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The adverse health effects and urban visibility degradation 

associated with atmospheric carbon particle concentrations suggest 

that control of this class of air pollutants is desirable, especially 

in the event of an increase in the usage of diesel vehicles. In this 

study, procedures for the engineering design of fine carbonaceous 

particulate matter abatement strategies have been developed and tested 

in the Los Angeles area. Carbon particle abatement strategies are 

evaluated based on the results of an emissions to air quality model, 

the performance of which is verified by comparison to measurements of 

ambient aerosol concentrations taken in the South Coast Air Basin 

during 1982. 

As a result of this research, the long-term average behavior of 

fine aerosol carbon concentrations has been characterized in the Los 

Angeles area for the first time. The highest concentrations of fine 

particulate total carbon were observed in areas of heavy traffic 

density. The annual average fine total carbon concentration at 

downtown LOS Angeles was 12.2 pg m-3 during 1982. which constituted 

37% of the fine aerosol (particle diameter < 2.1 pm) mass collected at 

that location. Aerosol carbon concentrations were observed to 

decrease with distance inland from downtown Los Angeles. The 1982 

annual average fine total carbon concentration at Rubidoux, which is 

about 80 km east of Los Angeles. was only 8.2 pg m-3. There is a 

pronounced winter peak and summer minimum in carbonaceous aerosol 

concentrations in the western portion of the air basin. The monthly 



average fine total carbon concentration at downtown Los Angeles 

reached a high of 22.3 pg m-3 during December 1982. and dropped to 

7.4 pg m-3 during June 1982. At eastern locations in the air basin, 

the seasonal trend becomes less significant, with monthly average fine 

total carbon concentrations at Rubidoux observed to be between 6.4 and 

10.8 pg m-3 during all months of 1982. 

Elemental carbon in the atmosphere is inert and is due solely 

to direct (primary) aerosol emissions from sourcesr while organic 

carbon could be directly emitted as primary aerosol or could be formed 

in part from condensation of the low vapor pressure products of 

atmospheric chemical reactions (secondary formation). Examination of 

the spatial and temporal trends of the ratio of fine total carbon to 

fine elemental carbon concentration leads to the conclusion that 

secondary organic carbon aerosol formed in the atmosphere from 

hydrocarbon precarsors was not the overwhelming contributor to overaii 

long-term average total carbon levels in the Los Angeles area daring 

the year 1982. At downwind locations, such as Azusa or Rubidoux, it 

was found that, at most, between 16% and 22% of the annual average 

total carbon concentration (or 27% to 389b of the organic carbon) may 

be due to secondary aerosol formation in excess of that found at 

Lennox (a nearcoastal site next to a heavily travelled freeway source 

of primary aerosol). Comparison of fine elemental and organic carbon 

particle concentrations against the ratio of those two aerosol species 

found in basin-wide source emissions farther indicates that, over l o n ~  

averaging times daring 1982, primary aerosol carbon particle emissions 



are responsible for the majority of atmospheric carbon particle 

concentrations. 

The particulate air quality data collected during 1982 were 

used to verify the performance of a mathematical model for long-term 

average air quality. The Lagrangian particle-in-cell air quality 

model previously developed by Cass (1977. 1981) was improved to handle 

near-source dispersion from ground level sources. The model was 

tested against emissions, elemental carbon air quality, and 

meteorological data for 1982 in the Los Angeles area. It was found 

that the model adequately predicts the long-term average concentration 

of this primary pollutant. The predictions and observations of 

monthly average elemental carbon particle concentrations have a 

positive correlation coefficient of 0.78. The model also determines 

the source classes responsible for fine carbon particle air quality. 

Many source types: inolnding highway vehicles, charcoal broilers; and 

fireplaces contribute to primary total carbon particle concentrations, 

while elemental carbon concentrations are due mostly to emissions from 

diesel engines. 

The source class contributions computed by the air quality 

model were used to determine the optimal emission control strategy for 

attaining any desired level of improved carbon particle air quality. 

Linear programming techniques were employed to solve for the least 

costly set of emission control measures which would enable an air 

quality goal to be met. Solutions indicate that application of a few 

control measures, aimed almost entirely at diesel engines, will reduce 



the basin-wide maximum annual average fine elemental carbon 

concentration approximately by half at an annual cost of about $69 

million. The maximum annual average fine primary particulate total 

carbon concentration may be reduced by about 55% at a cost of $102 

million per year. A control program for visibility improvement would 

preferentially require the reduction of atmospheric fine elemental 

carbon particle concentrations, whereas a program designed to control 

fine aerosol mass would benefit from total carbon particle 

concentration reductions. It was determined that a control strategy 

that is optimal for total carbon control may be near-optimal for 

elemental carbon control. However, an emissions control strategy 

designed to optimize for elemental carbon control may produce peak 

total carbon concentrations that exceed those which would result from 

a control strategy optimized for total carbon by as much as 8%. 

I= smztary, it has been denonstrated t h a t  t h e  a i r  qnality mode? 

is useful both in predicting long-term average carbon particle air 

quality and in determining the sources responsible for that air 

quality outcome. It was found that emissions from diesel engines were 

responsible for a large portion of the atmospheric fine carbon 

particle concentrations in the Los Angeles area during 1982. Control 

of emissions from diesel engines is therefore important, and it was 

determined that the least costly set of emission control measures for 

reducing carbon particle concentrations includes diesel engine 

emission controls. 
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GU)S SARY 

Coarse particles - airborne particulate matter with particle sizes 

greater than 2.1 p in diameter. 

Elemental carbon - black carbonaceous particulate matter with a 

chemical structure similar to impure graphite and that is non- 

volatile below 600°C in an inert atmosphere (helium). 

Fine particles - airborne particulate matter with particle sizes 

smaller than 2.1 p in diameter. 

Particulate organic carbon - the carbon content of airborne organic 

compounds present as particulate matter in the atmosphere. 

Particulate total carbon - The summation of the airborne particulate 

carbon content due to aii particie types present, inciuding 

organic carbon, carbonate carbon and elemental carbon. 

Primary aerosol carbon - that fraction of the airborne carbonaceous 

particulate matter that was emitted to the atmosphere from its 

source as particulate matter (eg. as a solid or liquid) rather 

than as a hydrocarbon gas. 

Secondary aerosol carbon - carbonaceous particulate matter formed in 

the atmosphere from the low vapor pressure products of reactions 

involving gaseous hydrocarbon precursors. 



Particulate air pollutants residing in particle sizes below 

about 2 pn  aerodynamic diameter are largely responsible for the severe 

visibility deterioration observed in the South Coast Air Basin that 

surrounds the kos h g e l e s  area (Hidy et al. 1974, ite and Roberts 

1977, Cass 1976, Conklin et al. 1981). Particles in that size range 

ate easily respirable (Task Group 1966) and thus contribute to many of 

the adverse health effects attributed t o  high levels of total 

suspended particulate matter in the atmosphere (Middleton et al. 

69). Control of the fine particle fraction of the ambient aerosol 

is, therefore, a particularly important problem facing state and local 

air pollution control agencies. 

Studies show that nrost of the fine particulate matter in the 

atmosphere of the South Coast Air Basin consists of sulfates, 

nitrates, and carbonaceous particles (Hidy et. a1 19741. As will be 

seen in Chapter 2 of this study, aerosol carbon alone accounts for 

about 40% of the total fine particle mass in that air basin. Hence, 

its control is critical to any attempt to meet present total suspended 

particulate matter and future fine particle air quality standards. 

Black graphitic (elemental) carbon particles have been found to be the 

predominant light-absorbing aerosol species in the atmosphere (Rosen 



et al. 1977) and are responsible for a major portion of the Los 

Angeles visibility problem (Conklin et al. 1981). Polynuclear 

aromatic hydrocarbons that are adsorbed onto soot particles have been 

shown to be carcinogenic in experimental animal studies ( IARC 

Group 1980). Thus an assessment of approaches to reducing atmospheric 

soot concentrations may provide valuable insights concerning the 

control of toxic substances in the atmosphere. 

Despite the importance of aerosol carbon particles as 

contributors to particulate air quality and visibility standard 

violations, relatively little is known about ho to control such 

pollutants effectively. Routine air monitoring data bases sufficient 

to support aerosol carbon control strategy studies do not presently 

exist for the Los Angeles area ( itz 1981, Tsou 1981). 

Inventory procedures for defining organic and elemental carbon 

emissions are in their earliest stages of development at present (Cass 

et al. 1982). Air quality modeling approaches designed to assess the 

sources responsible for atmospheric carbon particle concentrations 

previously have been limited to rollback and receptor model 

calculations that cannot be verified easily because the elemental 

composition of emissions from many different carbonaceous particulate 

source types is virtually identical. The problem is compounded due to 

the presence of secondary organic aerosol hat is formed in the 

atmosphere from the low vapor pressure products of reactions involving 

gaseous hydrocarbon precursors (Grosjean and Friedlander 1975, 

Schuetzle 1975, Cronn et al. 1977, Grosjean 1977, Appel et al. 1979). 



Better air quality modeling approaches are needed. Methods for 

identifying the least costly combination of control technologies 

required to attain any desired level of aerosol carbon air quality 

should be developed. Control strategies aimed at abating fine total 

carbon particle mass might look quite different than strategies 

directed at abating the visibility-reducing potential of elemental 

carbon particles alone. 

The pursuit of methods for controlling atmospheric carbon 

particle air quality is particularly important in Los Angeles at this 

time. As noted by Pierson (19781, Los Angeles air quality is likely 

to be heavily affected by increased soot emissions if large nlrmbers of 

diesel passenger cars are introduced into the vehicle fleet. 

Engineering research into control of aerosol carbon concentrations is 

needed before conversion of more of the vehicle fleet to diesel 

engines occurs. 

1.2 Aooroach of the Present Study 

The objective of the present stady is to develop methods for 

the design of emission control strategies that can be employed to 

reduce atmospheric primary carbonaceous aerosol loadings, thereby 

improving visibility and reducing exposure to respirable fine 

particles. Methods developed will be tested during a case study of 

aerosol carbon abatement alternatives in the South Coast Air Basin. 

At the start of this research effort, an air quality data base 

suitable to support control strategy development in the Los Angeles 



area did not exist. As part of this study, a routine sampling program 

is conducted during the calendar year of 1982. Twenty-four hour 

average ambient fine particulate matter samples are collected at six- 

day intervals at ten monitoring locations in the South Coast Air 

Basin. The samples are analyzed for total carbon and elemental carbon 

(total carbon = elemental carbon + organic carbon) by the method of 

Johnson et al. (1981). Measurement of the trace metal content of 

samples provides the ability to use receptor modeling techniques 

(Cooper and Watson 1980, Gordon 1980) to confirm source class 

contributors to observed air quality. Measurement of SO= , NO;, and 

+ 
NIf ion concentrations completes a mass balance on the major aerosol 4 

components of the samples. The sampling program described in 

Chapter 2 results in a representative set of air quality data that is 

used to characterize an annual cycle of fine carbon particle air 

q a a l i t y  i n  the Lo8 h g e l e s  a r e a .  m e  a i r  q ~ a l i t y  d a t a  s e t  a l s o  can 5 e  

used to verify the predictions of an air quality model describing the 

transport of primary pollutants in an urban airshed. 

The relative importance of secondary organics formation is 

assessed in Chapter 2 by comparing measured ambient (primary plus 

secondary) total carbon to elemental carbon concentration ratios with 

the same ratios observed at emission sources (which yield primary 

aerosol only). Development of new methods for evaluating the 

magnitude of secondary aerosol formation is extremely important. The 

extent to which primary particulate sources versus gas phase 

hydrocarbon sources should be controlled depends on the outcome of 



such an inquiry, and present methods for making such determinations 

have led to longstanding scientific disputes (Gundel 1978). 

A mathematical description of the atmospheric transport of 

fresh emissions of a non-reactive pollutant over an air basin is 

developed in Chapter 3. The model employs a Lagrangian particle-in- 

cell technique to predict long-term average concentrations of an inert 

pollutant, such as elemental carbon. The calculation procedure is 

formulated to simulate atmospheric transport processes including 

ground-level dry deposition and vertical diffusion. Particular 

attention is given to the mixing of pollutants in the vertical 

direction at locations close to sources. 

In Chapter 4 the model is used to predict 1982 monthly averaged 

fine carbonaceous particle concentrations in the Los Angeles 

atmosphere. Data requirements for the model application are outlined 

and satisfied. An inventory of fine carbonaceous particulate 

emissions is compiled for an 80x80-%m (50x50-mile) grid centered over 

the western portion of the South Coast Air Basin. Over 70 source 

types are identified, and carbonaceous aerosol emissions are matched 

to the model in such a way as to represent spatial and temporal 

emissions trends. Source samples are collected and analyzed for a few 

source types to further improve inventory accuracy. Meteorological 

data are collected, and the characteristics of ventilation in the air 

basin are summarized. Other data requirements and approximations 

necessary for execution of the air quality model are discussed. 

Results of the modeling exercise are examined in the latter 



part of Chapter 4. Since elemental carbon particles are chemically 

very stable and are due solely to primary emissions, the non-reactive 

air quality model is verified by focusing on the comparison between 

predicted and observed fine elemental carbon particle air quality. 

The comparison of fine primary total carbon concentration predictions 

to fine total carbon concentration observations provides a new method 

for estimating the amount of secondary organics present in the 

atmosphere (i.e., organic particles formed from the condensation 

products of atmospheric hydrocarbon gas phase reactions). By 

subtracting calculated primary organic aerosol concentrations from the 

measured total organic aerosol present, an estimate of the magnitude 

of the secondary organics present can be obtained. 

From the air quality modeling exercise, the contribution from 

each of many source types to primary aerosol carbon air quality is 

determined a t  a nimber of receptor  sites, Th-is ooatce-to-receptor 

information is combined with data on emission control opportunities to 

evaluate alternative strategies for aerosol carbon air quality 

improvement. In Chapter 5 ,  a linear programming algorithm is 

developed to identify optimal control strategies that provide the 

least costly combination of aerosol carbon emission control measures 

needed to attain any desired level of primary aerosol carbon air 

quality. 

The trade-off implied by choice of a strategy optimized for 

control of total carbon particle concentrations versus an optimal 

strategy for elemental carbon particle concentrations is examined in 



Chapter 5 .  The effects on visibility (and the likely effects on 

health) of organic and elemental carbon particles are quite different. 

Elemental carbon particles are very efficient light absorbers and, 

theref ore, contribute disproportionately to visibility degradation. 

Hence, the preferential abatement of elemental carbon or organic 

carbon particles might be selected as an objective of future fine 

particle control efforts. Chapter 5 shows how preferential control of 

elemental carbon levels can be achieved. 

It is concluded that the air quality model developed during 

this study is useful for identifying the major sources responsible for 

high air pollutant concentrations in an urban air basin. This 

modeling approach could be applied to the problem of designing control 

strategies for other pollutants and could be applied in other 

geographic areas. Opportunities for future research and model 

app l i ca t ion  a r e  g i ~ e s  in &.aptst 6 .  
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CEWUCI'ERISTICS OF A'MOSPHEBIC ORGANIC AND ELEMENTAL 

CARBON PARTICLE CONCENTBATIONS IN LOS ANGELES 

2.1 Introduction 

Fine carbonaceous particulate matter is emitted from most 

combustion processes (Siegla and Smith 1981, Wagner 1978, Muhlbaier 

and Williams 1982, Cass et al. 1982). These primary carbon particles 

consist of organic compounds accompanied by black non-volatile soot 

components that have a chemical structure similar to impure graphite 

(Rosen et al. 1978). The black portion of these particulate 

emissions, commonly referred to as elemental carbon, is a major 

contributor to visibility reduction in urban areas (Rosen et al. 1982, 

Waggoner and Charlson 1977, Pierson and Rnssell 29?9, Conklin et al. 

1981, Groblicki et al. 1981, Wolff et al. 19821, and some 

investigators recently have suggested that light absorption by 

elemental carbon plays an important role in the earth's radiation 

budget (Shaw and Stamnes 1980, Rosen et al. 1981, Patterson et al. 

1982, Porch and MacCracken 1982, Cess 1983). Organic aerosol 

components present in vehicular emissions (Pierson et al. 1983) and in 

ambient samples (Pitts 1983) have been found to be mutagenic in the 

Ames test, and soots have been shown to be carcinogenic in animal 

studies ( I A R C  Working Group 1980). As a result, there is considerable 

interest in the behavior of primary carbon particle concentrations in 



the atmosphere, and in how those concentrations might be controlled. 

Primary emissions of carbonaceous aerosols are not regulated 

separately from the remainder of the urban aerosol complex. Routine 

monitoring programs in the United States do not provide data on 

aerosol carbon concentrations in the atmosphere, and data on the 

emissions of carbonaceous aerosols are sparse. As a result, 

information sufficient to support engineering studies of methods for 

controlling fine carbon particle concentrations is lacking. This 

control strategy development problem is further complicated by the 

fact that several stndies suggest that a large fraction of the organic 

aerosol is secondary in origin (i.e., formed in the atmosphere from 

the low vapor pressure products of reactions involving gaseous 

hydrocarbon precursors) (Grosjean and Friedlander 1975, Schuetzle 

et al. 1975, Cronn et al. 1977, Grosjean 1977, Appel et al. 1979). If 

the overwhelming majority of aerosol carbon was formed in the 

atmosphere as a secondary product of photochemical reactions, then 

controls on direct emissions of carbon particles from sources might 

have little effect on urban air quality. 

The present chapter is the first of a series designed to 

describe methods for achieving deliberate control of urban fine carbon 

particle concentrations. In this work, the approach used to acquire 

an air quality model verification data set for organic and elemental 

carbon concentrations will be described. This method will be 

demonstrated in Los Angeles, and key characteristics of Los Angeles 

carbonaceous aerosol air quality will be defined. The spatial and 



temporal distribution of aerosol carbon concentrations over an entire 

annual cycle will be described. The geographic areas that experience 

the highest aerosol carbon concentrations will be identified and 

related to source density and pollutant transport patterns. The ratio 

of total carbon to elemental carbon in the atmosphere will be examined 

as an indicator of the extent of secondary organic carbon aerosol 

formation. In subsequent chapters, air quality models will be tested 

against this data set. The importance of major source types to 

observed aerosol carbon air quality will be quantified through that 

modeling effort. Mathematical programming methods for defining the 

most attractive approaches to aerosol carbon control then will be 

illustrated, using the results of the air quality modeling study. 

2.2 Ex~erimentalDesinn 

Thro~ghout the year 1982, a fine particle air monitoring 

network was operated in the LOB Angeles area at the locations shown in 

Figure 2.1. The ten stations marked with solid circles in Figure 2.1 

are located in the South Coast Air Basin within the ring of monntains 

that s m r o m d s  LOS Angeles. Samples also were collected from March 

through December at a remote off-shore site, San Nicolas Island, in 

order to define pollutant concentrations in the marine environment 

upwind of Los Angeles. Twenty-four hour average fine particle filter 





samples were taken simultaneously throughout the network every sixth 

day during 1982 on a schedale coordinated with the National Air 

Surveillance Network (NASN) high volume sampling schedale. 

The ambient sampling equipment constructed for use in this 

study is illustrated in Figure 2.2, and was designed to obtain a near 

mass balance on the chemically identifiable portion of the atmospheric 

fine particle loading. Ambient air at a flow rate of 25.9 lpm was 

drawn through an AIHL cyclone designed to remove particles with 

aerodynamic diameter larger than 2.1 p (John and Reischl 1980). The 

air flow containing the fine particle fraction then was divided 

between four parallel filter assemblies. Each filter substrate was 

chosen for compatibility with a particular chemical or physical 

analysis procedure. 

S m p l e s  taken for organic and elemental carbon determination 

rere cellected an 4? ~n diameter gwrtz fibet f i l t ers  !Baflfl+r 

Tissuquartz 2500 OAO) thet had been heat treated to 600°C in air for 

more than 2 hours to lower their carbon blank, Filter samples were 

collected at a flow rate of 10 lpm, and all filters were refrigerated 

between collection and analysis to minimize losses due to 

volatilization and evaporation. 

Organic and elemental carbon concentrations on these filters 

were measured by the method of Hnntzicker et al. (1982) and Johnson 

et al. (1981). Four cpartz fiber filter disks (0.25 om2 each) cut 

from a 47 mm filter are inserted into the combustion zone of a 

temperature programmed oven. Volatilization of organic carbon occurs 
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Figure 2.2 Ambient sampling protocol. 



in two steps: at 4000C in flowing helium and at 6000C in flowing Be. 

The volatilized carbon is oxidized to C02 over an Mn02 catalyst at 

1000°C, redocel to 5, and measured by a flame ionization detector. 
Elemental carbon is measured by cornbusting the residual carbon on the 

filter disks to W2 in an 02(2%)-He(98W) mixture at 4000C, SOO°C and 

at 750°C, followed by methanation and detection as described above. A 

calibration is performed at the end of each analysis by injecting a 

known amount of CB4 into the oven and measuring the response. The 

reflectance of the filter sample is monitored continuously by a He-Ne 

laser during the volatilization and combustion process to detect any 

pyrolytic conversion of organic carbon to elemental carbon. 

Correction for pyrolytic conversion of organic carbon to elemental 

carbon is accomplished by measuring the amount of elemental carbon 

combustion required to return the filter reflectance to the value that 

it had prior to pyrolysis. 

Replicate analysis of 53 filters taken from the present field 

experiment was used to determine the precision of the carbon analysis 

procedure. Analysis of variance showed the following analytical 

precisions (* 1 standard deviation) : organic carbon (OC) , 

+ 0.54 pg c 3 ;  elemental carbon (EC). 1 0.31 pg m3i total carbon 
(TC). r 0.64 pg m-3. The analytical precision of a single 

determination of the ratio of various carbon species concentrations 

was found to be (* 1 standard deviation): OCITC, f 0.025; OCIEC, 

i 0.20; TCIEC, * 0.20. The analytical accuracy of each single total 

carbon determination during this experimental program is estimated to 



be * 9.8% and includes the effects of uncertainties in carbon analyzer 

sample loop volume, calibration gas, area of the punches cut from each 

filter, temperature and pressure variations during analysis, filter 

surface area, and air volume sampled. The accuracy of total carbon 

measurements made by depositing known amounts of sucrose on filter 

disks and then analyzing the disks also was assessed. The average 

ratio of measured carbon to expected carbon was 1.01 i 0.04 (95% 

confidence interval). 

The filter intended for elemental and organic carbon aerosol 

collection was followed by a quartz fiber backup filter. This backup 

filter was included to permit assessment of the amount of organic 

carbon that can become attached to a clean filter due to adsorption of 

gas phase hydrocarbons or due to revaporization of organic material 

originally collected by the upstream aerosol filter. The extent of 

collection of aerosol and gas phase organics by aerosol sampling 

systems is dependent on the sample flow rate, temperature, and 

collection media used (Van Vaeck et al. 1979, Cadle et al. 1983, Appel 

et al. 1983, Grosjean 1983). Recent atmospheric sampling experiments 

conducted in Warren, Michigan, using dual filter units with quartz 

fiber filters showed that adsorption of organic compounds on backup 

filters as a result of sampling artifacts plus any contamination 

daring handling accounted for at least 15% of the organic carbon 

collected on the upstream aerosol filter (Cadle et al. 1983). 

Analysis of three months of backup filters from the present set of Los 

Angeles area experiments showed that the backup filters adsorbed 



organic carbon during sampling and handling equal to 17 f 11% of the 

organic carbon found on the preceding aerosol filters, a value similar 

to results obtained during the Warren, Michigan, experiments (Cadle 

et al. 1983). 

The second filter holder line shown in Figure 2.2 contained a 

47 nun Teflon membrane filter (Membrana 0.5 pm pore size) operated at a 

flow rate of 4.9 lpm. Pine particulate matter collected on this 

filter was snalyzed for the concentration of 3 4  trace elements by X- 

ray floorescence. The Teflon filters were equilibrated at low 

relative humidity before and after sampling, then weighed repeatedly 

to obtain fine particle mass concentrations. 

Samples collected on Nuclepore filters (47 nm diameter, 0.4 p n  

pore size) were intended for aerosol light absorption coefficient 

determination by the integrating plate technique (Lin et al. 1973). 

As a resnlt, those filters m ~ s t  be lightly leaded, end a 1 3 p i  flim 

rate was chosen. A portion of each of these filters was analyzed for 

sulfates and nitrates by ion chromatography (Mueller et al. 19781, and 

for ammonium ion content by the phenolhypochlorite method (Solorzano 

1967). 

The remaining quartz fiber filter shown in Figure 2.2 was 

intended for determination of the detailed organic species present by 

gas chromatography/mass spectrometry. These filters were heat treated 

prior to use in the same manner as the other quartz fiber filters 

previously described in order to reduce their carbon blank. Results 

of the analysis of these filters will be reported elsewhere. 



2.3 Fine Particle Concentration Com~osition 

Fine particle mass concentration during the year 1982 averaged 

between 23 pg m3 and 42 pg m-3 within the metropolitan Los Angeles 

area. falling to 7 pg m-3 at San Nicolas Island (SNI; see 

Figure 2.3a). Most of the fine particle air monitoring sites were co- 

located with a National Air Surveillance Network (NASN) or South Coast 

Air Quality Management District high volume sampler that operated on 

the same six-day schedule, and thus the average total suspended 

particulate matter concentration at these sites is known and is shown 

in Figure 2.3b. As a consistency check on the fine particle 

monitoring data, the fraction of the total aerosol mass found in 

particle sizes below 2.1 p diameter was computed and found to 

constitute between 31% and 39% of the total particulate mass, as shown 

in Figure 2.3~. This result is in good agreement with South Coast Air 

Quality Management District special studies that show that; 31% or" TSP 

mass at El Monte in the Los Angeles area is present in particle sizes 

below 2.5 pm diameter (Witz 1982). 

A mass balance was constructed at each air monitoring site by 

summing the chemically identified portions of the fine particulate 

matter samples. Trace metals were converted to their oxides, and 

organic carbon concentrations were multiplied by a factor of 1.2 

(Countess et al. 1980) to convert them to an estimate of organic 

species concentration. Table 2.1 summarizes these results and shows 

that the material balance closed to within f 10% of gravimetrically 

determined fine particle mass at all but one of the on-land monitoring 
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Table 2.1 

Material Balance on the Chemical Composition of 
Fine Particulate Matter Concentrations--Los Angeles Area 

(1982 Annual Mean) 

STATION 

FINE SUM OF 
PARTICULATE IDENTIFIED 

NUMBER OF MASS eEfEMICAL FRACTION 
S W L E S  00NCEN'l$U&5ON C O K P O V  IDENTIFIED 

(a) (pg/rn (pg/m (%I 

Aznsa 
Burbank 
Long Beach 
Lennox 
Pasadena 
West Los Angeles 
Los Angeles 
Upland 
Rub idoux 
Anaheim 
San Nicolas Island 

(a) Only those samples for which all scheduled chemical analyses 
are available. Averages thus differ slightly from those shown 
in Figure 2.3 

(b) Determined gravimetrically. 
( c )  March-DecemberS.982. 



stations. Individual chemical species concentrations thus are 

consistent with a mass balance on the fine aerosol, and the major 

contributors to the fine aerosol loading have been identified. 

Aerosol carbon species accoant for approrlmately 4Wi of the 

fine orass loading at most monitoring sites, as shown in Figure 2.4. 

At downtown Eos Aageles, for exantple, the aerosol cansists of 26-7% 

organics, 14.9% elemental carbon, 9.4% nitrate ion, 22-25 sulfate ion, 

9.4% ammonium ion, 10.3% trace metal compo-rmds, and 7.2% =identified 

raterial (probably sea salt plus water retained on the filter despite 

dasiecatian). Results at the remining stations are very similar 

except for lhlnbidoux and San Nicolas Island. The Rubido~x stmxples 

appear much lower in relative carbon content only because total fine 

particle sass concentration is higher there, Tkis is due to addition 

of mnch more aerosol nitrate at Bubidoax thsn is fonnd elseuhere, plus 

an sddori ooatribation from soil-like minerals when compared with other 

sites. The aerosol rt San Nicolas Island is q ~ i t e  different from that 

found over the on-land portion of the air basin, being very P 

elemental carbon content. 

2.4 Characteristics Elemental Organic Carbon Concentrations 

Fine total carbon concentrations are highest in heavily 

trafficked areas of the basin such as downtown Los Angeles and Burbank 

(see Figure 2.5a). Fine total carbon concentrations at those two 

sites averaged 12.2 and 13.7 pg c3, respectively, dnring 1982. 

Aerosol carbon concentrations decline with distance inland (the 

prevailing downwind direction), falling to 8.2 pg m3 for air masses 
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TABLE 2.2 

Statistical. Description of Aerosol Carbon Data 
Los Angeles Area - 1982 

NUMBER 
OC SAMPLE POPULATION EC SAMPLE POPULATION TC SAMPLE POPULATION TC/EC POPULATION 

Standard Standard Standard Standard 

Azusa 

Burbank 

Long Beach 

Lennox 

Pasadena 

West Los Angeles 

Los Angeles 

Upland 

Rubidoux 

Anaheim 

San Nicolas Is. 

* Not computed because EC concentration approaches zero on a number of occasions. 



passing Bubidoam: in the Riverside area. A similar pattern is observed 

for both organic carbon (Figure 2.5b) and elemental carbon 

concentrations (Figure 2.5~). Note in Figure 2.5~ that the elemental 

carbon concentration in marine air at San Nicolas Island is very low, 

about 0.3 pg 3 on the average. A statistical description of the 

aerosol carbon data set is provided in Table 2.2. 

Aerosol carbon data at individaal monitoring sites can be 

viewed on a seasonal basis. Figure 2.6a shows the time series of 

individaal 24-hour average organic carbon samples at Lennox, a near- 

coastal site adjacent to a busy freeway. In Figure 2.6b, the time 

series of organic carbon concentrations has been smoothed by computing 

monthly average values. It is seen that the highest organic carbon 

values are observed in winter months, falling to a mini~~um in the 

summer. The same behavior is observed for elemental carbon at that 

s i t e ,  a s  aeez i n  Figrzres 2.59 and 2.5d. This pattern =it% high ~ i i l i e r  

values and low summer concentrations is typical of primary automotive 

pollutants like CO and lead at that location (Hoggan et al. 1980). 

Moving in the prevailing downwind direction from Lennox to 

. downtown Los Angeles, a similar pattern of high winter values and a 

summer minimum in aerosol carbon levels is observed in 1982 

(Figure 2.7ab). At Pasadena, a Jane minimum in fine carbon 

concentrations still is observed on average, bat individual days 

during the late summer show total fine carbon concentrations that are 

as high as the winter values (Figure 2.7cd). Proceeding further 

downwind to Upland (Figure 2.7ef and Rubidoux (Figure 2.7gh), the 
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pronounced summer minimum in fine aerosol carbon levels is absent; 

there even may be a relative peak in aerosol carbon concentrations in 

the swnmer at Upland. Total carbon concentration data at the 

remaining monitoring sites are given in Figures 2.7i through 2.7~. 

2.5 Cornoarison Emission Data 

An inventory of organic and elemental carbon particle emissions 

to the Los Angeles area atmosphere was developed for the year 1980 by 

Cass et al. (1982) and is summarized in Figure 2.8. Aerosol carbon 

emissions in particle sizes less than 10 pm were estimated to total 

aboat 46 tons per day. One quarter of that total came from gasoline 

powered vehicle exhaast, one fourth from diesel engine exhaast, and 

the remainder from a large variety of stationary fuel burning, 

industrial and fugitive sources. In contrast, the black elemental 

carbon particle emissions were dominated by diesel exhaast aerosol. 

The ratio of total carbon to elemental carbon in primary aerosol 

emissions was estimated to be aboat 3.2:1 averaged over all sources in 

the area in 1980. A weighted average highway traffic emission profile 

of gasoline fueled vehicle exhaust, diesel exhaust, tire dast and 

brake dast likewise indicated a total carbon to elemental carbon ratio 

of about 3.2:l. These total carbon to elemental carbon ratios 

obtained from the 1980 emissions survey may be slightly higher than 

would be obtained from a 1982 emission inventory for Los Angeles. One 

reason for this is that the relatively high organic carbon emissions 

from old non-catalyst automobiles are declining over time as catalyst- 



TOTAL CARBON ELEMENTAL 
CARBON 

RATIO TCIEC = 3. 
Figure 2.8 Aerosol carbon emissions i n  the greater Los Angeles area i n  par t i c l e  

s i z e s  < 10 pm diameter, winter 1980 (from Cass, Boone, and Macias - 
1982). 



equipped new cars take their place in the vehicle fleet. 

The ratio of total carbon to elemental carbon in source 

emissions when compared to the same ratio in atmospheric samples 

should be osefd in detecting the presence of any large enrichment in 

organic aerosol in the atmosphere due to secondary aerosol formation. 

Fine elemental carbon aerosol is formed daring combustion processes. 

This atmospheric elemental carbon is non-volatile, inert and is not 

formed in the atmosphere by reactions involving gaseous hydrocarbon 

precursors. Therefore, the entire concentration of elemental carbon 

observed in the atmosphere is from primary emission sources. Organic 

carbon may be emitted as primary aerosol directly from sources, but 

secondary organics also can be formed in the atmosphere from the low 

vapor pressure products of atmospheric chemical reactions (Grosjean 

1977). If a large fraction of the atmospheric fine carbon particle 

burden in the Los Angeles area is contributed by secondary organics, 

three features might be expected. First. the ratio of total carbon to 

elemental carbon in atmospheric aerosol samples should exceed that 

found in primary source emissions. Second, a higher ratio of total 

carbon to elemental carbon might be expected during the summer peak 

photochemical smog season. Third, the ratio of total carbon to 

elemental carbon might be expected to increase as one moves inland 

from the coast to the San Fernando, San Gabriel and San Bernardino 

Valleys along the prevailing downwind transport direction, in a manner 

similar to other secondary photochemical pollutants, like ozone. 

The atmospheric fine carbon particle data were examined to note 



whether or not these likely indicators of high secondary aerosol 

levels were present during the year 1982. The discussion will begin 

at the upwind edge of the air basin near Lennox. Fine elemental and 

organic carbon concentrations at Lennox are shown in Figure 2.6ac. 

Elemental and organic aerosol concentrations are highly correlated. 

The daily ratio of total carbon (TC) to elemental carbon (EC) at 

Lennox is shown in Figure 2.98. These values are contained entirely 

within the range 4.0:1 to 1.8:l. In Figure 2.9b, the daily values of 

the TC to EC ratio are averaged over each month of the year 1982. It 

is seen that there is very little seasonal variation, with an annual 

average value of the daily TC to EC ratio of 2.4:l. An alternative 

statistic, the ratio of annual average TC to annual average EC, can be 

computed from Figures 2.5ac, with similar results. When compared to 

1980 estimates of the TC to EC ratio in primary source emissions (see 

Pigare 2-81 ,  the Leneor aerosol is net highly enricbed in organic 

carbon relative to elemental carbon. This suggests that the 

carbonaceous aerosol at Lennox is dominated by primary source 

emissions on the average over long periods of time. This is not 

surprising since the Lennox site is located only about 100 m from 8 

very large freeway, and shows the highest annaal mean lead levels in 

the Los Angeles area (Davidson et al. 1979) (again an indicator of 

direct vehicle exhaust influence). 

The situation at downtown Los Angeles is quite similar to that 

at Lennox (Figure 2.9cd). Peak TC to EC ratios of 4:1, little 

seasonal dependence, and an annual average value of the daily TC to EC 
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ratio of 2.6:1, only slightly higher than at Lennox. Moving further 

inland to Pasadena, the annual average valae of the daily TC to EC 

ratio rises to 2.8:1, again with little seasonal dependence 

(Figure 2.9ef). Air parcels reaching Upland on occasion are highly 

enriched in organics, with daily average TC to EC ratios often above 

3:1, and on occasion approaching 6:1 (Figure 2.9gh). This may 

indicate periodic intrusion of heavy loadings of secondary organic 

aerosol at Upland. Nevertheless, Upland shows an annual average valae 

of the daily TC to EC ratio of 2.8:1, not greatly different from 

Downtown Los Angeles. Aerosol behavior further downwind at Rubidoar 

near Riverside is similar to that at Upland (Figure 2.9ij). 

Occasional days with high TC to EC ratios are observed, but the 

monthly average valae of the daily TC to EC ratio shows relatively 

little seasonal dependence. The annual average value of the daily TC 

to EC ratio at Etabidom is 2.9:1, still not greatly different from the 

1980 estimates of the TC to EC ratio in primary source emissions. 

Daily valaes of the total carbon to elemental carbon ratios at 

each monitoring site have been averaged over the year 1982 and are 

shown in Figure 2.10. The lowest average TC to EC ratio is at Lennox 

adjacent to the San Diego Freeway on the western edge of the air 

basin, while the highest on-land valaes are at inland sites usually 

associated with heavy photochemical smog, like Azusa and Rubidoar. 

The TC to EC ratio of approximately 7:l achieved at San Nicolas Island 

is due to the virtual absence of elemental carbon rather than to an 

anomalously high organic carbon loading. 
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Figure 2.10 Annual average of th~e daily ratio of total carbon to elemental carbon 
in fine particles in the Los Angeles area--1982. 



2.6 Sammarv and Discussion 

An air quality monitoring protocol employing several parallel 

filter samples has been described that is capable of nearly closing a 

material balance on the chemical species contributing to atmospheric 

fine particle concentrations at all on-land sites other than Rubidoux. 

Application of this approach to the Los Angeles basin during 1982 

shows that carbonaceous aerosols are the most abundant fine particle 

species present, accounting for roughly 40% of the average fine 

particle (d < 2.1 p) loading at most air monitoring sites. 
P 

Fine organic and elemental carbon concentrations in the western 

Los Angeles basin peak in winter months, like CO and Pb concentrations 

at those sites, Less seasonal dependence is seen in the eastern basin 

near Upland and Rubidoux. When averaged over an annual cycle, fine 

organic and elemental carbon particle concentrations are highest in 

heavy traffic areas like Los Angeles, Lennox, and Burbank, and decline 

in downwind areas (Azusa, Upland, and Rubidoux). This spatial 

distribution and seasonal dependence is consistent with that expected 

of primary aerosol emissions from ground level sources in Los Angeles. 

The comparison of the ratio of fine total carbon to fine 

elemental carbon in primary emissions versus ambient samples was 

explored as an indicator of the magnitude of secondary organic 

aerosol. Three characteristics might be expected if a large amount of 

secondary organics were present: (1) a ratio of TC to EC exceeding 

that in primary source emissions, (2)  a s w m e r  seasonal peak in the 

ratio of TC to EC reflecting enhanced secondary organics production 



during the summer photochemical smog season, and (3) an increase in 

the ratio of TC to EC in the prevailing inland transport direction. 

Results of the 1982 field experiment show little seasonal 

dependence in the ratio of TC to EC. This is true at all monitoring 

sites on the average over periods of many months, although individual 

days at inland monitoring sites do show large levels of organic carbon 

enrichment. Either secondary organic aerosol formation in summer 

months is a reasonably small fraction of .long-term averaae total 

carbon concentrations, or alternatively secondary organic aerosol as a 

fraction of total aerosol carbon is roughly the same in both summer 

and winter months. The annual average of the daily ratio of fine 

total carbon to fine elemental carbon averaged from 2.4:1 to 3.0:l 

throughout the Los Angeles area during 1982 versus about 3.2: l  in 1980 

estimates of local primary source emissions. Camparison of ambient 

data to emission data alone shows little evidence of a large 

enrichment in organic aerosol due to secondary aerosol formation on 

the average during 1982. 

The best case that can be made for aerosol organic carbon 

enrichment of air parcels during transport in the prevailing inland 

wind direction is based on examination of differences in TCIEC and 

OCIEC ratios between stations. &J the extreme, the annual average of 

the daily ratio of TC to EC rises from 2.43:l at Lennox to 2.97:1 at 

Azasa and 2.92:1 at Rubidoux. These differences between Lennox and 

either Azusa or Rubidoux are statistically significant with greater 

than 95% confidence as can be seen by computing the standard error of 



the TCIEC sample mean from the TCIEC population standard deviation 

given in Table 2.2. This enrichment of up to 0.54 parts organic 

carbon added to the 2.43:1 ratio observed at Lennox represents a + 22% 

increase in total carbon relative to elemental carbon from one end of 

the air basin to the other. A + 16% enrichment in total carbon 

relative to elemental carbon would be found between Lennox and Azusa 

if the analysis is based on differences in the ratio of the annual 

mean TC and EC values (see Figure 2.5) rather than on differences in 

the mean of the daily TCIEC ratios. The organic carbon enrichment can 

be isolated from total carbon by examining the ratio of OC to EC. The 

OC enrichment relative to EC between Lennox and Azusa is + 38% based 

on the mean of the daily ratio of OC to EC, but only + 27% if based on 

the ratio of the annual mean OC to EC values (see Figure 2.5). One 

reason for the difference in these statistics is that the OC 

enrichment relative t o  EC Is favored slightly daring summer months 

when total carbon levels are lower than average. Summaries based on 

the average of the daily OC to EC ratio treat that ratio each day as 

equally important to the annual mean, while the ratio of annual means 

is most affected by the highest concentration events that occur in 

winter months. Over long averaging times, between 16% and 22% of the 

total carbon and between 27% and 38% of the organic carbon at an 

inland location like Azusa or Rubidonx might be due to secondary 

aerosol formation in excess of that found at Lennox, the range 

depending on the statistical measure used. By all of these measures, 

this enrichment contributes a minority of the total carbon and organic 



carbon present. 

On the average over long periods of time, Los Angeles area fine 

aerosol carbon concentrations probably are dominated by primary source 

emissions. Secondary organic aerosols may be present, but they 

probably were not the overwhelming contributor to observed long term 

average fine carbon particle concentrations during 1982. This 

suggests that an emission control strategy that achieves a substantial 

reduction in primary aerosol carbon particle emissions could be 

expected to achieve a correspondingly large improvement in annual mean 

fine particle carbon concentrations in the atmosphere. 
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DEVELOPhENT OF A SIbfULATION MODELING TECHNIQUE FOR LONG-TERM 

AVERAGE PRIMARY CARBON PARTICLE AIR QUALITY 

3 .I Introduction 

A procedure for computing the relationship between emissions of 

an inert pollutant, such as elemental carbon, and long-term average 

air quality is sought that can be applied in the Los Angeles area. If 

meteorological information on wind velocities were known with 

certainty at all locations at all times, then the path of an air 

parcel leaving an emission source could be tracked exactly. Of 

course, exact information concerning the transport of air parcels over 

an air basin is impossible to obtain due to the extremely small length 

s c s l e s  for s a i e  of the m o t i o n  which occurs  in the atmosphere. 

However, by combining routine measurements on hourly average wind 

speed and direction, for which some information is available, and 

applying a probabilistic approach to the smaller scales of motion, a 

mathematical description of the transport of pollutants over an air 

basin may be developed which can be used to predict long-term average 

primary carbon particle concentrations in the Los Angeles area. 

The model described in this chapter is designed to predict the 

long-term average concentration of elemental carbon in the Los Angeles 

area by simulating the transport of emissions by atmospheric processes 

such as advection, diffusion, and deposition. Los Angeles often is 



characterized by "unsteady11 meteorology--light winds and shifting wind 

patterns over time scales shorter than that necessary to remove 

pollutants from the air basin. In this study, a Lagrangian marked 

particle modeling technique has been employed which simulates the 

motion and deposition of pollutants in an air basin that experiences 

unsteady meteorological conditions and a fluctuating temperature 

inversion aloft. In addition, the model is designed with special 

attention paid to the extent of vertical mixing of pollutants at 

locations near to their source. 

In the following sections of this chapter, a short review of 

modeling techniques for predicting long-term average pollutant 

concentrations will be presented. The choice of a model for computing 

long-term average primary carbon particle concentrations in the Los 

Angeles area will be discussed, and the applicable mathematical 

equations will be formulated. In the next chapter, the model will be 

used to predict fine primary aerosol carbon concentrations in the 

central portion of the air basin that surrounds Los Angeles. Model 

predictions will be verified against monthly average elemental carbon 

concentrations observed during 1982 at a number of locations in the 

air basin. 

3.2 Overview of Long-term Average & Qualitv Models 

Emissions to air quality models directly simulate atmospheric 

fluid transport processes. These models are classified as Eulerian or 

Lagrangian, depending on the coordinate system employed. Both types 



of model are based on the atmospheric diffusion equation that 

mathematically describes the system of atmospheric transport. 

Eulerian models are constructed by examining a volume element, 

fixed in space, and then accounting for all sources and sinks of a 

pollutant species within that control volume and across its 

boundaries. This is described mathematically for an inert pollutant 

(no chemical reactions) by the following set of continuity equations: 

where 

c(x, t) is pollutant concentration at location x = ( X ~ , X ~ , X ~ )  and 

tine t, 

ui(x, t) is fluid velocity in the ith coordinate direction at 

location x and time t, 

D is the molecular or Brownian diffusivity of the pollutant 

species in air, 

S(x, t) is the source strength of emissions at location x and time 

t. 

T o  apply the above equation to an air basin, one would need to 

know the fluid velocities at all locations. Because wind velocity 

fluctuates over length scales smaller than those that can be resolved 

by conventional wind monitors, the mass balance approach used in 



equation (3.1) cannot be applied as written. An approximate 

relationship for the ensemble mean concentration of a pollutant can be 

developed from equation (3.11, however, by separating the fluid 

transport into an advection term describing the mean wind motion and 

an eddy diffusion term that accounts for small scale features of 

atmospheric turbulence with periods less than about one-half hour (see 

Lamb and Seinfeld 1973): 

where 

<c(x,t)) is the ensemble mean pollutant concentration at location x 

and time t, 

- 
ui(x, t) is average wind velocity in the ith coordinate direction 

at location x and time t, 
- 
'i is the atmospheric eddy diffusivity tensor (usually it is 

assumed that = 0 for i # j). i j 

In the Lagrangian approach to air quality modeling, air parcels 

are represented by hypothetical mass points, the trajectories of which 

are computed from a stochastic solution to the atmospheric diffusion 

equation. Pollutant concentrations are determined by the probability 

that an air parcel (representing some pollutant mass) exists at 

location x and time t, given that it was present at a known location 

x', at an earlier time t'. 



The ensemble mean pollutant concentration at location x and 

time t is found by integrating initial pollutant concentrations and 

continuing source emissions over all possible starting locations, 

weighted by the probability densities of displacement to x, for all 

times leading up to t: 

where 

<c(x, t) > 

x and to 
0 

is the ensemble mean pollutant concentration at 

location x and time t, 

is the transition probability density that a fluid 

particle existing at location x' and time t' will 

undergo a displacement to location x at time t, 

is the spatial and temporal distribution of emissions, 

evaluated at location x' at time t'. 

are the initial conditions for location and time. 

Equation (3.3) is the general Lagrangian expression developed 

for use in air quality modeling by Lamb for the case of a nonreactive 

pollutant (see Lamb 1971, Lamb and Neiburger 1971). The interested 

reader will find a discussion of the theoretical relationship between 

the Eulerian modeling approach of equation (3.2) and the Lagrangian 

solution of equation (3.3) in Lamb and Seinfeld (1973). 



3.3 A Simulation Model for Long-term Averape Primarv Carbon 

Particle Air Qualitv under Unsteadv Meteoroloaical Conditions 

T o  compute a time-averaged pollutant concentration, 

eqnation (3.2) or equation (3.3) could be solved for a large number of 

nearly instantaneous time increments, and then the results could be 

averaged. However, if a simulation model is to be run over a period 

of months, the computing resources required by that approach will 

become very large if the simulation used to compute the transition 

probability densities is at all realistic. Therefore, a method for 

directly computing long-term average concentrations can be developed. 

The long-term average pollutant concentration at x, over a time 

interval of duration T (typically one month), starting at time t is 
s' 

defined as: 

Inserting equation ( 3 . 3 )  into eqnation (3.4) for the case of 

<c(xo,to)> = Q (this can be accomplished by setting to = -=I gives 

equation (3.5) : 

Changing the order of integration between dt and dx' and introducing a 

change of variable, t' = t - z gives: 



For the case where the diurnal variation of emission source 

strength for a given source class is independent of location, then 

S(xl,t - r) may be written as K(x1)o(t - r) , where S(x') is the time- 

averaged source strength at location x' and o(t') is the normalized 

diurnal fluctuation for this source class; note that 

o(tl) = o(tl + 24 hours). Then equation (3.6) becomes: 

The tern in brackets in eqiiation (3.7) may be defined as the t h e -  

averaged source-to-receptor transport probability density function: 

Then equation (3.7) may be rewritten as: 

The meteorology in Los Angeles would be characterized as 

unsteady. A daily land breezelsea breeze wind reversal occurs 

regularly due to differential solar heating of the land and sea. 

During the morning and early evening hours, the winds often are 



stagnant, with no predominant direction during typical short averaging 

times of one hour. In addition, there is a strong diurnal variation 

in the height of the base of the temperature inversion. Low overnight 

inversions rise during the day due to solar heating of the land. In 

the evening, the inversion base descends again because of a sinking 

motion induced by the Pacific Anticyclone. The volume of air below 

the inversion base is often vertically well mixed, so that quick 

changes in the inversion base height may drastically alter pollutant 

dilution in the vertical direction. Because of this unsteady behavior 

in the meteorology, an analytical solution for Q(x/x'; T,t ) using 
S 

pseudo-steady state parameterization cannot be obtained. 

Lamb and Seinfeld (1973) suggest that the only feasible method 

of predicting source-to-receptor transport probabilities, 

- 
Q T,ts), for an arbitrary sequence of unsteady meteorological 

events is by means sf a ahiilaiion model. One sitaighiforwatd way t o  

estimate 6 is to launch hypothetical mass points into a numerical 

simulation of atmospheric fluid flow, and observe their positions over 

time. The number of particles falling within each volume element of a 

geographical grid system can be counted to determine by inspection the 

probability, ~(x,tlx',t - t), that a particle released at location x' 

at time t - t will be in the grid cell volume element Axl, Ax2, 
AX3 

that surrounds location x at time t. Then 



In practice, evaluation of equation (3.10) does not require 

integration of air parcel starting times over all past history. 

Integration over r from r = 0 to r = r is sufficient, where sc is the 
C 

longest retention time for an air parcel within the airshed of 

interest. 

In the following sections, a simulation model will be 

formulated which will follow the trajectory of statistical '@marked" 

particles. A Lagrangian particle-in-cell air quality model, 

previously developed by Cass (1977, 19811, will be improved to handle 

near-source dispersion from ground level sources. Each particle, 

which represents an air parcel containing a known mass of pollutant, 

is numerically transported in accordance with a time sequence of 

meteorological events. First, a set of rules will be written that 

governs the motion of a sinale s article over time after it has been 

r e l e a s e d  f r m  as a i r  p~llatant soaree of interest. The soarce-t* 

receptor probability calculation is broken down into components, each 

representing a stochastic process in a chain of meteorological events. 

From the simulation of many such particles representing emissions from 

a number of urban source types, the probabilities concerning the 

existence of pollutant mass at given locations can be computed and, 

hence, may be used to evaluate long-term average pollutant 

concentrations. 

In each of the following sections, the numerical simulation 

procedure will be given that describes how individual physical 

processes affect a single particle. Probabilities of transition will 



be derived based on an idealized meteorological situation representing 

Los Angeles air basin conditions. Finally, an algorithm will be 

constructed for computing the overall source-to-receptor transition 

probabilities, ~(x,t fxt,t - r) (from equation [3.lOl), due to all 

physical processes for each source type in the air basin. Then 6 can 

be evaluated from equation (3.10) for each separate source type. When 

combined with data on the spatial distribution of emission source 

strength as in equation (3.91, a multiple source urban air quality 

model results. Numerical solution of equation ( 3 . 9 )  is achieved by 

replacing the integrals with summations over discrete spatial 

intervals in the horizontal plane, (x1,x2). Concentrations are 

computed at a single height, xg, near ground level. Contributions 

from all sources are added to an estimate of regional background air 

quality to arrive at the predicted long-term average pollutant 

concentration. 

3.3.1 Single Particle Transport & the Horizontal Plane 

The horizontal trajectory of an air parcel may be computed by 

integrating wind vectors instantaneously along the path of the air 

parcel. This calculation is impossible given data available in an 

actual urban air basin, however, since wind measurements are made only 

at a limited number of locations and generally are time-averaged over 

one-hour periods. Large scales of motion in an air basin are 

resolvable with such wind data, but there exist many smaller scale 

motions with periods of less than about one-half hour that are not 



measured d i r e c t l y .  The cumulative e f f e c t  of these  small  s c a l e  

f e a t u r e s  of atmospheric tu rbulence  i s  known a s  eddy d i f f u s i o n  and can 

be modeled a s  a  random f l u c t u a t i o n  i n  a i r  pa rce l  l o c a t i o n  about t he  

pa th  computed from hour ly  averaged wind da ta .  It should be pointed 

ou t  t h a t  t he  s epa ra t i on  of h o r i z o n t a l  t r a n s p o r t  i n t o  advect ion and 

d i f f u s i o n  merely r e f l e c t s  t h e  observer ' s  frame of re fe rence .  An a i r  

p a r c e l  exper iences  motion due t o  a l l  s c a l e s  of atmospheric turbulence 

a c t i n g  toge the r .  

Mean a i r  pa rce l  t r a j e c t o r i e s  i n  the  ho r i zon ta l  plane w i l l  be 

computed by head-to-tail  p rog re s s ive  add i t i on  of observed wind 

vec to r s .  Eddy d i f f u s i o n  w i l l  be simulated by adding small  random 

displacements  t o  t he  a i r  p a r c e l  l o c a t i o n  computed from hourly averaged 

wind da ta .  A very  s o p h i s t i c a t e d  wind f i e l d  gene ra t i on  scheme based on 

i n t e r p o l a t i o n  of a l l  a v a i l a b l e  hour ly  averaged wind measurements could 

L.. U S  .. uJTd ..* to deternine the mean wind c m p m e n t s .  E m e v e r ,  the date 

e n t r y  e f f o r t  and computer time necessary t o  cons t ruc t  h igh ly  accura te  

wind f i e l d s  hour ly  over t he  pe r iod  of a  y e a r  can become extremely 

c o s t l y .  Therefore ,  an approximation i s  sought t h a t  w i l l  s impl i fy  t he  

computation of t r a j e c t o r i e s  f o r  an a i r  bas in  such a s  Los Angeles. 

Cass (1977) showed t h a t  a  uniform p a r a l l e l  flow approximation 

a t  any s i n g l e  hour adequately r ep re sen t s  t r a n s p o r t  over the  f l a t  

p o r t i o n  of t he  Los Angeles c o a s t a l  p l a i n  when used i n  t h i s  type of 

long-term average a i r  q u a l i t y  modeling c a l c u l a t i o n .  Under the 

p a r a l l e l  flow approximation, a  s i n g l e  c e n t r a l l y  loca ted  wind s t a t i o n  

i s  used t o  r ep re sen t  flow over t he  coas t a l  p l a i n .  During near- 



stagnant conditions this approximation will not yield great accuracy. 

but during periods of higher wind speeds, flow becomes quite 

organized. Over long averaging times, experience shows that the 

approximation yields reasonable results. 

Given that approximation, the trajectory computation for a 

single particle proceeds as follows. The reported hourly mean wind 

direction measurements are resolved only to within the 22.50 of arc 

which make up sectors of the 16-point compass reading. Therefore, a 

random direction is chosen from a uniform distribution of those 

possible directions within the sector of interest to be used as the 

mean direction for each hour. The two-dimensional random variable 

representing mean hourly horizontal wind speed, 1, may be broken down 

into its two orthogonal components, V1 and V2, which are computed from 

the following equations: 

where 

Vl(t) and VZ(t) are the components of wind speed for hour t in the xl 

and x2 directions, respectively, 

ws(t) is the reported hourly averaged wind speed during 

hour t, 

and 



where 

e(t) i s  the  randomized mean wind d i r e c t i o n  a t  hour t ,  i n  

degrees,  

i s  the  repor ted  mean wind d i r e c t i o n  during hour t, i n  

degrees measured counterclockwise from an a x i s  

po in t ing  toward the  e a s t  ( d i r e c t i o n  x ) ,  
1 

i s  a uniform random va r i ab l e  wi th  mean zero  and range 

from a t o  b. 

The randomized l o c a t i o n  due t o  the advec t ive  displacement from 

X' = ( X ' ~ , X ' ~ )  t o  H" = (X"1,X"2) during the  time from to t o  t i s  

computed f o r  a uniform p a r a l l e l  flow regime a s :  

Since the  wind measurements a r e  recorded a s  hour ly  averages,  the 

i n t e g r a l s  i n  equat ions  (3.14) and (3.15) may be replaced by 

summations, wi th  A t  = 1 hour: 

( t  - t o )  
where N = 

A t  



In addition to the mean displacement due to advective 

transport, small scale turbulent fluctuations occur that randomize an 

air parcel's location about its mean trajectory. This process of eddy 

diffusion is simulated as a two-dimensional Gaussian random variable 

with mean zero and standard deviation (~~(t), a2(t)). Mean trajectory 

end points X" XW2 are perturbed at each hoar by adding small 1 ' 

distance increments 6XW1 and 6XW2 drawn at random from the family of 

displacements having a Gaussian distribution (a (t), a (t)). 1 2 

NOW, consider the probability distribution, Pa(=", t t - t) 

for the displacement & advection (and eddy diffusion) of a single 

particle from starting point g' to ending point x" during the time 

interval from t = (t - t) to t. A single particle can be only in one 
0 

place. Therefore, for the case of P estimated from a single 
a 

trajectory calculation with spatial location defined over a grid 

system based on discrete spatial intervals: 

where A (g* - 8 " )  is a proximity function defined as 

* Ax 
1 if i(xi - x''~)I< for i = 1,2 

h (;g* - 8 " )  = 

0 otherwise 

and z* is the center of the grid cell in the horizontal plane of the 

modeling region that contains location f l * .  Pa(x",tlxf,t - r) could 
be computed repeatedly for many single particle trajectories and then 

averaged to obtain an accurate spatially distributed probability 



density function <P (x",tlxl,t - r )> describing the fate of a 

pollutants released at location x' at time t - z. 

The instantaneous parallel flow assumption allows for a great 

savings in computation time, since the probability of finding the 

particle in the area element surrounding E" at time tr given that it 

was at location g' at time to, is only a function of the displacement 

' )  and the specific time interval (tost). The probability of 

a particle's experiencing a displacement (&" - zl) in the horizontal 

plane is not a function of starting location. Therefore, trajectory 

calculations for handreds of different source starting locations may 

be collapsed into one source-to-receptor probability distribution 

calculation that may be a plied to any starting location, g ' ,  by 

simply subtracting the change in starting Location from all possible 

endpoints or interest. The result is that Pa( ',t - t) may be 
rewritten 8s P I 

8 ' 

3.3.2 Exchange in the Vertical Direction 

Up to this point, the motion of an air parcel has been 

described only in two dimensions. The probabilities of transport 

presented thus far have dealt with the frequency of occurrence of air 

parcel transport to particular horizontal locations. The air parcel's 

motion in the vertical direction also may be simulated. 

The geographic region of interest is assumed to experience an 

idealized stable temperature inversion aloft at all times. The base 

of the inversion generally rises during the day and falls at night due 



to the radiative heating and cooling of the earth. An air parcel 

containing particulate matter may reside in the stable layer above the 

inversion base or in the unstable layer below the inversion base. In 

addition, dry deposition of particulate matter occurs t the ground. 

In this section, a set of rules that describes the exchange of 

particulate-laden air parcels between these two vertical layers in the 

atmosphere will be constructed, and ground level dry deposition will 

be considered. Mathematical expressions for the probabilities 

associated with finding a particular fluid particle in each vertical 

compartment in the model ill be formulated. These probability 

calculations ill be discussed in two regimes. First, the case of an 

air parcel that has been emitted into the stable temperature inversion 

aloft or that has resided belo the inversion base long enough to 

become fully mixed from the ground to the inversion base 

considered. In that case, the air parcel, if it is b e l o  

inversion base, will have equal probability of being found at any 

particular elevation within the mixed layer, and calculation of the 

air parcel's probability of affecting ground level air quality is 

particularly easy. The second case, where the air parcel has not yet 

had time to become fully mixed within the ground level layer of the 

model, occurs for fresh emissions from low-level sources and on 

occasion from elevated sources when the inversion base is at a high 

elevation. That case of non-uniform vertical mixing ill be treated 

later in Section 3.3.3. 

The following set of rules, developed by Cass (19771, is 



adopted by which the probability may be computed that an air parcel 

containing particulate matter resides in one of three compartments in 

the model. At the time of emission, an air parcel is placed either 

into the mixed layer below the inversion base or into the inversion 

layer above, depending on the effective stack height of the source. 

Then a procedure is outlined that computes the probability that that 

air parcel resides above or below the inversion base at the end of 

each time step, or that it has undergone dry deposition at the earth's 

surface prior to the end of that time step. This probability depends 

upon the conditions at the beginning of the time step and upon 

inversion base motion that causes air parcels to be transferred 

between the mixed layer below the inversion and the stable layer 

within the inversion. 

The following definitions are made: 

Fb(tit - r) is the probability that an air parcel is below the 
inversion base at time t, given that it was emitted at 

time t = t - r, 
0 

Pi(tlt - r )  is the probability that an air parcel is in the inversion 

layer above the inversion base at time t, given that it 

was emitted at time t = t - z, 
0 

P (t it - z) is the probability that an air parcel has been deposited 
g 

at the ground sometime between the time of emission, 

to = t - r, and time t, 
is the height of the inversion base separating the 

inversion layer above from the mixed layer below, 



hm(t,t - t) is the maximum inversion base height, h(t), over the time 

interval from t = t - s to t, 
0 

H (to) is the effective stack height of emissions. 

At the time of release, an air parcel is assumed to reside 

below the inversion base if the effective stack height of the source 

is below the inversion base. Otherwise, the air parcel's initial 

location is assumed to be stratified at the effective stack height 

within the stable inversion layer. This is shown schematically in 

Figure 3.1. The initial conditions for the probability of finding the 

particle in a given compartment of the model are as follows: 

and 

hm(to) = h(to) (3.23) 

Dry deposition of particulate matter from the mixed layer to 

the ground may be represented as a first order process. The rate of 

removal from the mixed layer due to dry deposition alone is: 



Figure 3.1 Air parcel insertion into the atmosphere 
(from Cass 1977). 
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where V is the effective deposition velocity for particles of a 
g 

given size range. (This is not actually a settling 

velocity, but rather the ratio between pollutant flux to the 

ground and atmospheric concentration.) 

Solving equation (3.24) for a short interval time, At, where 

h(t + At) : h(t) : h: 

Pb(t + At) = Pb(t) exp [+ At] 
This is the probability that an air parcel residing in the mixed layer 

below the inversion at time t remains in the mixed layer after At, 

i.e., it is not deposited at the ground. Therefore, the probability 

that an air parcel has been deposited by time t + At is: 

The probability of transfer of an air parcel from the mixed 

layer to the ground represented in equations (3.25) and (3.26) now 

must be coupled with the process by which an air parcel may move 

between the mixed layer and the inversion layer. The mixed layer has 

a depth, changing with time, equal to the current inversion base 

height. The inversion base height above ground level, and hence the 

mixing depth, will be taken as independent of horizontal location at 

any single time. Justification for this approximation over the 

western portion of the Los Angeles basin is provided by Cass (1977). 

This approximation when combined with previous assumptions about 



horizontal transport allows for calculation of vertical motions 

independently of horizontal location in the air basin. 

Consider the fate of an air parcel emitted from an elevated 

source at n~ght into the stable inversion aloft. That air parcel will 

remain at the effective height ot emission until such time as the 

inversion base rises to intercept the air parcel, transferring it to 

the layer below the inversion base. Once below the inversion base, 

that air parcel has equal probability of being found at any elevation 

(i.e., pollutants fumigated down from high elevation become fully 

mixed between the inversion base and the ground). If the inversion 

base descends over time, an air parcel located below the inversion 

base within the mixed layer has some probability of becoming trapped 

within the inversion layer. Assuming that pollutant-laden air parcels 

are well mixed below the inversion base, then the probability that a 

particuiar air parcel remains in the mixed layer and is not 

transferred to the inversion layer is equal to the ratio of the 

inversion base heights before and after the descent of the inversion 

base. Inversion base descent through a pollated mixed layer results 

in stabilization of a thick polluted air mass within the inversion 

itself. The depth of this thick pollutant layer within the inversion 

is equal to the distance between the previous maximum mixing depth and 

the current lower inversion base height. If the inversion base 

subsequently rises into this thick polluted layer aloft, the 

probability that an air parcel is transferred from the inversion layer 

back into the mixed layer is taken in proportion to the change in 
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Figure 3.2 Hypothetical time history of interaction between the inversion base 
and a fluid particle released at time t (from Cass 1977). 
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inversion base height relative to the previously established maximum 

mixing depth. This process is described graphically in Figure 3.2. 

The initial conditions in equations (3.20) through (3.231, when 

combined with the following stepwise procedure for computing 

probabilities of transfer of air parcels between each vertical layer 

over a time interval, At, can be used to propagate the probabilities 

that an air parcel resides in each layer of the model during the 

history of the air parcel's trajectory. For each tine interval 

(t, t + At) perform the following steps: 

1. Compute fd, the probability that an air parcel in the mixed 

layer has deposited at the ground during this time interval: 

-V At 
fd = 1 - exp 

2. If h(t + At) > hm(t). then set maximum inversion height 

h,(t + At), to new maximum h(t + At), else 

hm(t + At) = hm(t). 

3 .  Determine the parmeter fs which is related to the air mass 

that is exchanged between the inversion layer and the mixed 

layer when the inversion base moves. If the inversion base 

is rising, fs will be negative. 

For effective stack height, H(to) > h,(t + At): 



For H(to) I hm(t + At): 

inversion 
base 

- h(t + At) ( Pb(t) h(t) 
] ftlling: h(t + ~ t )  < h(t) 

steady: h(t + At) = h(t) 

S 
t) - h(t + At) 
(hm(t) -h(t) 

h(t) < h(t + At) < h,(tS 

rising: h(t) I hm(t) < h(t + At) 

4. Compute new probabilities at end of time increment t + At: 

Pi(t + At) = Pi(t) + fs (3.30) 

Pb(t + At) = (Pb(t) - fs) (1 - fd) (3.31) 

If this procedure is executed repeatedly for time steps from 

to = t - s to t* then the result will be the three probabilities, 
Pi(tlt - TI, pb(tlt - s). and pg(tlt - r)  that the air parcel is 

within the stable inversion, or below the inversion base within the 

mixed layer, or has deposited at the ground by time t8 given that it 

was emitted at time t - s. Note that the summation of 

equations (3.301, (3.31), and (3.32) results in: 



The sum of these probabilities always will be 1.0 since Pi(to) + 

Pb(to) + P (t 1 = 1.0 (see equations '13.201 through 13.221). 
& 0 

Therefore, mass is conserved during this process. 

3.3.3 Vertical Profile below Inversion Base 

Particulate matter residing below the inversion base may not 

always be completely mixed in the vertical direction. Although the 

ground level computational cell in the model is called the "mixed 

layer," there are times when the probabilities of finding a polluted 

air parcel at different heights within that cell are unequal. If the 

pollutant were assumed to be fully mixed below the inversion base, 

then the probability of finding an air parcel at any height (or, more 

specifically, within Axg of any height) below the inversion base would 

be inversely proportional to inversion base height, h(t). This 

assumption becomes unreasonable when polluted air parcels are near 

their sources and the pollutant has not had sufficient time to become 

fully mixed. 

In order to accurately predict particulate concentrations near 

ground level in the vicinity of ground level sources, a model must 

include the effect of short travel times on vertical mixing. In this 

section, the probability of finding a polluted air parcel at a 

particular elevation within the mixed layer is computed for the first 

few time steps after release from a source with effective stack height 



below the inversion base. 

A vertical profile of probable air parcel location is 

formulated assuming a Gaussian distribution of plume spread from an 

effective source height, H. Three regimes are possible, depending on 

the degree oi dispersion and the height of the inversion base: (1) 

when the inversion base height, h, is very high (or the air parcel's 

travel time is very short), there is no effect of the inversion base 

on the vertical dispersion of the plunte; (2) as the air parcel moves 

away from its sourcer the vertical dispersion increases until the 

stable layer aloft begins to trap the air parcel below the inversion 

base; (3) when the plunte has traveled sufficiently fat, it becomes 

fully mixed between the ground and the inversion base. It is 

necessary that each of these three regimes be considered and that the 

transitions between the regimes be smooth. This is accomplished by 

stilizing h s s i c  analytical precedrues f o r  estirrating dispersion as 

outlined by Turner (1969). 

Assume that the probable location of a pollutant-laden air 

parcel has a Gaussian distribution* centered along the mean horizontal 

wind trajectory, in both the crosswind and vertical directions. 

Further assume that there is a total reflection of the plume at the 

earth's surface (deposition is accounted for elsewhere; see 

Section 3.3.2). Then the normalized concentration at location x = 

( x ~ , x ~ , x ~ )  due to a contin~ous unit source located at rl = x2 = 0 with 

effective stack height H, for the case of transport in the xl 

direction when the inversion base is high relative to the 



characteristic scale for vertical mixing (i.e., a3 < <  h), may be 

computed as follows (from Turner 1969): 

reXp [ - 35r3. i  "j] + exp [ - * r 3 ,  

where a2 and a3 are the standard deviation of plume spread in the 

crosswind and vertical directions, respectively, u is wind speed, C is 

pollutant concentration (mass per unit volume of air) resulting from a 

source of one mass unit per unit time. Note that a2 and a3 are 

increasing functions of xl, the distance along the centerline of the 

plume trajectory, and hence a and a3 depend on the travel time, s ,  of 2 

the air parcel from its time of release anti1 reaching location x, 

downwind. If a slice is taken across the plume at distance x1 

downwind and that slice is integrated in the crosswind direction, one 

determines the probability of finding a polluted air parcel at a 

specific height x3 or, more specifically. within the small 

differential height element Ax3 about x3 at time t given that it was 

released at time t - T: 



Equation (3.35) is used when a fresh air parcel is released 

below the inversion base while a3 < <  h. When the magnitude of a3 

grows to approach the location of the inversion base, the presence of 

the inversion base begins to affect material in the upper tail of the 

Gaussian plume, and a correction to equation (3.35) is necessary. 

Bierly and Hewson (1962) have suggested the addition of numerous terms 

to equation (3.35) that account for the multiple reflections from both 

the ground and the stable layer: 

+ - ~ 3 - H ~ ~ ( t ) ~ l  + exp - q2r3+y(t)r1 ]] 



where J = 4 i s  s u f f i c i e n t  t o  include the important r e f l ec t ions .  

Equation (3.36) may be used f o r  a l l  three  regimes discussed 

above. When the inversion base i s  very high (a3 < <  h ) ,  the r e f l e c t i o n  

terms a re  near  zero so equation (3.36) becomes the  same a s  

equation (3.35). A s  the  plmne moves f a r t h e r  downwind, o3 continoes t o  

grow rapidly ,  u n t i l  the plume becomes completely mixed between the  

ground and the  base of the temperature inversion. A t  t h i s  point ,  

Pv(x3, t l ~ ,  t - r)  approaches Ax3/h(t). which means i t  i s  eqoiprobable 

t h a t  a pol ln ted  a i r  parce l  from t h i s  plume w i l l  be found a t  any 

e levat ion  below the inversion base. Computation on equation (3.36) 

f o r  the case of o >> h gives the des i red  r e s u l t  ( a s  h/03 approaches 3 

zero, i t  i s  necessary t o  increase J f o r  convergence): 

Since equation (3.36) co l l apses  i n t o  equation (3.35) when the  

invers ion  base has no e f f e c t ,  and i n t o  equation (3.37) when complete 

mixing occurs, it  can be used f o r  the general case t o  compute the  

p robab i l i ty  t h a t  an a i r  parce l  r e s ides  within a p a r t i c u l a r  domain 

wi th in  the mixed layer  during the  f i r s t  few time s t eps  a f t e r  i t s  

re l ease  below the inversion base. 

I n  p rac t i ce ,  Turner (1969) suggests using an equation l i k e  

(3.35) fo r  a3 < h* = 0.47 h. A t  the time when o3 equals  h*, the  e r r o r  

i n  PV(x3.t~EI,t  - z) associa ted  with not using the  add i t iona l  

r e f l e c t i o n  terms found i n  equation (3.36) i s  only 0.02% ( f o r  x = H = 3 



0 ) .  Equation (3.36) is used when a > h*. At some pointv however, 
3 =3 

will become large enough that the air parcels may be considered 

mixed below the inversion base and P (x , t f ~ , t  - r) will approach 
v 3 

~ x ~ / h ( t )  as in equation (3.37). It can be seen that when a3 increases 

to 2.5 he, the use of equation (3.37) instead of equation (3.34) 

results in an error in P (x3,t[8,t - r) of only 0.22% (for x3 = B = 
v 

0 ) .  As time increases, a3 increases so that when a3 increases beyond 

2.5 h* and equation (3.37) has been chosen once, that portion of an 

air parcel that is located below the inversion base is considered 

fully mixed between the ground and inversion base for all subsequent 

time steps. It should be understood that the imposition of the 

vertical profile in this section will be operative only for the first 

few time steps of an air parcel's travel fram its source. The 

vertical profile approximation constructed in this section, therefore, 

is employed as a correction for close-to-soarce, pollutant-laden air 

parcels during periods when ag is small relative to the inversion base 

height. 

3.3.4 Comwtational Procedure for Air balitv Model Simulation 

The methods described in the previous sections for calculating 

probable air parcel motion over time due to individual physical 

processes may be combined to compute the overall source-to-receptor 

transport relationship in three-dimensional space. Let 

~(x,tlx',t - z) be the probability of finding an air parcel within the 

hi Ax 
air volume x - 1 xi < x. + - i = 1.2.3 surrounding nearground 

i r 2 '  



level location x given that it was released at location x' at time 

t - 7. That probability density function can be constructed by 

multiplying the separate probabilities that the air parcel is (1) in 

hi Ax 
the horizontal domain x - - < xi < xi + 2, i = 1,2, and (2) 

i 2 -  

resides below the inversion base, and (3) that the particle is at 

Ax 
elevation x 3 - 2 i x 3 < x 3 +  2 given that it is below the 

inversion base : 

By integrating equation (3.10) over time for many particle 

trajectories defined by equation 13.38) and then over many source 

locations using equation (3.91, long-term average pollutant 

concentration estimates are obtained. The computer program written to 

perform this integration works on the basis of a numerical simulation. 

Hypothetical mass points are released successively at small time 

intervals, At, from soarce location x' at the effective stack height 

of the source of interest. The pollutant mass associated with each 

particle is weighted by the diurnal source strength function 

appropriate to that soarce. Then for each time increment, the 

horizontal displacement of each of the many particles released is 

computed as a random variable in accordance with the probabilities of 

transition due to advection and horizontal diffusion as detailed in 



Section 3.3.1. This is followed by the simulation of vertical 

exchange during the time increment, with probabilities computed as in 

Section 3.3.2. Finally, the probability that each mathematical 

particle is near the specified height, x3, is computed for this time 

increment from equations in Section 3.3.3. At each time increment, 

At, of interest during the averaging time interval (t ts + T), a s # 

grid system is laid down over the air basin. The number of particles 

falling within each grid cell and the pollutant mass associated with 

each particle are summed. The pollutant mass is divided by the volume 

of the cell in order to obtain pollutant concentration in masslrmit 

volume of air. This procedure is described graphically in Figure 3.3 

for the case of At = 1 hour and T = 1 month. 

Results for the same time of day on each day during 

(t ts + TI are superimposed and then averaged in order to obtain the 
s # 

average diutnal variatio~ of qredicted pollutant coosenttation. 

Results at a11 times during the period (t ts + T) are superimposed 
s P 

and averaged in order to compute the long-term average pollutant 

concentration as a function of grid cell location in the air basin. 

This simulation procedure is executed separately for each 

soarce class (e.g., automobiles, jet aircraft, power plants, etc.), 

resulting in a separate estimate of the contribution to pollutant 

concentration due to each source class. The incremental impacts from 

all soarce classes are added to form a total air quslity impact at 

each horizontal grid cell location and height x3 due to local 

pollution sources. Finally, an estimate of background pollutant 
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Figure 3 . 3  

STEP I 
SUPERIMPOSE STREAKLINES CONTAINING 
ALL FLUID PARTICLES OBSERVED: ONE 
STREAKLINE FOR EACH HOUR OF THE MONTH 

STEP 2 
LOCATE PLYTICLES WITHIN 
THE CELLS OF A RECEPTOR 
GRID 

LLING IJITHIN EACH GRID CELL v v- 

STEP 4 
DIVIDE THE ACCUMULATED 
POLLUTANT YASS LOADING BY THE 
SIZE OF THE RECEPTOR CELL AND THE 
NUMBER OF "HOURS If BEING SUPERIMPOSED ; 
CORRECT FOR INCOMPLETE VERTICAL 
MIXING NEAR SOURCES 

THE SOURCE TO RECEPTOR 
RELATIONSHIP HAS BEEN 
MAPS EMISSIONS FROM A UNIT SOURCE 
AT LOCATION % INTO AVERAGE POLLUTANT 
CONCENTRATION OBSERVED 



concentrat ion i s  added t o  the computed po l lu tan t  concentration from 

a l l  loca l  po l lu t ion  sources t o  a r r ive  a t  a  predicted long-term average 

po l lu tan t  concentration. 

I n  p rac t i ce*  the order of in tegra t ion  i n  the above desc r ip t ion  

may be changed. Simulations may be ca r r i ed  out such t h a t  a l l  

t r a j e c t o r i e s  ending (not  s t a r t i n g )  a t  a  spec i f i c  time a r e  computed 

together. This enables one t o  read i ly  eramine long-term average 

diurnal  concentrat ion pat terns .  Alsos computation time i s  saved 

because t r a j e c t o r i e s  may be constrncted by in tegra t ing backwards i n  

time such t h a t  one mathematical t r a j e c t o r y  represents  the  current  

locat ions  of T ~ / A ~  a i r  pa rce l s  which were released from a s ing le  

locat ion during the  preceding rc /b t  time increments. This one 

t r a j e c t o r y  ca lcu la t ion  replaces t / A t  separate t r a j e c t o r y  ca lcn la t ions  
C 

t o  a r r i v e  a t  the same information (see Cass 1977). 

3.4 S O ~ ~ P ~ I Y  

I n  t h i s  chapter,  a miathematical model has been s t a t e d  t h a t  i s  

su i t ed  t o  the computation of long-term average primary carbon p a r t i c l e  

a i r  qua l i ty  i n  an urban a i r  basin. A Lagrangian simulation model has 

been constructed t h a t  t racks  a  large  number of s t a t i s t i c a l  a i r  

parcels ,  representing the  t ranspor t  of a i r  po l lu tan t s  under unsteady 

meteorological conditions. Each physical t ranspor t  process i s  modeled 

a s  an independent s tochas t i c  process. Pol lu tant  t ranspor t  i s  

simulated between the mixed layer  adjacent t o  the ground and the  

atmosphere within a  s t a b l e  temperature inversion a l o f t .  The model 



also imposes a vertical (crosswind integrated) Gaussian concentration 

profile to compute the impact of emissions close to their soprces. 

A procedure was outlined for cantputing the long-term average 

concentrations of a primary (bert) polhtant that is released from a 

nmnber of sources. In addition to predicting total pollutant 

concentrations, the model separates the individnal source class 

contributions to air quality. In Chapter 4, this procedure will be 

applied to the prediction of monthly averaged concentrations of fine 

csrbonaceons particulate matter from a variety of roarces in the Los 

Augeles area. 
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bPPLIUTI0N OF TEE SIMULATION MODEL TO UIS &I[IELES 

FINE PRIMARY CARBON PABTICUUE AIR QUALITY 

4.1 In t roduc t ion  

I n  t h i s  chapter ,  the  a i r  q u a l i t y  model developed i n  Chapter 3 

rill be used t o  p r e d i c t  monthly averaged f i n e  p r h a r y  carbonaceous 

p a r t i c u l a t e  ma t t e r  concen t r a t ions  f o r  each mronth of 1982 i n  t he  

c e n t r a l  p o r t i o n  of t he  South Coast A i r  Basin. F i r s t ,  t he  da t a  

requirements  of t he  s imula t ion  model w i l l  be ou t l i ned  and s a t i s f i e d .  

Then t h e  a i r  q u a l i t y  model r e s u l t s  rill be examined and v e r i f i e d  based 

on comparisons between p red ic t ed  concent ra t ions  and those  observed 

during the  1982 f i e l d  experiments desc r ibed  i n  Chapter 2. 

4.2 Data Reauirements f o r  Model A u ~ l i c a t i o n  

I n  order  t o  apply the  a i r  q u a l i t y  model t o  t he  t a s k  of 

s imula t ing  the  emission and t r a n s p o r t  of f i n e  primary carbonaceous 

p a r t i c u l a t e  ma t t e r  i n  t h e  Los Angeles a rea ,  information i s  needed 

regard ing  t h e  sources of emissions,  meteorology, atmospheric 

d i s p e r s i o n  parameters,  depos i t i on  r a t e s ,  and ae roso l  carbon background 

concent ra t ions .  I n  add i t i on ,  t he  r ecep to r  g r i d  system must be def ined  

and the  c e l l  s i z e  chosen. The time s t ep ,  A t ,  used f o r  nametical  

i n t e g r a t i o n  of t h e  t r a n s p o r t  equa t ions  must be i d e n t i f i e d .  F i n a l l y ,  



the 1982 air quality observations must be organized for comparison to 

model predictions. 

4.2.1 Emission Source Related Data 

A spatially resolved inventory of fine carbon particle 

emissions during 1982 was compiled for over 70 types of mobile and 

stationary sources. Emission estimates made within the 

80x80-km (50x50-mile) grid system of Figure 4.1 are summarized in 

Tables 4.1 through 4.4. Details of the emissions estimation procedure 

are given in Appendix A (Tables A.l-A.4). A tabulation of emissions 

within the entire South Coast Air Basin (four counties) is presented 

in Appendix C. By comparing these sets of tables, it is seen that the 

majority of the aerosol carbon emissions in the South Coast Air Basin 

arise from sources located within the grid system. A summary of 

emissions in the 50x50-mile grid, organized by major source category, 

is shown in Figure 4.2 and in Table 4.5. 

Emissions from major stationary fuel burning sources were 

placed within 2-mile X 2-mile grid cells corresponding to the actual 

locations of those sources (South Coast Air Quality bianagment District 

1983a). Emissions from residential sources were distributed spatially 

in proportion to population density. Highway vehicle emissions were 

allocated to the grid system in proportion to traffic densities for 

surface streets and freeways (see procedure of Cass, 1977, updated to 

the year 1982). Emissions from other mobile sources (ships, 

railroads, airplanes) likewise were allocated to the grid system based 





Table 4.1 

Emissions Estimates for Mobile Sources 
Within the 50x50-mile Grid 1982 

Source Fine ( c )  Fine (c 
Class Total Elemental 

Carbon Carbon 
(a (kglday) (kglday) 

MOBILE SOURCES 

Highway Vehicles 
Catalyst Autos 
Non-catalyst Autos 
Diesel Autos 
Catalyst Light Trucks 
Non-catalyst Light Trucks 
Diesel Light Trucks 
Catalyst Medium Trucks 
Non-catalyst Medium Trucks 
Gas01 ine Heavy Trucks 
Diesel Heavy Trucks and Buses 
Motorcycles 

Civil Aviation 
Jet Aircraft 
Aviation Gas 

Commercial Shipping 
Residual Oil-fired Ships 
Diesel Ships 

Railroad 
Diesel Oil 

Miscellaneous 
Off Highway Diesel Vehicles 
Off Highway Gasoline Vehicles 

TOTAL MOBILE SOURCES 

(a) See Table D.38 for the definition of the 47 source classes used 
with the air quality model. 

(b) Jet aircraft emissions supplied to the air quality model are 
divided into emissions located at three separate elevations. 

(c) Fine particles below 2.1 p. 



Table 4.2 

Emissions Estimates for Stationary Combustion Sources 
Within the 50x50-mile Grid 1982 

Source Fine (b) Fine (b) 

Class Total Elemental 
Carbon Carbon 

(a) (kglday) (kglday) 

STATIONARY SOURCES 

Fue 1 Combas t ion 
Electric Utilities 
Natural Gas (boilers) 14 39.8 
Natural Gas (turbines) 14 14.8 
Residual Oil 14 193.6 
Distillate Oil (turbines) 14 0.9 
Digester Gas 14 0 .04 

Ref ine ry Fue 1 
Natural Gas 
Refinery Gas 
Residual Oil 

Non-refinery h d a s t r i a i i L o w  Priority Commercial 
Natural Gas 16 
LPG 16 
Residual Oil 16 
Distillate Oil 16 
Digester Gas (IC engines) 17 
Coke Oven Gas 16 
Gasoline (IC engines) 17 
Distillate Oil (IC engines) 17 

Fue 1 
149.6 
2.0 
12.8 
90 -2 
24.2 
0 (c) 
21.1 
22.2 

ResidentialIBigb Priority Commercial Fuel 
Natural Gas 18 642.1 
LPG 18 11.6 
Residual Oil 18 41.2 
Distillate Oil 18 53.5 
Coa 1 18 96.7 

TOTAL FUEL COklBUSTION 1678.2 

small 
small 
38.7 
0.5 
ma1 1 

small 
small 
1.8 

small 
small 
2.6 
52.3 
5.6 
0 (c) 
2 .I 
22.2 

(a) See Table D.38 for the definition of the 47 source classes used 
with the air quality model. 

(b) Fine particles below 2.1 p. 

( c )  Sources located outside the 50x50-mile grid. 



Table 4.3 

Emissions Estimates for Industrial Processes 
Within the 50x50-mile Grid 1982 

Source Pine (b) Fine (b) 
Class Total Elemental 

Carbon Carbon 
(a) (kg / day) (kglday) 

STATIONARY SOURCES 

Industrial Process Point Sources 
Petroleum Industry 
Refining (FCeLT) 
Other 

Organic Solvent Use 
Surface Coating 
Printing 
Degreasing 
Other 

Chemical 
Organic 
Inorganic 

Metallurgical 
Primary 
Secondary 
Fabrication 

Mineral 
Waste Burning 
Wood Processing 
Food and Agriculture 
Asphalt Roofing 
Textile 
Rubber and Plastics 
Coke Ca 1 cine r 
Miscellaneous Industrial 

TOTAL PROCESS POINT SOURCES 4154.0 437.9 

( a )  See Table D.38 for the definition of the 47 source classes used 
with the air quality model. 

(b) Fine particles below 2.1 pm. 



Table 4.4 

Emissions Estimates for Fugitive Sources 
Within the SOWO-mile Grid 1982 

- - - - - - - - - - 

Source Fine (c) Fine (c 
Class Total Elemental 

Carbon Carbon 
( a )  (kg/day) (kglday) 

FUGITIVE 

Road and Building Construction 
Agricultural Ti1 ling 
Livestock Feedlots 
Unpaved Road Dust 
Paved Road Dust 
Tire Attrition 
Brake Lining Attrition 
Forest Fires (seasonal) 
Structural Fires 
Fireplaces 
Cigarettes 
Charcoal Broilers 
Agricultural Burning 
Sea Salt 
Roofing Tar Pots 

TOTAL FUGITIVE SOURCES 

(a) See Table D.38 for the definition of the 47 source classes used 
with the air quality model. 

(b) Source class is not used with the air quality model. 

(c) Fine particles below 2.1 p. 
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Table 4.5 

1982 Annual Average Fine Particulate 
Carbon Emissions Summary 

Within the 50x50-mile grid 

Major Source Category 

Fine Total Fine Elemental 
Carbon (kglday) Carbon (kglday) 

Gasoline powered highway vehicles 

Diesel : highway vehicles 

Diesel: ships, rail, off-highway 

Aircraft and other mobile 

Highway fugitive 
(tire and brake wear; road dust) 

Other fugitive (fugitive 
combustion + livestock 
feedlots) 

Stationary source fael combustion 

Industrial processes 

TOTAL. 

on travel patterns (see Cass 1977). Source location (by source class) 

was obtained for all other sources from a computerized emission 

inventory forecast provided by the California Air Resources Board 

(Eanzieri 1983). The spatial distribution of average daily emissions 

from all sources for December 1982 is illustrated in Figure 4.3 for 

total carbon emissions and in Figure 4.4 for elemental carbon 
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Figure 4.3 Fine total carbon emissions within the 
50x50-mile grid during December 1982. 
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Figure 4.4 Fine elemental carbon emissions within the 
50x50-mile grid during December 1982. 



emissions. These gridded emissions maps were obtained by overlaying 

many similar maps, one developed for each source class. (Note that 

total carbon emissions in December slightly exceed the ennual average 

value given in Table 4.5 .) 

Monthly fuel consumption data were used to determine seasonal 

trends in emissions for stationary fuel burning sources. The seasonal 

variation in emissions from fireplace combustion of wood is documented 

in Appendix A, Table 8.9, note (b). A11 other source classes are 

assumed to operate without a pronounced seasonal variation. 

The typical diurnal variation of emissions from vehicular 

traffic, airport operations, and electric utilities was specified 

based on the past studies of those sources (see Cass 1977). Local 

charcoal broiler establishments were surveyed to determine their level 

of operation at various times of day in order to approximate a typical 

dinroal pattern far emissF~ns from this scurce c l a s s i  Th,e remaining 

source types were divided into two categories: (1) those that were 

assumed to operate at a uniform rate 24 hours per day and ( 2 )  those 

that were assumed to operate only during daylight hours. The latter 

group includes agricultural tilling, roofing tar pots, and off-road 

vehicles. 

An effective stack height was specified for each source class 

which varies in accordance with hourly meteorological conditions. The 

Briggs plume rise formula (Briggs 1971) was used to compute plume rise 

as a function of wind speed for each source class. Plume rise was 

computed during each time step of the model's execution, depending on 



the wind speed at that time step. Then computed plume rise was added 

to the physical stack height of the source to arrive at the effective 

stack height of emissions (see Cass 1977; Appendix A4). 

All emissions from a given source class residing within a 

single grid cell are aggregated to form a single virtual source. To 

approximate an area source of particulate matter being released 

throughout the cell, the location of the virtual source is selected at 

random at each time step from a uniform distribution of possible 

horizontal locations within the grid cell. 

Since the model performs a separate transport calculation for 

each source class, computation time may be shortened by combining 

several similar source types into a single source class. The sources 

must be similar, however, since all sources within a source class will 

have the same effective stack height and will experience an identical 

diurnal modulation of emissions strength w i t h i n  the medel. P-lsct, if 

too many source types are combined to form a single source class, 

information regarding the incremental contribution to air pollutant 

concentrations from individual source types will be lost. This 

information on source class contribution to downwind air quality is 

needed for control strategy analysis. The 74 separate source types 

listed in Tables 4.1 through 4.4 were grouped into 47 source classes, 

each of which will be handled separately during air quality modeling 

calculations. The members of each of these 47 source classes are 

indicated in the second column of Tables 4.1 through 4.4. 

Although reasonable estimates of the chemical composition of 



paved road dast may be made, it is difficult to assess the emission 

rate and the fraction of street dast that becomes airborne, For this 

source class only, a receptor modeling calculation was performed which 

then was used to replace the transport model as the method chosen to 

account for the paved road dast cootribotion to aerosol carbon levels. 

Fine particle road dust samples were taken that 

chemically to determine their elemental composition, including the 

percentage of Al, Si, TC and EC in the road dust (Gray, Cass. and 

Turpin 1985). The ambient measurements of A1 and Si taken at each 

monitoring site during 1982 each were used independently to estimate 

the maximum aerosol carbon concentrations that could be present due to 

paved road dast at the seven monitoring sites. Then the two estimates 

based on A1 and Si were averaged. This calculation was performed 

separately for each month of the year at each monitoring site. (For 

an example of the receptor modeling techniqw applied to source 

apportionment in Los Angeles, see Cass and McRae 119831,) The ratio 

between receptor-modeled monthly average total carbon (or elemental 

carbon) and transport-modeled monthly average total carbon (using 

estimates of emissions of paved road dast from Table A.4) ranged from 

0.12 to 0.53, with an average of 0.276. This indicates that the fine 

carbon particulate emissions from paved road dust presented in 

Table 4.4 that are based on present government estimates of road dast 

emissions may have been overestimated by as much as a factor of 8 but, 

more likely, closer to a factor of about 3 or 4. This emissions 

overestimate does not affect the model validation results because the 



receptor model, rather than the transport model, was used to compute 

soil and road dust levels. 

4.2.2 Meteoroloaical Data 

It is necessary to construct a time history of rind speed, wind 

direction, and inversion base motion for use with the air quality 

model presented in Chapter 3. It is also necessary to estimate the 

maximum retention time of sir parcels within the grid system, t c9 

After careful consideration of the available wind monitoring 

locations, the wind station operated by the South Coast Air Quality 

Management District at their central Los Angeles site was chosen (see 

Cass 1977, p. 157) to supply hourly averaged wind speeds and 

directions for use with the model (South Coast Air Quality Management 

District 1983b). A more detailed treatment would be needed in order 

to track the turning of the wind field around the Santa Monica 

ountains as air parcels enter the San Fernando Valley. In order to 

avoid that problem, the model calcoPation will be restricted to 

predicting the concentration of carbonaceous particulate mater over 

the central flatlands of the Los Angeles basin and the adjoining San 

Gabriel Valley. 

Inversion base motion above ground level is represented by a 

stylized diurnal cycle that passes through two daily measures of 

inversion base height. Early morning inversion base height is 

measured daily at the University of California at Los Angeles (UCLA), 

and maximum afternoon mixing depth over downtown Los Angeles is 



calculated based on the morning sounding combined with data on the 

maximum ground level temperature reached at downt~wn Los Angeles. 

These two estimates of overnight and afternoon mixing depth 

obtained from the South Coast Air Quality Management District (1983c) 

for each day during 1982, and then the mixing depth data were 

interpolated to form a diurnal cycle of the form shown in Figure 5.2 

(from Cass 1377). Fresh emissions contribute to model-computed 

concentrations in inverse proportion to inversion base height. 

Examination of the monthly averaged diurnal cycle of model-computed 

elemental carbon concentrations shows early morning peaks and 

afternoon/evening lows in ratios similar to those found in observed 

concentrations of elemental carbon as inferred from lun tape sampler 

data (Phadke et al. 1975, Cass et al. 1984). The use of this 

approximate diurnal cycle appears to adequately represent the mixing 

depth during computation of pollutant concentrations. 

A selection of trajectory integration time, t , must be made in 
C 

order to determine how long each air parcel mast be tracked. Cass 

(1981) observed that over 95% of the air parcels originating at major 

source locations within the 50x50-mile grid system will be outside the 

gridded area after 48 hours (using trajectories based on hourly 

averaged wind data from the years 1972 through 1974). Therefore, tc, 

is set to 48 hours for this model application. 



4.2.3 Estimation of Atmospheric Diffusive Dispersion Parameteta 

Atmospheric turbulence causes small scale air parcel motions 

that are not resolvable from trajectory calculations based on mean 

wind speed and direction alone. The degree of air parcel dispersion 

in the ith coordinate direction may be measmred in terms of the 

standard deviation ai(t) of the concentration distribation in that 

direction. Estimates of al(t) and a2(t) are necessary for the 

simulation of horizontal eddy diffusion as described in Chapter 3 ,  

Section 3.3.1. Evaluation of a vertical dispersion parameter, cZ(t), 

is also required in order to account for incomplete vertical mixing of 

plumes at locations close to their source (see Chapter 3, 

Section 3.3.3). 

4.2.3.1 Borizontal Dispersion Parameter In Chapter 3, 

Section 3.3.1. the assumption was made that the process of horizontal 

diffusion could be modeled by drawing displacements at random from a 

two-dimensional Gaussian distribation with mean zero and standard 

deviation (al(t),cr2(t)). If it is assumed that an expanding puff in 

the atmosphere remains symmetric with equal standard deviations in the 

downwind and crosswind directions, then cl(t) = c2(t) = O. (t). 
Y 

The most commonly employed estimates of atmospheric dispersion 

rates have been assembled based on observation of air parcels 

traveling over open countryside (see Pasqnill 1961, Gifford 1961, 

Turner 1969) . In urban areas, however, larger surface roughness and 

heat island effects result in a greater degree of dispersion than is 



expected over open terrain. Cass (1977) summarized experimental 

observations on the rate of air parcel dispersion for long distance 

transport over the Los Angeles urban area, based on experiments by 

Drivas and Shair (1975) and Shair (19771, and for shorter distances in 

St. Loais by McElroy and Pooler (1968). The resulting equation for a 
Y 

in meters and travel time in seconds, as graphed in Figure 4,5, is 

4.2.3.2 Vertical Dis~ersion Parameter McElroy and Pooler 

(19681, as part of their study of dispersion in St. Louis, collected 

data on the vertical dispersion parameter, a in terms of Pasquill- 
z' 

Turner stability class. From Figure 4.5, it can be observed that data 

on a collected in the Los Angeles basin, are in general agreement 
Y* 

with similar estimates for St. Louis. Estimates of vertical 

dispersion rates based on experiments conducted in Los Angeles are not 

available. Therefore it is assumed that the estimates of a presented z 

by McElroy and Pooler for mixing over the St. Loais urban area may be 

used to represent the rate of vertical dispersion over the Los Angeles 

urban area. In practice, the values of a only affect pollutant 
Z 

concentrations very close to their source because emissions within the 

model quickly become trapped between the ground and the elevated 

temperature inversion that persists over the Los Angeles basin. 

The standard deviation of plume concentration in the vertical 

direction is presented by McElroy and Pooler (1968) for St. Louis as 



e i t h e r  a  funct ion of t r a v e l  time or  downwind distance.  C ~ r v e s  of az 

versus downwind distance a re  p lo t t ed  i n  Figure 4.6 from McElroy and 

Pooler (1968) fo r  the Pasquill-Turner s t a b i l i t y  c lasses  B through F. 

An est imate of aZ may be obtained a t  given downwind distance once the 

Pasquill-Turner s t a b i l i t y  c l a s s  has been determined. This s t a b i l i t y  

c lass ,  i n  turn,  i s  a  funct ion of surface wind speed and s o l a r  

r ad ia t ion  or  cloud cover. The s t a b i l i t y  ca tegor ies  are  grouped i n t o  

s i r  c l asses .  Class A i s  the most unstable, c l a s s  F the  most s table .  
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Figure 4.5 Cross-wind standard deviation of plume spread as a function 
of travel time. St. Louis data from McElroy and Pooler (1968). 
Los Angeles data from Drivas and Shair (1975) and Shair (1977). 
Heavy solid line represents function for o (t) fit to the 
Los Angeles data, from Cass (1977). Y 



x, meters 

Figure 4.6 Effective vertical standard deviation of 
plume spread as a function of downwind 
distance in terms of Pasquill-Turner 
stability classes (from McElroy and 
Pooler, 1968). 



A guide to the selection of stability categories is given in Table 4.6 

(from Turner 1969). 

Table 4.6 

Key to Stability Categories (from Turner 1969) 

Surf ace Day Night 
Wind Incoming Solar Radiation Thinly Overcast 
Speed or 
(mlsec) Strong Moderate Slight 2 418 Low Cloud 318 Low Cloud 

< 2 A A-B B 
2-3 A-B B C 
3-5 B B- C C 
5-6 C C-D D 
> 6 C D D 

Selection of stablility classes for use during model 

calculations is accomplished by computing solar radiation intensity at 

every hour of the year from a solar simulator (McRae 1981) and then 

combining that information with hourly wind speed observations. For 

the current model application, only stability classes B, C, and D are 

used. Class A is not often encountered: McElroy and Pooler (1968) 

only recorded one example of class A conditions out of over 80 

experimental data points. It was also assumed that due to heat island 

effects and the large effective surface roughness in urban areas, 

there would always exist sufficient vertical mixing near the surface 

such that class D would reasonably represent the minimum level of 

atmospheric mixing for a given downwind distance. 

In general, the power law for o as a function of downwind 
z 

distance, x, may be expressed as: 



a = ax b z (4.2) 

where both a and x are in meters. Estimation of the coefficients a z 

and b are summarized for the data of McElroy and Pooler (1968) in 

Table 4.7. 

Table 4.7 

Coefficients of a = axb by Stability Class, 
Fit to the Data of' McElroy and Pooler (1968) 

Stability a b 

B 
C 
D 
E-F 

4.2.4 Estimation of Particulate Dty De~osition Velocity 

Cass (1977) used a value for particulate sulfate dry deposition 

velocity of 0.03 cm/sec. This is within the range of experimental 

data collected by Davidson (19771, which indicated that sulfate 

deposition velocities in Los Angeles are in the range 0.01 to 

0.1 cm/sec. 

The deposition rate of atmospheric aerosols is dependent upon 

the size distribution of particulate matter in the surface layer near 

the ground. Both carbonaceous particulate matter and sulfates in the 

atmosphere are found predominantly in the fine particle fraction, so 

their dry deposition velocities would be expected t o  be similar. 

Therefore, a deposition velocity of 0.03 cm/sec will be used for this 



model application. That value implies a time scale for removal of 

particulate from the mixed layer by dry deposition ranging from about 

a day to several weeks, depending on the depth of the mixed layer. 

4.2.5 Backaround Concentrations of Fine Atmospheric Carbonaceous 

Particulate Matter 

The prevailing wind direction in the South Coast Air Basin 

surrounding Los Angeles is from the southwest which means that most 

new air masses entering the air basin are of marine origin. 

Therefore, air pollutant concentrations measured at San Nicolas 

Island, a remote offshore island, should serve as satisfactory 

estimates of background air quality. 

As reported in Chapter 2, fine aerosol concentrations (24-hour 

averages) were measured at San Nicolas Island for 47 days from March 

to December 1982. Monthly averaged fine total carbon and fine 

elemental carbon background concentrations based on the San Nicolas 

Island data are given in Table 4.8. 

4.2.6 Selection of Time Step and Receptor Grid Cell Size 

The selection of a time step and horizontal grid cell 

dimensions should be made simultaneously. One would like to keep the 

time step as large as possible to reduce the number of computations 

required to represent a one-year period. On the other hand, the time 



Table 4.8  

Fine Particulate Carbon 
Background Concentrations (a) 

Fine Total Fine Elemental 
Carbpp Carbgn 
(w/m ( d m  

Jan (b) 
Feb (b) 
Mar 
A P ~  
May 
Jun 
Jul 
Aug 
S ~ P  
Oct 
Nov 
De c 

Notes : 
(a) Monthly average concentrations from samples taken during 

1982 at San Nicolas Island, a remote offshore island. 
(b) No data were taken during January and February 1982. 

Concentrations are assumed to be equal to December and 
November 1982, respectively. 

step must be kept small enough for enough statistical particles to be 

released to adequately estimate the probabilities of transition and, 

hence, pollutant concentrations. It is desirable to keep the grid 

cells small in order to attain a high level of spatial resolution in 

the computed pollutant concentrations. However, if the time step is 

very large and the grid cells are too small, an insufficient number of 

particles will reside within each cell. The result will be manifested 

by computed voids in some grid cells located within zones of 



significant pollutant concentration. This is because the grid cells 

are too small and, hence, too numerous to have accumulated a 

statistically significant number of pollutant particles. 

A time step of one hoar is the largest time step possible 

without discarding useful meteorological information (wind speeds and 

directions are reported as hourly averages; see Section 4.2.21, Use 

of a grid cell size with the same dimensions as the 2 mile X 2 mile 

squares which make up the emissions grid (see Figure 4.1) was 

investigated by Cass (1977). It was determined that a one-hoar time 

step coupled with sc = 48 hours (see Section 4.2.2) and a grid cell 

size of 2 miles X 2 miles would result in a smooth contour of monthly 

averaged concentrations from any single source location. Tests of the 

model simulation under typical 1982 conditions for a single source 

resulted in concentration distributions free of voids. Therefore, 8 

time step, A t ,  of one hour and horizontal grid cell dimensions 

(As1,Ax2) of 2 miles X 2 miles should result in concentration 

predictions which are smooth and accurate. 

It may be noted that specification of a vertical cell 

dimension, Ax3, is unnecessary. Examination of equations (3.10) 

and (3.35) through (3 .38)  reveals that Ax3 cancels out. 

4.2.7 Model Validation Data 

During 1982, ambient elemental carbon concentrations were 

measured at a number of locations in the South Coast Air Basin, as 

reported in Chapter 2. Seven of these sites are located within the 



receptor area that will appear later in Figure 4.23. These 

observations of monthly averaged elemental carbon air quality may be 

used to validate the model's prediction of monthly averaged fine 

elemental carbon concentrations. Verification of the model's 

performance may be found in the following section of this chapter. 

4.3 & Qualitv Model Results 

4.3.1 Predicted versus Observed Fine Elemental Carbon Particle 

Concentrations 

Elemental carbon is virtually inert in the atmosphere and is 

released only from primary emission sources. In order to avoid any 

ambiguity due to the presence of secondary organic aerosols, the 

accuracy of the predictions of the present air quality model can best 

be assessed by comparison of observed and predicted elemental carbon 

levels. Figures 4.7a through 4.13a present the results of the air 

quality simulation model for fine elemental carbon concentrations at 

each of the seven monitoring sites located within the receptor grid. 

The solid horizontal lines represent the monthly averaged 

concentrations predicted by the model. The small circles represent 

the arithmetical mean of concentrations observed at the monitoring 

sites during each month. The error bounds shown denote approximate 

95% confidence intervals about each measured monthly mean value (see 

Cass [19771, Appendix B4, for standard error estimation procedure). 
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RONTHLY MEAN E L E H E N T A L  CARBON CONCENTRATION AT PASADENA 
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These uncertainties in observed monthly average concentrations are due 

almost entirely to the facts that atmospheric concentrations fluctuate 

from day to day and that not all days in each month were sampled. 

Therefore, the true mean may not have been observed. Any model- 

predicted monthly average concentration that is within those error 

bounds is statistically indistinguishable from the measured monthly 

mean concentration. Fine monthly average elemental carbon particle 

concentrations predicted by the model are within the error bounds of 

the observations approximately 689b of the time. Annual average 

elemental carbon concentration predictions are compared to 

observations in Table 4.9. At all monitoring sites except Pasadena 

and Azusa, the annual average prediction is within the 95% confidence 

interval for the corresponding observation. Examination of 

Figures 4.7a through 4.13a shows that the model captures the major 

seasonal featmes of observed elemental carboa levels. At coastal 

sites like Lennox, predictions and observations are characterized by 

high winter concentrations and much lower summer values. At inland 

sites like Azusa, predicted and observed elemental carbon 

concentrations remain at about the same level year-round. 

4.3.2 S~atial-Temuoral Correlation between Predicted and Observed 

Fine Elemental Carbon Particle Concentrations - 
Predicted monthly average fine elemental carbon particle 

concentrations are compared graphically to air quality observations in 

Figure 4.14. Each data point represents a predicted monthly average 



Table 4 . 9  

Observed versus Predicted 1982 Annual Average 
Pine Elemental Carbon Concen ations Sr (concentrations in pg/m 

Air Quality Observations Yodel Results 
Sample Sample Number Lower U P P ~  r Arithmetic Prediction 

arithmetic arithmetic of 24-hr. confidence oonfidence mean from is within 
m a n  standard samples l i m i t o n y  l i m i t o n y  airquality confidence 
Y deviation (2.5Cile) (97 .5%ile) mode 1 interval of 

u observa tions? 

Azusa 

Long Beach 

3.30 1.87 6 0 2.86 3.74 1.88 No 
F 
W 

3.75 3 .OO 59 3.05 4.46 4.16 Yes P 

Lennor 4.51. 3 .16 61 3.78 5.23 5.17 Yes 

Pasadena 3.95 2 .07 60 3.46 4.43 2.43 No 

West Los Angeles 3.61 2.78 5 8 2.94 4.27 4 . O l  Ye s 

Los Angeles 4.87 3.24 6 1 4.12 5.62 4.71 Yes 

Anaheim 3 .18 2.31 57 2.62 3.74 3.22 Yes 

7 locations 3.88 2.68 416 3.64 4 .12 3.66 Yes 



Figure 4.14 Monthly average fine elemental carbon 
particle concentrations at seven 
monitoring sites--observations vs. 
predictions. 
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concentration at one of the seven monitoring sites versus the 

corresponding monthly mean of measured concentrations. The 

correlation between observed and predicted elemental carbon 

concentrations is 0.78. 

The model's ability to predict observed concentrations may be 

assessed by performing a goodness-of-fit test. The sam of squares of 

the difference between model predictions and observations, each square 

normalized by the observed concentration, approximately follows a chi- 

square distribution. The null hypothesis is that the model predicts 

elemental carbon concentrations accurately. This hypothesis will be 

rejected at the u level of significance only if the summation results 

in a value larger than x2 (where the degrees of freedom equal the 
u 

number of comparisons minus one); see Walpole and Myers (1978, p. 265) 

for a discussion of the goodness-of-fit test. 

elemental carbon concentrations at the seven monitoring sites results 

2 in a goodness-of-fit statistic of 1.38. The value is well below XaO5 

= 12.59 (degrees of freedom = 61, so the null hypothesis may not be 

rejected at the 0.05 level of significance. This implies that the 

model is a good predictor of annual average elemental carbon 

concentrations. 

A more severe test involves performing the goodness-of-fit test 

on predicted monthly averages. The result for monthly average 

elemental carbon concentrations produces a statistic of 31.55. The 

2 chi-square value, X.05 (degrees of freedom = 831, is approximately 



105.0 (approximation for x2 with large degrees of freedom from 

Benjamin and Cornell C19701; Table A.2, note 3 ) ;  hence, the null 

hypothesis cannot be rejected at the 0.05 level of significance. The 

conclusion is that the model provides a good fit to the observed data; 

therefore, the model may be considered a good predictor of monthly 

average elemental carbon particle concentrations. 

4.3.3 Comoar ison of Primarv Fine Total Carbon Concenttatictn 

Predictions and Fine Total Carbon Air Qualit1 Observations 

The air quality model employed in this study is capable of 

predicting the primary aerosol contribution to total carbon 

concentrations, given the inveatory of primary aerosol carbon 

emissions presented in Section 4.2.1. A cmplete assessment of total 

aerosol carbon levels cannot be predicted by this model because no 

provision is made for secondary organic aerosol prodaction dne to 

chemical reaction of gas phase hydrocarbons present in the atmosphere. 

However, as noted in Chapter 2, a variety of evidence is available 

that saggests that secondary organics were not the overwhelming 

determinant of aerosol carbon levels in the Los Angeles area during the year 

1982. Therefore, primary aerosol total carbon concentrations 

predicted by the air quality model may come close to explaining the 

origin of most of the total carbon levels observed over long averaging 

times in the atmosphere in Shat year. 



M O N T H L Y  H E A N  T O T A L  CARBON C O N C E N T R A T I O N  A T  L E N N O X  

A I R  O U A L I T Y  MODEL R E S U L T S  V S .  O B S E R V E D  V A L U E S  

AT L E N N O X  

4 0 I I 1 1 1 I I I I I I 1 
I G a s o l i n e  Powered  V e h i c l e s  

D ~ e s s l :  Hrqhwoy Vehrcles 
DreseI  S h ~ p s ,  Ro i l s ,  O f f  - H i g h w a y  

' O  t A i r c r a f t  8 Othe r  M o b i l e  
S t ~ t  ~ o n a r  y S o u r c e s  F u e l  
l n d u j t r r a l  P r a c e s s e j  
T i r e  81 S r o k e  W e o r ;  R o o d  D u s t  

1982 

Figure 4.15b 



M O N T H L Y  M E A N  T O T A L  C A R B O N  C O N C E N T R A T I O N  A T  L O N G  B E A C H  

A I R  O U A L I T Y  M O D E L  R E S U L T S  V S .  O B S E R V E D  V A L U E S  

1982 

Figure 4.16a 

S O U R C E  C L A S S  C O N T R I B U T I O N S  T O  T O T A L  C A R B O N  C O N C E N T R A T I O N S  

AT L O N G  B E A C H  

Gasol ine  Powered  Veh ic les  
Ciesel :  H ~ g h w o y  Vehic les 
Dresel :  Sh ips ,  Ral Is,  O f f - H i g h w a y  
A i r c r a f t  & Othe r  Mob i l e  
S t a t l o n a r y  Sou rces  Fuel  

I ndus t r i a l  P rocesses  ,- 2s 
x 
\ T l r e  8 B r a k e  Wear;  R o a d  D u s t  
~n F u g i t l v e  C o m b u s t i o n  
5 20 

0 
Z =: IS 

10 

s 

0 0  
JAN FEB BAR APR BAY JUN JUL AUC SEP OCT NOV DEC 

1982 

Figure 4.16b 



140 

flONTHLY MEAN TOTAL CARBON C O N C E N T R A T I O N  A T  WEST L O S  ANCELES 

A I R  O U A L I T Y  MODEL R E S U L T S  V S .  OBSERVED V A L U E S  

4Cr r I I I I I r I I 

c O E S E R ~ E D  REAN - R O S E L  R E S U L T S  

I I I I I I 1 I I 1 I 

JAN FEB R A R  APR n4r JUN J ~ L  ~ u c  SEP O C T  N O V  DEC 

1982 

Figure 4.17a 

SOURCE CLASS C O N T R I B U T I O N S  TO TOTAL CARBON CONCENTRATlONS 

A T  WEST L O S  ANCELES 

Gasol ine  Powered  V e h ~ c l e s  
D ~ e s e l :  H ighwoy V e h ~ c l e s  
D ~ e s e l :  Shlps,  Ro i ls ,  O f f  -H ighway  
A i r c r a f t  8 Other  Mobi le 
S ta t i one ry  Sou rces  Fuel  

I ndus t r i a l  Processes 
T ~ r e  8 B r a k e  Wear;  R o a d  Dust  
F u g i t i v e  C o m b u s t i o n  

J A N  f E B  H4R APR R A Y  JUN JUL AUC SEP OCT NOV DEC 

1982 

Figure 4.17b 



f lONTHLY MEAN TOTAL  CARBON CONCENTRATION AT L O S  ANGELES 

A I R  O U A L I T Y  MODEL R E S U L T S  V S .  OBSERVED V A L U E S  

Figure 4.18a 

SOURCE C L A S S  C O N T R I B U T I O N S  TO TOTAL  CARBON CONCENTRATIONS 

4 0 -  

3 5  

SO 

,- 2s 
z 
\ 
cn 
3 2 0 -  

U 
Z 

AT L O S  ANCELES 

Gaso l ine  Powered  Veh ic les  
Ciesel: H ~ q h w a y  Vehic les 
D ~ e s e l :  S h ~ p s ,  Ro l ls ,  O f f - H l q h w o y  
A ~ r c r o f t  8 Other  M o b ~ l e  
S ta t l ona ry  Sources Fue l  

l n d u s t r ~ a l  Processes 
T t r e  8 B r a k e  Wear; R o a d  D u s t  
F u q ~ t ~ ~ e  C o m b u s t i o n  
B a c k g r o u n d  

I I I 1 I I I I 1 I I 

0 OBSERVED MEAN - MODEL RESULTS - - 

1982 

Figure 4.18b 

- 
- 

- 
- 

C 

0 1) 

0 1 5 -  T I I 

- 

- 
I 1  

- 

I 1  

7 T a 

l o -  

s 

0 

1 
- 

J 

' 

f l ~ + + l ~  1 i - 

I t I 1 I I I I I I I 

JAN FEB nAR APR RAY JUN J U L  AUC SEP OCT NOV DEC 



M O N T H L Y  R E A N  T O T A L  C A R B O N  C O N C E N T R A T I O N  AT A N A H E I M  

A I R  O U A L l T Y  H O D E L  R E S U L T S  VS. O B S E R V E D  V A L U E S  

0 I I I I I I I I I I I 

JAN FEB BAR APR RAY JUN JUL AUC SEP OCT NOV DEC 
I 

40 

35 

30 

,-- 2 5 -  
s 
\ 
0, 

s 2 0 -  

U 
r 

1982 

Figure 4.19a 

I I I I I I I I I I I 

o OBSERVED REAN - RODEL RESULTS - - 

- - 

- 

- 
- 

S O U R C E  C L A S S  C O N T R I B U T I O N S  T O  T O T A L  CARBON C O N C E N T R A T I O N S  

A T  A N A H E I M  

15 -  
- 

3s - G o s o l ~ n e  Powered  V e h ~ c l e s  - 
E ~ e s s l :  H ~ g h w a y  Veh~c le ;  
D ~ e s e l  Sh~p;, Ro l l s ,  3 f  f - H i q h w a y  

30 - A i r c r a f t  8 Othe r  M o b l l e  
- 

S t o l l o n o r y  S o u r c e s  F u e l  

,- 2 s -  l n d u j t r ~ o l  P r a c e s s e s  - 
x 
\ T ~ r e  8 3 r a k e  W e o r ,  Rood  D u s t  
Cn F u g i t ~ v e  C ~ m b u s t ~ o n  5 20- - 

B z c k q r o ~ n d  

I 
T 

10 - 1 

5 - f '  

1982 

Figu re  4.19b 

- 
1 

y - -  

I I 



143 

MONTHLY MEAN TOTAL CARBON CONCENTRATION AT PASADENA 
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Figure 4.22 Observations of monthly average fine 
total carbon particle concentrations 
vs. predictions of fine primary total 
carbon particle concentrations at 
seven monitoring sites. 
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The primary total carbon emission inventory was matched to the 

air qaality model, and primary total carbon concentrations were 

predicted for each month of the year 1982. Results at each of the 

seven monitoring sites are shown in Figures 4.15a through 4.21a. 

About 738 of the monthly average primary fine total carbon particle 

concentrations predicted by the model are within the error bounds of 

the observed monthly mean fine total carbon concentrations. It is 

seen that present estimates of primary total carbon emissions are 

sufficient to account for most of the observed concentrations and 

seasonal behavior of long-term average fine total carbon air qaality 

during 1982. 

The correlation between model-predicted primary fine total 

carbon concentrations and observed total carbon concentrations is 

shown in Figure 4.22. The predictions and observations of total 

carbon concentrations hsve a positive e m r e l a t i o n  ooef f i c i ent  of 0 .76 .  

The goodness-of-fit test, which was performed on elemental 

carbon predictions in the previous section, also may be conducted to 

test the hypothesis that primary fine total carbon concentrations 

computed by the model may serve as accurate predictions of fine total 

carbon air qaality. The comparison of predicted and observed annual 

average total carbon concentrations at the seven monitoring sites 

results in a goodness-of-fit statistic of 4.28, which is below It2 
.05 - 

105.0 (9 = 8 3 ) .  It may be concluded, therefore, that the model 

provides an accurate prediction of fine total carbon air qaality. 



4.3.4 Spatial Variations in Fine Carbon Particle Air Qualitv 

Figures 4.23 and 4.24 show contour plots of the 1982 annual 

mean air quality predictions of fine primary total carbon and fine 

elemental carbon concentrations throughout the modeling region. The 

area surrounding the downtown Los Angeles central business district 

southwest of the central Los Angeles air monitoring site is subject to 

the highest annual mean concentrations of carbonaceous particulate 

matter. 

Contour plots showing fine elemental carbon concentration 

predictions for each month of 1982 are presented in Figures 4.25 

through 4.36. In January, winds from the northeast cause emissions to 

be pushed toward the southwestern portion of the modeling grid, with 

monthly averaged concentrations of elemental carbon reaching 6 3 

at the coastline. The direction of flow is similar in February and 

March; however, the magnitude of peak concentrations has decreased. 

As the weather warms, the net transport direction shifts and 

concentrations in the northeastern portion of the modeling region 

become as high as high as at the coast, as seen in April, May, and 

June. Overall concentration levels decrease drastically in the 

central portion of the air basin. In July, the peak elemental carbon 

concentrations increase, while the direction of flow is still 

predominantly from the west and southwest, causing higher 

concentrations in the eastern locations of the modeling grid. This 

trend continues through August and September. As the temperature 

cools, peak concentrations increase and the area most affected by 
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Figure 4.23 Annual mean fine primary total carbon 
concentration isopleths computed by 
the air quality model simulation. 
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Figure 4.24 Annual mean fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation. 



E C  F R O M  ALL SOURCES J A N  1982 

CONCENTRAT I ON I N (pg /M3) 

Figure 4.25 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
January 1982. 
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Figure 4.26 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
February 1982. 
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Figure 4.27 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
March 1982. 
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Figure 4.28 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
April 1982. 
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Figure 4.29 Monthly average fine elemental carbon 

concentration isopleths computed by 
the air quality model simulation-- 
May 1982. 
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Figure 4.30 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
June 1982. 
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Figure 4.31 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
July 1982. 
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Figure 4.32 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
August 1982. 
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Figure 4.33 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
September 1982. 
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Figure 4.34 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
October 1982. 
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Figure 4.35 Monthly average fine elemental carbon 
concentration isopleths computed by 
the air quality model simulation-- 
November 1982. 
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Figure 4.36 Monthly average fine elemental carbon 

concentration isopleths computed by 
the air quality model simulation-- 
December 1982. 



emissions shifts toward the southwest. By October, peak monthly 

averaged elemental carbon concentrations reach 8 pg/m3 while seaward 

transport causes contours to extend off-grid to the southwest. This 

feature becomes more pronounced in November and December. In 

3 December, peak concentrations are predicted to be over 10 in 

western Los Angeles County near the coast. The peak predicted and 

observed monthly average elemental carbon concentration value at any 

monitoring site occurs at Lennox in December 1982. Contours of high 

concentration extend out over the ocean. 

The geographic region affected by elemental carbon 

3 concentrations in excess of 2 pg/m during each month is represented 

in Figures 4.25 through 4.36. This area covers almost the entire 

SOWO-mile grid, with the exception of the northeast and east, during 

the months of October through January. In Febraary, the tarning of 

the general direction of transport has begun, and by April the region 

3 with concentrations above 2 pg/m has shrank considerably. In June, 

minimum monthly average concentrations of elemental carbon are 

reached. The following months show a larger region being affected by 

elemental carbon concentrations greater than 2 pg/m3; however, the 

region extends much farther inland than in winter months. By 

September, that region appears to be turning toward the southwest and 

inclades most of Orange County and the Los Angeles harbor area. 



4.3.5 Source Class Contributions to Atmos~heric Fine Carbon Particle 

Concentrat ions 

The air quality model computes the contribution to pollutant 

loadings from each source type separately. Because the spatial 

distribution of emissions in the modeling region is different for each 

source type, the resulting contribution to air quality from each 

source type varies by location. Other characteristics of emission 

sources that vary between source types, such as effective stack height 

and diurnal cycle of release, also add to the disparity between source 

types with respect to the contribution to resulting air quality. 

Contour plots of individual source class contributions to 

carbon particle air quality can be examined to further understand the 

impact on air quality from each source type. The increment to monthly 

average fine total carbon concentrations in June 1982 is shown in 

Figares 4.37 and 4 - 3 8  for diesel t r a c t s  and for petrolen- refinery 

fuel burning. Contour plots showing the contribution to fine total 

carbon concentrations in December 1982 from these same two source 

types are displayed in Figures 4.39 and 4.40. 

Emissions from heavy diesel trucks (air quality model source 

class no. 5; see Table D.38) are widespread throughout the Los Angeles 

air basin. All locations in the modeling region are affected to some 

extent by this large area source, emissions of which were assumed to 

be constant from month to month during 1982. In June, the effect is 

felt throughout the central and eastern portion of the modeling grid, 

with the peak contribution of 1.25 pg/m3 near downtown Los Angeles. 
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Figure 4.37 Fine primary total carbon air quality 
increment due to heavy diesel trucks-- 
June 1982. 
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Figure 4.38 Fine primary total carbon air quality 

increment due to petroleum refinery 
fuel combustion--June 1982. 
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Figure 4.39 Fine primary total carbon air quality 
increment due to heavy diesel trucks-- 
December 1982. 
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A AIR MONlTORlNG 

STATION 

CONCENTRAT I ON I N  (pg /M3) 

Figure 4.40 Fine primary total carbon air quality 
increment due to petroleum refinery 
fuel combustion--December 1982. 



In December, the magnitude of total carbon concentrations due to heavy 

diesel trucks is much greater, with a peak increment of 5.23 pg/m 3 

near Lennox. In winter months, predominant winds are from the 

northeast, thereby causing the areas of greatest impact to be the 

western portion of Los Angeles County and northern Orange County. 

Since this source type is the largest single source of total carbon 

emissions in the air basin, pollutant concentrations are largely 

affected by contributions from heavy diesel trucks. The contour plots 

for monthly averaged total carbon particulate concentrations from all 

sources in Figures 4.41 and 4.42 strongly resemble the contour plots 

representing the contribution to total carbon concentrations from 

heavy diesel trucks shown in Figure 4.37 and 4.39. 

Figures 4.38 and 4.40 show the contribution to total carbon 

concentrations from fuel burning at refineries in June and December, 

respectively. Note that the magnitude of the contribution is very 

low, even in December. Refinery operations are located in the 

southwest of Los Angeles County, mostly near Long Beach, 

refineries located in Torrance and at El Segundo near Lennox. Overall 

transport of emissions from fuel combustion at refineries is offshore, 

towards the southwest, in December (Figure 4.40) and inland, towards 

the northeast, in June (Figure 4.38). 

In Figures 4.7b through 4.13b and 4.15b through 4.21b, model- 

computed concentrations are divided into contributions from eight 

major source groups plus background concentrations at each of the 

monitoring locations. The spatial distribution of emissions is 



T C  F R O M  A L L  SOURCES J U N  1982 

KEY:  
A AIR MONITORING 

STATION 

C O N C E N T R A T  I ON I N  (pg /M3) 
Figure 4.41 Monthly average fine primary total carbon 

concentration isopleths computed by the 
air quality model simulation--June 1982. 
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Figure 4.42 Monthly average fine primary total carbon 
concentration isopleths computed by the 
air quality model simulation--December 1982. 



different for each source group. Hence, the relative importance of 

each source class varies by location. 

As an extreme example, one may examine the contribution of 

aircraft emissions to atmospheric carbon particle concentrations. 

There is very little contribution at all sites except Lennox, which is 

near the Los Angeles International Airport. At Lennox, aircraft 

emissions are an important contributor, especially to elemental carbon 

concentrations (see Figure 4.7b). 

At all stations, the largest single contribution to elemental 

carbon concentrations is due to emissions from diesel highway 

vehicles. This source class is responsible for between 40% to 50% of 

the elemental carbon concentrations in most months at most stations. 

At West Los Angeles, the contribution from highway diesels is near 60% 

for the later months of 1982. Other sources of elemental carbon 

emissians that cantrih=ted t o  a lesser e x t e ~ t  were gasoline-poirered 

vehicles and non-highway diesel fuel applications. These three mobile 

source classes were responsible for the overwhelming majority of 

elemental carbon concentrations at all sites. 

On the other hand, total carbon c'oncentrations are made up from 

contributions from a large number of varied source classes. The 

mobile sources, which were responsible for the majority of elemental 

carbon concentrations, are large contributors to fine total carbon 

particulate concentrations as well. However, there are other source 



classes, such as charcoal broilers (within the fugitive combustion 

source category), which do not emit much elemental carbon but do emit 

particulate organic carbon and, therefore, contribute to the total 

carbon burden. 

The sources responsible for pollutant concentrations have a 

direct bearing on the choice of an effective strategy for pollution 

control. If control of total carbon mass concentration is desired, 

then measures aimed at reducing emissions from many different sources 

must be considered. Diesel vehicle exhaust alone contributes the 

majority of the elemental carbon concentrations in Los Angeles. 

Therefore, if an effective control strategy for elemental carbon 

concentrations is sought, it must necessarily include measures which 

reduce particulate emissions from combustion of diesel fuel. 

4.4 Summarv 

The Lagrangian air quality model, developed in Chapter 3 #  was 

applied to the task of predicting 1982 monthly average carbonaceous 

particulate concentrations in the Los Angeles air basin. An extensive 

fine particulate emissions inventory was assembled for the Los Angeles 

air basin. Other data requirements (e.g., meteorological) were 

outlined and satisfied. The model was employed to predict monthly 

average fine primary total carbon and fine elemental carbon 

concentrations at seven receptor locations that were monitored during 

1982. 



Concentration predictions were compared with observations of 

concentrations from the air monitoring network described in Chapter 2. 

The model appears to be a very good predictor of monthly average fine 

elemental carbon and total carbon particle concentrations. The model 

predicted seasonal trends that were very similar to those observed at 

most locations, and the correlation between predicted and observed 

monthly average concentrations was very high. 

The model is accurate at predicting the magnitude and location 

of peak concentrations, which were generally at Los Angeles and 

Lennox. Concentration predictions may be improved in areas far from 

downtown Los Angeles (e.g., Azusa) by utilizing a more sophisticated 

wind field in the horizontal transport calculation. 

The model, after having been validated, was used to determine 

source class contributions to both fine primary total carbon and fine 

eleaenta? carbon c o n e e n t i s t i o n s  a t  t h e  seven reeeptor Ioeatiots. 

These source-ta-receptor transfer relationships may be used to predict 

the long-term average pollutant concentrations that would result from 

a different set of emission source strengths. Changes in emission 

strength can occur as a result of control measures being applied to a 

number of the source classes. Therefore, the model results may be 

used to determine the effect of strategies for control of fine 

carbonaceous particulate concentrations. This useful application of 

the modeling exercise is demonstrated in Chapter 5. 
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OPTIMAL STRATEGIES FOR THE CONTROL OF FINE 

PRIMARY PARTICULATE CARBON AIR QUALITY 

5 .I Introduction 

In the previous chapter, a Lagrangian air quality model was 

applied to the task of predicting monthly average fine primary 

particulate carbon concentrations in the Los Angeles area. Results 

from the model calculation may be combined with information on 

emission control measures and their costs in order to determine the 

optimal strategy for attaining any desired level of improved aerosol 

carbon air quality. The air quality model predicts the contribution 

to pollutant concentrations at seven monitoring sites from many 

different source types. The model's calculation scheme is linear in 

pollutant emissions. In other words, the model-computed contribution 

from any single source type is proportional to the basin-wide level of 

emissions from that source type. Therefore, a linear programming 

algorithm may be applied to determine the least costly combination of 

control measures that would achieve a given air quality goal 

simultaneously at the seven monitoring sites. 

A linear program consists of an objective to be optimized, in 

the form of a function to be minimized or maximized, and a set of 

constraints, which take the form of a set of linear inequalities. The 

objective in this application is to minimize the cost of applying a 



set of emission control measures. The most important constraint is 

that the air quality must improve. It is required that the annual 

average pollutant concentration be held at below a stated limit at 

each of the seven monitoring sites. To achieve this air quality goal, 

a trial set of emission control measures is selected. Results of the 

air quality model then are used to compute a hypothetical prediction 

of the 1982 annual average pollutant concentration at each site that 

would result from the pollutant emissions that remain after the given 

set of controls has been put in place. If the combination of control 

measures produces air quality which satisfies the constraints, then 

the strategy is feasible. The optimal control strategy is the 

feasible strategy that has the lowest cost. 

Linear programming techniques often are used alongside air 

quality models to determine the least costly air pollution control 

strategy. Xeh= !19?0! minimized the cost  cf redzcing basin-aide 

emissions in St. Louis using a linear rollback emissions to air 

quality model. Spatially resolved Gaussian plume models that attempt 

to account for atmospheric transport processes have been employed by 

researchers, in conjunction with linear programming techniques, to 

choose the least costly combination of control measures that will 

result in a required level of air quality improvement (Atkinson and 

Lewis 1974, Kohn 1974, Teller 1967). Burton and Sanjour (1970) 

combined a Gaussian plume air quality model with integer programming 

techniques (that guard against the choice of fractions of a control 

measure) to select strategies for control of particulate matter and 



sulfur oxides in Washington, D.C., and Kansas City. Integer 

programming and linear programming techniques were compared by Gipson, 

Freas, and Meyer (1975) in case studies of three urban areas. 

Trijonis et al. (1975) used linear programming techniques to select 

least costly strategies for particulate matter control based on a non- 

linear emissions t~ air quality model that takes into account the 

secondary formation of particulate matter. Atkinson and Lewis (1974) 

and many others have indicated that the use of sophisticated air 

quality models to predict pollutant contributions from sources will 

result in a large cost savings when addressing the question of air 

quality control. A review of air quality modeling techniques that 

have been matched to optimization techniques may be fonnd in Cass and 

McRae (1981) . 
In this chapter, a linear programming technique is stated that 

optimizes the choice of a strategy for regional air pollution control. 

The technique is applied to the control of fine primary carbonaceous 

particulate concentrations in the Los Angeles area. Since air quality 

standards do not exist at present for aerosol carbon species, no 

single air quality constraint can be considered at this point. 

Instead, the linear programming exercise can be run repeatedly for a 

variety of possible air quality objectives. By organizing those 

results, one can depict the least costly path toward air quality 

improvement, that is, the sequence in which the control measures are 

to be applied as air quality constraints are tightened. Optimal 

strategies for control of fine primary total aerosol carbon 



concentrations are compared to optimal strategies aimed at controlling 

fine elemental carbon concentrations. The distinction between these 

two possible objectives is important. Total carbon control would be 

favored if reduction in aerosol mass loading is sought, while 

preferential control of elemental carbon would be favored as part of a 

strategy aimed at visibility improvement. 

5.2 Formulation of the Linear Programming Techniaue 

The control strategy which satisfies a regional air quality 

goal at the lowest cost can be identified by solving the following 

minimization problem: 

Choose x1,x2, ..., xK to minimize: 

Subject to: 



where 

C 

C k 

xk 

tij 

r 
jk 

i 

is the total annual cost of the emission control strategy 

($/year). 

is the cost of utilizing control measure k at all emission 

sources to which the control measure applies ($Iyear). 

is the level of application of control measure k. If xk = 0 

then control k is not used. If xk = 1 then control k is 

applied to the maximum possible extent. 

is a transfer coefficient from the air qnality model which 

indicates the predicted annual average pollutant 

concentration increment at monitoring site i contributed by 

3 a single source class j (pg/m 1 at uncontrolled emission 

levels. 

is the fractional redaction in pollutant emissions at sonrce 

class j resulting from the application of control measure k. 

It is assumed that the fractional reduction in emissions, if 

control k is applied, is the same for all sources within 

single source class j. (Local emission control regulations 

generally apply uniformly to all sources of the same type in 

an air basin.) 

3 
is the required air quality improvement at site i (pg/m 1.  

Note that qi = pi - g where pi is the present pollutant 
concentration at site i and g is the regional air quality 

goal. 



dmk is the amount of scarce resource m which is required if 

control measure k is adopted as part of the control 

strategy. 

s is the limited supply of scarce resource m which is m 

available for control strategy use. 

bnk is a compatibility parameter. The purpose of inequalities 

(5.4) is to prevent the simultaneous -2plication of two or 

more incompatible control measures. Far example, if control 

measure a conflicts with control measure B, then the 

requirement x 
a + x~ 

I 1  would prevent the application of 

both control measures to the same source. Emission control 

measures that conflict with one another will be grouped. 

All control measures k falling in the same group of 

conflicting controls are ass igned  vaiaes b = 1; otherwise, 
nk 

bnk = 0. 

I is the number of air monitoring sites at which the air 

quality goal must be satisfied. 

J is thenumber of source classes. 

K is the number of control measures. 

M is the number of different scarce resources required by the 

set of K control measures. 



N is the number of groups of conflicting control measures 

among the universe of K control measures. 

It is desired to solve for the control strategy. (xl,x2, ..., x 1 K 

which will minimize the overall cost, as shown in equation (5.1), 

ile meeting the required air quality goal as expressed in the 

inequalities of (5.2). Constraints (5.3) are used to limit the 

consumption of resources. each of ich is needed by one or more of 

the control measures. The inequalities of (5.4) are used to prevent 

the simultaneous application of conflicting control measures and the 

inequalities of (5.5) require that each rk lie in the interval between 

een zero use and 10 application). 

The minimization problem stated in (5.1) through (5.5) may be 

rewritten using matrices and vectors as follows: 

inimize 

subject to: 



where 

T, B, and D 

a r e  v e c t o r s  whose elements a r e  t he  va lues  c  

qk, and sm, r e spec t ive ly ,  a s  descr ibed  i n  (5.1) 

through (5.5).  

a r e  mat r ices  whose elements a r e  the  va l aes  t 
i j '  

r and d m k , r e s p e c t i v e l y ,  a s  descr ibed  i n  (5.11 
j k  

through (5.5).  

o  purposes. As i n  (5.4)" i t  r e q u i r e s  

t h a t  xa + xp + ... + x I I f o r  c o n t r o l s  a, B, . 
Y 

hich cannot be app l i ed  s imultaneously.  

Since a l l  x  2 0, t h i s  i s  a  s t r i c t e r  c o n s t r a i n t  
k 

than each of x I 1,x I I,... + x I 1  which a r e  
a $ Y 

r equ i r ed  by (5.5).  Therefore,  t he  c o n s t r a i n t s  

xk I 1 of (5.5) may be incorpora ted  i n t o  the  

ma t r ix  B i n  t h e  fol lowing manner. B i s  

cons t ruc ted  by s t a r t i n g  i t h  t he  i d e n t i t y  mat r ix  I 

1 ,  followed by adding a  row f o r  each 

c o n f l i c t  group n, such t h a t  bnk = I i f  c o n t r o l  

i s  i n  the  group (0  o the rwi se ) ,  and then  f i n a l l y  

removing each row k of t he  o r i g i n a l  i d e n t i t y  

mat r ix  i f  con t ro l  k  a s  s p e c i f i e d  i n  any c o n f l i c t  

group. Therefore a  1 should appear  a t  l e a s t  once 

i n  each column of B. 



is a vector whose elements, e all equal 1, i,e., n' 

a is a vector whose elements are all zero, i.e., 

gT = (OSO, , . . ,OI . 
The problem stated in (5.1) through (5.5) or in (5.1') throagh 

(5.5') may be solved directly by linear programming techniques. 

Linear programming is the study of systems of linear inequalities. In 

general, any equality, x = a, may be represented by two inequalities, 

x 2 a and x a. Therefore linear algebra, which is the study of 

systems of linear equalities, is merely a special case of linear 

programming. In 1902, Julius Farkas proved an important theoretical 

result concerning the existence of solutions to linear programming 

problems. However, not until the computer age began did efficient 

methods of finding solutions arrive, In 1951, George Dontaig's 

simplex method appeared (Dantzig 1951, Franklin 1980). The simplex 

method enables one to find the optimal feasible solution (if a 

feasible solution exists) to the following general problem (stated in 

canonical form) : 

The simplex algorithm may be found in any introductory text on linear 

programming (e. g., Gale 119601 or Frank1 in El9801 1. 

It remains to convert the system of (5.1') through (5.5') into 

the form of the canonical minimization problem ( 5 . 6 ) .  An inequality 



x I a may be transformed into an equality by introducing a slack 

variable z .  Then x + z = a together with z 2 0 implies x 5 a. 

Introducing slack variables to the set of inequalities (5.2') through 

(5.5') yields: 

The matrix equations (5.7) through (5.9) may be rewritten as one 

partitioned matrix equation: 

and (5 .lo) becomes : 

where 



If equation (5.1') is restated to minimize 

then (5.11) through (5.13) are in the canonical form of ( 5 . 6 )  and are 

equivalent to the minimization problem presented in (5.1') through 

(5.5'). It now requires only the application of the simplex method to 

determine if there exists a strategy ich satisfies (5.11) and 

(5.12) (feasibility), and if there is, to compute the optimal control 

5.3 Amlication of the Linear Programming Techniaue for Control of 

Fine Primarv Carbonaceous Particulate Air Quality in the Los - 
Anneles Area 

5.3 .I Introdaction 

In this section, the linear programming technique discassed in 

Section 5.2 is applied to the task of computing the optimal strategy 

for controlling fine primary carbonaceous particulate air quality in 

the Los Angeles area. The calcnlation is performed using 1982 

emissions data extracted from Chapter 4 of this 

If a given set of emission control measures, which 

being used in 1982, had been in place during that year, then an 

improvement in air quality would have resulted. A prediction of what 

the 1982 air quality would have been, in the presence of an additional 



set of emission controls, may be made by using the source class 

contributions to 1982 fine primary carbonaceous particulate 

concentrations computed by the air quality model in Chapter 4. A 

feasible set of emission control measures is sought, 

resulted in a desired level of air quality improvement at a minimum 

cost. 

Solving the fine particulate air quality problem in Los kngeles 

is difficult. In the last few decades, control devices have been 

installed at almost all industrial process sources that emit 

particulate matter. Despite these efforts, fine particulate matter 

concentrations in ambient air remain high. At do n Los Angeles 

the 1982 annual average fine particulate matter concentration 

measured to be 32.5 pg/m3 and the peak monthly averaged fine 

particulate concentration as 58.2 pg/m3 during December 1982. About 

of the f ine  par t i ca la te  observed t o  be carbonaceoas [ s ee  

Chapter 2). The regional Ai lan for the Los 

Angeles area (South Coast Air Q anagement District, 1982) does 

not offer much hope for future particulate air quality improvement. 

It contains only a few control measures for particulate emissions, and 

the emissions reductions are small. 

In order to solve an air pollution problem, those sources 

responsible for the problem must be identified. In Chapter 4, 

Section 4.3.5, it was discovered that highway-related emissions are 

responsible for the majority of the fine carbonaceous particulate 

matter concentrations in the Los Angeles area. Therefore, it is 



necessary to control these sources if a substantial improvement in 

fine carbonaceous particulate air quality is to be achieved. 

5.3.2 Data Reauirements 

In order to solve the linear program of (5.11) through (5.13) 

to determine fine carbon particle control strategies, the matrices T, 

R, D and B and the corresponding requirement vectors q and s must be 
C1 

specified. Also the anit control cost vector, 2, must be assembled. 

The source to receptor transfer coefficient matrix* T, is 

constructed from the results of the air quality model calculation 

which was presented in Chapter 4. Each ti represents the predicted 

3 annual average pollutant concentration increment (pg/m ) at site i due 

to emissions from source type j (at uncontrolled 1982 emission 

levels). Model concentration predictions made at seven air monitoring 

station sites resulting from emissions from 74 source types will be 

employed in the linear programming calculation (i.e. I = 7,  J = 74).  

The increments to both fine primary total carbon and fine elemental 

carbon concentrations at each of these air monitoring sites from each 

source type are presented in Appendix F. Model results from all 

months of 1982 were averaged, weighted by the number of days in each 

month, to arrive at the predicted contributions to annual average fine 

primary total carbon and fine elemental carbon concentrations from 

each source. 

Potential control measures for fine particulate carbon were 

inventoried, resulting in a list of 33 control measures (i.e., K = 



33). Measures were sought which are technically feasible and the 

existence of which are reasonably certain. Generally, only control 

measures which involve some technological change were considered 

during this study, for example: control devices which are applied to 

emissions sources or the switching of grades of fuel. Control 

measures which require a political or social restructuring were not 

considered, for example: the changing of driving habits. 

Detailed estimates of the costs and emission reduction 

capabilities of each of the 33 control measures appear in Appendix D. 

This information is summarized in Table 5.1. The costs are stated as 

an equivalent annual cost of operation plus allowance for amortization 

of capital investments in 1982 dollars per year. Estimation of the 

costs of control often is difficult. In recent years fuel prices have 

fluctuated greatly. The ultimate price of a new technology that has, 

to date, been demonstrated only at the prototype stage often is not 

known exactly. The price of a control device or resource may change 

drastically when demand is increased. It should be understood that 

the purpose of this exercise is to demonstrate the utility of the 

proposed linear programming calculation procedure, and that the 

calculations may be rerun when more reliable data on emission control 

measures and their costs become available. 

The linear programming objective function, (5.131, assumes that 

the cost of a control is proportional to its application level, which 

may not always hold true. Some control cost functions may be non- 

linear. A non-linear cost function could be used to replace (5.13); 
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however, more information would be needed concerning the market prices 

of a number of items. Some control measures may be indivisible (they 

must be used completely or not at all). Integer programming could be 

used to search for the optimal solution where each x is confined to 
k 

take a value of 1 or 0 only. However, most of the control measures 

listed in Table 5.1 can be applied to a fraction of the source class 

population (e.g., half of the city busses, half of the paved road 

surfaces) without taxing the feasibility of the control program. 

Therefore, execution of the more difficult integer programming problem 

was not deemed to be necessary. 

In several cases, additional benefits would be attained from 

the use of a control technique, beyond the carbonaceous particulate 

emission reduction, which make that control measure more attractive 

than pictured in Table 5.1. For example, catalytic converters have 

been required on automobiles primarily to reduce CO, NO and 
xB 

hydrocarbon emissions, although some particulate emission reductions 

also occur. In formulating the present problem, a choice is faced. 

Either the catalysts on automobiles are viewed as "costless" since 

they will be required for other reasons, or the merits of the 

catalytic converter may be assessed as if it were a particulate 

control technique. In the calculations that follow, the latter course 

is taken. The determination of whether the cost of utilizing a 

control measure is justified will be based only on its effect on 

carbon particle air quality. If one wishes to consider that catalysts 

placed on light-duty vehicles are a sunk cost, then it is a simple 



matter to delete their cost from the cost of the aerosol carbon 

control program. 

The column of annual costs in Table 5.1 contains the unit cost, 

ck, of each control measure k. These values make up the unit cost 

vector g, If a control measure has a level of application of one 

unit, it is being applied uniformly to all sources in the four-county 

South Coast Air Basin even if the source is located outside the 

50X501aile air quality modeling grid. That is done in recognition of 

the fact that it is administratively impractical to separate the 

western Los Angeles basin, where the air quality modeling grid 

resides, from the remainder of the airshed. 

The reduction of fine total carbon and elemental carbon 

emissions in the South Coast Air Basin which would result from each 

control measure is presented in Table 5.1. These values were obtained 

by multiplying the fraction reduction (found in Appendix Dl by the 

rate of emissions in the Soath Coast Air Basin (from Appendix C) for 

each source type that the control measure affects. Estimates of the 

1982 actual fine total carbon and elemental carbon emissions from all 

sources in the South Coast Air Basin are presented at the bottom of 

Table 5.1, for comparison. The maximum reduction of total carbon 

emissions is 24.86 Tlday, attainable if every control measure in 

Table 5.1 is adopted (excluding the very expensive paved road dust 

controls; if more than one control measure is in conflict, the measure 

which produces the largest reduction is used). This amounts to 48% of 

the 1982 total carbon emissions in the South Coast Air 

Basin. The cost for that maximum reduction of total carbon emissions 



6 is estimated to be 481 X 10 QIyr. Approximately the same cost 

produces the maximum elemental carbon emissions reduction of 

9.83 T/day, which amounts to 68% of the 1982 total for elemental 

carbon emissions in the air basin. 

The emission reduction matrix* R, is constructed from the 

values presented in Appendix D, for total carbon (TC) and elemental 

carbon (EC) emissions reductions. A separate R matrix is developed 

for total carbon emissions and for elemental carbon emissions, and 

these two matrices are intended for use in separate linear programming 

calculations. Each r is the fractional emissions reduction due to 
jk 

the application of control measure k at source type j. Since each 

control measure affects, at most, only a few source types, many of the 

r are zero. The value of r is non-zero if source type r is listed 
jk jk 

under control measure k in Table 5.1 (or Appendix D). 

The multiplication of matrices T and R results in the matrix, 

TR, whose elements, (trIik, represent the reductions in pollutant 

concentration at site i due to control measure k. A separate TR 

matrix was constructed for fine total primary carbon and fine 

elemental carbon concentration reductions. 

The first 9 rows of the matrix B are constructed from the 9 

groupings of incompatible controls listed in Table 5.2 (i.e.. b$ = 9). 

The nth row contains the coefficients, bnk, which equal 1 if control 

measure k is a member of conflict group n (0 otherwise). Subsequent 

rows are added to B for each control measure not included in any 

conflict group. Of the 33 control measures, only ten are not included 



Table 5.2 

Groupings of Incompatible Control Measures 

D.3 #1 DIESEL FUEL USE BY LIGRT-DUTY DIESEL VEHICLES 
D. 4 PARTICLE TRAPS ON LIGHT-DUTY DIESEL VEFIICLES 
D.5 PARTICLE TRAPS #1 DIESEL FUEL USE FOR LT-DUTP DIESELS 

Group 2 : HEAVY DIESEL TRUCKS 

D.8 #1 DIESEL FUEL USE BY HEAVY DIESEL TRUCKS 
D. 9 PARTICLE TRAPS ON HEAVY-DUTY DIESEL TRUCKS 
D. 10 PARTICLE TRAPS 4 #I DIESEL FUEL FOR flEAW DIESEL TRUCKS 

Group 3: OFF-ROAD DIESELS 

D.14 #1 DIESEL FUEL USE IN OFF-ROAD DIESEL ENGINES 
D.15 PARTICLE TRAPS ON OFF-ROAD DIESEL ENGINES 
D.16 PARTICLE TRAPS 6, #1 mTEL FOR OEF-ROAD DIESEL ENGINES 

Group 4: UTILITY BOILERS - RESIDUAL OIL 
D.19 USE OF O.lflWS BESIDUAL OIL BY UTILITIES 
D.34 SUBSTITUTE NATURAL GAS FOR BESIDUAL IN UTILITY BOILERS 

Group 5 :  REFINERY BOILERS - RESIDUAL OIL 
D.20 USE OF O.lO%S RESIDUAL OIL 33Y REFINERS 
D.35 SUBSTITUTE NATURAL GAS FOR RESIDUAL IN REFINERIES 

Group 6: INDUSTRIAL BOILERS - BESIDUAL OIL 
D.21 USE OF 0.25%S RESIDUAL OIL IN INDUSTRIAL BOILEBS 
D.22 USE OF 0.104bS RESIDUAL OIL IN INDUSTRIAL BOILERS 
D.36 SUBSTITUTE NATURAL GAS FOR BESIDUAL IN INDUS BOILERS 



Table 5.2 (continued) 

Group 7: DIESEL STAT IC ENGINES 

D.25 #I DIESEL FUEL USE IN DIESEL INDUSTRIAL IC ENGINES 
D.26 PARTICLE U S  ON DIESEL INDUSTRIAL IC ENGINES 
D.27 PARTICLE TRAPS 4 #I FUEL IN DIESEL INDUSTRIAL IC ENGINE 

Group 8 : RESICOM BOILERS - RESIDUAL OIL 

D.28 USE OF 0.25WS RESIDUAL OIL BY RESIDENTIALICOMMERCIAL 
D.37 SUBSTITUTE NATURAL GAS FOR RESIDUAL IN RES/COM BOILERS 

Group 9: PAVED ROAD DUST 

D.29 PAVED ROAD FLUSHING 
D.30 PAVED ROAD FLUSHING AND BROOM SWEEP 



i n  any c o n f l i c t  group (10 columns of the  f i r s t  9  rows of B conta in  no 

non-zero v a l u e s ) ,  so  t en  a d d i t i o n a l  rows a r e  added t o  B ( i . e . ,  N2 = 

10,  N = N1 + N2 = 1 9 ) .  Only one element, bpk, i s  non-zero i n  each of 

these a d d i t i o n a l  s i x  rows. A va l ae  of 1 is placed i n  each a d d i t i o n a l  

row, such t h a t  every column k of the f i n a l  B mat r ix  has  a t  l e a s t  one 

non-zero va lae .  

The l i n e a r  program has the  capac i ty  t o  limit the a v a i l a b i l i t y  

of scarce  resources  needed by c o n t r o l  measures. Examination of 

con t ro l  measure D.34 ( s ee  Appendix D) r e v e a l s  t h a t  c o s t s  and p o l l u t a n t  

emissions may be lowered by burning n a t u r a l  gas  r a t h e r  than r e s i d u a l  

o i l .  Bowever, n a t u r a l  gas i s  no t  always a v a i l a b l e  f o r  use a s  a  b o i l e r  

fue l .  Two cases  a r e  examined. I n  the  f i r s t  case,  it  i s  assumed t h a t  

no a d d i t i o n a l  n a t u r a l  gas i s  a v a i l a b l e  f o r  b o i l e r  f u e l  beyond t h a t  

which was a c t u a l l y  burned i n  1982. I n  the second case ,  an unl imited 

n a t u r a l  gas  supply is  allowed a t  1982 p r i ce s .  Both eases s a k e  nse of 

mat r ix  D, which con ta ins  only one row ( i . e . ,  M = 11, with elements,  

- dmk - dlk, equal  t o  t he  amount of n a t u r a l  gas  r equ i r ed  by con t ro l  

measure k, beyond t h a t  consumed i n  1982. The n a t u r a l  gas supply 

r equ i r ed  by c o n t r o l  measures D.34 through D.37 i s  l i s t e d  i n  

Appendix D. 

The v e c t o r  2 con ta ins  only one va lue ,  sm = sl ,  which r ep re sen t s  

the n a t u r a l  gas  a v a i l a b l e  f o r  t he  c o n t r o l  s t r a t e g y .  For the  l i m i t e d  

n a t u r a l  gas  case ,  sl  = 0,  whereas f o r  the unl imi ted  n a t u r a l  gas case,  

k  
s1 i s  s e t  t o  a  va lue  which i s  l a r g e r  than dmk ( t h e  t o t a l  n a t u r a l  

k=l  

gas r equ i r ed  by a l l  c o n t r o l  measures).  



The minimum cost of control to achieve an air quality goal 

under the two cases of natural gas supply may be compared. This 

comparison is useful in determining how much the availability of 

additional natural gas is worth, with respect to the improvement of 

carbon particle air quality. The air quality model shows that 

stationary fuel combustion sources were not responsible for a large 

fraction of the carbon particle concentration, so it is expected that 

the difference between control strategy costs in these two cases will 

not be large. 

Finally, the vector of required air quality improvements q must 
N 

be constructed. Recall that each value, qi, representing the air 

quality improvement required at site i, is equal to pi - g, where pi 
is the present pollutant concentration at site i, and g is the air 

quality goal to be met at all locations. The linear program will be 

solved a number of times with progressively stricter air quality 

goals. Initially, g is set near the present maximum annual average 

concentration at all sites. For each subsequent linear programming 

calculation, g is decreased by Ag until no feasible solution exists. 

For fine primary total carbon concentration control, Ag is set to be 

3 (-10.4 pg/m . while the decrement of the fine elemental carbon 
3 concentration limit is (-10.2 pg/m . By solving a number of 

successive linear programs, each with a slightly stricter air quality 

goal, a relationship will be developed between the cost of control and 

the concentration limit that could be met simultaneously at all 

receptor sites. 



5.3.3 Results  

The source t o  receptor t r a n s f e r  coef f i c ien t s  produced by the 

a i r  q u a l i t y  model were used t o  determine the optimal control  

s t r a t e g i e s  f o r  f i n e  t o t a l  carbon and f ine  elemental carbon p a r t i c u l a t e  

a i r  q u a l i t y  i n  the Los Atlgeles area.  The l i n e a r  program of (5.11) 

through (5.13) was solved using the simplex method a s  implemented by a 

modified vers ion of a  computer code provided by Sandia National 

Laboratories (1979). The so ln t ion  i s  the l e a s t  c o s t l y  s e t  of control  

measures which would cause a i r  po l lu tan t  eoncentrat ions t o  f a l l  t o  or 

below a required concentrat ion l i m i t  s i ~ l t a n e o a s l y  a t  every receptor 

s i t e .  

The l i n e a r  programming minimization problem was solved 

repeatedly,  each time with a progressively s t r i c t e r  a i r  p m l i t y  

requirement. The r e s u l t s  a r e  displayed i n  Figure 5.1 f o r  f i n e  primary 

t o t a l  carbon con t ro l  and i n  Figure 5.2 fo r  f ine  elemental carbon 

control  ( l imi ted  n a t u r a l  gas case) .  Control measures a re  l i s t e d  a s  

each becomes a pa r t  of the optimal control  s t ra tegy.  (The number i n  

parentheses next t o  each control  measure i n  Figures 5.1 and 5.2 r e f e r s  

t o  the  con t ro l  measure number i n  Appendix Dl. As the allowable 

po l lu tan t  concentrat ion l i m i t  i s  reduced, more and more con t ro l s  

become necessary. 

Control measures a re  se lec ted  f o r  inc lus ion i n  the optimal 

control  s t r a t e g y  based on t h e i r  cost  and e f fec t iveness  i n  reducing 

ambient po l lu tan t  l eve l s .  Therefore control  measures with zero cos t s  

were se lec ted  f i r s t ,  even though concentration reductions from these 
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Figure 5.2 
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controls are small. The additional cost of radial tires over bias-ply 

tires is offset by the longer life of radial tires (see 

Appendix D.31). The South Coast Air Quality Management District 

states that a fuel savings would occur if jet aircraft were towed when 

in taxi mode by special purpose vehicles (see Appendix D.11). Since 

these two control measures have no net cost, they are the most cost 

effective. 

The next most cost effective control measures have non-zero 

costs, but result in large concentration reductions at all locations. 

These measures are aimed entirely at diesel engines in the case of 

fine elemental carbon particle control (see Figure 5.2). The annual 

cost of placing particle trap systems on all light and heavy duty 

diesel vehicles and off-road diesel engines, and switching from #2 

diesel fuel to #I diesel fuel in railroad use was estimated to be 

s b o l t  69 X 106$hr  ( s e e  k!.ppendiccs 0.4, D.9, D.13, l a d  D.15). These 

four control measures would have reduced the 1982 annual average fine 

elemental carbon concentrations at downtown Los Angeles by 

3 approximately 2.24 pg/m , which represents almost a 509b concentration 

reduction at that location. 

The four diesel control measures are also an effective choice 

for reducing fine primary total carbon concentrations. Two additional 

controls on charcoal broilers and on fireplace emissions (see 

Appendices D.33 and D.321, which reduce emissions from large sources 

of fine organic carbon, are included near the beginning of the total 

carbon control strategy list (see Figure 5.1). It is estimated that 



these six controls would have reduced 1982 annual average fine total 

3 carbon concentrations at Lennox by about 4.3 pg/m at an annual cost 

6 of less than 100 X 1 0  $lyr. 

As the concentration limit is further reduced, more costly 

(less cost-effective) control measures are added to the least cost 

control strategy. Although several hundred million dollars per year 

is needed to produce the largest possible concentration reduction, a 

very large reduction is possible at a fraction of that cost, if only 

the most cost-effective control measares are employed. It is 

6 estimated that for a cost of 102 X 10 $lyr, the maximum a n n a l  average 

fine prbary total carbon concentration may be reduced from above 

3 14 pg/m3 to 9.2 pg/m . The maxi~um annual average fine elemental 
3 carbon concentration may be reduced from above 5 pg/m to 2.4 pg/m3 at 

6 
a cost of only 80 X 10 $/yr. 

The two cases of natural gas supply were examined. The control 

measures, D.34 through D.37, requiring a natural gas supply in excess 

of 1982 levels have zero costs and hence are included immediately into 

the control strategies when the unlimited natural gas sapply case is 

considered. The concentration reductions resulting from these four 

control measures are very small (annual average elemental carbon 

concentration reductions less than 0.006 pg/m3 at all locations; total 

carbon concentr8tion reductions less than 0.035 pg/m3 at a11 

locations) so that the control strategies produced with and without a 

further increase in natural gas levels are almost identical. 

The control strategy optimization for annual average pollutant 



concentrations was compared to the same calculation for determining 

optimal control strategies for abatement of the peak monthlv average 

pollutant concentrations. Transfer coefficients from the December 

1982 air quality model calculation were used to compute optima3 

strategies for controlling peak monthly fine primary total carbon and 

fine elemental carbon concentrations. The linear programming results 

for peak monthly average concentrations were almost identical to those 

for annual average concentrations. Control measures were included in 

optimal control strategies in the same order for 1982 annual average 

concentrations as for December 1982 concentrations. It is expected 

therefore, that a control strategy which is chosen to be the most 

effective at reducing annual average carbon particle concentrations 

will also be optimal or near optimal for reducing peak monthly average 

carbon particle concentrations. 

Optimal control strategies have been found for the reduction of 

annual average fine primary total carbon and fine elemental carbon 

concentrations in the Los Angeles area, as shown in Figures 5.1 

and 5.2. These two strategies are similar, including mostly controls 

on diesel fuel combustion sources. These strategies do differ in some 

details. As mentioned previously, the emphasis on total carbon versus 

elemental carbon abatement should depend on the goal of the control 

program. A goal emphasizing mass concentration reduction favors total 

carbon control, while visibility improvement would be served best by a 

heavier emphasis on preferential removal of elemental carbon. 

The effect of choosing between control strategies that 



emphasize fine elemental carbon control versus fine total carbon 

control is illustrated in Figare 5.3. The solid line represents the 

optimal strategies for controlling fine elemental carbon 

concentrations. It was constructed from the points in Figure 5.2. 

For a given number of dollars spent, that curve determines the lowest 

possible elemental carbon concentration limit, which is attainable by 

adopting the optimal set of control measures as prescribed in 

Figure 5.2.  If, however, the optiaal strategy for total carbon 

concentration redaction is adopted, higher elemental carbon 

concentrations would result at some levels of expenditme as shown by 

the dashed line in Figlare 5.3. 

The difference between the two strategies is largest when 

control costs are in the vicinity of $69 million per year. At this 

cost, optislization for total oarbon ceatrol would restdt in a maximtva 

3 annual elemental carbon concestrrtion rf &boat 2.72 Fg/ip . hi the 

same cost, the optimal strategy for ele~acntal carbon control would 

produce a maximum annual elemental carbon concentration of 

3 approximately 2.44 pg/m . 
The maximum annual average total carbon concentrations which 

would result from the optimal control strategies for elemental carbon . 

are shown on the dashed line in Figure 5.4. If $50 million per year 

is spent on control measures to produce the lowest possible maximum 

annual average elemental carbon concentration, then the maximum annual 

average total carbon concentration at any location would be about 

3 10.8 pg/m . Adoption of the optimal strategy for total carbon 



Figure 5.3 Control of elemental carbon concentration: 
comparison of optimal strategy for EC 
reduction to EC concentrations that result 
from optimal strategy for TC reduction. 
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Figure 5.4 Control of total carbon concentration: 
comparison of optimal strategy for TC 
reduction to TC concentrations that result 
from optimal strategy for EC reduction. 
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control, at the same cost, would result in a maximum annual average 

3 total carbon concentration slightly higher than 10.0 pg/m . 
Either of the two optimal control strategies, for costs greater 

than $100 million, produce similar maximum annual average elemental 

carbon concentrations, as shown in Figure 5.3. Overall, the greatest 

difference between the effects of the two control strategies is on 

maximum annual total carbon concentrations, as seen in Figure 5.4. 

Controls on charcoal broilers and fireplace emissions (controls D.33 

and D.32) are absent from low cost strategies aimed at reducing 

elemental carbon concentrations. The largest discrepancy in the two 

curves of Figure 5.4 disappears beyond a cost of about $220 million. 

During the course of this project, two successive generations 

of cost estimates were supplied to the linear programming model. It 

was found that the order of preference for various control measures 

was virtually unchanged in spite of a complete review of the cost data 

which resulted in about a 25% increase in the total estimated cost of 

control. 

5.4 Snnrmary and Conc.las ions 

In this chapter, a linear programming technique for air 

pollution control strategy optimization was applied to the problem of 

aerosol carbon control in the Los Angeles area. The technique 

combines source to receptor information derived from the air quality 

modeling study of Chapter 4 with data on the cost and emission 

reduction capabilities of a variety of control measures to determine 



the least costly combination of controls that would result in a 

required air quality improvement. 

Source to receptor coefficients are supplied in the form of 

source class contributions to fine elemental carbon and total carbon 

concentrations from the air quality model application presented in 

Chapter 4. A set of 33 control measures were defined in terms of 

their costs and emission reduction effectiveness. The linear program 

was solved for both fine elemental carbon (EC) and fine total carbon 

(TC) control, for a number of different levels of air quality 

improvement . 
It was found that, while a 68% basin-wide fine elemental carbon 

emissions reduction could be achieved at an annual cost of near $500 

million, resulting in peak annual average EC concentrations under 

3 
2.0 pg/m at all locations, it is possible to reduce the annual 

3 
average EC concentrations from the 1982 peak of over 5 pg/m. t o  

2.4 pg/m3 at a cost of only $80 millionlyear. h r a l  average primary 

fine T C  concentrations may be reduced from the 1982 peak of over 

3 14 pg/m3 to 9.2 pg/m at a ~ o s t  of $102 millionlyear. More than 

triple that cost is required to produce a reduction of peak annual 

average primary TC concentration to 7.6 pg/m3 (see Figures 5.1 and 

5.2). 

The control measures included in the optimal strategies for 

fine elemental carbon control are aimed almost entirely at reducing 

emissions from diesel fuel combustion applications. These control 

measures on diesel emissions are also cost-effective measures for fine 



primary total carbon control; however, the addition of several low 

cost control measures that produce large reductions in organic carbon 

emissions is needed as part of the optimal TC control strategies. The 

trade-offs implied by the choice of control strategy for TC versus EC 

were investigated. It has been determined that a control strategy 

that is optimal for TC control may be near-optimal for EC control (see 

Figure 5.31, whereas an emissions control strategy designed to 

optimize for EC control may produce peak TC concentrations that exceed 

those which would result from a control strategy optimized for TC by 

3 as much as 0.8 pg/m annual mean (see Figure 5.4). 

The effect of an increased availability of natural gas in the 

Los Angeles area was examined. Since the base case (1982) 

carbonaceous particulate emissions from boilers burning residual oil 

contribute only a small increment to overall aerosol carbon 

concentrations, the effect of an increased availability of natural gas 

on aerosol carbon concentrations is insignificant. 

Optimal control strategies, designed to reduce 1982 annual 

average carbon particle concentrations, are almost identical to the 

optimal strategies for reducing aerosol carbon concentrations during 

the peak month of 1982 (December). Therefore, the control strategies 

that are most effective at reducing annual average carbon particle 

concentrations will be as effective as possible at reducing the peak 

monthly average concentrations. 

The control strategy optimization technique described in this 

chapter was demonstrated to be a valuable tool for understanding how 



to control air pollution. In a complex multiple source urban setting, 

emission control costs for even a modest air quality improvement 

program can be enormous. By employing the combination of field 

experiments, air qrrality model development and control cost 

optimization procedxuss described in this study, air pollntion control 

strategies for aerosol carbon in Los Angeles can be identified that 

cost less than about $100 million per year which will perform nearly 

8s well as other strategies costing at least three times as mnch. 



5.5 References for Chapter 2 

Atkinson, S. E., and D. H. Lewis. 1974. A cost-effectiveness 
analysis of alternative air quality control strategies. 
J. Environmental Economics Management &:237-50. - 

Burton, E. S., and . Sanjour. 1970. A simulation approach to 
air pollution abatement program planning. Socio-Economic 
Planning Science &:147-59. 

Cass, G. R., and G. J. McRae. 1981. Minimizing the cost of 
air pollution control. Environmental Science and 
Technology =:748-57, 

Dantzig, 6. B. 1951. Maximization of linear functions of 
variables subject to linear inequalities. In Activity 
analvsis of production allocation, ed. T. @. Koopmans, 
339-47. New York: Wiley. 

Franklin, J. N. 1980. Methods of mathematical economics. 
Springer-Verlag. 

Gale, D. 1960. the or^ of linear economic models. New 
York: McGraw Hill. 

Gipson, G. L., W. Freas, and E. L. Meyer, Jr. 1975. 
Evaluation of techniques for obtaining least-cost regional 
strategies for control of SO2 and suspended particulates. 
Environmental Science and Technoloa 2:354-59. 

Kohn, R. E. 1970. Linear programming model for air pollution 
control: A pilot study of the St. Louis airshed. L. Air 
Pollut. Control Assoc. =:78-82. 

Kohn, R. E. 1974. Industrial location and air pollution 
abatement. I. Regional Science %:55-63. 

Sandia National Laboratories. 1979. SAND78-2322, unlimited 
release. (Printed August.) 

South Coast Air Quality Management District and Southern 
California Association of Governments. 1982. aualitv 
management plan 1982 revision. Appendix no. 7-A, Short 
range tactics for the South Coast Air Basin. 

Teller, A. 1967. Air pollution abatement: Economic 
rationality and reality. Daedalus (Fall): 1082-98. 



Trijonis, J. C., G. Richard, K. Crawford, R. Tan, and R. Wada. 1975. 
An implementation plan for suspended particulate matter in the 
Los Angeles region. TRW Transportation and Environmental 
Engineering Operations, Redondo Beach, California. (March 
edition.) 



6.1 Introduction 

Improvement of urban air quality by deliberate control of 

emission sources requires a thorough understanding of the phenomena 

associated with air pollution. It has been the objective of this work 

to further this knowledge, specifically for atmospheric fine aerosol 

carbon, by characterizing the existing pollution levels, aad by 

developing methods that can be used by engineers to design aerosol 

carbon abatement programs. In the coerse of this work, a nmaber of 

questions requiring further study have been identified. In this 

chapter, suggestions for future research into the behavior of 

atmospheric carbon particle air pollution are outlined, 

6.2 Air Qrralitv Observations 

In Chapter 2, it was concluded that primary emissions are 

responsible for the majority of long-term average carbon particle 

concentrations in the Los Angeles area during 1982. The formation of 

secondary aerosol carbon in the atmosphere is expected to occur, and 

the reasons for not finding an obvious enrichment in organic aerosol 

relative to elemental carbon during sammer months needs to be 

investigated further. The ambient aerosol monitoring program executed 

as part ot this study involved collection of 24-hour average filter 



samples. Further insight into the importance of secondary formation 

of particulate carbon may be gained by contrasting these long-term 

average results with the conditions present during summer months in 

the middle of the day, when photochemical reactions are expected to be 

at their peak. Examination of the ratio of fine total carbon to fine 

elemental carbon for a number of summer mid-day events would help one 

to determine the extent to which secondary formation is occurring 

under photochemical smog episode conditions. 

A more complete identification of the organic compounds present 

in atmospheric aerosols would aid in the understanding of pathways of 

secondary particulate matter formation. The extent to which secondary 

aerosol formation is occurring in the atmosphere could be better 

quantified, and information regarding the nature of toxic materials in 

the atmosphere would be enhanced, if aerosol samples representing a 

full annual cycle were analyzed for the details of the individual 

organic compound present. During the course of the air quality 

monitoring program described in Chapter 2, a quartz fiber filter was 

included in the sampling protocol that was intended to be reserved for 

organic compound identification. Detailed speciation of the organic 

material present on these filters may be achieved using high- 

resolution gas chromatography (GC) and high-resolution gas 

chromatography/mass spectrometry (GCMS) techniques. This work is in 

progress at present (Mazurek, 1985). 



6.3 A i r  Q u a l i t y  Model A ~ ~ l i c a t i o n  

The a i r  q u a l i t y  aodel  descr ibed  i n  Chapter 3 was used t o  

p t e d i c t  long-term average f i n e  primary carbon p a r t i c l e  concen t r a t ions  

i n  the  Los Angeles a r ea  during 1982. The computation of ho r i zon ta l  

advect ive t r a n s p o r t  was based on a  uniform wind f i e l d  generated from 

da ta  of a  s i n g l e  wind monitoring loca t ion .  The accuracy of t he  model 

p r e d i c t i o n s  of f i n e  primary carbon p a r t i c l e  concent ra t ions  may be 

improved by employing a  more s o p h i s t i c a t e d  two-dimensional wind f i e l d .  

A cons iderable  e f f o r t  would then  be requi red  t o  ga ther  more wind d a t a  

and t o  genera te  continuous wind f i e l d s  f o r  every hour of the  modeling 

per iod .  I n  add i t i on ,  the  computer time requi red  f o r  computation w i l l  

be g r e a t l y  increased .  

Fu r the r  improvements of the  a i r  q u a l i t y  model a p p l i c a t i o n  

inc lude  reducing t h e  s i z e  of the  receptor  g r i d  c e l l s  which would 

provide a  g r e a t e r  s p a t i a l  r e s o l u t i o n  of model p red ic t ions .  It would 

then  be necessary  t o  compile a  more d e t a i l e d  spa t ia l ly- reso lved  

emissions inventory  which matches the  new receptor  g r i d .  

The model was designed t o  s imulate  t he  emission and t r a n s p o r t  

of primary carbonaceous ae roso l .  A t op ic  f o r  f u t u r e  s tudy  would 

involve inco rpora t ing  i n t o  the  model an e x p l i c i t  secondary ae roso l  

formation c a l c u l a t i o n .  Th i s  would r e q u i r e  a  comprehensive knowledge 

of the  phys i ca l  and chemical k i n e t i c  mechanisms f o r  organic  ae roso l  

formation. Also more d e t a i l e d  hydrocarbon emissions information would 

need t o  be compiled. 



The modeling technique developed during this study has been 

shown to accurately simulate the long-term behavior of the transport 

of fine primary carbonaceous aerosol in the Los Angeles area. It 

would not be difficult to employ this model to simulate the transport 

of primary pollutants in other cities as well. The specific 

meteorological conditions in other urban air basins would have to be 

assessed to determine whether the assumptions built into the model are 

consistent with the nature of transport in that air basin. The model 

accounts for different physical processes independently of each other, 

so that it is possible to modify the computation of a single process 

without destroying the integrity of the model. 

6.4 Emission Control Strategies 

In Chapter 5 ,  strategies for atmospheric carbon particle 

control were evaluated. Many of the control measures have 

implications regarding the control of other aerosol pollutant species 

as well. Local control agencies are faced with the problem of 

controlling a variety of pollntants. It would be desirable to 

incorporate source to receptor infornation for many aerosol species to 

design a control strategy for simultaneously reducing concentrations 

of sulfates, nitrates, carbonaceous species, and other toxic species 

which are present in urban atmospheres. A difficulty encountered in a 

multi-attribute control program is in assigning a weight to each 

species present regarding its detriment to the environment. 

Assumptions about the trade-offs between toxicity, overall mass 



burden, and visibility degradation must be made to determine the 

effectiveness of a proposed control strategy. 

Results from an air quality model which accounts for secondary 

aerosol formation could be used to evaluate control strategies for the 

abatement or secondary carbonaceous aerosol concentrations in the 

atmosphere. However, then a nowlinear programming approach woald be 

required. A further improvement to the control strategy optimization 

technique would involve the use of an integer program which woald 

inhibit the selection of fractions of control neasures when such a 

choice is infeasible. 

Application of the linear programming technique presented in 

Chapter 5 demonstrates the usefulness of the air quality model for 

designing aerosol carbon pollution abatement strategies. More 

detailed information on the costs and emission redaction capabilities 

of control technologies is needed. In the future, when more complete 

information concerning control technologies is available, the air 

quality model results from this study may be directly applied to the 

optimization of a strategy for control of a number of primary 

pollutants, including fine primary carbon particles, in the Los 

Angeles area. 

6.5 Conclusions 

In this chapter, avenues for future research have been 

discussed. Scientific investigations into the phenomena of 

atmospheric processes will improve the capabilities of the air quality 



model. Application of the model to evaluation of emission control 

programs promises to contribute toward the improvement of urban air 

quality. 



6.6 References for Chapter 6 

Mazurek, M. A. 1985. Geochemical investigations of organic 
matter contained in ambient aerosols and rainwater 
particulates. Ph.D. thesis. University of California at 
Los Angeles. 



APPENDIX A 

1982 EMISSIONS ESTIMATES IN THE 50x50-MILE MODELING GRID 





Notes for Table A.l 

(a) See Table A.6. Vehicle miles travelled (W) are computed for 
each vehicle type from traffic count data. Fuel use is then 
computed from mileage for each vehicle type, employing fuel 
economies from Table A.5. 

(b) Based on fuel sales data for California from the Energy 
Information Administration (1983); see Appendix B, Table B.6. 

I c )  Average daily fuel use and particulate emissions at commercial 
airports were obtained from Federal Aviation Administration 
(1981) air traffic data plus U.S. Environmental Protection Agency 
(1982, section 3.2.1) calculation procedure. 

( d l  Based on procedure by Cass (1977). 

(el Consumption of fuel oil sold to railroads is assumed to be 
proportional to track mileage. Railroad track mileage in the 
50X50-mile grid was measured on United States Geological Survey 
n2 minute topographic maps and was estimated to be 1047.9 miles. 
Track mileage in the state of California of 8446 miles was 
obtained from the Federal Railway Administration as reported by 
Cass (1977, p. 628). Fuel sales data from the Energy Information 
Administration (1983) indicate that 7138 thousand barrels of 
distillate fuel oil were used by railroads in the state of 
California in 1982; see Appendix B, Table B.6. The grid contains 
12.4% of the track mileage in the state; therefore, the fuel use 
in the grid is estima ed to be 7138 X 12.4% = 885.6 (1000 b bbls/yr) or 14.1 X 10 Btdday. 

(f) Total particulate emissions from off-highway diesels is 2024.1 
kg/day in the 5OX50-mile grid from the California Air Resources 
Board 1982 inventory of area source emissions (Ran ieri 1983). 5 Using the particulate emissions factor of 24 lb/lO g4l or 78.67 

9 kg/lO Btu, the fuel use is estimated to be 25.7 X 10 Btu/day. 

( g )  Total particulate emissions from off-highway gasoline consumption 
in the 50X50-mile grid from the California Air Resources Board 
1982 inventory of area source emissions (Ranzieri 1983). No 
information is available on the fuel use. 

5 
9 (h) Industrial boiler emission factor of 21.64 g/10 Btu at 0.4% 

sulfur in fuel was scaled up to 85.50 kg/lO Btu at 1.589b sulfur 
in bunker fuel based on evidence of Taback et al. (1979) that 
shows that the particulate emissions rate from residual oil-fired 
boilers is roughly proportional to the fuel oil sulfur content. 



U.S. Env'ronmental Protectioe Agency (1982, Table 3.2.3-2) gives f 15 lbI10 gal or 49.17 kg110 Btu. 

U.S. Env'ronmental Protectioe Agency (1982, Table 3.2.2-1) gives 4 25 lbI10 gal or 81.95 kg110 Btu. 

Laresgoiti and Springer (19771, at 0.3% sulfur in unleaded 
gasoline, obtained 0.016 glmile for oxidation catalyst car; 
Muhlbaier and Williams (1982) reported a similar emissions factor 
(0.014 glmile); and Schuetzle (1983, Table 8) reported a weighted 
average or many published data for particulate emissions from 
catalyst automobiles (0.017 glmile). 

0.32 gfmile from Habibi (1973, Table VZII) (leaded fuel cars) 
adjusted downward to 0.0402 glmile le,.. emitted. Total 
particulate emissions is computed only to complete the table; 
fine carbon emissions are calculated independently. See note 
(w), below. 

Pierson (1979) cites numerous researchers on the particulate 
emission rate from a light-duty diesel and reports a value of 
about 300 mglkm (or 0.48 glmile). Many other researchers 
(Schuetzle 1983; Hyde et al. 1983; Gabele et al. 1982; Gibbs, 
Hyde, and Byer 1980; Williams and Chock 1980) have found similar 
emission rates ranging from 0.36 to 0.89 glmile for light-duty 
diesel automobiles. 

Assuming the same particulate emission rate per gallon of fuel 
barnet2 as light-daty ca ta lys t  sotoaobiler. The veighted average 
fuel economy is 0.0474 gallmile for catalyst autos and 0.0647 
gallmile for light trucks; see Table A.6. Scaling upward from 
the emission rate of 0.016 glmile for catalyst autos (see note 
Ckl, above), this gives 0.022 glmile (0.016 glmile I 0.0474 
gallmile = 0.338 glgal; 
0.338 glgal X 0.0647 gallmile = 0.022 glmile). 

Assuming the same particulate emission rate per gallon of fuel 
burned as light-duty non-catalyst automobiles. The weighted 
average fuel economy is 0.0733 gallmile for non-catalyst autos 
and 0.1000 gallmile for non-catalyst light trucks; see Table A.6. 
Scaling upward from the emission rate of 0.032 gfmile for non- 
catalyst autos (see note [I], above), this gives 0.44 glmile 
(0.32 glmile I 0.0733 gallmile = 4.37 glgal; 
4.37 glgal X 0.1000 gallmile = 0.44 glmile). 

Assuming the same particulate emission rate per gallon of fuel 
burned as light-duty catalyst automobiles and tracks (0.338 
glgal); see note (n), above. The weighted average fuel per 
mileage for catalyst medium trucks is 0.0943 gallmile; see Table 
A.6. This gives 0.032 glmile (0.338 glgal X 0.0943 gallmile). 



(q)  Assuming the same particulate emission rate per gallon of fuel 
burned as light-duty non-catalyst automobiles and trucks (4.37 
glgal); see note (01, above. The weighted average fuel per 
mileage for non-catalyst medium trucks is 0.0943 gallmile; see 
Table A.6. This gives 0.41 glmile (4.37 glgal X 0.0943 
gallmile). . 

(r) Assuming the same particulate emission rate per gallon of fuel 
burned as other leaded gasoline (non-catalyst) autos and tracks 
(4.37 gigall; see note (01, above. The weighted average fuel per 
mileage for gasoline (non-catalyst) heavy trucks is 0.1754 
gallmile; see Table A.6. This gives 0.77 glmile (4.37 glgal X 
0.1754 gallmile). Tests done by Dietzman, as reported in Lang et 
al. [1982), give a range of 0.58-0.89 glmile. U.S. Environmental 
Protection Agency (1982, Table 3.1.4-13) gives a value of 0.91 
glmile. 

(s) Pierson and Brachaczek (1983, Table 2) give 865 i 161 mglkm (or 
1.39 i 0.26 glmile). U.S. Environmental Protection Agency (1982, 
Table 3.1.5-1) gives 1.3 glmile; and Baines, Somers, and Harvey 
(1979) report a Los Angeles diesel usage emission factor of 0.83 
glkm (or 1.34 glmile). 

(t) U.S. Environmental Protection Agency (1982, pp. 3.1.7-1 and 
3.1.7-2) report that 38% of the motorcycles in use have two- 
stroke engines emitting 0.33 glmile and 62% have four-stroke 
engines which emit 0.046 glmile. The weighted average is 0.15 
glmile. 

(u) Total particulate emissions from LPG use for carburetion is 1.6 
kglday from the California Air Resources Board 1982 inventory of 
area source emissions (Ranzieri 1983). This source is very small 
and is hereafter neglected. 

(v) Watson (1979, p. 100). 

w The fine particle emission factor from leaded fuel auto fleet was 
assembled as follows: average lead content in 1982 was 0.82 glgal 
(Shelton 1982-1983; 114 winter 1981-1982, 112 summer 1982, 114 
winter 1982-1983). At 13.7 mileslgal (see Table A.51, lead 
consumption is 0.06 glmile. From Huntzicker, Friedlander, and 
Davidson (19751, 70.5% of lead consumed in gasoline in Los 
Angeles is emitted as aerosol and 19% of aerosol lead emitted is 
in sizes less than 1 pm, giving 8.0 mglmile fine aerosol lead or 
13.5 mglmile fine lead salts as 2PbBrCl0NH Cl. The emissions 
rate of particulate carbon for pre-catalys? autos burning leaded 
gasoline at low altitude is 89.0 mglmile, from Gorse (1984). 
(Inference from Pierson and Brachaczek [1983, Table 21, gives 
94.6 mglmile, consistent with the emission rate from Gorse 
119841.) Aerosol carbon is assumed to be concentrated in the 



fine particle fraction of the auto exhaust. Fine elemental 
carbon emissions are estimated to be 19.0 mglmile by applying an 
elementalltotal carbon factor of 21.3%, which is an average of 
results from four researchers: Johnson et al. (1981) (8961, 
Muhlbaier and Williams (1982) (26.521, Gorse (1984) (<37%--known 
to be overestimated by as much as a factor of 21, and Watson 
(1979) (13.8%). Organic carbon remaining is (89.0 mglmile - 19.0 
mglmile) = 70.0 mglmile which becomes about 84.0 mglmile as 
organic material. Total auto fine particle emissions become 
116.5 mglmile (13.5 mglmile lead salts, 19.0 mglmile elemental 
carbon, 84.0 rnglmile organic material). This fine aerosol is 
about 36.4% of the total aerosol emission factor (i.e., 
0.116510.32 = 0.364). The fraction of the fine aerosol which is 
carbon is therefore 76.4% (i.e., 89.0/116.5). 

(XI Taback et al. (1979, table p. A-5). 

(y) Assumed size distribution similar to catalyst autos (unleaded 
gasoline); see note (v). 

(z) Other non-catalyst (leaded gasoline) vehicles assumed to have the 
same size distribution and chemical composition as leaded auto 
exhaust; see note (w) . 

(aa) Assumed size distribution similar to diesel autos; see note (XI. 

(bb) Heywood, Fay, and Linden (1971). 

icci Assumed similar to leaded auto exhaust; see note (w). 

(dd) Assumed similar to industrial boilers burning residual oil 
(Taback et al. 1979, table p. A-3). 

(ee) Assumed size distribution similar to heavy-duty diesel highway 
vehicles; see notes (aa) and (XI. 

(ff) Muhlbaier and Williams (1982) report that catalyst equipped cars 
at low elevation emit aerosol with the following properties: 
total mass 14 mglmile, organic carbon 3.0 mglmile, elemental 
carbon 2.5 rnglmile. 

(gg) Average of nine source tests performed on light-duty diesels by 
Japar et al. (1984, Table I) (FTP runs only; carbon determination 
by thermal-optical method of Johnson et al. [19811, with 
pyrolysis correction). The value of 83.7% carbon is in excellent 
agreement with the results of Pierson and Brachaczek (1983) for 
the 1977 Tuscarora Tunnel experiment which yielded 83.8% carbon 
for heavy-duty diesel trucks. The organiclelemental carbon ratio 
(23.4176.6) is also in good agreement with both Pierson and 
Brachaczek (1983) (29.171.) and Johnson et al. (1981) (27.173 .) . 



(hh) Assumed chemical composition s i m i l a r  t o  c a t a l y s t  au tos  (unleaded 
g a s o l i n e ) ;  s ee  no t e  ( f f ) .  

( i i )  Assumed chemical composition s i m i l a r  t o  d i e s e l  autos;  see  no te  
(gg) 

(j;) J e t  a i r c r a f t  emissions measured i n  t h i s  manner a r e  a l l  "soot" 
(Heywood, Fay, and Linden 1971); assume chemical composition 
looks l i k e  d i e s e l  soo t  (Flagan 1980).  

(kk)  Johnson e t  a l .  (1981).  
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Notes for Table A.2 

(a) See Appendix B, except for stationary gasoline and distillate 
internal combustion engines; see notes (m) and (n). 

(b) Danie son and Graves (1976, p. 77); 0.015 lb/equivalent bbl (1.08 4 kg110 Btu) from Los kngeles tests. 

( c )  U.S. Env&royental Protect'on Agency (1982, Table 3.3.1-2) gives b 14 lb/10 ft or 5.99 kg110 Btu. 

9 ( d l  Taback et al. (1979, pp. 2-91; 3 lb/1000 gal (9.09 kg110 Btu) 
used for 0.25% sulfur oil. 

(el U.S. En ironmental Protecti n Agency (1982, Table 3.3.1-2) gives 3 8 5 lb/10 gal or 16.35 kg110 Btu. 

(f) Electric utility boiler nataral gas combustion emission factor 
used; see note (b). 

(g) Danie son and Graves (1976, p. 77); 0.126 lblequivalent bbl (9.07 4 kg110 Btu). 

(h) Danie son and Graves (1976, p. 77); 0.30 lblequivalent bbl (21.64 4 kg110 Bta) for combustion of industrial residual fuel oil. 

(i) Danie son and Graves (1976, p. 77); 0.105 lb/equivalent bbl (7.56 4 kg110 Btu). LPG combustion is assumed to emit at the same rate 
as industrial natural gas combustion on an equivalent heat input 
basis. This is the same assumption as made by the U.S. 
Environmental Protection Agency (1982, Table 1.5-1) except that 
the natural gas emission factor of Danielson and Graves (n.d.) is 
lower. 

( j )  Tabacb et a1. (1979, Table 2-11, KVB data, 7.2 lb1103 gal (23.55 
kg/10 Btu). 

(k) Average of two tests by Taback et al. (1979, p. 4-100) performed 
6 on di ester gas-fired IC engine; 0.045 lb/10 Btu (20.41 8 kg110 Btu). 

(1) Assumed similar to industrial natural gas combustion on an 
equivalent heat input basis. 

(m) Fuel use is derived from total particulate emissions (106.6 
kglday) which is from the Air Resources Board of California 
inventory of industrial point and area source emissions (Ranzieri 
1983). U.S. Enviroqmental Protection A ency (1982, Table 3.3.3- 4 1) gives 6.47 lbI10 gal or 23.49 kg110 Btu. 



Fuel use is derived from total particulate emissions (596.0 
kglday) which is from the Air Resources Board of California 
inventory of industrial point and area source emissions (Ranzieri 
1983). U.S. Envirogmental Protection Ag ncy (1982, Table 3.3.3- 5 1) gives 33.5 lb110 gal or 109.81 kg110 Btu. 

Danie son and Graves (1976, p. 77); 0.112 lblequivalent bbl (8.06 4 kg110 Btu). 

Assumed same as residential natural gas on an equivalent heat 
input basis. This is the same assumption as made by the U.S. 
Environmental Protection Agency (1982, Table 1.5-1) except that 
the natural gas emission factor of Danielson and Graves (n.d.1 is 
lower. 

Assumed same as industrial boiler burning residual fuel oil; see 
note (h). 

U.S. Environmental Protection Agency (1982, Table 1.1-2). 
9 assuming hand-fired stove use, 20 lblton coal (378.0 kg110 Btu). 

Assumed similar to size distribution from large refinery heaters 
burning natural gas; see note (v) . 
Taback et al. (1979, table p. A-8). 

Assumed similar to size distribation from industrial boiler 
burning distillate oil; see note (y). 

Taback et al. (1979, table p. A-29). 

Assumed similar to size distribation from industrial boiler 
burning residual fuel oil; see note (XI. 

Taback et al. (1979, table p. A-3). 

Taback et al. (1979, table p. A-4). 

Taback et al. (1979, table p. 4-99). 

(aa) Taback et al. (1979, table p. A-6). 

(bb) Taback et al. (1979, table p. A-5). 

(CC) Assumed similar to fireplace wood combustion profile from Watson 
(1979). Possibly a poor assumption, but data on fireplace coal 
combustion are lacking. 



(dd) Assumed based on refinery heater test by Taback et al. (1979); 
see note (gg). Electric utility source test by Manfredi and 
Mansour (1975) showed that particulate matter emitted from LADWP 
Scattergood Unit 3 when burning natural gas consisted mostly of 
Fe, Na, Si, and Ca compounds. Mansour (n.d.1 confirms that power 
plant samples when burning gas during that test were not dark in 
color. 

(eel Taback et al. (1979, table p. A-8). 

(ff) Assumed similar to industrial boiler burning distillate oil; see 
note (kk). 

(gg) Taback et al. (1979, table p. A-29). 

(hh) Assumed similar to refinery heaters burning natural gas; see note 
(gg) 

(ii) Assumed similar to industrial boiler burning residual fuel oil; 
see note (jj) . 

(jj) Taback et al. (1979, table p. A-3). 

(kk) Taback et al. (1979, table p. A-4). 

(11) Taback et al. (1979, table 4-36, p. 4-101); average of impinger 
catches. 

(mm) Taback et al. (1979, table p. A-6). 

(nn) Taback et al. (1979, table p. A-5). 

(00) Muhlbaier and Williams (1982) report that 12% of aerosol mass is 
carbon from ten samples taken downstream of a small furnace. 
Note that the overall emission factor for carbonaceous a rosol 5 from domestic naturah gas combustion becomes (8.06 kg110 Btu X 
0.12) = 0.97 kg CIIO Btu = 0.97 pg CIBtu. Source tests by 
Hansen, Benner, and Novakov (1978) show that domestic natural gas 
combustion sources emit carbon at a rate of between 0.2 to 2.5 
pg CIBtu, in good agreement with the emission rate used in this 
study. 

(pp) Assumed similar to residential natural gas combustion; see note 
(00). 

(qq) No data are available on carbon mass as a fraction of fine 
particle mass emissions from coal combustion in fireplaces; 
therefore, an extreme upper limit has been used. 



( r r )  Assumed s i m i l a r  t o  l a r g e  r e f i n e r y  h e a t e r s  burning n a t u r a l  gas; 
s ee  no te  (uu) .  

( S S )  Johnson e t  a l .  (1981) f o r  r e s i d u a l  f u e l  o i l  combustion wi th  
p y r o l y s i s  cor rec t ion .  

( t t )  Johnson e t  a l .  (1981) f o r  d i s t i l l a t e  f u e l  o i l  combustion wi th  
p y r o l y s i s  cor rec t ion .  

(UU) Taback e t  a l .  (1979, t a b l e  p. A-29). A l l  carbon c o l l e c t e d  during 
source t e s t  was v o l a t i l e .  

(w) Taback e t  a l .  (1979, t a b l e  p. A-5). V o l a t i l e  carbon c o l l e c t e d  
during source t e s t  was l e s s  than 0.1% of t o t a l  carbon. 

(WW) Muhlbaier and Williams (1982) r e p o r t  t h a t  two-thirds of the  
carbon found on t e n  samples taken downstream of a small  furnace 
was p re sen t  a s  organics .  

(xx) Chemical composition of carbon p re sen t  i s  based on v o l a t i l e  
organic  t o  non-vola t i le  carbon r a t i o  f o r  f i n e  p a r t i c l e s  from 
f i r e p l a c e  combustion of wood given by Watson (1979). Assumptions 
made f o r  t h i s  source c l a s s  a r e  poor, bu t  the  source c l a s s  i s  very  
small .  
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Notes for Table A.3 

(a) Total particulate emissions data are from the Air Resources Board 
of California inventory of industrial point and area source 
emissions (Ranzieri 1983). 

(b) Based on FCC unit 0 boiler profile from Taback et al. (1979, 
table p. A-30). 

(c) Assumed to be all fine, < 2.1 wn. 

(d) Based on paint spray booth profile (oil-based paint) from Taback 
et al. (1979, table p. A-24). 

(el Based on urea manufacturing profile as a typical organic chemical 
product; Taback et al. (1979, table p. A-26). 

( £ 1  Assumed similar to size distribution for organic chemical 
manufacturing; see note (el. 

(g )  The total particulate matter from primary metallurgical 
production is from many sources. Size distribution and chemical 
profile data are available from Taback et al. (1979, tables pp. 
A-14, A-15, and A-33) for steel sinter operations, open hearth 
furnace, and basic oxygen furnace. Additionally, coke oven 
volatiles are assumed to be < 2.1 pm organics. These four 
sources account for 43% of the total particulate emissions from 
primary metals production. Data used in this table represent a 
composite of these four profiles, in proportion to the 
contribution of each source to the total particulate emissions in 
the SCAB (32.0% sinter plant profile, 3.6% open hearth furnace 
profile, 12.8% basic oxygen furnace profile, and 51.6% coke oven 
volatiles). 

(h) Based on aluminum foundry profile from Taback et al. (1979, table 
p. A-13). 

(i) Based on steel abrasive blasting profile from Taback et al. 
(1979, table p. A-12). Total carbon collected during source test 
was reported to be less than 0.1% of fine particulate matter. 

(j) Profiles are available from Taback et al. (1979) for eight 
processes which account for 30.5% of the total particulate 
emissions from mineral processes; calcination of gypsum (p. A- 
161, brick grinding and screening (p. A-171, cement production 
(p. A-181, glass melting furnace (p. A-191, rock crashers (p. A- 
351, rock screening (p. A-361, asphaltic concrete batch plant (p. 
A-221, and fiberglass forming line (p. A-20). Data used in this 
table represent a composite of these eight profiles, in 



proportion to the contribution of each source to the total 
particulate emissions in the SCAB (2.7% gypsum, 18.3% brick 
grinding, 36.8% cement, 17.5% glass, 7.9% rock crashers, 0.4% 
rock screening, 10.6% asphalt batch plant, and 5.8% fiberglass). 

Based on wood waste boiler profile from Taback et al. (1979, 
table p. A-7). These emissions are probably from special purpose 
permitted incinerators for which local source test data on 
chemical composition are lacking. 

Based on an average of wood resawing and wood sanding operations 
from Taback et al. (1979, tables pp. A-26 and A-28). 

Based on feed and grain operations profile from Taback et al. 
(1979, table p. A-31). Source category actually includes 
emissions from wool and cotton fabrications, meat packing, 
rendering, cooking, etc. All carbon present is assmned to be 
organic carbon. 

Taback et al. (1979. table p. A-21). 

Size distribution data are not available for particulate 
emissions from fabric production. It is assumed that almost all 
particles emitted are larger than 2.1 pm. 

No data; value assmned to be the average of all other industrial 
process point sources listed above (in the SCAB; see Appendix C, 
Table C.3). 

Assumed to be a typical organic liquid: organic mass 1.2 times 
carbon present (Wolff et al. 1982, Countess et 8.1. 1980, 
Groblicki 1981). 

Petroleum coke is 89.2% carbon and 10.4% volatile material, based 
on proprietary information from a Long Beach area coke supplier. 
Similar results may be found in Kerr McGee Corporation (1982). 
The volatile (organic material) is removed during the calcining 
process, leaving the remaining 89.6% of the mass to be emitted to 
the atmosphere as fine particulate matter. The 10.4% of 
petroleum coke, which is organic material, becomes about 8.7% as 
carbon; therefore, the elemental carbon fraction of the coke is 
89.2 - 8.7 = 80.5%. The carbon fraction of the emissions is then 
80.5189.6 = 89.8% (all elemental carbon). 



Table A.4 

E I I I ~ S I O ~ ~  Eatimatea for Fugltive Solrrcea 
in 5OWO-mile grid 

Total Fine % Total Fine Partition of Carbon Pine Fine 
Particulate Yasa Total Carbon in Total Volatile Norvolatile Organic Elemental 
Emlssiona Prsctton Particulate < 2.1 Carbon Carbon Carbon Carbon Carbon 
(kglday) < 2.1 pal (kglday) Frastlon (kglday) % OC % EC (kglday) (k#/day) 

Road and Buildin# Conatrocti 
Agricultural Tilling 
Livestock Feedlots 
Unpaved Road Duat 
Paved Road Duat 
Tire Attrition 
Brake Lining Attrition 
Forest Fire. (aearonal) 
Structural Flrea 
Fireplaces 
Cigarettes 
Charcoal Broilers 
Agricultural Burning 
Sea Salt 
Roofing Tar Pots 



Notes for Table A.4 

(a) Total particulate emissions data are from the Air Resources Board 
of California spatially resolved inventory of point and area 
source emissions (Ranzieri 1983). 

(b) See Table A.7. 

(c) See Table A.8. 

i d )  See Table A.9. 

(el Taback et al. (1979, pp. 2-70, 2-71), estimate that each year an 
average of 0.1538 lb of particulate matter is emitted per person 
from cigarette smoke. There are 8,734,856 people in the 
50x50-mile grid (see Appendix B, Table B.l) yielding 1.34 X 10 6 
lb/yr or 1669.0 kg/day. 

(f) Taback et al. (1979, pp. 2-85 to 2-92), estimate 20,000 tonslyear 
of sea salt emissions (particles < 10 p). The size distribution 
data indicate that 76% of particles are < 10 p, yielding 26,316 
tonslyear or 65,406.9 kglday of total particulate emissions in 
the SCAB. It is assumed that 46.1% of the SCAB emissions are in 
the 50x50-mile grid (shipping lane distance fraction from bunker 
fuel emissions calculation; see note [dl, Table A.l) giving 
30,131.3 kg/day in the grid. This estimate is not very precise, 
but the source class contributes no particulate carbon; see note 
(cc). 

(g) Taback et al. (1979, table p. A-46). 

(B) Taback et al. (1979, table p. A-50). 

(i) Taback et al. (1979, table p. A-44); assumed to be organic 
carbon. 

(j) Taback et al. (1979, table p. A-45). 

(k) Taback et al. (1979, figure p. 2-58). 

(1) Average of data from Pierson and Brachaczek (1974, pp. 1295 and 
1296) . 

(m) Assumed to be all fine, < 2.1 p. 

(n) Taback et al. (1979, table p. A-48). 



Taback e t  a l .  (1979, t a b l e  p. A-37). 

Taback e t  a l .  (1979, t a b l e  p. A-39). 

Taback e t  a l .  (1979, t a b l e  p. A-411, give 100% i n  the  f i n e  
f r a c t i o n .  Source t e s t s  on c i g a r e t t e s  (Gray, Cass, and Turpin 
1985) y i e l d  82.5% t o t a l  carbon, and 97% of the  carbon was found 
t o  be organic .  Taback e t  a l .  (1979, t a b l e  p. A-41) found s i m i l a r  
r e s u l t s  f o r  the  t o t a l  carbon i n  the f h e  f r a c t i o n  (85%). 

The Air  Resources Board of Ca l i fo rn i a  nses an e s t ima te  of 3000 
lb /yea r  f o r  the  t o t a l  p a r t i c u l a t e  emissions r a t e  from a t y p i c a l  
charcoa l  b r o i l e r  f a c i l i t y  t o  compute annual emissions f o r  t h i s  
source c l a s s  (Gr is inger  1982).  This  vs lue  i s  checked a g a i n s t  t he  
r e s u l t s  of a s tudy by Borns te in  (1978" which i n d i c a t e s  an 
emission r a t e  of 1360 kg ( o r  2998 l b )  per  f a c i l i t y  per  yea r  ( a l l  
i n  p a r t i c l e  s i z e s  l e s s  than 2.1 p). %rice these  r e s u l t s  a r e  i n  
agreement, the t o t a l  p a r t i c u l a t e  emissions inventory from the  ARB 
i s  used. Source t e s t s  on charcoal  b r o i l e r s  i n d i c a t e  t h a t  a l l  
m a t e r i a l  emi t ted  i s  i n  the  f i n e  f r a c t i o n .  Of the  82.3% found t o  
be carbon, 98.5% was organics  (Gray, Cass, and Turpin 1985).  

Taback e t  a l .  (1979, t a b l e  p. A-47). 

Taback e t  a l .  (1979, f i g u r e  p. 2-92). 

Source t e s t s  on roof ing  t a r  p o t s  i n d i c a t e  t h a t  a l l  ma te r i a l  
emi t ted  i s  i n  the f i n e  f r a c t i o n .  Of the 81.7% found t o  be 
carbon, 99.9% was crganics  !Gray, Cass, and Tr;rpio 1985). 

Source t e s t s  of paved road dus t  give 15.1% t o t a l  carbon, and 
96.7% of the  carbon was found t o  be organics  (Gray, Cass, and 
Turpin 1985).  The carbon content  of roadside s o i l  was found t o  
be 7.3% by Pierson  and Brachaczek (1983, t a b l e  p. 1 8 ) ;  and f i n e  
p a r t i c l e  a n a l y s i s  on s t r e e t  dus t  by Watson (1979, t a b l e  p. 941, 
g ives  92% organics .  

87% carbon computed from formula f o r  o i l  extended s y n t h e t i c  t i r e  
rubber given by Morton (1973); 29% of t i r e  t r e a d  ba tch  i s  ISAF 
carbon black.  Carbon present  i s  thus found a s  about 67% 
organics ,  33% elemental carbon. 

Based on automobile brake l i n i n g  chemical composition given by 
Lynch (19681, p lus  the  assumption t h a t  r e s i n s  and polymers a r e  
83% carbon by weight, and assuming t h a t  carbon p re sen t  i s  emi t t ed  
a s  ae roso l  without combustion o r  py ro lys i s .  

Based on s l a s h  burning f i n e  p a r t i c u l a t e  ma t t e r  a n a l y s i s  from 
Watson (1979, t a b l e  p. 107) .  



( 2 )  See Table A.9. 

(aa) Based on simulated field burning fine particulate matter analysis 
from Watson (1979, table p. 109). 

(bb) Taback et al. (1979, table p. A-42). 

( c c )  Based on carbon emission rates from soft wood from Muhlbaier and 
Williams (1982, Table 2, p. 190). 
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Notes for Table A.5 

(a) Percent distribution of fee-paid registrations by age of vehicle, 
1982, from California Department of Finance (1982, Table J-5). 

(b) Values for 1980 and previous years are from Diesel Impacts Study 
Committee (1982, pp. 1 and 90). Values for 1981 and 1982 are 
from Automotive News, as cited by Holman and Lauderdale (1983, p. 
7). 

(12) U.S. Environmental Protection Agency (1982, Table 3.1.2-5). 

( d )  Motor Vehicle Manufacturers' Association (1983, p. 7 4 ) .  

(el Fuel economy for 1982 diesel automobiles is 27.0 mpg from Cadle 
(1983). It is assumed that the fuel economy improvements far 
newer diesel automobiles are proportional to that observed for 
newer gasoline automobiles. 



Table 1.6 

Vehicle Miles Travel led and Puol Ussso f o r  Bsch Vehicle Type In 1982 

Fract ion of 
Daily VNT Fract ion of 50X50-dle & r i d  4-County SCAB 

Vehicle Vohiolo Within Class ]Daily Total  Kol#htod Avb. Thou*. $801 Use Thous. P e l  Use 
Class TYPO C10.s Frac t ion  YYT ( ~ o l l m i )  

f W I d r y  (10 Btr ldry)  W l d a y  (10 Btdday)  

Autos 
Catalyst  
Nor-cstalyst 
Diesol 

L i lh t  Trucks 
Catalyst  
N o r c a t a l y a t  
Diesel 

Medium Trucks 
Catalyst  
N o r c a t a l y s t  
Dioaol 

Heavy Trucks 
Gas (Loaded) 
Dloaol 

Yotoroycles 
Gas (Loaded) 

Catalyst  Tot81 
N o r c s t r l y s t  Total 
Diesel Total 



Notes f o r  Table A.6 

( a )  See Table A.5. 

( b )  A i r  Resources Board of Ca l i fo rn i a  (1983) da t a  from EMFAC 1982 
veh ic l e  emissions model f o r  the South Coast A i r  Basin. 

( c )  Light  duty f u e l  economy ca l cu la t ion ;  s ee  Table A.5. 

(d l  Assuming improvement i n  newer l i g h t  t r u c k  f u e l  economy 
propor t iona l  t o  t h a t  observed f o r  newer automobiles. 

( e l  U.S. Environmental P ro t ec t ion  Agency (1982, Table 3.1.4-7). 

( f )  Medium and heavy-duty t r u c k  f u e l  economy from EPA t e s t  d a t a  a s  
r epo r t ed  by the A i r  Resources Board of C a l i f o r n i a  (1980, Table 
11-10). 

( g )  Motorcycle f u e l  economy from Motor Vehic les  Fac t s  and Figures  '76 
a s  repor ted  by A i r  Resources Board of C a l i f o r n i a  (1980, Table II- 
10) .  

(h)  Freeway t r a f f i c  da ta  from Ca l t r ans  ( C a l i f o r n i a  Department of 
Transpor ta t ion  1983) give 67,661.6 thousand v e h i c l e  mi les  
t r a v e l l e d  per  day on the  50x50-mile gr id .  Th i s  i s  added t o  the  
sur face  t r a f f i c  t o t a l  of 90,800.0 thousand v e h i c l e  miles per day 
from Cass, Hahn, and No11 (1982) (updated t o  1982) t o  give 
158,461.6 thousand veh ic l e  mi les  t r a v e l l e d  per  day i n  1982. 

3 ( i )  The hea t ing  value of gaso l ine  i s  5248 X 1 0  Btu lbbl  ( o r  124,952 
3  B t u l g a l ) .  The hea t ing  value of d i e s e l  i s  5812 X 10 Btu lbbl  ( o r  

138,381 B tu lga l )  from Cass (1977, p. 598).  

(j) Tota l  veh ic l e  mi l e s  t r a v e l l e d  by a l l  v e h i c l e s  i n  the  South Coast 
A i r  Basin ( fou r  coun t i e s )  i s  185,136 thousand W l d a y  from A i r  
Resources Board of Ca l i fo rn i a  (1983) EMFAC. 



Table A.7 

T i re  A t t r i t i o n  1982 

1976 5 0 M k i l a  & r i d  SCAB 
Estimated 1976 #CAB 1~~ k i s h t e d  Av,. 1982 1982 

h o l l  10 Coonted No. T i r e d  vlrr Tire  vlrr Tire 
Y i l e a ~ e l  No. of Vehiolea T i re  Yi lea l  Vehicles Counted (Thoor. A t t r i t i o n  (Thous. A t t r i t i o n  
Vehicle T i t e r  SCM Year YilesIXr. Vehiole W l d a y )  ( k ~ l d a y )  m l d a y )  (kglday) 

Counted Vehicles 
L i l h t  Doty Vehiolea 

Auto. 
C o u ' l  ?-axle <SOOW o u b  rt 
TOTAL 

h d l ~  h t ~  Vehi0l08 
C w ' l  2-axle 5000-10.00W e u b  rt 
C a r ' l  3-axle 5000-10.00w olub rt 
m A L  

Heavy Doty Vehicle. 
C w ' l  2-axle >10,00W c u b  rt 
Gmn'l 3-axle >10.000# o u b  rt 
C w ' l  4-ax10 >10,0001 curb rt 
TOTAL 

T r a i l e r s  
1-8110 <SOOW oorb rt 
2-axle <5000# onrb rt 
3-axle <5000# oorb rt 
1-.~10 5000-io.000~ ~ m b  rt 
2-axle 5000-1o.oo0~1 0-b ~t 
3-axle 5000-10,000T aurb rt 
4-axle 5000-10,000# aurb rt 
1-axle >10,00W curb rt 
2-axle >10,000# olub rt 
3-axle )10,00W curb rt 
4-exle >10,000# ourb rt 



Notes f o r  Table A.7 

( a )  Data f o r  1976 from Halberg (1980). 

(b )  T i r e  mi les  a r e  computed by mult iplying annual mileage per  
veh ic l e ,  number of t i r e s  and veh ic l e s  i n  the  South Coast A i r  
Basin (SCAB). This  c a l c u l a t i o n  i s  performed using 1976 da t a  t o  
g e t  the  average number of t i r e s  per counted veh ic l e  and t h e  
r e l a t i v e  number of t r a i l e r  t i r e  mi les  t o  counted veh ic l e  t i r e  
mi les .  

( c )  One veh ic l e  count i s  made f o r  each veh ic l e  (not  inc luding  
t r a i l e r s )  i n  the SCAB by mult iplying annual mileage and number of 
vehic le .  

( d l  Suspended ae roso l  emission r a t e  of 0.0063 gml t i re lmi le  based on 
average of r e s u l t s  by P ierson  and Brachaczek (1974, pp. 1295 and 
1296) . 

( e l  See Table A.6 f o r  1982 g r i d  and SCAB t o t a l  vehic le  mi l e s  
t r a v e l l e d  (VMT). 

( f )  Vehicle t i r e  mi les  f o r  t r a i l e r s  was sca l ed  by 1.252 t o  r e f l e c t  
the  'ncrease  from 1976 AQMD o m t e d  VMT t o  1982 VMT ( i .e . ,  533957 d 8 X 10  VblTlyr o r  147,827 8 10  VMT/day X 1.252 = 185,1136 X 10  
W l d a y ,  and 16,044 X 10  t i r e  q i l e s l y r  o r  43.956 X 10 t i r e  
mi les lday  X 1.252 = 55,050 X 10  t i r e  mi les lday) .  This  va lue  
r e p r e s e n t s  thousand t i r e  mi les  per  day. 

(g)  It i s  assumed t h a t  t i r e  mi les  f o r  t r a i l e r s  i n  t he  50x50-mile g r i d  
a r e  of the  same propor t ion  t o  the SCAB a s  veh ic l e  mi l e s  (85.6%); 
see  Table A.6. 



Tabla A.8 

Brako Lining Attrition 1982 

!4 VJtr Partlculato 
1976 Adjsatad 1982 Usins Emiaaiqn Factors 1982 Particulate 

Eat imtod hnuol Vuhioloa Front (lba110~ W) ( d )  ILiraiona SCAB 
b l u l  Miloaao In Diao With Without Without Total With Front 
Yiloa#o Per Vohiclo SCAB Brakoa Diao Disc Dira (k#/day) Diao (kalday) (kalday) 

Lisht Duty Vehiolaa 
Autos 
Cou'l 2-axle <500W ourb rt 

Yedim Duty Vohialoa 
Car'l 2-axla 5000-10.00W ourb rt 8822 11048 79683 
Cm'l 3-ax10 5000-10.00W o w b  rt 49125 61523 413 

Boavy Duty Vobialaa 
C o r w l  2-8110 >10,00W anrb rt 8822 11048 20883 lOOI 
Comm'l 3-ax10 >10,00W curb rt 49125 61523 22475 lOOI 
~00'1 4-8110 )10,00W o w b  rt 8822 11048 313 1 0 a  

Trailera 
1-axlo <SOOW curb rt 
2-ax10 (500W curb rt 
3-axle (500W onrb rt 
1-axle 5000-10,000Y ourb rt 
2-ax10 5000-10.0001 ourb rt 
3-ax10 5000-10,000Y curb rt 
4-ax10 5000-10,000# curb rt 
1-axlo >10,00W ourb rt 
2-axle >10.00W alub rt 
3-axle >10.00W ourb rt 
4-ax10 >10.00W a w b  rt 

SCAB TOTAL 



Notes for Table A.8 

(a) Data for 1976 from Ealberg (1980). 

(b) 1976 AQW) data multiplied by 1.252 t .o coin cid s with 1982 MIT data 
(not including trailers) in the South Coast Air Basin; see Table 
A.7, note (£1. 

(c) Taback et al. (1979, p. 2-88). All past-1970 GM passenger cars 
equipped with front disc brakes. 

( d )  Taback et al. (1979, pp. 283-288). 

(el The emissions in the 50x50-mile grid are proportional to the SCAB 
emissions in the same ratio as vehicle miles travelled; see Table 
A.6. 
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Notes for Table A.9 

(a) Total dwellings by county in South Coast Air Basin, 1980, from 
Southern California Association of Governments (1982, p. 70) 
using population statistics and data on persons per dwelling 
unit. 

(b) As part of this study, a survey was conducted throughout the 
South Coast Air Basin to determine the average level of wood- 
burning in residential fireplaces. The results of this survey 
produced data on the fraction of residences in each county 
burning wood, how much wood, what type of wood, and seasonal 
variation of usage. These data are presented in this table 
(seasonal variation: 70.8% winter, 10-1i"J spring, 2.3% summer, 
16.8% autumn; 83 responses) . 

( c )  Based on cord weights of red oak (hardwood) and yellow pine 
(softwood) from Baumeister, Avallone, and Baumeister (1978. pp. 
6-124 and 7-13) . 

( d )  Muhlbaier and Williams (1982, Table 2, p. 190). 

(e) Taback et al. (1979, table p. A-39). 

( f )  Emissions in the 50x50-mile grid are assumed to be in proportion 
to the on-grid fraction of the Los Angeles and Orange Counties 
population. The fraction of the two-counties population residing 
in the grid is 0,968 (Soathern California Assaclation of 
Governments 1982) . 



Table A.10 
Correspondence between source types used in 
this study and California Air Resonrces Board 
category of emission source (CES, SCC) numbers 

source type used in California Air Resources Board 
emission inventory category of emmission source 

(a (CES, SCC) numbers (b) 

Off Highway Diesel AM47480 ,MA54379 ,AIM4437 ,AAA54452, 
AAA54478,AhA54494,AAA54536,AAA54593 

Off Highway Gasoline AAA47449,AAA47464,AAA54387,AAA54411 

Industrial IC Gasoline AAA66746,20200301 

Industrial IC Distillate AkA54353,20200102,20200902 

Petrochemical FCCU 30600201 

Petrochemical Other 30600401,30600501,30600805,30600999, 
3O6Ol3Ol,3O699998 ,3O699999,4O3OOl99, 
403 99999 

Organic Solvent Coating AAAl8697,AAA19034,AAAl9109,AAAl9315, 
AAA2OlO7 ,AAA24794,AAA24877 ,AAA24935, 
u 5 0 5 5  , w 5 2 1 3  ,?1?1?127920,~392C, 
AAA27995 ,AAA28464,AAA31583 ,AAA31963, 
AAA37861,AAA42358,AAA42416,40200101, 
40200110,40200199,40200210,40200301, 
40200399,40200401,40200410,40200499, . 
40200501,40200599,4020060I,40200603, 
40200701,40200799,40200801,40200803, 
40201001,40201002,40288801,40299999 

Organic Solvent Printing 40500101,40500201,40500301,40500401 

Organic Solvent Degreasing 40100103,40100299 

Organic Solvent Other 49099999 

(a) Emissions for these source types have been compiled in 
Tables A.l through A.4. The number corresponds to the 
source type number in Table D.38 (second column). 

(b) The Califonia Air Resonrces Board uses CES numbers for 
area sources (first three digits: AAA) and SCC numbers 
for point sources (Ranzieri 1983). 



Table A.10 (continued) 

source type used in California Air Resoarces Board 
emission inventory category of emmission source 

(CES, SCC) numbers 

48 Chemical Organic 30100199,30100901,30100902,30100999, 
30101501,30101599,30101801,30101802, 
3OlOl899,3O1Ol9O3,3OlO2699,3OlO32O4, 
30199999 

49 Metal Primary 

50 Metal Secondary 

51 Mineral 

52 Waste Burning 

53 Wood and Paper Products 30700401,30700402,30799999 

54 Asphalt Roofing 30500104,30500105 ,30500199 

55 Rubber and Plastics 30800699 

56 Coke Calciner 30601401 



Table A.10 (continued) 

- --- - - 
source type used in California A i r  Resources Board 
emission inventory category of emission source 

(CES, SCC) numbers 
-- --II----- ------- 

Food and Agriculture 30200901,30200999,30201301,30203299, 
30299998,30299999 

Textile 33000199,33000399 

Miscellaneous Industrial AM0108,39999999 

Livestock Dust AM47340 

Paved Road Dust AAA47456 

Structural Fires Mh47324 

Agricaltural Burning MA47258 

Charcoal Broilers AM6 041 8 

Roofing Tar Pots AAA66738 

Chemical Inorganic 30101701,30102308,30103601,30103701, 
30113003 

Metal Fabrication 30903099,30999999 

Road/Building construction Mh47357,kAA47365,APaA47373,AAA47381, 
MAS45 51 ,MA60400 

Agricultural Tilling AM47332 

Unpaved Road Dust AAA47399,AAA47407,AAA47415,AAA47431 

Wild Fires (c) AM47308.AAA47316 

Tire Burning (c) MAS7307 

LPGfor Carbnretion (c) AAA58727 ..................... ------- 
(c) Source class is not input to the air quality model. 



BEFERENCES FOR APPENDIX A 

Air Resources Board of California. 1980. Procedure and basis for 
estimatinq on-road motor vehicle emissions. (Including 
Supplements 1-4.) Sacramento. 

Air Resources Board of California. 1983. Predicted California 
vehicle emissions--South Coast Air Basin--1982 (Computer- 
generated listing by that name of data used in W A C 6  emissions 
model by the California Air Resources Board.) El Monte. 

Baines, T. M., J .  H. Somers, and C. A. Harvey. 1979. Heavy duty 
diesel particulate emission factors, J. Pollut. Control 
Assoc. 29:616-621. 

Baumeister, T., E. A. Avallone, and T. Baumeister 111, ed. 1978. 
Marks' Handbook. 8th ed. New York: McGraw-Hill. 

Bornstein, M. I. 1978. Study to develop background information for 
the direct meat-firing industrv. USEPA/450/3-78-027. GCA Corp. - 
Bedf ord, Massachuse tts. 

Cadle, S. H., General Motors Research Laboratories, Warren, Michigan. 
Personal communication, 2 1  September 1983. 

California Department of Finance, State of California. 1982. 
Caiifornia statisticai abstract, 1982. Sacramento. 

California Department of Transportation, State of California, 1983. 
1982 traffic volumes on California State Hiahwavs. Sacramento. - 

Cass, G. R. 1977. Methods for sulfate air quality management with 
applications to Los Angeles. 2 vols. Ph.D. thesis, California 
Institute of Technology, Pasadena. 

Cass, G. R., R. W. Hahn, and R. G. Noll. 1982. Imvlementina tradable 
permits for sulfur oxides emissions. California Institute of ' 

Technology, Environmental Quality Laboratory Publication no. R- 
22, vol. 111. Pasadena. 

Countess, R. J., G. T. Wolff, and S. H. Cadle. 1980. The Denver 
winter aerosol--a comprehensive chemical characterization. 2. 
Air Pollut. Control Assoc. a:1194-1200. - 

Danielson, J. A., and R. W. Graves. 1976. Fuel use and emissions 
from stationarv combustion processes. Southern California Air - 
Pollution Control District. El Monte. 



Diesel Impacts Study Committee. 1982. Diesel ---benefits, risks 
and public policv. Washington, D.C.: National Academy Press. - 

Energy Information Administration, U.S. Department of Energy. 1983. 
Petroleum S u ~ ~ l v  Annual 1382. Washington, D.C. 

Federal Aviation Administration, U.S. Department of Transportation. 
1981. FAA air traffic activity, fiscal year 1981. 

Flagan, R. C., California Institute of Technology. Personal 
communication, 1980, suggested this approximation. 

Gabele, P. A., F. M. Black, F. G. King, Jr., B. B. Zweidinger, and B. 
A. Brittain. 1982. Exhaust emission patterns from two light- 
duty diesel automobiles. In The me&- ement & control of 
diesel particle emissions, Part 2. Society of Automotive 
Engineers. Warrendale, Pennsylvania. 

Gibbs, R. E., J. D. Hyde, and S. M. Byer. 1980. Characterization of 
particulate .emissions from in-use diesel vehicles. Paper 
presented at SAE Fuels and Lubricants Meeting, October, at 
Baltimore, Maryland. Available as report no. EPAIJ-80-209. 

Gorse, R. A., Jr. Personal communication, 13 December 1984. 

Gray, H. A., G. R. Cass, and B. Turpin. 1985. Source testing of road 
dust, cigarette smoke, roofing tat, and charcoal broilers. 
California Institute of Technology, Environmental Quality 
Laboratory Open File Report no. 85-1. Pasadeaa. 

Grisinger, J. E, 1982. Overview of methods develop 1979 emissions 
data for the 1982 A W  revision. South Coast Air Quality 
Management District. AQMP technical paper no. 1. El Monte, 
California. Appendix B. 

Groblicki, P. J., G. T. Wolff, and R. J. Countess. 1981. Visibility- 
reducing species in the Denver "brown ~loud~~--I. relationships 
between extinction and chemical composition. Atmos~hetic 
Environment =:2473-84. 

Habibi, K. 1973. Characterization of particulate matter in vehicle 
exhaust. Environmental Science g& Technologp 7:223-234. 

Hansen, A. D. A., W. H. Benner, and T. Novakov. 1978. A carbon and 
lead emission inventory for the Greater San Francisco Bay area. 
In Atmosvheric aerosol research annual report 1977-1978. 
Lawrence Berkeley Laboratory document LBL-8696. Berkeley, 
California. 



Heywood, J. B., 3. A. Fay, and L. H. Linden. 1971. Jet aircraft air 
pollutant production and dispersion. Journal 9:841-850. 

Halberg, E., South Coast Air Quality Management District. Personal 
communication of vehicle distribution data received October 1980. 

Holman, T., and W. Lauderdale. 1983. Diesel emissions: Their 
formation, impactss recommendations for control. Colorado 
Department of Public Health. Denver, 

Buntzicker, J ,  J., S. K. Friedlander, C. I. Davidsoe. 1975. Material 
balance for automobile-emitted lead in Los Angeles basin. 
Environmental Science g& Technologp 9:448-457. 

Hyde, 3, D., R. E. Gibbs, B. A. hitby, S. M. Byer, 0. J. Hill, T. E. 
Hoffman, R. E. Johnson, and P. L. Werner. 1983. Analysis of 
particulate and gaseous emissions data from in-use diesel 
passenger cars. SAE Trans. 91:2698-2724. 

Japar, S. M., A. C. Szkarlat, R. A. Gorse, Jr., E. K. Heyerdahl, R. L. 
Johnson, J. A. Rau, and J. J. Huntzicker. 1984. Comparison of 
solvent extraction and thermal-optical carbon analysis methods: 
Application to diesel vehicle exhaust aerosol. Environmental 
Science Technologp 18:231-34. 

Johnson, R. L., J. J. Shah, R. A. Cary, and J. J. Huntzicker. 1981. 
An automated thermal-optical method for the analysis of 
carbonaceous aerosol. Presented at the Second Chemical Congress 
of the North American Continent at Las Vegas. In Chemical 
composition of atmospheric aerosols: Soarcelair aualits 
relationshi~s, ed. E. S. Macias and P. K. Hopke. Washington, 
D.C.: American Chemical Society. Plus additional data 
transmitted by letter from J. 3. Huntzicker dated 10 September 
1980, giving the composition of source samples. Source data were 
presented at that conference but are not in the proceedings 
volume. 

Kerr-McGee Corporation. 1982. Argus boilers & test program, 
interim Drogress report--phase I. Trona, California. (Report 
dated July 15.) 

Lang, J. M., L. Snow, R. Carlson, F. Black, R. Zweidinger, and S. 
Tejada. 1982. Characterization of particulate emissions from 
in-use gasoline-fueled motor vehicles. SAE Trans. 90:3632-3651. 

Laresgoiti, A., and G. S. Springer. 1977. Sulfate and particulate 
emissions from an oxidation catalyst equipped engine. 
Environmental Science and Technologp 11:285-292. 



Lynch, J. R. 1968. Brake lining decomposition products. L. &g 
Pollut. Control Assoc. 18: 824-826. 

Manfredi, M., and N. Mansour. 1975. Test conducted at Department pf 
Water and Power Citv of Los Anaeles (Scattergood Station) 12700 --- 
Vista Del Mar, Plava Del &r, California on September a, 1975-- --- 
Report on the emissions from steam generator a. 3 under natural 
ass firinq. Southern California Air Pollution Control District, 
Source Test Section Report No. C-2354. El Monte. 

Mansour, N., Southern California Edison Co,, Rosemead, California. 
Personal communication, n.d. Samples taken during source tests 
on Los Angeles Department of Water and Power Scattergood Unit 3 
while burning natural gas showed mostly iron, silica, sodium, and 
calcium. Samples were not noticeably darkened, 

Morton, M., ed. 1973. Rubber technoloav. New York.: Litton 
Educa t iona 1 Pub 1 i sh ing 

Motor Vehicle Manufacturers' Association. 1983. M W A  motor vehicle 
facts and figures '83. Detroit. -- 

Muhlbaier, J. L., and R. L. Williams. 1982. Fireplaces, furnaces and 
vehicles as emission sources of particulate carbon. In 
Particulate carbon: Atmospheric life cvcle, ed. G. T. Wolff and 
R. L. Klimisch, 185-205. New York: Plenum Press. 

Pierson, W. R, 1979. Particulate organic matter and total carbon 
from vehicles oa the road; In Proceedin~s, cerbsnrceons 
particles in the atmosphere, ed, T. Novakov. Lawrence Berkeley 
Laboratory. Berkeley, California. 

Pierson, W. R., and W. W. Brachaczek. 1983. particulate matter 
associated with vehicles on the road, 11, Aerosol Science and 
Technologp 2 :I-40. 

Pierson, W. R., and W. W. Brachaczek. 1974. Airborne particulate 
debris from rubber tires. Rubber Chem. Technol. 47:1275-1299. 

Ranzieri, A. J., California Air Resources Board. Letter to author, 30 
November 1983: forwarded copy of magnetic tape AR3288 containing 
1982 gridded emission inventory of South Coast Air Basin point 
and area sources. 

Schuetzle, D. 1983. Sampling of vehicle emissions for chemical 
analysis and biological testing. Environmental Health 
Perspectives 44:65-80. 



gasolines, 1981-1982; Summer 
1982-1983. U.S. Department of Energy documents PPS- -- 

artlesville* Oklahoma. 

Southern California Association of Governments, October 1982. SCAG 
1982 growth forecast ~olicv. El Monte, California. - 

Taback, B. J., A. R. Brienza, and N. Brunetz. 1979. Ffne 
particle emissions from 
the South Coast Air Basin. ----- 

aliforaia. (Includes an important appendix volume.) 

B.S. Environmental rotection Agency. 1982. Com~ilation of air 
pollutant emission factors. 3rd ed. (Including Supplements 1- 
13.) U.S. Etlviromental Protection Agency document 
Research Triangle Park, North Carolina. 

atson, 9. 6 .  9r, 1979. Chemical element balance receptor model 
methodology for assessing the sources of fine and total suspended 
particulate matter in ortland, Oregon. Ph.D. thesis, 
Graduate Center, Beaverton. 

alate expos- effects of diesel engine 
emissions: 

document no. 

. A. Ferman, 
uthkosky. 6982. The relatio een the chemical 
composition of fine particles and visibility in the Detroit 
metropolitan area. J .  Air Pollnt. Control Assoc. =:1216-20. 



APPENDIX B 

1982 FUEL USE DATA 





Tabla 8.2 

E leo t r fo  Oeneratins S t a t i o n s  1982 Fuel Use 

Grid Looation B o i l e r s  Turbines Pus1 011 D i e t i l l a t e  Ga a 
Coordinator (Equivalon~t (Equivalent (Equive1e;t (Equivalent (Equivalent 

Power Plant  County I J bb la ly r )  b b l s l y r )  b b l d y r )  b b l r l y r )  bb l s ly r )  
( a )  ( a )  (a )  ( a )  ( a )  

S(8 E l  Seaundo 

DIP LA Sortter#ood 

S(8 Redondo 

DIP LA Valley 

Bnrbank M a p o l i a  

Glendale A i n a y  

SIX Northridlo 

DIP LA Barbor 

LB Oar Ikpt. (1) 

SIX Lon1 Bcaoh 

LB Gas Dopt. (2)  

Pasadena Olonara 

S& M t .  Vernon 

S& Alar i tos  

DIP Baynea 

SIX B. Beaoh 

SIX Etiranda 

S& Bi#h~rove  

S(8 San Bernardino 

Omond Beaoh 

h n d a l a y  

LA 

LA 

LA 

LA 

LA 

LA 

LA 

LA 

LA 

LA 

LA 

La 

LA 

LA 

LA 

O r m l e  

SBdo 

SBdo 

SBdo 

Ventrua 

Ventrun 

off  a r i d  

off  a r i d  

off  a r i d  

off  # r i d  

o f f  a r i d  

Total  
N 8  IU.1 (38s 

( lo9  ~ t d d . : ~ )  ( lo9  Btu/day) (10 d Bto/dry) ( lo9  Btu/day) ( lo9 Btu/day) ( lo9  ~ t u / d a y )  

l W A L  GRID (b)  16 u t i l i t i e s  572.32 38.29 610.61 112 .08 0.395 0.566 

TOTAL 4-CU. SCAB (01 19 u t i l i t i a r  653 .55 38.37 691.92 118.86 0.429 0.566 

P A L  6-CO. BASIN (dl  21 u t i l w s  6 31.37 M2.13 133 -54 0.525 0.566 



Notes f o r  Table B.2 

( a )  Data from South Coast A i r  Q u a l i t y  Management D i s t r i c t  (1983) 
e l e c t r i c  u t i l i t y  f u e l  use r e p o r t s  f o r  1982. Ventara County da t a  
from the  A i r  P o l l u t i o n  Control  D i s t r i c t  (1983). 

(b )  Each equiva len t  b a r r e l  of f e l  has a hea t ing  value of 6.3 X 10 8 
6 

Btu/equiv.bbl ( o r  1.06 X 1 0  BtuIMCF). 

( c )  Inc ludes  Los Angeles, Orange, Rivers ide ,  and San Bernardino 
Counties.  

( d l  Inc ludes  Los Angeles, Orange, Rivers ide ,  San Bernardino, Ventura, 
and Santa Barbara Counties.  



Table 8.3 

Refineries Fuel Uae 1982 

Residual Naturnl Ref inery 
Grid Looation Fuel Oil Gar Or. 
Coordinates (Equivalent (Equivalent (Equivalent 

Refinery Comty I J bbla/yr) bbldyrl bblslyr) 

Newhall Refinin8 

Standmd Oil of California 

Mobile Oil 

Union Oil 

Fletoher Oil 4 Refinins 

Golden Eagle Refinery 

Shell Oil, lilmin#ton 

Shell Oil, Daingwr 

Chmplin Petrolam 

Tereco Ina. 

Atlantic Piohfield 

M.omillan Pins-free Oil 

Yarlex Oil 4 Refinin4 I 

Edlin8ton Oil 

Doo8las Oil 

Powerline Oil 

Gulf Oil 

off #rid 

(lo9 8tu/day) (109 8tu/daY) (lo9 8tu/day) 

TOTAL GRlD (b) 16 ref instier 5 .25 98.98 333.62 

TOTAL ( 0 )  17 ref inatiea 5.34 100.59 334.12 



Notes for Table B.3 

(a) Data from South Coast Air Quality Management District (1983) 
electric utility fuel use reports for 1982. 

(b) Each equivalent barrel of fuel has a heating valae of 6.3 X 1 0  6 

Btu/equiv.bbl. 

( c )  Mewhall Refining is in Los h g e l e s  County but outside of the 
50x50-mile grid. 
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Notes for Table B.4 

Data from Southern California Gas Company (1983) reports of 
nataral gas sales by county and FPC priority number for 1982. 
Los Angeles County is supplied by the Southern California Gas 
Company and also by the City of Long Beach Gas Department. 

Data from the City of Long Beach Gas D-partment monthly natural 
gas deliveries for 1982 (Eortz 1983). This represents 92.1% of 
the priority PI nataral gas delivered in Long Beach, which is the 
same fraction of P1 sold to residential/high-priority commercial 
users in Los Angeles County during 1982 as reported by the 
Southern California Gas Company (1983). The remaining 7.9% is 
assumed to be industrial PI. This 9,822,194 M C F  is assumed to be 
divided into residential and high priority commercial using the 
proportions found in Los Angeles for PI fuel sales by the 
Southern California Gas Company. 

FPC priority number P1 only. (Residential users are all 
classified PI.) 

The 50x50-mile grid comprises 93.1% of the population in Los 
Angeles and Orange Counties (Cass 1977). It is assumed that 
residential nataral gas use is distributed spatially proportional 
to population distribution. 

The 50x50-mile grid comprises 96.8% of the employment in Los 
hgeles and Orangs Camties (Cass 1977). It is a s s w e d  that 
commercial natural gas use is distributed spatially proportional 
to employment distribution. 

The natural gas sales for the calendar year 1982 reported by the 
Southern California Gas Company do not agree with the total of 
the monthly gas sales for the same period presented in the same 
report. Both the annual total and the sum of the monthly values 
are presented here. 

Includes Los Angeles, Orange, Riverside, and San Bernardino 
Counties. 

Includes Los Angeles, Orange, Riverside, San Bernardino, Ventura, 
and Santa Barbara Counties. 
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Notes for Table B.5 

(a) Data from Southern California Gas Company (1983) reports of 
natural gas sales by county and FPC priority number for 1982. 
Los Angeles County is supplied by the Southern California Gas 
Company and also by the City of Long Beach Gas Department. 

(b) Data from the City of Long Beach Gas Department monthly natural 
gas deliveries for 1982 (Kortz 1983). Tbis represents 7.9% of 
the priority P1 natural gas and a 1 1  of the lower priority natural 
gas delivered; see note (b), Table B. . The 20,939,657 M a  is 
assumed to be divided into industrial and low priority commercial 
using the proportions found in Los Angeles County for fuel sales 
by the Southern California Gas Cornpat-" 

(c) All FPC priorities. This includes gas supplied to utilities and 
refineries which is subtracted below. 

(dl All FPC priorities lower than PI. 

(el Includes gas supplied to utilities and refineries. 

(£1 Includes Orange and Los Angeles Counties. 

(g) Includes Los Angeles, Orange, Riverside, and San Bernardino 
Counties. 

!h! Inclades Los h g e l e s ,  Orange, Riverside, Gan Beina id ins ,  Ventara, 
and Santa Barbara Counties. 

( i )  From Table B.2. 

(j) From Table B.3. All 17 refineries are in Los Angeles County. 

(k) Non-refinery, non-atility industrial and low priority commercial 
natural gas usage is obtained by subtracting the natural gas used 
by utilities and refineries from the total industrial and low 
priority commercial natural gas use. 

(1) The natural gas use by non-refinery, non-utility industrial and 
low priority commercial establishments in the 50x50-mile grid is 
assumed to be 96.8% of the natural gas use in Los Angeles and 
Orange Counties (2-county). This is the fraction of the 2-county 
employment in the grid (Cass 1977). 

(m) The natural gas sales for the calendar year 1982 reported by the 
Southern California Gas Company do not agree with the total of 
the monthly gas sales for the same period presented in the same 
report. Both the annual total and the sum of the monthly values 
are presented here. 



Table 8.6 

Delivrrirr of Pwls in 1982 

6-County 6-Coun ty 4-County 5OWOlile 
California Basin Basin SCAB Grid 

(1000 bblrlyr) (1000 bblrlyr) (lo9 Btdday) (lo9 Btu/day) (10' Btalday) 

Dirtillate Fuel Oil 
Pssidontial/Coaaroi.1 4482 1380.5 ( 0 )  22.03 (k) 20.55 (0) 17.08 (0) 
Industrial (b) 4794 2301.1 (d) 36.72 (k) 27.92 (p) 26.54 (p) 
Railroad 7138 1557.0 (0) 24-85 (k) 22.42 (0) 14.13 (el 

Residual Pw1 Oil 
bridential/Caarrcial 5697 1754.7 (f) 30.22 (1) 28.19 (0) 23.43 (0) 

Industrial (b) 973 467.0 ( 8 )  8.04 (1) 7.65 ((1) 7.27 (q) 

Liquefied Petrolem Oar (LIW 
Internal Conbustion Enginor 1697.5 814.8 (h) 8.48 (m) 8.07 fq) 7.67 (q) 
Residential/Cauercial 5220.0 1607.8 (i) 16.74 (IN) 15.61 (n) 12.98 (n) 
Industrial (b) 907.5 435.6 ( j )  4.54 (d 4.31 (q) 4.10 (q) 

Di~orter Oas--1ndurtrial 
Coke Oven Oar--Indartrial 
Coal-Reridontial/Caueroial 



s for Table B.6 Note 

(a) Deliveries of fuels in 1982 for the state of California from the 
Energy Information Administration (1983). Liquefied pe roleum 5 gas (LPG) was reported by the state of California in 10 gallyr, 
so those values are divided by 42 (gal/bbl). 

Non-refinery, non-utility industrial fuel. 

Southern California portion of residential and commercial oil use 
in California is 0.4 from Stanford Research Institute (1973). 
The 6-county basin fuel use is assumed to be a fraction of the 
Southern California fuel use based on population density. From 
the 1980 census of population in California counties (U.S. Bureau 
of the Census 19821, 77% of Southern California population is in 
the six cougties; therefore. 4482 X 0.4 X 0.77 = 4482 X 0.308 = 
1380.5 X 10 bblslyr. 

64% of the state of California's industrial oil use is in 
Southern California from Stanford Research Institute (19731, and 
75% of the non-refinery industrial heating demand in Southern 
California is in the 6-county basin from Cass 1977); therefore, 4 4794 X 0.64 X 0.75 = 4794 X 0.48 = 2301.1 X 10 bblslyr. This 
contains some fuel used for internal combustion engines; see note 
(01, below. 

Railroad fuel is assumed to be used geographically in proportion 
to track mileage. The track mileage in railroad yards was 
counted for each track to account for the heavy traffic in those 
areas. From Cass (1977, p. 628), track miles were summed for the 
6-county basin and were found to be 1842.3 miles, which is 21.8% 
of the 8446.6 miles of railroad track in California. The 4- 
county SCAB track mileage was obtained by subtracting the 180.0 
miles in the counties of Santa Barbara and Ventura, leaving 
1662.3 miles in the 4-county SCAB (19.7% of the state). The 
track miles existing on the 50x50-mile grid totalled 1047.9 miles 
(12.4% of the state). 

30.8% of the California residential and commerical oil is 
consumed in the 6-county b sin (see note LC], above); therefore, 4 5697 X 0.308 = 1754.7 X 10 bblslyr. 

48% of the California industrial oil use is in the 6-coyty basin 
(see note [dl, above); therefore 973 X 0.48 = 467.0 X 10 
bbls/yr. 

The Energy Information Administration (1983) gives 71,294 X 10 3 

gallyr for LPG use by internal combustion engines in California 
during 1982. Assuming usage is proportional to population, this 



gives 71.2 4 X lo3 gal + 42 gallbbl (= 1697.5 bblslyr) X 48% = f 814.8 X 1 0  bbls/yr; see note (dl. 

The Energy Information Administration (1983) gives 219,239 X 10 3 

gallyr for LPG use by residential and commercial customers in 
California for 1982. The fraction of LPG used by customers in 
the 6-county basin is estimated to be 30.8% (see note [cl, 

3 above); therefore, 219,239 X 10 gallyr + 42 gallbbl (= 5220.0 
bblslyr) X 30.8% = 1607.8 bblslyr. 

LPG use in the state of Ca ifornia for chemical and industrial 4 uses totalled 214,216 X 10 gal in 1982 from the Energy 
Information Administration (1983). Also, 17.8% of 
chemical/industrial LPG use was for industrial customers 
(including a small amount of refinery fuel) in the United States 
during 1982. Assuming this proportion holds for California LPG 
use, then 214.216 X lo3 gallyr X 17.8% i 42 gallbbl = 907.5 
bblslyr X 10 bblslyr. It is assumed that 48% of the California 
LPG use is in the 6-county basin (s e note [dl, above); 4 therefore, 907.5 X 48% = 435.6 X 10 bblslyr. 

3 Assumed distillate fuel oil heating value of 5825 X 10 Btulbbl 
from Cass (1977, p. 598). 

3 Assumed residual oil heating value of 6287 X 10 Btulbbl from 
Cass (1977, p. 598). 

3 Assumed LPG heating value of 3800 X 1 0  Btulbbl from Cass (1977, 
p. 598). 

No recent information available. Assumed 1973 value from Cass, 
Boone, and Macias (1981) as an estimate for 1982. 

Assuming the fuel use in the 6-county basin is distributed 
geographically in proportion to population, then 93.3% of the 6- 
county basin fuel use is in the 4-county SCAB and 77.5% of the 6- 
county basin fuel use is in the 50x50-mile grid. 

The fraction of fuel used in the 4-county SCAB is assumed to be 
equal to the ratio of industrial natural gas usage in the four 
counties to industrial usage in the si $ counties, which is 95 .l% 
from Table B.5. This gives 34.92 X 1 0  Btulyr for the 4-county 
industrial distillate oil used. This includes distillate oil 
used by i ternal combustion engines, which is estimat d to be f 6 7.00 X 10 Btulday in the 4-county SCAB and 5.43 X 1 0  Btulday in 
the 50x50-mile grid, from the Air Resources Board of California 
1982 inventory of area and point source emissions (Ranzieri 
1983); see note (n), Table A.2. Therefore, the total for 
industrial distillate not in lading I C  fuel in the 4-county SCAB 8 is 34.92 - 7.00 = 27.92 X 10 Btulday. It is further assumed 



that the fraction of the 4-county SCAB distillate oil used within 
the 50X50-mile grid is eqaal to the ratio of industrial natural 
gas usage in the grid versus the four counties, which is 95.1%; 
see Table g.5. Therefore. the grid total is 27.92 X 95.1% = 
26.54 X 10 Btulday. 

(q) Assuming the fuel use for industrial customers is proportional to 
the natural gas used in the 6-county, 4-connty, and 
50x50-mile grid gives 95.1% of the 6-county basin industrial fuel 
is in the 4-county SCAB and 90.4% of the 6-county basin 
industrial fuel is in the 50x50-mile grid. 

(r) All the coke oven gas use is in the 4-county SCAB but outside the 
50x50-mile grid. 
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APPENDIX C 

1982 EMISSIONS ESTIMATES IN TEE 4 COUNTY SOUTE COAST AIR BASIN 

The following tables contain estimates of particle emissions in 
the 4 county South Coast Air Basin during 1982. The methodology used 
to construct Tables C . 1  through C.4 is the same as that used in 
Tables A.1 through A . 4 ,  respectively. Therefore explanatory notes are 
omitted from tables in Appendix C. The interested reader will find 
explanations of the calculations in the notes following the 
corresponding table in Appendix A. 



Table C.l 

Bniaaions Eatimatea for Yobile Sources 
in 4 County South Coaat Air Basin 

(a) 

-- - - - - 

Eatimted Total Pine %Total Pine Partition of Carbon Pine Pine 
1982 Total Particulate Particulate Yasa Total Carbon in Total Volatile Non-volatile Organic Elemental 

Fuel Use a .  hission P e c t o ~ _  8.lsalons Fraction Particulate < 2.1 CIrbon Carbon CIrbon CIrbon Carbon 
(lo9 Btulday) VYTlday (kgI10' Btu) (8rIrile) (kllday) ( 2.1 pm (kllday) Fraction (kglday) % OC % EC (kglday) (kglday) 

Highray Vehicles 
Catalyst Autoa 
Norcatalyat Autos 
Diesel Autos 
Catalyat Light Trucks 
Non-catalyst Light Trucks 
Diesel Li8ht Trucka 
Catalyst Yedim Trucks 
Non-catalyst Medim Trucks 
Gasoline Heavy Trucks 
Diesel Heavy Trucka 
Yotorcycles 
LPG use for Carburetion 

Civil Aviation 
Jet Aircraft 
Aviation Gar 

Commercial Shipping 
Pcsidml Oil-fired Shipa 
Diesel Ships 

Railroad 
Diesel 011 

Yiscellaneoaa 
Off Highway Diesel Vehiclaa 
Off Bighray Gasoline Vehicles 

(a) see Table A.1 for calculation procedure. 



Emissions Bstiutos for Stationa~ Combustion louroes 
in 4 County South Coast Air Basin 

(8) 

Fuel Cmbtration 
Electric Utilities 
Natural 0.8 (bailors) 653.6 1.08 705.9 92% 649.4 7% 45.5 l0OI rrrll 45.5 0 
~8toral 08s (turbines) 38.4 5.99 230.0 92% 211.6 7% 14.8 100+ smnll 14.8 0 
Reaidlul Oil 118.9 9.09 1010.8 95% 1026.8 201 205.4 8OI 201 164.3 41.1 
Distillate Oil (turbines) 0.43 16.35 7.0 96.4% 6.8 15% 1 .O 42% 58% 0.4 0.6 
Diaeatoz (1.8 0.57 1.08 0.6 92% 0.6 n 0.04 lorn 8mll 0.04 0 

Refinery Fuel 
N8tlU8l O.1 
Refinery Oaa 
Reaidprl Oil 

Non-tofinery Indnrtrial/Lm Priority CoPrraia1 Fuel 
Natural Oar 308.5 7 3 6  
LPI) 4.31 7 3 6  
Residual Oil 7.65 21.64 
Distillato Oil 27.9 23.55 
Dilostar Gas (IC enliner) 5.99 20.41 
Coke Oven Oar 37 -5 7 3 6  
Gasoline (IC enlines) 5.16 23.49 
Diatillata Oil (IC enlines) 7 .OO 109.81 

Re8idential/Ri#h Priozity Coaeroial F w l  
N8t.lu.l 0.1 854.8 8.06 6889.7 92% 6331.5 12% 760.6 672 3% 509.6 251.0 
LP(1 15.6 8.06 125.7 92% 115.7 1% 13.9 67% 33% 9.3 4.6 
Residual Oil 28.2 21.64 6.10.2 721 439.4 11.3% 49.6 80% 20+ 39.7 9.9 
Distillate Oil 20.6 21.64 445 .8 96.4% 429.7 1% 64.5 42% 58% 27.1 37.4 
Coal 0.51 378.0 1!#2.8 62% 119.5 96% 114.7 78% 221 89.5 25.2 

TOTAL PIIEL OYBUSTION 1890.5 1424.2 466.3 

(8) See Table A.2 for oaloulation prooodura. 
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APPENDIX D 

ESTIMATES OF TEE COSTS AND EMISSION REDUCTIONS 

OF FZME PARTICLE ( I O ~ O L  MEBSUtiES 

The c o s t s  and f i n e  carbon p a r t i c l e  m i s s i o n  reductions f o r  the 
control  m a s a r e s  used i n  this rtndy a r e  sunuu8rized i n  Chapter 5. Table 
5.1. The soarce types af fec ted  by each control  nreaslrre are  i d e a t i f i e d  
by numbers which appear below the  t i t l e s  of the control  measures. 
These numbers correspond t o  the  source type i d e a t i f i o n t i o n  n~arbers 
l i s t e d  i n  the right-hand CO~UIIUI of Table D.38. 



Cost Calculation D.l 

Unleaded Gasoline Use by Non-catalyst Autos and Light Tracks 

Sources Affected: 3,4 

Cost: 82.924 X 1 0 ~ $ / ~ r  

1. Difference in retail price between unleaded a d leaded gas, P national average 1982: 6.7#/gal or $536.20110 Btu from 
Energy Information Administrat'on (19821. b 

2. SCAB 1982 fuel use: 423.7 X 10 Btu/day (from Table C.11. 

Total Cost = ($536.20110~ Btu) (423.7 X 10; ~ t u / d a ~ )  
X (365 days/yr) = 82.924 X TO $lyr 

This is not a control measure for aerosol carbon emission 
reduction. The cost of unleaded fuel is needed in order to 
evaluate Control Measure D.2 which involves replacement of non- 
catalyst autos and light trucks by catalyst equipped vehicles. 



Control Measure D.2 

Catalysts on Won-catalyst Autos and Light Trucks 

Sources Affected: 3,4 

Cost: 236.352 X 106$/yr 

Unleaded fuel rost be used. Cost: 82.926 X 1 0 ~ $ / ~ r  (see 
Cost Calculation D.1). 
Catalyst cost: $155 per system for 1978 Federal System (this 
system would be adequate to achieve carbon particle emission 
reduction cited) from Cross (1982). Convert to 1982 dollars 
by maltiplying by 0.51210.344 IDept. of Labor 19851, which 
gives a cost of $230.70/system. 
Assme 5 year payback period at 10% interest which yields a 
capital recovery factor of 0,26380. This gives an annual 
cost of $60.86/vehicle-yr for the catalyst system. 
Number of light-duty autos and trucks in SCAB, 1982, is 
esimated to be 6,243,184 from the California Air Resources 
Board (1983a). From Table 19.5, 40.38% of the automobile 
fleet was non-catalyst in 1982 giving approximately 
2,521,000 light-duty non-catalyst vehicles. 

Total Cost = ($60.86/vehic e-yr) (2,521,000 ve icles) b 8 + 82.924 X 10 $Iyr = 236,352 X 10 Q/p 

Fine TC Reduction: 3.7387 Tlday 

1. Fine total carbon mission factors: B Noncat: 9.72 kg110 Btu (see Table C.1). 
Catalyst: 0.91 kg110 Btu (see Table C.1). 

2. Fine total carbon emissions from soaxrces: 4.1230 T/day 
(SCAB, Table C.1). 

Reduction = (4.1230 T/day) (1 - 0.9119.72) = 3.7387 Tlday 

TC fraction reduction = 0.9068 
EC fraction reduction = 1 - (0.45) (1 - 0.9068)1(0.213) = 0.8031 

(see Table A.1 for ECITC ratios) 



Control Measure D.3 

#I Diesel  Fuel Use by Light-duty Diesel Vehicles 

Sources Affected:  6,7 

Cost: 4.317 X lo6  

1. Diese l  p r i ce  d i f f e rence :  8.5$/gal (Difference of a r i thmet i c  
averages f o r  #1 and #2 d i e s e l  f u e l  from 1982 Lundberg Survey 

42 a l )  ( from Turner 1985). ($0 .085 /~a l )  ( bA 1 bb l  1 = 

$612.88/109 Btu. 5825 X lo3 Btu 

2. SCAB 1982 f u e l  use: 19.3 X 10' Btu/day (from Table C.1). 

To ta l  Cost = ($612.88119~ Btu) (19.3 X 10' I3tu/day) (365 d ~ j s / y r )  
= 4.317 X 10  $lyr 

Fine TC Reduction: 0.2475 T/day 

1. P a r t i c u l a t e  emissions a r e  reduced 20% by switching from #2 
d i e s e l  t o  #I d i e s e l  (from Burley and Rosebrock 1979, 'SAE 
790923, f i g .  6 )  . 

2. Fine t o t a l  carbon emissions front sources: 1.2375 T/day 
(SCAB, Table C.1). 

Redaction = (0.20) (1.2375) = 0.2475 Tlday 

TC f r a c t i o n  reductiolr = 0.20 
EC f r a c t i o n  reduct ion  = 0.20 

Conf l i c t s :  D.4, D.5 



Control Measure D.4 

Particle Traps on Light-duty Diesel Vehicles 

Sources Affected: 6,7 

6 Cost: 8,148 X 10 $/yr 

California Air Resources Board (1983b) cites a number of 
sources including manufacturers and independent consultants 
concerning estimates of the consumer cost of a fuel additive 
ceramic monolith trap-oxidizer system for light-duty diesel 
vehicles. Estimates of the initial cost ranged from $140 to 
$450, although the CABB believes the lower end of the range 
to be most realistic. Their findings are supported by cost 
estimates of Weaver et al. (19831, who estimated an iaitial 
cost of $180 to $342, Assnme an initial cost of 
$280/vehicle (approximate middle of both ranges stated) , 
A s s m e  5 year payback period at 1096 interest which results 
in a capital recovery factor of 0.26380. This gives an 
equivalent annual charge for the capital cost of 
$73,86/vchicle-yr. 
Namber of light-duty diesel vehicles in SCAB, 1982 estimated 
as 92,400 from California Air Resources Board (1983~; 
6,243,184 light-duty vehicles) and Table A.5 (diesels make 
up 1.48% of light-duty fleet). 
Weaver et al. (1983) esti~atod the loss in fuel econmy due 
to the trap to be about 22. Jotal fuel use by light-duty 
diesels in 1982 was 19.3 X 10 Btu/day (SCAB, Table C.l) or 
50.91 X lo6 8al/yr . Dividing by 92,400 vehicles giver 
550.9 gallvehicle-yr. At $1.301gal, this gives additional 
cost of $14,32/vehicle-yr. The total cost is then 
$88.18/vehicle-yr. 

3g*18 ) (92,400 vehicles) Cost (vehtole-year 

= 8.148 X 10($/~r 



Control Measure D.4 (continued) 

Fine TC Reduction: 0.9900 Tlday 

1. Collection efficiencies ranging from 5 to greater than 90% 
have been reported for the cellular ceramic filters (C  

decke and Dimick 
; Ullman et al. 

4; General Motors 
1983 . A mean value of ould probably be attained for 
large scale use. 

2. Fine total carbon emissions from soarces: 1.2375 Tlday 
(SCAB, Table C.1). 

Reduction = (0.80) (1.2375) = 0.9900 Tlday 

TC fraction reduction = 0.80 
EC fraction reduction = 0,80 

Conflicts: D.3, D.5 



Control Measure D.5 

P a r t i c l e  Traps 4 #I Diesel  Fuel Use f o r  Lt-duty Diesel  Vehicles 

Sources Affected: 6,7 

1. Cost of #1 d i e s e l  f u e l :  4.317 X 1 0 ~ $ / ~ r  (see  Control D.3). 
2. P a r t i c l e  t r a p  system c o s t :  8.148 x 10 $/yr (see  

Control D.4). 

Tota l  Cost = 4.317 + 8.148 = 12.465 X l$$/yr 

Fine TC Reduction: 1 .O395 Tlday 

1. 2tB reduct ion  dne t o  #1 d i e s e l  f u e l  use (see  Contro lD.3) .  
2. Addit ional ly,  80% of the remaining 80% i s  removed by t r a p  

(see  Control D-4). 
3. Fine t o t a l  carbon emissions from sources:  1.2375 Tlday 

(SCAB, Table C.1). 

Reduction = (1.2375 Tlday) L0.20 + 0-80 (0.80)l = 1.0395 Tlday 

TC f r a c t i o n  reduct ion  = 0.84 
EC f r a c t i o n  reduct ion  = 0.84 

Conf l ic ts :  D.3, D.4 



Cost Calculation D.6 

Unleaded Gasoline Use by Non-catalyst Medium 4 Heavy Vehicles 

Sources Affected: 9,10 

Cost: 24.445 X lo6$/yr 

1. Difference i n  r e t a i l  p r i ce  between mleaded and leaded gas: 
9 $536.20/l0 B t o  (see Control Dgl). 

2. SCAB 1982 fue l  use : 124.9 X 10 ~ t u / d a ~  (from Table C.1) . 
Total  Cost = ($536.20/10: Btu) (124.9 X l o9  ~ t n / d a y )  (365 daylyr)  

= 24.445 X 10 $/yr 

This i s  not a control  measure fo r  aerosol  carbon emission 
reduction. The cost  of unleaded fue l  i s  needed i n  order t o  
evaluate  Control Measure D.7 which involves replacement of non- 
c a t a l y s t  ntediaat and heavy vehic les  by c a t a l y s t  equipped vehicles.  



Control Measure D.7 

Catalysts on Non-Catalyst Medium 4 Heavy Gas Vehicles 

Sources Affected: 9,10 

Cost : 66.453 X 1 0 ~ $ / ~ r  

1. Unleaded fuel must be ased. Cost: 24.445 X 10($/~r (see 
Cost Calculation D.6). 

2. Catalyst cost: $353/system (average of estimates by EPA, GM, 
and Chrysler for 1979 system) from Cross (1982). Convert to 
1982 dollars by multiplying by 0,46110,344 (Dept. of Labor 
1985) which gives a cost of $473.06/system. 

3. Asspme 5 year payback period at 10% interest which results 
in a capital recovery factor of 0.26380. Then the annual 
cost is $124.79lvehi~le-~r for the catalyst system. 

4. Number of medium and heavy non-catalyst vehicles in SCAB, 
1982 is 336,631 from California Air Resources Board (1983a). 

Total Cost = (S124.79Ivehi le-yr) (336,631 ve icles) 8 8 + 24.445 X 10 $Iyr = 66.453 X 10 $/yr 

Fine T C  Reduction: 1.1026 Tlday 

Fine total carbon emisslen factors: 
Noncat: 9.72 kg/109 tu (see Table C.1). 8 Catalyst: 0.91 kg110 Btu (see Table C.1). 
(Note: Small differences between these emission factors and 
those found by dividing T C  emissions by fuel use in Table 
C.1 are due to roandoff. These emission factors per anit 
fuel burned are assumed to be the same as for light-duty 
vehicles; see Control D.2 .) 
Fine total carbon emissions from sources: 1.2159 Tlday 
(SCAB, Table C.1). 

Reduction = (1.2159 Tlday) (1 - 0.9119.721 = 1.1026 T/day 

T C  fraction redaction = 0.9068 
EC fraction reduction = 0.8031 (see Control D.2) 



#I Diesel Fuel Use by Heavy-duty Diesel Vehicles 

Sources Affected: 11 

Cost: 38.523 X lo6 

9 I. Diesel price difference : 110 Bta (see Control D.3). 
2. SCAB 1982 fuel use: 172.2 ~tu/day (from Table C.19. 

Total Cost = ( 612.9110~~~tu) (172.2 X lo9 ~tu/day) (365 daylyr) 
= 38.523 X 10 $/yr 

Fine T C  Reduction: 1.4808 T/doy 

reduction (see Control D . 3 ) .  
2. Fine total carbon emissions from sources: 7.4041 Tlday 

(SCAB, Table C.1). 

Reduction = (0,201 (7.4041 T/day) = 1.4808 Tlday 

TC fraction tedsction = 020 
EC fraction redaction = 0.20 

Conflicts: D.9, D.10 



Control Measure D.9 

Particle Traps on Heavy-duty Diesel Vehicles 

Sources Affected: 11 

Cost: 36.240 X 1 0 ~ $ / ~ r  

1. Weaver et al. (1984) estimates a lifecycle cost (assmning 
average vehicle life of 8 years) for a MonolithIAdditive 
particle trap system of $2471.58/vehicle if the trap is 
cleaned periodically (including the cost of periodic 
cleaning) or $3906.74/vehicle if the trap must be replaced 
instead of cleaned (including replacement costs). These 
costs include estimates for maintenance and loss in fuel 
consumption. Using the average of these two costs gives a 
lifecycle cost of 3189.16lvehicle. 

2. Amortizing this cost over 8 years at 10% interest results in 
a capital recovery factor of 0.18744, which gives an annaal 
cost of $597.78/vehicle-yr. 

3. Number of heavy-duty diesels in SCAB, 1982 is 60,624 from 
California Air Resources Board (l983a). 

Total Cost = ($597.78/ve icle-yr) (60,624 vehicles) i! = 36.240 X 10 $/yr 

Fine T C  Reduction: 6.6637 Tlday 

1. This trap system can be designed to be over 9Q% effective 
from Weaver et al. (1984). 

2. Fine total carbon emissions from sources = 7.4041 Tlday 
(SCAB, Table C.1). 

Reduction = (0.90) (7.4041 Tlday) = 6.6637 Tlday 

T C  fraction reduction = 0.90 
EC fraction reduction = 0.90 

Conflicts: D.8, D.10 



Control Measure D.10 

Particle Traps 4 #I Diesel Fuel for Eeavy-duty Diesel Vehicles 

Sources Affected: 11 

Cost: 74,763 X 106 

1. Cost of #1 diesel fuel: 38.523 X 1 0 ~ $ / ~ r  (see Control D.8). 
2. Particle trap system cost: 36.240 X 10 $/p (see 

Control D.9). 

Total Cost = 38.523 + 36.240 = 74.763 X 1 0 ~ $ / ~ r  

Fine T C  Reduction: 6,8118 Tlday 

1. 209b redaction due to #l diesel fuel use (see Control D.3). 
2. Additionally, 90% of the remaining 80% is removed by trap 

(see Control D.91. 
3. Fine total carbon emissions from sources: 7.4041 Tlday 

(SCAB, Table C.1). 

Reduction = (7.4041 Tlday) C0.20 + 0.90 (0.8011 = 6.8118 Tlday 

TC fraction reduction = 0.92 
EC fraction reduction = 0 3 2  

Conflicts: D . 8 ,  D.9 



Control Measure D.ll 

Air Taxi Modification (Towing) 

Sources Affected: 12 

Cost: $0 (overall savings expected) 

This control measure is proposed as part of the 1982 Air Quali 
Management Plan for the Soath Coast Air Basin. The South Coast 
Air Quality Management District (1982) has determined that the 
fuel savings involved should exceed the cost of the change in 
operations. 

Fine TC Reduction: 0.1354 Tlday 

Of the 417.1 kglday TC emitted from jet aircraft in the SCAB 
(see Table C.11, emissions at the surface account for 227.8 
kglday (idle and takeoff cycles -- using USEPA calculation 
procedure, see Table A.1; note [cl; TC (kglday) from idle: 
193.32; takeoff: 34.44; climbout : 87.49; approach: 101.84) . 
Idle operations, therefore, aocount for 84.9% of emissions 
from surface operations. 
Most of the particulate csissiono doring i d l e  can be sveided 
by towing the aircraft into and oat of the terminal (even 
considering tow truck fuel use). A conservative estimate is 
a 70% reduction. See Soath Coast Air Quality Management 
District (1982) for a desription of this control measure. 

Reduction = (0.849) (0.70) (0.2278 Tlday) = 0.1354 Tlday 

TC fraction reduction = 0.5943 
EC fraction reduction = 0.5943 



Control Measure D.12 

0,5%S Residual Oil for Shipping - Berthing Operations 
Sources Affected: 16 

6 Cost: 2.253 X 10 

1. Low sulfur fuel oil (0.5WS) is to be used for berthing 
operations only, Fuel costs will increase approximat ly 5 2 per barrel Cf om Nazemi et al. 1981) or $318.12110 Btu. 6 2. Of the 14.8 X 10 13tu/day residual oil use in the SCAB for 
shipping operations in 1982 (see Table @.I), 

9 9.5 X 10 Btu/day was used during berthing operations (see 
Table A.1; note [dl). 

3. Additionally, Nazemi et al. (1981) estimate an ex ra labor 8 cost required for fueling operations of 1.15 X 10 $/yr. 

Total Cost = (9.5 X 1 0 ~ ~ ~ t u / d a ~ )  ($318.12k10~ Btu) (365 dayslyr) 
+1.15 X 10 $/yr = 2.253 X 10 

Fine T C  Reduction: 0.0442 Tfday 

1. Assme particulate missions a t e  redaced by 67% for 
switching from 1.5968 to 0.55s fuel oil (based on 
observations by Taback et 81. i19791--particle emissions are 
proportional to sulfat content). 

2. Only 64% of the emissions from residual oil combustion 
(9.5114.8; see above) are operated on with this control 
measure (berthing operations only). 

2. Fine total carbon emissions from sources: 0.1030 Tlday 
(SCAB, Table C.1). 

Reduction = (0.67) (0.64) (0.1030 Tlday) = 0.0442 Tlday 

TC fraction reduction = 0.4288 
EC fraction reduct ion = 0.4288 



Control Measure D.13 

#I Diesel F~el Use by Railroads 

Sources Affected: 18 

Cost : 5.011 X 10~$/~r 

9 1. Diesel price difference: $612 9/10 Btu (see Control D.3). 9 2. SCAB 1982 fuel use: 22.4 X 10 ~ta/day (from Table C.1 ) .  

Total Cost = ($612.911069 Btu) (22.4 X lo9 ~tu/day) (365 daylyr) 
= 5.011 x 10 $/yr 

Fine TC Reduction: 0,2858 Tlday 

1. Assumed 20% redaction (see Control D.3). 
2. Fine total carbon emissions from sources: 1.4289 Tlday 

(SCAB, Table C.1). 

Reduction = (0.20) (1.4289 Tlday) = 0,2858 Tlday 

TC fraction red~ction = 0 2 0  
EC fraction reduction = 0.20 



Control Measure D.14 

#I Diesel Fuel Use in Off-road Diesel Engines 

Sources Affected: 19 

Cost : 8.725 X lo6 

9 1. Diesel price difference: $612 9/10 Btu (see Control D.3). 9 2. SCAB 1982 fuel use : 39.0 X 10 ~tu/day (from Table C.1). 

Total Cost = (~612.9110: Btu) (39.0 X 109 ~tu/day) (365 daylyr) 
= 8,725 X 1 0  $/yr 

Fine T C  Redaction: 0.4771 Tlday 

1, Assumed 209k reduction (see Control D.3). 
2. Fine total carbon emissions from sources: 2.3854 T/day 

(SCAB, Table C.1 ) .  

Reduction = (0.20) (2.3854 Tlday) = 0.4771 T/day 

T C  fraction reduction = 0.20 
EC fraction reduction = 0.20 

Conflicts: D.15, D.16 



Control Measure D.15 

Particle Traps on Off-road Diesel Engines 

Sources Affected: 19 

Cost: 19.535 X 1 0 ~ $ / ~ r  

1. Number of off-road diesel vehicles in SCAB, 1982, estimated 
to be 75,194, of which 44,827 are light-duty and 30,367 are 
heavy-duty vehicles, from California Air Resonrces Board 
(1984) and data of Ranzieri (1983). 

2. Light-duty engine particle trap system cost: Q73.86lvehicle- 
yr (see Control D.4; not including additional fuel cost due 
to loss in fuel economy). 

3. Heavy-duty engine particle trap system cost: Capital cost 
eaver et al. 1984): Q1121.04i using 5 year 
od at 10% interest gives capital recovery factor 

of 0.26380r so annual capital cost is $295.73/yr; 
Maintenance cost: $5Iyr (approximation based on ratio of 
fuel usage for individual off-road engines and heavy diesel 
trucks and maintenance cost for heavy diesel tracks from 
Weaver et al. [19841); Replacement cost (one per 5 year 
lifetime): $776 (from Weaver et al. 1984); amortized over 5 
years gives $145.46Iyr. Total cost (not including 
additional fael cost due to reduction in fuel economy): 
Q#6.19/vebide-yr. 

4. Tota fuel use by off-road diesel engines in 982 was 39.0 4 X 10 ~ t u / d a ~  (SCAB, Table C.1) or 102.9 X 10 
Assuming a loss in fuel economy of 2% ant $1.301gal, this 
gives additional fuel cost of 2.675 X 10 $/yr. 

Total Cost = ($73.86/vehicle-yr) (44,827 vehicles) 
+ ($446.19/v hicle-yr) (30,367 ehicles) % Ft + 2.675 X 10 $/yr = 19.535 X 10 $/yr 



Control Measure D.15 (continued) 

Fine TC Redact ion: 2 .(I827 Tlday 

1. From Ranzieri (19831, light-duty off-road vehic les  (CARB 
categor ies  AkA54536 and AAAS4379; see Table A.30; source 
type 19) accounted f o r  26.9% of the emissions i n  t h i s  source 
c lass .  

2. Pa r t i cu la te  f r a c t i o n  reductions:  80% (light-duty; see 
Control D.4) and 90% (heavy-duty; see Control D.9). 

3. Fine t o t a l  carbon emissions from sources: 2.3854 Tlday 
( S W ,  Table C.1) .  

Reduction = L(0.269) (0.80) + (0.731) (0.90)l (2.3854 Tlday) 
= 2 .O827 Tlday 

TC f r a c t i o n  redrrctioa = 0.8731 
EC f r a c t i o n  reduction = 0.8731 

Conf l ic ts :  D.14, D.16 



Control Measure D.16 

Particle Traps 4 #1 Diesel Fuel Use for Off-road Diesel Engines 

Sources Affected: 19 

Cost: 28.260 X 1 0 ~ $ / ~ r  

1. Cost of #1 diesel fuel: 8.725 X 1o6$/y6 (see Control D.14). 
2. Particle trap system cost: 19.535 X 10 $lyr (see 

Control D.15). 

Total Cost = 8.725 + 19.535 = 28.260 X 106$/yr 

Fine TC Redaction: 2.1432 T/day 

1. Light-duty vehicles are 26.9% of this source class (by 
emissions; see Control D.15). 

2. Particulate fraction reductions: 84% (light-duty; see 
Control D.5) and 92% (heavy-duty; see Control D.10). 

3. Fine total carbon emissions from sources: 2.3854 Tlday 
(SCAB, Table C.1). 

TC fraction reduction = 0.8985 
EC fraction reduction = 0.8985 

Conflicts: D.15, D.16 



Cost Calculat ion D.17 

Unleaded Gasoline Use by Off-road Gasoline Engines 

Sotuces Affected: 20 

Cost : 1.840 X 1o6$/yr 

1. Difference i n  r e t a i l  p r i ce  between anleaded and leaded gas: 
~ ~ 3 6 . 2 0 l l 0 ~  Bta  (see  Control D.11. 

2. SCAB1982 f u e l  use estimated a s  12.3 X 1 0 ~ ~ t u / d a ~  (from 
Table (2.1, using approximate p a r t i c u l a t e  emission f a c t o r  of 

9 35.0 kg110 Btu from light-duty n a - c a t a l y s t  veh ic l e s ) .  
3. This  measure i s  operable on off-road r e c r e a t i o n a l  veh ic l e s  

and f o r k l i f t s  (source ca tegor i e s  AAA47464, AllA54387, and 
AAA54411; see  Table A.10; source 2 0 )  bu t  no t  on r e s i d e n t i a l  
u t i l i t y  equipment (category AAA47449). The f r a c t i o n  of t h i s  
source c l a s s  f a l l i n g  i n t o  ca tegor i e s  AAA47464, AAAJ4387, and 
AM54411 is  76.6% (by emissions, from Ranz ie r i  1198311, so  
c a n t r o l l a b l e  f u e l  e  i s  assumed t o  be !P 9 (0.766) (12.3 X 10  Bto/day1 = 9-4 X 10 Btu/day. 

To ta l  Cost = ($536.20/1g9 Btn) (9.4 X lo9 ~ t = / d a ~ )  (365 daylyr)  
= 1.840 X 10  $/yr 

Ptupose : 

This  i s  not  a  con t ro l  measure f o r  aerosol  carbon emission 
reduction. The cos t  of unleaded f u e l  i s  needed i n  order  t o  
evalua te  Control Measure D.18 which involves replacement of non- 
c a t a l y s t  off-road veh ic l e s  by c a t a l y s t  equipped vehic les .  



Control Measure D.18 

Catalysts on Off-road Gasoline Engines 

Sources Affected: 20 

Cost : 15.615 X 106$/yr 

6 I, Unleaded fuel must be ased. Cost: 1.840 X 10 $/yr (see Cost 
Calcalation D.17). 

2 .  Assume catalysts ased are similar to those ased for light- 
duty vehicles. Annual cost is $60.86/vehicle-yr (see 
Control D.2). 

3. Number of vehicles in source categories AAA47464, AAA54387, 
and AAA54411 (see Cost Calcalation D.17) is estimated to be 
226,346 from California Air Resources Board (1984) data. 

4. Catalyst cost ($60.86/vehicle-yr) (226,346 vehicles) i = 13.775 X 10 $/yr. 

Total Cost = 1.840 + 13.771 = 15.615 X 10~$/yr 

Fine TC Redaction: 0.0831 Tlday 

i. Assume simiiar emissions redaction as iight-duty catalyst 
use: 90.68% (see Control D.2). 

2. Fine total carbon emissions from sources: 0.1196 Tiday 
(SCAB, Table C.1). 

3. Controllable sources account for 76.6% of this source class 
(see Cost Calculation D.17) . 

Reduction = (0.9068) (0.766) (0.1196 Tlday) = 0.0831 T/day 

TC fraction reduction = (0.9068) (0.766) = 0.6946 
EC fraction reduction = (0.8031) (0.766) = 0.6152 (see Control D.2) 



Control Measure D.19 

Use of 0.104bS Residual Oil by Utilities 

Sources Affected: 23 

Cost: 30.442 X 106$/yr 

1. Difference in price between 0.25tS and 0.1 S residual oil !P is estimated to be $4,41/bbl or $101.45/10 Btu from Energy 
Information Administration (Monthly Petroleum Price Report, 
Dec. 1982 and h n u a l  Energy Review, 1982) and data from 
Robert Elrod (1985) of Southerg ( lifornia Edison Co. 

2. SCAB 1982 fuel use: 118.9 X 10 ~tu/day (from Table C.2). 

Total Cost = ($701.45/10~ B t d  (118.9 X 10' ~ t o / d a ~ )  (365 daylyr) 
= 30.442 X 10 $/yr 

Fine TC Redaction: 0.1232 T/day 

1. Assume particulate emissions are in proportion to sulfur 
content, based on observations by Tebrck et al. (1979). 
This gives a redaction of 60%. 

2. Pine total carbon emissions from mercer: 0.2054 T/day 
(SCAB. Table C.2). 

Reduction = (0.60) (0.2054 T/day) = 0.1232 T/day 

T C  fraction reduction = 0.60 
EC fraction reduction = 0.60 

Conflicts: D.34 



Control Measure D.20 

Use of 0.1096S Residual Oil by Refineries 

Sources Affected: 28 

Cost : 1.367 X 106$/yr 

1. Difference in price between 0 25963 and 0.1096s residual oil 9 is estimated to be $701.45110 Btu (see Control D.19). 
2. SCAB 1982 fnel use : 5.34 X lo9 ~ t u / d a ~  (from Table C.2). 

Total Cost = ( 701.45/lg9 B t d  (5.34 X 10' ~ t o / d a ~ )  (365 daylyr) 
= 1.367 X 10 $Iyr 

Fine T C  Reduction: 0.0056 T/day 

1. Assume particulate emissions are in proportion to sulfur 
content, based on observations by Taback et al. (1979). 
This gives a reduction of 60%. 

2. Fine total carbon emissions from sources: 0.0094 Tlday 
(SCAB, Table C.2). 

Reduotion = i0.601 i0.0094 Tidayi = 0.0056 Tjday 

T C  fraction reduction = 0.60 
EC fraction reduction = 0.60 

Conflicts: D.35 



Control Measure D.21 

Use of 0.25963 Residual Oil in Industrial Boilers 

Sources Affected: 31 

Cost : 0.445 X 1 0 ~ $ / ~ r  

. Difference in price between 0.5WbS and 0.2 %S residual oil 3 is estimated to be $1.89/bbl or $300.62/10 Btu from Energy 
Information Administration (Monthly Petroleum Price Report, 
Dec. 1982 and Annual Energy Re~~fe--, 1982) and data from 
Robert Elrod (1985) of Soutern California Edison Co. Assume 
that this price difference is representative of the price 
difference between fuel oil in th; range 
[ 0.25WS to 0.509bS I vs. oil meeting I 0.25%S I 
specifications. 

2. Approximately 53% of residaal oil used in industrial boilers 
is in the range 0.25% I %S 0.5096, from industrial fuel use 
survey (South Coast Air Quali y Management District 1983). b 3. SCAB 1982 fuel use: 7.65 X 10 ~ t a / d a ~  (from Table C.2) . 

Total Cost = (0.53) ($300.62/10~ Btu) (7665 X lo9 J3tu/day) 
X (365 day/yr) = 0.445 X 10 $lyr 

Fine TC Redaction: 0.0047 Tlday 

I. Assume particulate emissions are in proportion to sulfur 
content, based on observations by Taback et al. (1979). 
This gives a reduction of 50% in emissions for 5 0 %  reduction 
in fuel sulfur content. 

2. Control is only operative on 53% of residaal oil use (see 
note [21, above). 

3. Pine total carbon emissions from sources: 0.0135 T/day 
(SCAB, Table C.2). Controllable carbon emissions: 

(*-I = 0.0094 Tlday. 

Reduction = (0.50) (0.0094 Tlday) = 0.0047 Tlday 

TC fraction reduction = 0.3464 
EC fraction reduction = 0.3464 

Conflicts: D.22, D.36 



Control Measure D.22 

Use of O . 1 ~ S  Residual Oil in Industrial Boilers 

Sources Affected: 31 

6 Cost : 2.404 X 10 $Iyr 

1. Cost for g tting all industries down to 0.2596s: 8 0.445 X 10 $Iyr (see Control D.21). 
2. Difference in price between 0.25ZS and O.1OWS residual oil 

9 701.45/10 Bta (see Control D.199 (assumed to represent 
price increase for reducing maximum allowable sulfur content 
from 0.259bS to 0.10%S). 

9 3 .  SCAB 1982 fuel use: 7.65 X 10 Btu/day (from Table C.2). 

Total Cost = ($701.45/10~~Btu) (7.65 X 10' #tu/day) (365 daylyr) 
+ 0.445 X 10 $/yr = 2.404 X 10 $/yr 

Fine TC Reduction: 0,0100 Tlday 

1, Assume particulate emissions are in proportion to sulfur 
content, based on observations by Taback et al. (1979). 
This gives an emissions reduction of 60% (for sulfur content 
reduction from 0.259bS to 0.104QS). 

2. Reduction achieved from getting all industries down to 
0.25%: 0.0047 Tlday (see Control D.21). 

3. Fine total carbon emissions from sources: 0.0135 T/day 
(SCAB, Table C.2). 

Reduction = 0,0047 T/day + (0.60) [(0.0135 - 0.0047) Tldayl 
= 0.0100 Tlday 

TC fraction reduction = 0.7386 
EC fraction reduction = 0.7386 

Conflicts: D.21, D.36 



303 

Cost Calculation D.23 

Unleaded Gasoline Use i n  Large I n d u s t r i a l  I C  Engines 

Sontces Affected: 35 

Cost: 0.060 X 1 0 ~ f / ~ r  

1. Difference i n  r e t a i l  pr ice  between unleaded and leaded gas: 
$536.20110~ Btu (see  Control 8.1). 

2. SCAB 1982 f u e l  use: 5.16 X 10 ~ t u / d a ~  (from Table C.2). 
3. This measure i s  operable on i n d u s t r i a l  I C  engines (p t .  

source category 20200301; see Table  A.10; source 35). The 
i n d u s t r i a l  I C  engine source c lass  i n  emission inventory of 
Table C.2 includes many types of small gasoline engines t h a t  
a r e  too small t o  meri t  consideration. Large engines which 
might be considered f o r  control  account f o r  only 5.94% of 
the emissions s t a t e d  i n  Table C.2 (from Ranzieri  1983). The 
f u e l  use t h a t  could be control led  i s  assam d t o  be 8 (0.0594) (5.16 X lo9 ~ t u / d a y )  = 0.307 X 10 ~ t u / d a y .  

To ta l  Cost = ($536.20119~ B t d  (0.307 X lo9 ~ t u / d a ~ )  (365 daylyr) 
= 0.060 X 10 $lyr 

Purpose : 

This  i s  not  a con t ro l  measure f o r  aerosol  carbon emission 
redaction.  The cost  of unleaded fue l  i s  needed i n  order t o  
evaluate  Control Measure D.24 which involves replacement of non- 
c a t a l y s t  i n d u s t r i a l  I C  engines by c a t a l y s t  equipped engines. 



Control Measure D.24 

Catalysts on Gasoline Large Industrial IC Engines 

Sources Affected: 35 

Cost: 0.113 X 106$lyr 

1. Unleaded fuel must be used. Cost: 0.060 X 10($/~r (see Cost 
Calcalation D.23). 

2. The number of indnstrial gasoline IC engines is not known 
exactly. Assume same average heat input per engine as 
diesel dndustrial IC engines. From Control D.26, there were 
9671 diesel units in the SCAB, 1982, consuming fuel at a 

9 rate of 7.00 X 10 ~ t u / d a ~ ,  so number of gasoline indnstrial 
IC engines in pt. source category 20200301 (see Cost 
Calculation D.23) is estimated to be 
(0,30717.00) (9671 units) = 424 units. 

3. Assuming catalysts used are similar to those used for 
medinmlheavy vehicles. Annual cost of catalyst is 
$124.79/~nit-~r (see Control D.7) . 

Total Cost = ($124.791 it-yr) (424 units) + 0.060 X lo6$lyr 'I% = 0.113 X 10 $Iyr 

Fine T C  Reduction: 0.0013 Tlday 

1. Assame similar emissions reduction as mediumlheavy-duty 
catalyst use: 90.68% (see Control D.7). 

2. Pine total carbon emissions from sources: 0.0240 Tlday 
(SCAB, Table C.2). 

3. Controllable sources account for 5.94% of this source class 
(see Cost Calcalation D.23). 

Reduction = (0.9068) (0.0594) (0.0240 Tlday) = 0.0013 Tlday 

TC fraction reduction = (0.9068) (0.0594) = 0.0539 
EC fraction reduction = (0.8031) (0.0594) = 0.0477 (see Control D.2) 

(Reduction is relative to entire source category of industrial 
gasoline IC engines shown in Table C.2 .) 



Control Measure D.25 

#I Diesel F w l  Use in Diesel Industrial IC Engines 

Soarces Affected: 36 

Cost : 1.566 X 1o6$/yr 

9 1. Diesel price difference: $612 9/10 Btu (see Control D.3). 9 2 .  SCAB 1982 fuel use : 7 .OO X 10 ~ t n / d a ~  (from Table C.2). 

Total Cost = ($612.9110~ Btu) (7.00 X 10' ~tu/da~) (365 day/yr) 
= 1.566 X 10 $/yr 

Fine TC Redaction: 0.0057 T/day 

1. Assumed 20% reduction (see Control D.3). 
2. Fine total carbon emissions from sources: 0.0286 Tlday 

(SCAB, Table C.2). 

Reduction = (0.20) (0.0286 T/day) = 0,0057 T/day 

TC fraction reduction = 0.20 
EC fraction reduction = 0.20 

Conflicts: D.26, D.27 



Control Measure D.26 

Particle Traps on Diesel Industrial IC Engines 

Sources Affected: 36 

Cost: 4.796 X 106$/yr 

1. Nunber of diesel IC engines in this source category in the 
SCAB, 1982, estimated to be 9671 units (data on number of 
units in 1979 from California Air Resources Board C19841, 
emission factors from Grisinger 119821, and 1982 emissions 
inventory from Ranzieri [19831). 

2.1 Assume traps used are similar to those used for heavy-duty 
diesel engines. From Control D.15, the annual cost 
(including capital cost, maintenance, and replacement costs) 
is estimated to be $446.19I~it-~r. 

3. SCAB 1982 fuel use for industrial IC engines: 
9 6 7.00 X 10 ~tu/day (from Table C.2) or 18.5 X 10 gal/yr. 

Assuming a loss in fuel economy due to the particle trap of 
2%. and $16301gal, this gives additional fuel cost of 
0.481 X 10 $/p. 

Total Cost = ($446.191 it-yr) (9671 units) + 0.481 X 1 0 ~ $ / ~ r  "8 = 4.796 X 10 $/yr 

Fine TC Reduction: 0.0257 Tlday 

1. Assume 90% efficient control (similar to heavy-duty trucks-- 
see Control D.9). 

2. Fine total carbon emissions from sources: 0.0286 Tlday 
(SCAB, Table C.2). 

Reduction = (0.90) (0.0286 Tlday) = 0.0257 Tlday 

TC fraction reduction = 0.90 
EC fraction reduction = 0.90 

Conflicts: D.25, D.27 



Control Measure D.27 

Particle Traps 4 #x Fuel in Diesel Industr-ial 1 C Engines 

Sources Affected: 36 

Cost: 6.362 X 1 0 ~ $ / ~ r  

1. Cost of #I diesel fuel: 1.566 X 1 0 ~ $ / ~ r  (see Control D.25). 
2. Particle trap system cost : 4.796 X 10 $/yr (see 

Control D.26) . 
Total Cost = 1.566 + 4.796 = 6.362 X 1 0 ~ $ / ~ r  

Fine TC Redoction: 0,0263 Tlday 

1. 20% reduction due to #1 diesel fuel use (see Control D.3). 
2. Additionally, 90% of the remaining 80% is removed by trap 

(see Control D.9). 
3. Fine total carbon emissions f r m  soorces: 0.0286 TIday 

(SCAB, Table C.2). 

Reduction = (0.0286 Tlday) 10.20 + 0.90 (0.8011 = 0.0263 Tldey 

TC fraction reduction = 0.92 
EC fraction reduction = 0.92 

Conflicts: D.25, D.26 



Control Measure D.28 

Use of 0.25WS Residual Oil by Residential/Commercial 

Sources Affected: 39 

Cost : 3.094 X 106$/yr 

1. Difference in price between 0.5096s and 0.25ZS residual oil 
is $300.62110~ Btu (see Contr 1 D.21). B 2 .  SCAB 1982 fuel use: 28.2 X 10 ~tu/day (from Table C.2). 

Total Cost = ($300.62118~ B t d  (28.2 X 10) ~to/day) (365 daylyr) 
= 3.094 X 10 $lyr 

Fine T C  Reduction: 0.0248 T/day 

1. Assume particulate emissions are in proportion to sulfur 
content, based on observations by Taback et al. (1979). 
This gives a reduction of 50%. 

2. Fine total carbon emissions from sources: 0.0496 Tlday 
(SCAB, Table C.2). 

Bedaction = i0.501 (0.6496 Tidayj = 0.0246 'Piday 

T C  fraction reduction 3 0.50 
EC fraction redaction = 0.50 

Conflicts: D.37 



Control Measure D.29 

Paved Road Flushing 

Sources Affected: 62 

Cost: 430.689 X 106$lyr 

1983 flusher truck cost : $84.47/street mile from Yamanishi 
(1983). 
Equivalent street mileage in 4-county SCAB: 42,276 miles 
(road mileage data from Higgins [I9821 and Black j19821; It 
was assumed that freeways have as many lanes as 5 surface 
streets, thus freeway mileage was mnltiplied by 5 before 
being added to surface streets to arrive at this total). 
Assume streets are flushed every third day. 
Deflate 1983 price by 0.34110.344 to get 1982 dollars from 
Consumer Price Index (Department of Labor 1985). 

(365 daylyr) Total Cost = ($84.47/nile) (42,276 miles) ( 3  days 

Fine T C  Redaction: Not computed 

1. 68.1% control efficiency for fine particulate emissions from 
Cuscino et al. (1982). 

2. Road dast contribution to ambient air quality was determined 
by receptor modeling approach (see Chapter 4, 
Section 4.2.1). Fraction reduction for control is applied 
directly to ambient road dast concentration contribution 
estimate at each monitoring site to determine effect of 
control measure. (Applying this control measure to the 
original estimate of road dast emissions from Ranzieri 
C19831 gives a fine TC reduction of (0.681) (6.4542 Tlday) 
= 4.3953 Tlday; see Table C.4.) 

T C  fraction redaction = 0.681 
EC fraction redaction = 0.681 

(Fraction is applied directly to air quality contribution.) 

Conflicts: D.30 



Control Measure D.30 

Paved Road Flushing and Broom Sweep 

Sources Affected: 61 

Cost: 556.628 X 1o6$/jr 

1. 1983 flusher truck cost: $84.47lstreet mile from Yamanishi 
(1983). 

2. 1983 broomsweeping cost : 412.35 per curb-mile or 
$24.70/street mile from Yamanishi (1983) . 

3 Equivalent street mileage in 4-county SCAB: 42,276 miles 
(see Control D.29) 

4. Assume streets are flushed and broomswept every three days. 
5. Deflate 1983 price by 0.34110.344 to get 1982 dollars from 

Consumer Price Index (Department of Labor 1985). 

Total Cost = I(584.47 + $24.701ilel (42,276 miles) (3 . I  days 

Fine T C  Reduction: Not computed 

1, 71.8% control efficiency for fine particulate emissions from 
Cuscino et al. (1982). 

2. Road dast contribution to ambient air quality was determined 
by receptor modeling approach (see Chapter 4, 
Section 4.2.1). Fraction reduction for control is applied 
directly to ambient road dust concentration contribution 
estimate at each monitoring site to determine effect of 
control measure. (Applying this control measure to the 
original estimate of road dast emissions from Ranzieri 
[I9831 gives a fine T C  reduction of (0.718) (6.4542 Tlday) 
= 4.6341 Tlday; see Table C.4.) 

T C  fraction reduction = 0.718 
EC fraction reduction = 0.718 

(Fraction is applied directly to air quality contribution.) 

Conflicts: D.29 



Control Measure D.31 

Radial Tire Use on Light-duty Vehicles 

Sources Affected: 62 

Cost: $0 

Radial tires have higher cost bat  wear proportionately longer 
than bias-ply tires. 

Fine T C  Reduction: 0.1167 Tlday 

1, Approximately 70% of tires on road in 1982 were radials 
(domestic passenger cars) from Standard 4 Poor's Corporation 
(1981). 

2. 5096 longer life from Firestone Study in Standard 4 Poor's 
Corporation (1981) implies 113 redaction in emissions rate. 

3. Tire attrition from light-duty vehicles accounts for 77.26% 
of the tire rear in the SCAB (see TableA.7). 

4. Fine total carbon emissions from sonrces: 1.170 Tlday (SCAB, 
Table C.4). 

5. Current bias-ply total fine carbon emissions from light-duty 
vehicles : 

Redaction = (0.33) (0.3537 T/day) = 0.1167 T/day 

TC fraction redaction = 0.0998 
EC fraction redaction = 0.0998 



Control Measure D.32 

Use of Gas Logs in Fireplaces 

Sources Affected: 65 

Cost: 23.897 X 1o6$lyr 

1. Approximate cost of new gas log unit: $200 (typical middle 
range price of gas log set, with installation; quoted at 
Floyd S. Lee, Pasadena, 1985). Assume ten-year payback 
period at 10% interest, giving a capital recovery factor of 
0.16275. 

2. Number of residences burning wood in SCAB is 977,568 (see 
Table A.9). 

Gas log fireplace cost = (0.16275lyr) (977,568 residences b X ($200/residence) = 31.820 X 10 $Iyr 

3. Assume natural gas nse replaces logs at same energy level, 
i.e., same number of Btulyear. 

Hardwood: 246,677 cordslyr (see Table A.9) X 30.4 X 10 6 
Btnloord (Ba eister et al. 1978, p. 7-19) 7 = 7499.0 X 10 ~ t u / ~ r .  

Softwood: 241,729 cords/yr (see Table A.9) X 26.0 X 10 6 
Btulcord (Ba eister et al. 1978, p. 7-19) 7 = 6285.0 X 1 0  ~tu/yr. n 

Natural gas cost = 13,783.93 x6109 Btu/yr X $3500/10' Btu 
= 48.244 X 10 $Iyr 

(Natural gas price estimated from author's home utility 
bill.) 

4. Assume half the wood burned is purchased as firewood. 
Approximate 1985 cost of cord of firewood is $230/cord 
(quote from Glatts Lumber, Pasadena, August 1985). 

Firewood cost savings = (488,406 cogdslyr) (0.50) ($230/cord) 
= 56.167 X 10 $/yr 

Total Cost = 31.820 + (48.244 - 56.167) = 23.897 X 106$/yr 



Control Measure D.32 (continued) 

Fine TC Redaction: 4.2394 T/day 

1. Fine total carbon emissions factors: 
Residential natural gas 0.8898 kg/109 Bta (see Table 11.2). 8 Fireplace: 113.15 kg/lO Bta (see Table A.4). 

2. Fine total carbon emissions from sources: 4.2730 T/day 
(SCAB, Table C.4).  

Reduction = (4.2730 Tlday) (1 - 0.8898/113,15) = 4.2394 T/day 

TC fraotion reduction = 0.9921 
EC fraction reduction = 1 - (0.33) (1 - 0.9921)/(0.1711] = 0.9847 



Control Measure D.33 

Charcoal Broiler Control 

Soutces Affected: 68 

Cost: 4.370 X 1 0 ~ $ / ~ r  

Approximate cost of mist eliminator system for typical 
charbroiler facility (i.e., "The Conqueror" manufactured by 
Hardee's Food Systems) is between $4500 and $5500 (includes 
installation) from Stahl (1985) . Assume $5000 per facility. 
Assume five-year payback period at 10% interest which gives 
a capital recovery factor of 0.26380. Then annual capital 
cost is $1319.001yr. 
Maintenance cost is approximately $1000-15001year from Stahl 
( i d  1. Assume $1250Iyear. 
The number of charcoal broilers in the South Coast Air 
Basin, 1982, is calculated to be 1701 from California Air 
Resources Board data (Ranzieri 1983) on total particulate 
emissions of 6342.0 kglday (see Table C.4) divided by the 
CAW3 emission factor of 3000 lblfacility (Grisinger 1982). 

Total Cost = (1701 facibities) ($1319Iyr + $1250/~r)/facility 
= 4.370 X 10 $/p 

Fine TC Reduction: 4.8541 Tlday 

1. Mist eliminator (i.e., "The Conqueror" manufactured by 
Hardeefs Food Systems) removes 93% of particulate by weight 
(from Bornstein 1978 and Stahl 1985). 

2. Fine total carbon emissions from sources: 5.2195 Tlday 
(SCAB, Table C.4). 

Reduction = (0.93) (5.2195) = 4.8541 Tlday 

T C  fraction reduction = 0.93 
EC fraction reduction = 0.93 



Control Measure D.34 

Substitute Natural Gas for Residual Oil in Utility Boilers 

Sources Affected: 23 

Cost: $0 (savings to utilities if natural gas is available) 

9 1. Natural gas price is approximately $5000/10 Btu from Robert 
Elrod (1985) of Southern California Edison Co. 

2. Residual of) price (O.25%S) is estimated to be $33.39/bbl = 
$5310.96110 Bta from Energy Information Administration 
(1982) data and data from Robert Elrod (1983). 

3. SCAB 1982 residual fuel oil use : 118.9 X 10 ~ t u / d a ~  (from 
Table C.2). 

Savings = 145310.96 - 5000.00)$/10~ Btgl (118.9 X 10' ~ t u / d a ~ )  
X (365 daylyr) = 13.495 X 10 $/p 

Fine TC Reduction: 0.1971 TIday 

1. Pine total carbon emissiog factors for utility boiler fuels: 
Natural gas: 0.0696 kg/lO Btu (see Table A.2). 

9 Residual oil: 1.7271 kg110 Btu (see Table A.2). 
2. Fine total carbon emissions from soarces: 0.2054 Tlday 

(SCAB, Table C.2). 

Reduction = (0.2054 T/day) (1 - 0.069611.7271) = 0.1971 T/day 

TC fraction reduction = 0.9597 
EC fraction reduction = 1.0000 (see Table A.2, note [rrl) 

Conflicts: D.19 

9 Natural gas resource: 118.9 X 10 ~ t a / d a ~  



Control Measure D.35 

Substitute Natural Gas for Residual Oil in Refineries 

Sources Affected: 28 

Cost: $0 small savings (see Control D.34) 

Fine T C  Reduction: 0.0063 T/day 

1. Fine total carbon emission factors for refinery boiler 
fuels: 
Natural gas: 0.5841 kg/lo9 Bta (see Table A.2). 

9 Residual oil: 1.7606 kg110 Btu (see Table A.2). 
2. Fine total carbon emissions from sources: 0.0094 T/day 

(SCAB, Table C.2). 

Reduction = (0.0094 Tlday) (1 - 0.584111.7606) = 0.0063 T/day 

TC fraction reduction = 0.6682 
EC fraction reduction = 1.0000 (see Table A.2, note [nu]) 

Conflicts: 0.20 

9 Natural gas resource: 5.34 X 10 ~ t o / d a ~  



Control Measure D.36 

Substitute Natural Gas for Residual Oil in Industrial Boilers 

Sources Affected: 31 

Cost: $0 small savings (see Control D.34) 

Fine T C  Redaction: 0.0098 T/day 

1. Fine total carbon emission factors for industrial boiler 
fuels: 

9 Natural gas: 0.4869 kg110 9Btn (see Table A.2). 
Residual oil: 1.7606 kg110 Bta (see Table A.2). 

2. Fine total carbon emissions from sources: 0.0135 T/day 
(SCAB, Table C.2). 

Redaction = (0.0135 T/day) (1 - 0.4869/1.7606) = 0.0098 T/day 

TC fraction reduction = 0.7235 
EC fraction reduction = 1.0000 (see Table A.2, note [rrl) 

Conflicts: D.21, D.22 

9 Natural gas resource: 7.65 X 10 ~ t u / d a ~  



Control Measure D.37 

Substitute Natural Gas for Residual Oil in Residential/Commercial 

Soorces Affected: 39 

Cost: $0 small savings (see Control D.34) 

Fine T C  Redaction: 0.0245 T/day 

1. Fine total carbon emission factors for 
residential/commercial bo'ler fuels: b Natural gas: 0.8898 kg/lO Bta (see Table A.2). 

9 Residual oil: 1.7606 kg/lO Btu (see Table A.2). 
2. Fine total carbon emissions from sources: 0.0496 T/day 

(SCAB, Table C.2). 

Reduction = (0.0496 T/day) (1 - 0.8898/1.7606) = 0.0245 T/day 

TC fraction reduction = 0.4946 
EC fraction redaction = 1 - (0.33) (1 - 0.4946)/(0.20) = 0.1577 

(see Table A.2 for EC/TC ratios) 

Conflicts: D.28 

9 Natural gas resource: 28.2 X 10 ~ t a / d a ~  



Table D.38 
Source class list correspondence 

source classes input to source types used in 
the air quaility model emission and control 

( a  inventories (b) 

Mobile Sources 

1 CAT AUTOILT TRUCKS 1 CATALYST AUTOS 
2 CATALYST LT TRUCKS 

2 NON-CAT AUTOILT 221lfCK 3 NON-CAT AUTOS 
4 NON-CAT LIGHT TRUCKS 
5 MOTORCYCLES 

3 DIESEL AUTO/LT TRUCK 6 DIESEL AUTOS 
7 DIESEL LIGBT TRUCKS 

4 MED/HEAVY GAS TRUCKS 8 CATALYST MED TRUCKS 
9 NON-CAT MED TRUCKS 

10 GAS HEAVY TRUCKS 

5 EEAYY DIESEL TRUCKS 11 HEAVY DIESEL TRUCKS 

6 AIR(SUIFT SURFACE 12 AIRQWT SURPACE 
13 AVIATION GAS 

7 AIRQEULFT MIDDLE ALT 14 AIRCRAJ?T MIDDLE ALT 

9 SHIPPING BESID OIL 16 SHIPPING RESID OIL 

10 SHIPPING DIST OIL 17 SHIPPING DIST OIL 

11 RAILROAD DIESEL 1 8  RAILBOAD DIESEL 

12 OFF-ROAD DIESEL 1 9  OFF-ROAD DIESEL 

13 OFF-ROAD GASOLINE 20 OFF-ROAD GASOLINE ..................................... 
(a) These are the 47 source classes input to the air 

quality model (see Chapter 4). Source types 
within each source class have similar emission 
characteristics. 

(b) These are the 74 source types identified in the 
emission inventory (Tables A.l through A.41 and 
the control strategy inventory (Tables D.1  
through D.37). 



Table D.38 (continued) 

source classes input to source types used in 
the air quaility model emission and control 

invent or ie s .......................... - 
Stationary Combustion Sources 

14 UTILITIES ALL FUELS 2 1 
2 2 
23 
2 4 
2 5 

15 REFINERIES ALL FUELS 

16 INDUSTRIAL BOILERS 

17 INDUSTRIAL IC ENGINE 

18 RES/ COMM ALL FUELS 

UTILITIES BOILER NG 
UTILITIES TURBINE NG 
UTILITIES RESID OIL 
UTILITIES DISTILLATE 
UTILITIES DIGAS 

REFINEBIES NAT GAS 
REFINERIES REF GAS 
REFINERIES 3ESJ;D OIL 

INDUS BOILERS NG 
INDUS BOILERS LPG 
INDUS BOILERS RESID 
INDUS BOILERS DIST 
INDUS BOILERS COG 

INDUS IC DIGAS 
INDUS IC GASOLINE 
INDUS IC DISTILLATE 

RES/ COW NAT GAS 
RES/COMM LPG 
RES/COMM RESID OIL 
RES/ COU DISTILLATE 
REs/COMbl COAL 



Table D.38 (continued) 

- 
source classes input to source types used in 
the air quaility model emission and control 

inventories 

Stationary Industrial Process Sources ( c )  

19 P E W  FCCU 42 PETRO FCCU 

20 PETaO OTHER 43 PETRO OTHER 

21 ORG SOLV COATIPRINT 44 ORGANIC SOLVENT COAT 
45 ORGAN1 C SOLVENT PBNT 

22 ORG SOLV OTEER 46 ORG SOLV DEGREASING 
47 ORGANIC SOLV OTHER 

23 CHEMICAL 48 CEJUICAL ORGANIC 

24 PRIMABY METALS 49 PRIMARY METALS 

25 SECONDARY METALS 50 SECONDARY METALS 

26 MINERAL 51 MINERAL, 

27 WASTE BURNING 

28 WOOD PROCESSING 

29 ASPHACT ROOFING 

30 RUBBER/PLASTICS 

31 COKE CALCINER 

32 MISC INDUSTRIAL 

52 WASTE BURNING 

53 WOOD PROCESSING 

54 ASPHALT ROOFING 

56 COKE CALCINER 

57 MISC :FOOD AND AGRI 
58 M1SC:TEXTILE 
5 9 MISC : INDUSTRIAL 

(c) For the correspondence between source types used 
in this study and California Air Resources Board 
category of emission source (CES, SCC) numbers, 
see Table A.lO. 



Table D.38 (cont inued)  

source c l a s s e s  input  t o  source types used i n  
t he  a i r  qxaaili ty model emission and c o n t r o l  

i nven to r i e s  

Fug i t i ve  Sources ( c )  

33 LIVESTOCK DUST 

34 PAVED ROAD DUST 

35 TI= h.TlXITION 

36 BRAKE LIN ATTRITION 

37 STEUCTIJBILL FIBES 

38 FIRFiPUCES 

39 CIGARETTES 

40 AGIU BURNING 

4 1  CHAROAL BROILEBS 

42 ROOFING TAR POTS 

43 CBEMICAL INORGANIC 

44 METAL FABRICATION 

44 ROADIBLDNG CONST 

46 AGRI TILLING 

47 W A V E D  ROAD 

LIVESTOCK DUST 

PAVED ROAD DUST 

TIRE ATTRITION 

BRAKE LIN ATTRITION 

STRUCTURAL F I B S  

FIREPLACES 

CIGARETTES 

AGRI BURNING 

CEARCOAL BROILERS 

ROOFING TAR POTS 

CHEAdICAL rn0RGANIC 

METAL FABIU CATION 

ROAD/BLDNG W S T  

AGBI TILLING 

UNPAVED ROAD 
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APPENDIX F 

SOURCE CLASS CONTRIBUTIONS TO 1982 

ANNUAL AVERAGE CARBON PABTICLE AIR QUALITY 

Appendix F contains the contributions to fine total carbon and 
fine elemental carbon concentrations at seven receptor sites from each 
of 74 source classes, as computed by the air quality model (see 
Chapter 4 ) .  Estimates of emissions are also presented for each source 
class (see Appendix A and Appendix C). 

Appendix E and Appendix F are contained in a separate volume. 
The data are available by contacting the Environmental Quality 
Laboratory, Caltech, Pasadena, California 91125. 


