 392 3% 323 1355 0.3 
Placerita 120 0.0165 437 25.9 3.8 6.6 23.0 412 65% 683 5780 0.1 

Redondo Beach 1343 0.0372 583 61.0 5.1 10.4 15.2 416 10% 1139 6216 4 
Scattergood 803 0.1464 32 99.0 6.9 12.0 12.7 408 17% 1201 5765 0.1 

a hs = Stack height;  
b Ds = Stack diameter;  
c Dse =Equivalent stack diameter;  
d vs = Exit velocity of exhausted air;  
e Ts = Exit temperature of exhausted air;  
f Buoyancy parameter FB = gvsDse

2 (Ts-Ta)/Ts/4, where g is the acceleration due to gravity and Ta is the ambient temperature;  
g Momentum parameter FM = vs

2Dse
2/4;  

h Concentrations are associated with a 5 km by 5 km grid square with DGs stand in the center, and meteorological data are from Fontana 
  meteorological station. 
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power of the plume buoyancy under stable conditions when ground-level concentrations 

are significant.   

The average concentrations presented in Table 3-1 and Table 3-2 were estimated with 

AERMOD using meteorological inputs corresponding to measurements made at the 

Fontana station maintained by the South Coast Air Quality Management District 

(SCAQMD). Figure 3-1 shows the locations of the 26 meteorological stations operated 

by the SCAQMD. Data from these stations have been processed by SCAQMD to 

generate AERMOD input files, which are archived for use by the public. We used the 

data corresponding to 2007. We chose Fontana for the calculations presented in Table 3-1 

and Table 3-2 because the median wind speed was relatively high, which as shown in the 

next section results in high concentrations for the buoyant emissions considered here.   

 

Figure 3-1. Locations of 26 SCAQMD meteorological stations 
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3.4.1 Impact of Single Generators 

 
This section examines the air quality impact of a single generator on local air quality. 

Because wind speed is an important parameter in determining the magnitudes of Cmax as 

well as Cav(r), we calculated the impacts using two sets of meteorological inputs 

corresponding to stations with widely differing wind speed distributions. Data 

corresponding to Pomona and Fontana meteorological stations for 2007 were taken from 

the SCAQMD archive (SCAQMD, 2009a). These two sets of meteorological data 

represent low and high wind speed conditions. The maximum, the 95th percentile and the 

median wind speeds at Pomona meteorological stations are 4.4 m/s, 2.9 m/s and 0.6 m/s 

respectively, while those at the Fontana meteorological stations are 15 m/s, 6.8 m/s and 

1.9 m/s respectively.  

A nominal emission factor of NOx of 32 g/MWh, the California emission standard for 

new generators, is used in the simulations. The receptors for these simulations are placed 

on arcs ranging from 1 m to 50 km from the source, and receptors on each arc are 3 

degrees apart. 

The ground-level concentration increases with emission rate, and decreases with 

increases in plume rise. An increase in wind speed has two effects: increases dilution and 

thus decreases ground-level concentrations, decreases plume rise and thus increases 

ground-level concentration. Thus, estimating the impact of changes in wind speed, heat 

recovery and power output on maximum ground-level concentrations is not 

straightforward. Figure 3-2 illustrates the complex relationships, where the ground-level 

concentrations are estimated using a nominal emission factor of 32 g/MWh.   
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Figure 3-2. Hourly maximum NOx concentration of DGs with and without heat recovery. 
Top panel: Fontana meteorological station-High wind speed; Bottom panel: Pomona 
meteorological station-Low wind speed. 

 
The top panel corresponds to the high wind speeds of the Fontana station, while the 

bottom panel corresponds to the low wind speeds of the urban Pomona station. We see 
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that the higher wind speeds are associated with concentrations that are higher than those 

at the lower wind speeds, which indicates the dominance of the effect of wind speed on 

plume rise.  

One expects that as the power increases, the associated increase in emission rate would 

result in higher maximum concentrations. This is what we see at the high wind speed 

station, Fontana, where plume rise is kept small. Heat recovery has a small effect on 

ground-level concentrations because plume rise does not play a role once it is suppressed 

by the high wind speeds.  

When the wind speeds are low, plume rise plays a major role in controlling 

concentrations. Increased power results in increased plume buoyancy which has a greater 

impact than increased emissions on ground-level concentrations. Thus, maximum 

ground-level concentration decreases with increase in power. Furthermore, heat recovery 

has a major impact on ground-level concentrations for the small and medium DGs: the 

maximum concentration decreases by about 50%.  

Figure 3-3 shows that most CGs produce hourly maximum nominal NOx concentrations 

that are at least a factor of two higher than those of DGs because of the much higher 

emissions from CGs.  Unlike DGs, the hourly maximum nominal NOx concentration 

from CGs is dominated by the emission rate because the normalized concentration, as 

seen earlier, is insensitive to stack parameters and is controlled by meteorology. Figure 

3-3 shows that the maximum concentration generally increases with power output. 
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Figure 3-3. Hourly maximum nominal NOx concentrations associated with different 
generators. Top panel: Fontana meteorological station (High wind); Bottom panel: Pomona 
meteorological station (Low wind). 

 
Figure 3-4 shows the average concentration of NOx caused by DGs within a radial 

distance of 50 km from the source. Note that this average concentration is a crude 

measure of the exposure to pollution of a person moving within a distance of 50 km from 
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the source. Because plume rise does not play a role here, the average concentration is 

determined primarily by dilution and emissions: the average concentration is lower for 

higher wind speeds and increases with power output. Heat recovery has a minor impact 

on average concentration. 

 

 
Figure 3-4. Average concentration of NOx due to DGs with and without heart recovery. Top 
panel: Fontana meteorological station; Bottom panel: Pomona meteorological station. 
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Figure 3-5. Average concentration of NOx due to different generators. Top panel: Fontana 
meteorological station; Bottom panel: Pomona meteorological station. 

 
Figure 3-5 shows the average concentration of NOx within a radial distance of 50 km 

from the source as a function of generator type. Like DGs, the average concentration due 

to CGs is insensitive to the effective stack height, and increases with the increase of the 
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power and the decrease of the mean wind speed. Figure 3-5 indicates that the average 

concentration due to most CGs is at least a factor of twenty higher than that due to DGs 

because of much higher emissions from CGs. 

 
3.4.2 Comparing the Relative Impacts of a DG and CG Deployment in the SoCAB 

 
This section compares the air quality impact of penetration of DGs relative to the central 

generating stations that supply most of the power to Southern California. The comparison 

is performed by assuming that the responsible agency has the choice between two 

scenarios: 1) Expand existing CGs to produce the extra power corresponding to the Extra 

High Penetration (EHP)scenario, 5781 MW, for DG in 2010 (Samuelsen et al., 2005), 

and 2) Produce the extra power only through DGs. The air quality impacts of these two 

scenarios are compared by assuming that both DGs and CGs meet the California NOx 

emission standard for a new generation device, 32 g/MWh, which translates into a NOx 

emission rate of 4.44 tons/day. The increase in power at each CG is assumed to be 

inversely proportional to its current capacity. This assumes that the smaller CGs have 

more room to expand. Other assumptions about the power distribution make little 

qualitative difference to the results, described next.  

Figure 3-6 shows the locations of the current CGs in SoCAB listed in Table 3-2. Among 

these 10 facilities, only the Placerita facility is located in a rural area, while all the other 

CGs are located in urban areas. These CGs have a total power output of 9644 MW, and 

emit NOx at a rate of 42.75 tons/day assuming that they operate all the time.  
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The EHP (Samuelsen et al., 2005) scenario for DGs corresponds to a power of 5781 MW: 

39% is produced using advanced gas turbines (small and medium DGs in Table 1, 52% is 

produced using conventional gas turbine (large DGs in Table 1), and 9% through fuel 

cells. The total NOx emission rate from this combination of DGs is 13.76 tons/day. The 

large DGs are located in industrial areas, while the densities of the medium and small 

DGs correlate with population densities in the LA basin. 

 

 

Figure 3-6. Locations of the ten CGs in the SoCAB. 

 
The air quality impact of the two scenarios were compared by running AERMOD using 

meteorological inputs corresponding to 2007 for the 26 meteorological stations shown in 

Figure 3-1. The impact of a specific CG or DG was calculated by using the 

meteorological inputs from the nearest station. The modeling domain is divided into 5 km 
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by 5 km grids, and the spatially averaged annual concentration was calculated for each 

grid cell. Using another scale for the spatial average does not change the results 

qualitatively.   

 

 

Figure 3-7. Comparison of hourly maximum concentration for the two scenarios. 

 
We see from Figure 3-7 that although the averages of hourly maximum concentrations 

have the same magnitude, 3 ppb for the scenario in which the EHP power demand is met 

by CGs and 2 ppb for the scenario in which the demand is met by DGs, the CG scenario 

produces a peak hourly maximum concentration of about 25 ppb which is about four 

times higher than that of the DG scenario, 6 ppb. As expected, locations close to CG 

stations see larger hourly maximum concentrations when CGs rather than DGs are used 
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to generate power as seen in Figure 3-8. Even in the interior of the basin, the hourly 

maximum concentrations from the CGs and DGs are comparable because of the much 

higher emissions from CGs.      

 

 

Figure 3-8. The ratio of hourly maximum concentrations of the CG scenario to those of the 
DG scenario in the LA basin. 

 
We see from Figure 3-9 that the scenario in which all the EHP power demand is met by 

CGs results in lower grid averaged annual concentrations for most of the basin than the 

scenario in which the demand is met by DGs. For about half of the basin, the air quality 

impact of the CG scenario is a factor of 0.5 smaller than that of the DG scenario.  
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Figure 3-9. Comparison of grid-averaged annual concentration for the two scenarios.  

 
As expected, locations close to CG stations see larger increases when CGs rather than 

DGs are used to generate power as seen in Figure 3-10. CGs have lower annually 

averaged impacts than DGs because they are located at the borders of the basin so that 

their impacts are evident only when the wind blows from the CGs into the interior of the 

basin. On the other hand, DGs are densely distributed in the interior of the basin to satisfy 

local power demands. Thus, their annually averaged impact does not depend on wind 

direction, and they have an opportunity to act cumulatively for all wind directions. Note 

that maximum concentrations do not depend on the frequency of wind direction, so that 

CGs still give rise to the highest annual concentrations.   
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Figure 3-10. The ratio of grid-averaged concentration of the CG scenario to that of the DG 
scenario. 

 
The marginal impacts of the additional power generation were then estimated by adding 

the computed annual impacts of these two scenarios to the 2007 NO2 levels in the 

SoCAB. This assumes that all the NOx is converted into NO2. 

There are currently 36 active air quality monitoring stations in SoCAB (CARB, 2003). 

Figure 3-11 shows the 2007 NO2 annual concentrations for each grid cell. The annual 

concentrations are associated with the data of the nearest monitoring stations, which are 

obtained from the SCAQMD historic database (SCAQMD, 2009b). The 2007 annual 

averages of NO2 near the Pomona meteorological station was 31.8 ppb, which is above 

the annual CA state NO2 standard of 30 ppb. 

Note that the maximum impact of both scenarios is less than 10% of the existing NO2 

levels. Future DG penetration into the SoCAB will add an annual average of 0.1 ppb to 
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the existing level of 20 ppb in the basin assuming that the monitored values correspond to 

5 km spatial averages. Expanding existing CGs will add 0.05 ppb to the existing NO2 

levels. The resulting NO2 annual averages near the Central LA meteorological station 

exceed the CA standard, where the 2007 level was 29.9 ppb, just below the standard. The 

two scenarios show similar results, except that the DG scenario has a few more grid cells 

that exceed the standard than the CG scenario. 

 

 

Figure 3-11. Annually averaged NO2 concentrations in the SoCAB In 2007 

 
3.5 Conclusions 

 
We estimate the air quality impact of generating the projected increase in power demand 

in the South Coast Air basin by 2010 by using distributed generators. This impact is 

compared to that resulting from an expansion of existing CG stations to meet the 

increased demand.  The relative impacts were calculated using AERMOD, a state-of-the-
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art dispersion model developed by the USEPA.  We used maximum hourly and spatially 

and annually averaged NOx concentrations as comparison metrics.  

The main conclusions of this study are: 

a) The maximum hourly NOx nominal concentrations associated with most CGs are 

at least a factor of two higher than those of DGs because of the much higher 

emissions from CGs. The maximum impact on hourly concentrations in the basin 

can be reduced from 25 ppb to 6.0 ppb if DGs rather than CGs are used to 

generate power.  This result is important in view of the recently promulgated 1 

hour NO2 standard, 100 ppb (USEPA, 2010). 

b) The grid averaged annual concentrations (long-term exposure from the DG 

scenario) are generally higher than those from the CG scenario over most of the 

basin. Over half of the basin, the annually air quality impact of the DG scenario is 

about a factor of two larger than that of the CG scenario.  Future DG penetration 

into the SoCAB will add an annual average of about 0.1 ppb to the existing level 

of about 20 ppb in the basin while expanding existing CGs will add about 0.05 

ppb to the existing level.  The impact of DG penetration is likely to be smaller if 

their emissions are offset by the decrease in boiler emissions if waste heat from 

the DGs is captured.    

c) The area near Central LA station will exceed the California NO2 annual standard 

if any generating capacity is located in the area.  

The secondary conclusions of this study are: 
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a) When the wind speeds are low, about a 1 m/s, plume rise plays a major role in 

determining ground-level concentrations associated with small buoyant sources 

such as DG stations. Maximum ground-level concentrations of primary emissions 

can decrease with power increase because the increase in emissions with power 

can be more than offset by the increase in plume rise with power.   

b) Waste heat recovery is likely to increase the maximum ground-level 

concentrations in the vicinity of a DG, especially when the average winds are low, 

because of the decrease in plume rise. This conclusion is relevant to locating DGs 

in urban areas where wind speeds are typically low because of sheltering by 

buildings.   

c) The concentration averaged over a distance of 50 km of the source due to both 

DGs and CGs is insensitive to the effective stack height. It increases with the 

increase of the power and the decrease of the mean wind speed. The average 

concentration due to most individual CGs is at least a factor of twenty higher than 

that due to DGs because of much higher emissions from CGs. 
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4. Impact of Distributed Generation of Electricity Relative to Other Urban Sources 
 

4.1 Introduction 

 
In chapter 3, we show that shifting electricity generation from CGs to DGs will change 

the NOx level in the LA basin, but the significance of this change relative to all other 

urban sources remains unknown. There is a need to develop methods to allow the 

comparison of the impact of DG relative to other background urban sources.  

The air quality in an urban area is affected by a large number of sources, such as vehicles, 

distributed over the urban area. Thus, the contribution of sources within meters from an 

urban receptor might be comparable to that of sources outside the local area of interest. In 

principle, an air quality model can be used to estimate the contributions of all the urban 

sources to concentrations at a receptor. However, the large number and variety of sources 

in an urban area necessitates computational resources that can become impractical even 

with current computers, especially when it is necessary to conduct sensitivity studies over 

long averaging times. The current approach to this problem is to use models applicable to 

several scales so that sources at different distances from the area of interest can be treated 

with different levels of source aggregation. The concentration at a receptor has three 

components: a regional contribution computed from a long-range transport model with a 

grid spacing of the order of tens of kilometers, an urban “background” contribution from 

sources aggregated over kilometer sized grids, and a local contribution from models that 

estimate concentrations at meters from a receptor (See Brandt et al., 2003 for an example).  
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This chapter focuses on a model that estimates urban “background” concentrations of 

NOx, NO2, and O3, averaged over a scale of the order of kilometers. In the usual 

numerical solution of the mass conservation equation governing concentrations, transport 

and chemistry are treated simultaneously or as processes that follow each other within a 

numerical time step. This coupling treatment is adopted in most grid models, such as 

CMAQ (Byun and Schere, 2006) and UCI-CIT (Carreras et al., 2004). The chemistry 

module in these grid models, however, occupies a large portion of computing time, and 

their application becomes a computational burden if concentrations are required over a 

year. The simple urban background model (UBM) developed by Berkowicz (2000) 

addresses this problem through two simplifications: a straight line steady dispersion 

model and chemistry based on photostationarity neglecting the role of hydrocarbons. The 

model presented here is intermediate between comprehensive photochemical models and 

the simple UBM. It treats unsteady meteorological conditions with trajectories that reflect 

space and time varying winds, and it reduces the computational requirements of 

photochemical models by separating transport and chemistry using a method described in 

Venkatram et al. (1998). The model is evaluated with data from measurements made in 

Los Angeles (CARB, 2011).   

 
4.2 Methods 

 
We suggest reducing the computational requirement of the grid model by separating 

transport and chemistry. The model presented in this chapter replaces the coupled 

processes of transport and chemistry by first performing the transport and then 
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performing chemistry over a time interval corresponding to the age associated with 

transport. The transport is based on a receptor-based Lagrangian model in which back 

trajectories are used to trace the history of a moving box arriving at a receptor. The 

chemical species emitted into the box are first transported without accounting for 

chemistry. However, each species is associated with an effective age in addition to 

concentrations. The species are then allowed to react in a box over a time corresponding 

to the maximum of the ages of the species that arrive at the receptor. The photochemical 

model used to produce ozone concentrations in this chapter is the Carbon Bond IV 

mechanism (Gery et al., 1985), in which the volatile organic compounds (VOC) are 

assumed to be a mixture typical of ambient measurements made in Los Angeles; the 

VOC is distributed among 8 surrogate species and one inert species.    

 
4.2.1 The Lagrangian Model 

 
The model, based on that proposed by Venkatram and Cimorelli (2007), computes the 

concentrations at a receptor by following the history of an air parcel that reaches a 

receptor of interest every hour. The history of the air parcel is traced back 24 hours 

through back trajectories calculated using surface winds measured at meteorological 

stations. To facilitate the use of the model, the meteorological inputs are taken directly 

from the surface input files used by AERMOD (Cimorelli et al., 2005).  

The air parcel has horizontal dimensions of 5 km by 5 km, and a height that depends on 

the local mixed layer height. Emissions are injected into the box and mixed through its 

volume as the box moves over the urban area, which is described with a gridded emission 
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inventory of NOx and VOC. To ensure pollutants are well mixed, we carefully choose a 

time step which is higher than the mixing time scale given by ඥ2 ⁄ߨ ௜ݖ ⁄௪ߪ . For the 

meteorological conditions used in the study for the SoCAB, this mixing time scale has a 

maximum value of about 0.9 h. Therefore, we can use a time step ∆ݐ ൌ 1h to trace back 

the history of the box for 24-hours. The concentrations are stepped from the (i-1)th to the 

ith time step through 

௜ܥ  ൌ ௜ିଵܥ min ቀ
௭೔షభ
௭೔
  ,1ቁ exp ሺെݒௗ∆ݐ ⁄௜ݖ ሻ ൅ ୼௠೔

௭೔
exp ሺെሺݒௗ 2⁄ ሻ∆ݐ ⁄௜ݖ ሻ , (4-1) 

where zi is the mixed layer height and vd is the deposition velocity. We assume that the 

deposition velocity of newly emitted pollutants is half of the velocity of those transported 

from the previous step. The minimum term on the right hand side of the equation ensures 

that the concentration does not increase when the mixed layer decreases during a time 

step.  

The mass of pollutant injected per unit surface area of the air parcel is Δ݉௜ ൌ  ,ݐԦሻΔݎ௜ሺݍ

where  ݍ௜ሺݎԦሻ is the emission density at the location of the parcel, ݎԦ, and Δݐ is the time 

step of the trajectory calculate. Figure 4-1 illustrates the described Lagrangian model. 

 

 

Figure 4-1. Illustration of the Lagrangian model. 
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The incremental concentration, ∆ܥ௜ , during the last hour of the air parcel’s path is 

computed with a steady state dispersion model (Venkatram and Cimorelli, 2007) that 

accounts for incomplete vertical mixing,  

 Δܥ௜ ൌ ඥ2 ⁄ߨ lnሺ1 ൅ ௪ܴߪ ሺܷ݄ሻ⁄ ሻݍ௜ ௪ൗߪ ,  (4-2) 

where R is half of the grid length, U is the mean wind speed, ߪ௪ is the standard deviation 

of the vertical velocity fluctuations, and h is the initial vertical spread of surface 

emissions. 

When the pollutant is well mixed through the boundary layer during the last time step 

before the parcel reaches the receptor, equation is modified, 

 Δܥ௜ ൌ ඥ2 ⁄ߨ ln ቀඥ2 ⁄ߨ ௜ݖ ݄⁄ ቁ ௜ݍ ௪ൗߪ ൅ ௜ሺܴݍ െ ܴ௠ሻ ሺܷݖ௜ሻ⁄ , (4-3) 

where Rm is a critical length scale which determines if the pollutant are well mixed. 

  
4.2.2 The Species Age 

 
The concept of species age is best illustrated by Venkatram et al. (1994, 1998). The 

effective age of a molecule is the time taken for the molecule to travel from source to 

receptor. Considering a case in which a source emits NOx and the wind speed is ui, we 

can simply calculate the age of the molecules at a distance xi from the source as xi/ui. This 

simple case can be generalized to more complex wind flows by formulating a 

conservation equation for species age. The formulation is best understood by examining 

each of the processes that determine the aging of molecules enclosed within a control 

volume. The underlying concept is that an average age can be associated for each of the 

species in a grid volume. 
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The differential equation for the age, A, of a species can be formulated by considering the 

following: 1) The age of material in a control volume increases with time if nothing is 

emitted into the box; 2) The average age decreases when new material is emitted into the 

volume; 3) Transport of material into and out of the volume changes the age. 

Consider a box in which the mass per unit surface area of a certain species changes from 

m(t) to m(t+Δt) and the age changes from A(t) to A(t+Δt) in the time interval Δt. The age 

A(t+Δt) is determined by the ages of material that flow into the box and aging of the 

material that is already in the box. Then the conservation of age for a box with 

dimensions, Δxi, along the coordinate direction, i, can be written as 

 t
x

mAu
ttAtmttmttA

i

i 





)(
))()(()()( . (4-4) 

The first term on the right-hand side of the eq. (4-4) refers to the aging of the material in 

the box during the interval Δt, and the second term corresponds to the contribution of the 

material transported into the box at a rate uim by the instantaneous velocity, ui. If we 

define φ ≡ Am, the differential corresponding to eq. (4-4) can be written as 

 m
x

u

tDt

D

i

i 









)( 

. (4-5)      

where the left-hand side is the Lagrangian derivative defined along the trajectory of the 

box moving with a velocity ui.  

If there are no emissions along the trajectory, the mass density of the species will remain 

constant, and we can integrate equation (4-5) to obtain φ = mt, which leads to the 

conclusion that the species age is equal to the travel time along the box trajectory, A(t)=t.  
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Considera casein which the mass density increases linearly with time as a result of 

emissions, m(t) = αt, where α is a constant. Substituting this mass into equation (4-5) and 

integrating yields the result that the age is one-half of the travel time, A(t) = t/2. This 

result is consistent with the idea that new emissions reduce the average age of the species 

associated with the moving box. Thus, the ages can be computed from the (i-1)th to the ith 

time step through a numerical version of equation (4-5) 

 ߮ሺ݅ሻ െ ߮ሺ݅ െ 1ሻ ൌ ݐ∆ ሺ݉௜ ൅ ݉௜ିଵሻ 2⁄ ൌ ݉௜∆ݐ െ ∆݉௜ ∙ ሺ∆ݐ 2⁄ ሻ, (4-6) 

which can be rearranged as 

௜ܣ  ൌ ௜ିଵሺ1ܣ െ Δ݉௜ ݉௜⁄ ሻ ൅ Δݐሺ1 െ Δ݉௜ ሺ2݉௜ሻ⁄ ሻ. (4-7) 

In the absence of fresh emissions, that is Δ݉௜ ൌ 0 , we obtain the expected result: 

௜ܣ ൌ ௜ିଵܣ ൅ Δݐ . Note that fresh emissions always decrease the effective age of the 

species within the parcel, that is, ܣ௜ ൏ ௜ିଵܣ ൅ Δݐ. 

Then, the chemical transformation of this species is estimated by reacting it with other 

species in a box with initial concentrations corresponding to those in the absence of 

chemistry. The time period for chemical calculations is specified by the end time 

corresponding to the time of interest and a start time, which is the end time minus the 

species age. The chemical calculation is performed over the maximum of the ages of the 

species in the air parcel. The chemistry accounts for the variation of photolysis rates with 

time of day.    
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4.3 Model Evaluation 

 
The model is applied to estimating NOx, NO2, and O3 concentrations in the South Coast 

Air Basin (SoCAB) of Los Angeles, depicted in Figure 4-2. The upper panel of the figure 

shows the NOx emissions developed by Samuelsen et al. (2005) for the SoCAB, which 

correspond to a total NOx emission rate of 413 tons/day. The lower panel shows the 

assumed diurnal variation of NOx emissions, which roughly corresponds to traffic volume. 

The background ozone is taken to be 30 ppb. In view of the uncertainty in VOC 

emissions, we do not calculate VOC concentrations in the air parcel, but assume that the 

VOC concentrations are a constant multiple of the computed NOx concentrations, which 

is taken to be 6 in our case. We then add a background VOC concentration of 20 ppbC. 

Such empirical adjustments to the VOC concentrations are not unusual even in 

comprehensive grid based modeling.  

The model was run with surface meteorological data corresponding to 2007, measured at 

26 meteorological stations operated by the South Coast Air Quality Management District 

(See Figure 3-1, SCAQMD, 2009). Model estimates are compared with NOx 

concentrations measured at 21 monitoring stations operated by California Air Resources 

Board (CARB, 2011), which are numbered in the upper panel of Figure 4-2. 
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Figure 4-2. Gridded NOx emissions and monitoring stations located in the South Coast Air 
Basin, Los Angeles. The right panel shows the assumed temporal profile of NOx emissions. 

 
Model performance is described in terms of the statistics of the ratio Cp/Co (Venkatram et 

al. 2005). This method is based on the assumption that the observations, Co, are 

lognormally distributed about the predicted estimates, Cp, so that: 

 lnሺܥ௢ሻ ൌ ln൫ܥ௣൯ െ  (4-8) .ߝ

Therefore ε can be taken as the residual: 

ߝ  ൌ ln ൫ܥ௣ ⁄௢ܥ ൯ (4-9) 
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and it can be used to quantify model performance. The bias in the model estimate is 

characterized by mg, the geometric mean of the ratio: 

 ݉௚ ൌ exp ሺߝሻ̅, (4-10) 

where ˉ represents mean. The spread of observations about a model estimate is quantified 

by using geometric standard deviation, sg: 

௚ݏ  ൌ exp ൫ߪሺߝሻ൯, (4-11) 

where σ represents standard deviation. Then, if the observed values are lognormally 

distributed about the model estimates, the 95% confidence interval of the ratio of the 

observed to the estimated value is approximately given by the interval mgsg
1.96 to mgsg

-1.96. 

By doing so, a bias greater than unity implies overprediction, and a bias less than unity 

implies underprediction. The coefficient of determination, r2, refers to the variation of 

ln(Co) explained by the model; it is the square of the correlation coefficient between ln(Co) 

and ln(Cp). The fraction of the ratios, Cp/Co, which lies in the range 0.5 - 2 is denoted by 

Fac2. 

Figure 4-3 shows typical 24-hour back-trajectories of air parcels at two monitoring sites 

on July 31, 2007. The back trajectory is calculated using the available meteorological 

station in the SoCAB (Figure 3-1). One site is near the Fontana meteorological station. 

The south-western mean winds originate from the Pacific Ocean, cross the shoreline, 

blow over Orange County and arrive at the monitoring site. The other site is located near 

the La Habra meteorological station. The winds originate again from the Pacific Ocean, 

cross the shoreline and arrive at the monitoring station. 
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Figure 4-3. 24-hour back-trajectories of air parcels at two monitoring sites on July 31, 2007  

 
The performance of the model is illustrated by considering the same two sites. The upper 

two panels of Figure 4-4 show that the modeled NOx and NO2 concentrations, averaged 

over a month, are well correlated with the corresponding observations. However, the 

model overestimates the NO2 during the fall months at the Fontana site and 

underestimates NOx during the winter months at the La Habra site the  as seen in Figure 

4-4.  
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Figure 4-4. Monthly averaged NOx, NO2, and daily maximum ozone concentrations 
compared with observations at two sites in the SoCAB 

 
The lower panels of Figure 4-4 compare the modeled and observed maximum daily 

ozone concentrations at these stations. Although the scatter is not small, the model shows 

little bias as indicated by mg values close to unity. The 95% confidence intervals, sg
2 
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(Qian et al., 2010), for the ratio of observed and estimated NOx concentrations of both 

sites are below 2.2. Over 90% estimations are within a factor of two. 57% observations 

monitored from the Fontana meteorological station can be explained by the model, but 

that value for the La Habra meteorological station is only 27%.   

The upper two panels of Figure 4-5 shows that the model predicts averaged daily 

variations of NOx and NO2 that are similar to those of observations. However, the model 

performance varies with sites. This might be related to the uncertainty in estimating the 

mixed layer height. It could also be associated with the assumed temporal profile of NOx 

emissions. The lower panels of Figure 4-5 show that the model captures the averaged 

daytime variation of O3, but it underestimates it during the early morning. 
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Figure 4-5. Averaged daily variations of NOx, NO2 and O3 compared with observations at 
two sites in the SoCAB. 
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Figure 4-6. Annually averaged NOx and NO2 concentrations and daily maximum O3 
concentrations of all 21 sites in the SoCAB compared with observations. 

 
The upper two panels of Figure 4-6 shows the overall model performance in explaining 

annually averaged NOx and NO2 concentrations of 21 monitoring sites in SoCAB. The 

model underestimates NOx and NO2 by 10%, but it can explain over 40% observations. 

95% of the model estimates are within a factor of two of the observations. The 95% 

confidence interval for the ratios of observed to estimated NOx and NO2 concentrations is 

1.8. The only site which the model underestimates both NOx and NO2 more than a factor 

of two is site 18, Banning Airport monitoring station. This could be related with the 

mountains standing in both south and north sides of the site. The simple two-dimensional 

trajectory model presented in this chapter does not take terrain into consideration.  
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The lower panel of Figure 4-6 shows the overall model performance in explaining daily 

maximum O3 concentrations of all 21 sites. The bias is 4%, although it only explains 30% 

of observations. More than 90% of model estimates are within a factor of two of the 

observations. The 95% confidence interval for the ratio of observed to estimated O3 

concentrations is 2.2. 

 
4.4 The Air Quality Impact of a DG Deployment Relative to the Background 
Sources in the SoCAB 

 
Section 3.4.2 compared the relative impacts of a DG and CG deployment in the SoCAB. 

This section compares the predicted air quality of the DG deployment relative to the 

sources (refer to as ‘background sources’) described in section 4.3. We use NOx as a 

surrogate for primary pollutants. Future work may use concentrations of NOx, NO2, O3 

and VOC predicted in section 4.3 as backgrounds for estimating concentrations of 

secondary pollutants due to DG deployment. Methods for combining estimates from 

regional transport models with those from local dispersion models have been proposed by 

Hess and Cope (1989), Isakov et al. (2007), and Stein et al. (2007). 

The upper panel of Figure 4-7 shows that the maximum hourly NOx concentrations of the 

background sources at 21 sites are at least 30 times higher than those of the DG, and  the 

minimum hourly impacts of the background sources are just slightly lower than the 

maximum hourly impacts of the DG deployment at most sites, because the emission rate 

of background sources, 413 tons/day, is much higher than the one of the DG deployment, 

4.4 tons /day if DGs meet the California NOx emission standard for a new generation 

device, 32 g/MWh. The lower panel of Figure 4-6 shows that the annually averaged NOx 
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concentrations of the background sources are at least 100 times higher than those of the 

DG. 

 

 

Figure 4-7. Comparing NOx concentration of the DG deployment and the background 
sources. Upper panel: Hourly concentration; lower panel: annually averaged concentration.   
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4.5 Conclusions 

 
We have formulated a simple Lagrangian model that can be used to estimate background 

concentrations of NOx, NO2, and O3 in an urban area. The model can provide hourly 

concentrations of these species over time periods of a year, which is required in exposure 

studies. It can be used to estimate the air quality impact of DG relative to other sources in 

an urban area. The model achieves its computational efficiency by separating transport 

and chemistry using the concept of species age. Evaluation with measurements made in 

SoCAB during 2007, indicates that the model can provides adequate descriptions of the 

spatial and temporal behavior of NOx and NO2. Model estimates of maximum hourly 

ozone concentrations are unbiased relative to observations but the 95% confidence 

interval (sg
2) of the ratios of observed to estimated concentrations is over a factor of two. 
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5. Conclusions 

 
The research reported in this dissertation is motivated by the need to model the air quality 

impact of Distributed Generation (DG) of electricity on NOx
 and NO2 relative to other 

sources of NOx. The dispersion of DG type sources is first understood through a tracer 

field experiment, which also facilitates the evaluation of AERMOD’s applicability to low 

level buoyant sources in urban areas. Then AERMOD is used to estimate the impact of 

DG on air quality relative to Central generation (CG) of electricity that DG is designed to 

replace. The last part of the thesis describes a Lagrangian model that can be used  to 

compare the impact on air quality all other urban sources relative to that of DG.  

The first part of this thesis described a tracer study conducted in July 2008 in the vicinity 

of a 650 kW gas fired power plant located in Palm Springs, CA. AERMOD (Cimorelli et 

al., 2005) was evaluated with the tracer data. The major conclusions from this part of my 

research are: 

a) Concentrations observed during the nighttime experiments are generally higher 

than those measured during the daytime experiments. They fall off less rapidly 

with distance than during the daytime. 

b) AERMOD provides an adequate description of concentrations associated with a 

buoyant release from DG during the daytime when turbulence is controlled by 

convection induced by solar heating.  

c) The inclusion of meandering in AERMOD is important in explaining the 

occurrence of upwind concentrations during low wind speeds. 
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d) AERMOD underestimates concentrations during the night when turbulence is 

generated by wind shear. It predicts a decrease in concentrations with distance 

that is much more rapid than the relatively flat observed decrease. 

e) A modification to AERMOD to account for different rates of plume growth in the 

upper and lower part of the nighttime boundary layer leads to a significant 

improvement in model performance.    

f) AERMET, AERMOD’s meteorological processor, provides a poor description of 

the nighttime boundary layer. Local measurements or better estimation of 

meteorology are needed by AERMOD to prevent severe underestimation in 

predicting concentrations. 

The second part of this dissertation examines the air quality impact of using DG to satisfy 

future growth in power demand in the South Coast Air Basin of Los Angeles (SoCAB), 

relative to the impact when the demand is met by expanding current CG capacity. The 

impact of decreasing boiler emissions by capturing the waste heat from DGs is not 

examined. The air quality impacts of these two alternate scenarios are quantified in terms 

of hourly maximum ground-level and annually-averaged primary NOx concentrations, 

which are estimated using AERMOD. The study focuses on the impact of primary 

emissions at source-receptor distances of tens of kilometers. The main conclusions of this 

study are: 

a) The maximum hourly NOx nominal concentrations associated with most CGs are 

at least a factor of two higher than those of DGs because of the much higher 

emissions from CGs. The shift to DGs has the potential for decreasing maximum 
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hourly impacts of power generation in the vicinity of the DGs. The maximum 

hourly concentration is reduced from 25 ppb to 6 ppb if DGs rather than CGs are 

used to generate power.  

b) The grid averaged annual concentrations (long-term exposure) from the DG 

scenario are generally higher than those from the CG scenario over most of the 

basin. Future DG penetration will add an annual average of 0.1 ppb to the current 

basin average, 20 ppb, while expanding existing CGs will add 0.05 ppb.     

c) The area near Central LA station will exceed the California NO2 annual standard 

if any generating capacity is located in the area.  

d) When the wind speeds are low, about a 1 m/s, plume rise plays a major role in 

determining ground-level concentrations associated with small buoyant sources 

such as DG stations. Maximum ground-level concentrations of primary emissions 

can decrease with power increase because the increase in emissions with power 

can be more than offset by the increase in plume rise with power.   

e) Waste heat recovery is likely to increase the maximum ground-level 

concentrations in the vicinity of a DG, especially when the average winds are low, 

because of the decrease in plume rise. This conclusion is relevant to locating DGs 

in urban areas where wind speeds are typically low because of sheltering by 

buildings.   

f) The concentration averaged over a distance of 50 km of the source due to both 

DGs and CGs is insensitive to the effective stack height. It increases with the 

increase of the power and the decrease of the mean wind speed. The average 
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concentration due to most individual CGs is at least a factor of twenty higher than 

that due to DGs because of much higher emissions from CGs. 

The third part of my thesis focused on formulating a model to estimate concentrations of 

NO2, NOx, and O3 averaged over a spatial scale of the order of a kilometer in a domain 

extending over tens of kilometers. The model can be used to estimate hourly 

concentrations of these species over time periods of years. It achieves the required 

computational efficiency by separating transport and chemistry using the concept of 

species age. Evaluation with data measured at 21 stations distributed over the Los 

Angeles air basin indicates that the model provides an adequate description of the spatial 

and temporal variation of the concentrations of NO2 and NOx. Estimates of maximum 

hourly O3 concentrations show little bias compared to observations, but the scatter is not 

small. 
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