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Review of the Chemical Receptor Model of
Aerosol Source Apportionment

JOHN A. COOPER

Departmant of Environmentzl Science, Orgeon Graduate Center,
19600 N.W. Welker Road, Beaverton, OR 97006

There are two general types of aerosol source
appoxtionment nethods: dispersion models and
receptor models., Receptor models zre divided
jute ricroscopic methods and ehemtcal rmethods..
Chemical mass balznce, principal component fac-
tor analysiz, target trzusformation factor anal-
yais, etc. are all basad on thé same mathemati-
cal model ond simply represent different ap-
proaches to ecluiion of the fundamental racep—
tor model equation. All require consarvation
of mass, a3 w2ll as source comrasition infoz-
maticn for qualitative analysis and a mass bal-
snce for a cuanfitative analysis. Each inter-
pretive approach to the receptor wsdel yields
vaique information usefnl im eatablishing tha
credibility of a study's final results. Source
apportioumsnt sutdies using the receptor rodel
should inciude interpretation of the chemical
data sec by both multivariate methods.

Urbzn aseroscls are complicated systems crapoged of material
froa wmany diffevonf sources. Achieving cost-ctfective air parti-
cle reductiond in sirsbeds not meeting national ambient air quality
standards requires identification of major aerosol sources and quan-
titative determimation of their contribution to particle concentras
tions. (puatitacive source impact asszsment, hovever, requires el-
ther calrulation of a source’s impact from fundamantal metecrTolo=
gical privciples using source oriented dispersion wodels, or regolv—-
ing source eontributioms with receptor models based on the measure=
mout of charactevistiec chemical and physical zerosol features. 9]
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Although source oriented dispersion médels are invaluable pre—
dictive tools, their ability to quantify the impact of a acurce is
limited., Receptor oriented methods of source apportionoment, how—
ever, have evolved in recent years to the point where they now
clearly form a new discipline of air pollution science. (1,2) This
new discipline is distinctly different from dispersion modeling and
bag demonstrated that it can quantitatively apportion source contri-
butions to particle levels. (3-7) BReceptor models are not pre-
dictive tools and as such, have minimal applicability in estimating
the effectivenass of future control strategies, These two models,
however, are complementary in nature. Receptor models, for example,
can provide a precise quantitarive determination of the contribu-
tion each source type made to air particulate levels, the results
of which can be used to calibrate & dispersion model to provide the
highest level of confidence in its predictions. (8)

A variety of receptor oriented source apportiomment tools have
been developed, which can be grouped into two general categories as
illustrated in Figure 1. (1) Microscopic methods include both op—
tical and electron microscopic approaches which use morphology,
color, and elemental content to qualiratively identify particles,
wbile particle volume, density and number must be estimated for a
quantitative anzlysis. The micrescopic apuroach is the older of
the two general receptor methods and an extensive libzary of "micro-
acople fingerprints" conasisting of morphological, color and ele-
mental features has been developed over the past few decades. Mi-
croscopic methods are limited primarily by their relatively poor
precisiou and the bigh cost associated with analyzing a sufficient
number of particles to adequately represent the entire group of
particles collected on a filter, '

The chemical method of receptor wodeling is the most recent ap- |
Proach to scurce apportlorment (1.4,9,10) and extensive libreries
of source “chemical fingcrprints” have yet to be established. Many
different chemical methods have evolved over the past 10 to 15 years.
Included iu this category are chemical msss balance (CMB), factor
analyais (FA), mulriple regresaion, cluster analysis, emnrichment
factors, pzttern recognition, principal component analysis, time
gseries and spatial distribution analysis, target transformarion
factor analysis, etc. These methods of interpretring chemical data
have evolved from different origing and are often perceived as dis-
tinctly different modela vhen, im most cases, their only major dif-
ferences are terminology and approach.

Chemical methods, in general, identify aerosol sources by com
paring ambient chemical patterns or fingerprincs (interelemental
patterns, apatial or time variant patterns) with source chemical
patterns, Source comtributions ave quantified by a-least squares
mileiple regression analysis on eithetr the total mass onr different
filters or the mass of individual chemical specles on a single fil-
ter., Although similarities in the differeat chemi~al approaches
are greater than their differences, they have been historically
divided into two categories: chemical mass balance methods, which




DUIESH - 0 05 TEON0EaRA £ SONTARENTD RMBICNTAL
i Lt OV ECA

[N

REVIEW OF THE CHEMICAL RECEPTOR MODEL
OF AEROSOL SOURCE APPORTIONMENT

John A. Cooper
Department of Environmental Science
Oregon Graduate Center
19600 N.W. Walker Road
Beaverton, OR 97006

There are two general types of aerosol source
apportionment methods, dispersion models and
receptor models. Receptor models are divided
into microscopic methods and chemical methods.
Chemical mass balance, principal component fac-
tor analysis, target transiormation factor anal-
ysis, etc. are all based on the same mathemati-
cal model and simply represent different ap-
proaches to solution of the fundamenral recep-
tor model equation. All require comservation

of mass, source composition information for
qualitative analysis and a mass balance for a
'quantitative analysis. Each interpretive ap-
Proach to the receptor model yields unique in-
formation useful in establishing the credibility
of a study's final results. Source apportion-
ment studies using the receptor model, should
include interpretation of the chemical data set
by both multivariate and chemical mass balance
methods.

Introduction

Urban aerosols are highly complicated systems composed of mat-
erial from many different sources. Achieving cost-effective air
particulate reducrions in airsheds not meeting national ambient air
quality standards requires identification of major aerosol sources
and quantitative determination of their contribution to particulate
levels. Quantitative source impact assessment, however, requires
either calculation of a source's impact from fundamental meteorolo-
glcal principles using source oriented dispersion models, or resciv-
ing source contributions with receptor models based on the measure-
ment of characteristic chemical and physical aerosol features. (1)







Although source oriented dispersion models are invaluable pre-
dictive tools, their ability to quantify the impact of a source is
limited, Receptor oriented methods of source apportionment, how=-
ever, have evolved in recent years to the point where they now
clearly form a new discipline of air pollution science. (1,2) This
new discipline is distinctly different from dispersion modeling and
has demonstrated that it can quantitatively apportion source contri-
butions to particulate levels. (3-7) Receptor models are not pre-
dictive tools and as such, have minimal applicability in estimating
the effectiveness of future control strategies. These two models,
however, are complementary in nature. Receptor wodels, for example,
can provide a precise quantitative determination of the contribu-
tion each source type made to air particulate levels, the results
of which can be used to calibrate a dispersion model to provide the
highest level of confidence in its predictions. (8)

A variety of receptor oriented source apportionment tools have
been developed, which can be grouped into two general categories as
illustrated in Figure 1. (1) Microscopic methods include both op-
tical and electron microscopic approaches which use morphology,
color, and elemental content to qualitatively identify parcticles,
while particle volume, density and number must be estimated for a
quantitative analysis. The microscopic approach is the older of
the two general receptor methods and an extensive library of "micro-
scoplc fingerprints” consisting of morphological, color and ele-
mental features has been developed over the past few decades. Mi-
croscopic methods are limited primarily by their relatively poor
precision and the high cost associated with analyzing a sufficient
number of particles to adequately represent the entire group of
particles collected on a filter,

The chemical method of receptor modeling is the most recent ap-
proach to source apportionment (1,4,9,10) and extensive libraries
of source '"chemical fingerprints'" have yet to be established. Many
different chemical methods have evolved over the past 10 to 15 years.
Included in this category are chemical mass balance (CMB), factor
analysis (FA), multiple regression, cluster analysis, emrichment
factors, pattermn recognition, principal component analysis, time
series and special distribucrion analysis, target transformation
factor analysis, etc. These methods of interpreting chemical data
have evolved from different origins and are often perceived as dis-

‘tinetly different models when, in most cases, their only major dif-

ferences are terminology and approach.

Chemical methods, in general, identify aerosol sources by com-
paring ambient chemical patterns or fingerprints (interelemental
patterns, spatial or time variant patterns) with source chemical
patterns. Source contributions are quantified by a least squares
multiple regression analysis on either the total mass on different
filters or the mass of individual chemical species on a single fil-
ter. Although similarities in the different chemical approaches
are greater than their differences, they have been historically
divided into two categories: chemical mass balance methods, which







attempt to define the most probable linear combination of sources
to explain the chemical pactern on a single filter; (1,4,11) and
multivariate methods, which attempt to define the most probable
linear combination of sources to explain either the time or spatial
variability in ambient chemical patterns. (4,12-14)

‘Each source apportionment tool (Figure . 2) has its unique
strengths and limitations, and each can provide valuable insight
into sources contributing to air particulate levels. The most cost
effective tool or set of tools, however, will depend on the nature
of the airshed, potential sources and the accuracy and precision of
source apportionment required.

The information provided by these models i1s circumstantial in
nature and the results from a single interpretive approach at this
stage of model evolution may be insufficient to develop the level
of confidence required to support strong action or clear decisions,
The objective of source apportionment studies must be to build a
strong enough bridge of circumstantial information (Figure 3) to
quantitatively relate a source to an impact. Thus, the entire in-
formation base must support and be internally comsistent with a
study's conclusions to provide decision makers with confidence that
their actions will result in improved air quality,

Recent publications (1,4,9,10) have provided extensive reviews
of receptor models. The objective of this paper 1is to discuss sel-
ective aspects of the chemical receptor model,

The Chemical Receotor Model

Source—dispersion and receptor-~oriented models have a common
physical basis. Both assume that mass arriving at a receptor (samp-
ling site) from source j was rransported with conservation of mass
by atmospheric dispersion of'source emitted material. From the
source-dispersion model point of view, the mass collected at the
receptor from source j, Mj, is the dependent variable which 1is equal
to the product of a dispersion factor, D; (which depends on wind
speed, wind direction, stability, etc.) and an emission rate factor,
Ej’ i.e.,

My = DjE;.

From the receptor model viewpoirnt, the total aerosol mass, M,
collected on a filter at a receptor 1s the dependent variable and
equal to a linear sum of the mass contributed by p individual sources,

P

L.M..
3=13
The mass of individual chemical species, mj, is also assumed to be
a linear sum of the contributions of element i from each source,

P

mg o= L F N, (1)

where F;; is the fraction of the ith chemlcal species in emissions
from the jth source, Equation (1) can be transformed to a fraction-
al mass concentration form by dividing both sides of equation (1)

M =







by the total deposit mass, M, multiplying by 100% and generalizing
for the kth filter as shown in the following equation,

p

ik ™ 3E1F 1554k (2)

where Cyj is the percent concentration of the ith chemical species
on the kth filter and Sy {s the percent of the total mass on the
~ kth filter contributed gy the jth source. The kth filter may be
either one in a series of filters collected during different time
intérvals at one site or one in a series collected during the same
time interval at different sites, The structure of the matrices
noted in equation (2) are illustrated in Figures 4 and 5.

It needs to be emphasized at this point that a model is a math-
ematical representation of the real world. If two models have the
same mathematical representation of the real world, they are, in
fact, the same model. Chemical mass balance, principal component
factor analysis, target transformation factor amalysis, etc. have,
for all practical purposes, identical mathematical representations
(Equation 1) of the real world and start with the same input data
matrices (Figure 4). The principal difference in these "different"
receptor models 1is their approach to the solution of either Equa-
tion (1) or Equation (2).

The chemical mass balance method starts with a single column
vector from the ambient data matrix, Cy. This vector represents
the chemical concentrations for the kth filter, which is combined
with the best available estimates of the source compositions from
the fractional composition matrix, Fijv to form a series of linear
equations in which the M. are the only unknowns. This set of equa-
tions is then solved by the least squares method to obtain the best
fit of the ambient chemical data on a single filter.

Multivariate methods, on the other hand, resolve the major
sources by amalyzing the entire ambient data matrix. Factor analy-
sls, for example, examines elemental and sample correlations in the
ambient data matrix. This analysis yields the minimum number of
factors required to reproduce the ambient data matrix, their rela-
tive chemical composition and their contribution to the mass vari-
" ability. A major limitation in common and principal component fac-
tor analysis is the abstract nature of the factors and the diffi-
culty these methods have in relating these factors to real world
sources. Hopke, et al. (13,14) have improved the methods' ability
to associate these abstract factors with controllable sources by
combining source data from the F matrix, with Malinowski's target
-transformation factor analysis program. (l5) Hopke, et al. (13,14)
as well as Kleinman, et al. (10) have used the results of factor
analysis along with multiple regression to quantify the source con-
tributions. Their approach is similar to the chemical mass balance
approach except they use a least squares fit of the total mass on
different filters instead of a least squares fit of the chemicals
on an individual filter.

Each method of data interpretation provides its own unique







insight into the nature of the aerosol sources. Which methoed will
be most effective 1n resolving specific sources will depend on the
airshed, sources of interest, and their characteristics. The method
of data interpretation, however, should not necessarily be limited
to a single approach but should include both mass balance and mul-
tivariate approaches which should yield the highest level of confi-
dence in a study's conclusion.

"Conservation of Mass

Source-dispersion and receptor-oriented models both assume that
mass 1s conserved in transport of material from source to receptor,
The validity of this assumption is a matter of degree and its util-
ity depends on the specific source, airshed and model. The problems
associated with this assumption are illustrated in Figure 6., Mat-
erial emitted from a source can be either in the gaseous or aerosol
phase. It may go through a number of chemical and physical changes
before it 1s collected on a filter and measured. A portion of the
aerosol phase, for example, may evaporate before it 1s collected or
particles may be removed through sedimentation in transport. The
gaseous phase, on the other hand, may contribute to the aercsol de-
posited on the filter by condemsation or through atmosvheric chemi-
cal reactions. In addition, filter artifact effects and evaporative
losses may alter the material deposited on the filter before it is
weighed. '

These potential problems appear to substantially limit the val-
idity of the comservation of mass assumption. Its validity, however,
is a matter of degree and will depend on the specific source and how
well the potential events noted above have been minimized through
experimental design. The effect of these potential chemical and
physical changes may be reduced by sampling source emissions with
size selective samplers to minimize the effects due to changes in
chemistry from sedimentation, and by using dilution sampling to mit-
igate the effect of condensation and evaporation. (16-18) This,
plus selection of appropriate filters to limit artifact effects and
a thorough knowledge of potential chemical reactions can minimize
the effects of deviations from conservation of mass.

A substantial amount of confusion (9,10,13,14) has recently de-
veloped as to an approach's dependence on conservation of n2ass. As
Cooper and Watson (1) have noted, the Fy; factors refer to the source
chemistry as it arrives ar the receptor.” It is assumed with cthe con-
servation of mass that che'Fij as might be measured at a receptor,
is the same as have been measured at the source. As noted above,
this may not be valid depending on the source and the method used
for source sampling. The chemical mass balance method incorporates
the Fjj4 directly in its calculations and as a result is often per-
ceived as having a greater dependence on this assumption than methods
such as factor analysis which do not use F,; values in their calcula-
tions. Factor analysis methods, however, iAencify abstract factors,
which explain variability., It is impossible to attribute a common







source name to these abstract factors without additional informa-
tion. The Fy; values derived from factor analysis, for example,
have little rzlevance unless they can be associated with known or
familiar Fys; values derived from prior studies of source emissions.
Examples of the dependence of factor analysis on prior know-
ledge of the chemistry of potential sources is clearly illustrated
in the literature. Blifford and Meeker, (19) who were the first to
apply factor analysis to an aerosol data set, resolved seven major
factors from a set of five-year average elemental compositions from
thirty cities, The largest factor found contained Fe, Mn and Ti
and explained 21X of the variability., They attributed this source
to heavy industry based on their prior knowledge of source chemistry
in 1967. Although they considered the possibility of assigning this
source to soil because of the strong Ti dependence, they ruled it
out because this factor was highest in cities such as Birmingham,
Cleveland and Pittsburgh, was not correlated with cities expected

‘to have high wind blown dust, and was independent of population

class. This factor, however, would probably be attributed today

to ro. ' dust with the current knowledge of source and ambient aero~
sol c¢. waidstry and the typical level of impact from road dust. In
addition, Hopke, et al. (20) in their factor analysis of a Boston
data set, found a factor rich in Mn and Se for which they could not
assign a common source identity because they had no knowledge of a
source rich in these two elements,

More recent publications using factor apalysis have recognized
the above limitations, (13,14) but have concluded that less source
information is required by factor analysis than chemical mass bal-
ance methods. It has also been suggested that factor analysis is
less dependent on the conservation of mass assumption because it
examines the variability in the chemistry at the source and is
therefore less dependent on what happens between source and recep-
tor. This concept, however, fails to recognize that the usual ob-
jective of a source apportiomment study is to develop sufficient
"confidence" in the results to stimulate "effective action" to re-
duce ambient particulate levels. Assume, for example, that the re-

~lative chemistry of material emitted by a specific source is sub-

stantially altered in transit to a receptor and that the effects of
this source have been resolved by factor analysis. How much "confi-
dence" can be attributed to an assignment of the resolved factor to
this particular source, if the factor's chemistry differs substan-
tially from what is known about the source's chemistry? The degree
of confidence in source assignment is directly related to the degree

‘of similarity between the factor's and the source's chemical compo-

sition.

The level of confidence in source assignment can be increased
if other observables such as time variability, size dependence, etc.
are consistent with prior knowledge of a source's emission charact-
eristics. Confidence can aiso be enhanced by showing that the
characteristics of other possible sources are inconsistent with the

‘ambient observables. It follows that the highest level of confidence
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in a study's conclusions will result when the characteristics of
all possible sources in an airshed are known. These latter points
emphasize the circumstantial nature of receptor model results which
may require additional information to support the “level of confi-
dence" required to attain the most effective action.

The Study and Source Resolution

Urban aerosols are complex mixtures of chemicals contributed
by many different sources. Ome objective of an aerosol source ap-
portionment study is to separate or resolve the contribution of spe-
cific sources or source types from the collection of all possible
sources, and quantify their contributions.

There are three main phases of a source apportiomnment study,
which includes sampling, analysis and interpretation. Each must be
optimized to attain the highest level of source resolution and most
accurate apportionment. The first phase, sampling, is as critical
as the other two in contributing to the overall resolving power of
a study. The sampling parameters which exert the greatest influence
on source resolution, include selection of sampler, filter, sampling
frequency and sampling duration. These parameters, however, are not
independent and their choice will represent a compromise between
maximizing analytical sensitivity, precisely defining the system's
variability and available resources.

A dichotomous sampler with a fine to coarse cut point of about
2 ym is preferred because of the bimodal nature of the ambient aero-
sol and its sources. This type of physical separation according to
particle size, is the first stage of source resolution since it sep-
arates the particles as well as sources into two broad classes.

This particle sorting removes chemical interferences and increases

analytical sensitivicy. It also increases the level of confidence

when most of a road dust contribution is, for example, found in the
coarse fraction.

The filter material of choice is a thin teflon membrane since
it minimizes artifact formation and maximizes analytical sedsitivity
by X-ray fluorescence analysis. Although X-ray fluorescence (XRF)
may not be the only amalytical technique used, it is generally ac-
cepted as being the most cost effective analysis for source appor-
tionment. (2) Its background and therefore, analytical sensitivity,
is dependent on the filters' surface density. The analytical sen-
sitivity of XRF for aerosols deposited on a stretched teflon wmem=-
brane with a density of about 0.3 to 0.4 mg/cmz, for example, is
about three times greater than an aerosol deposited on a cellulose
based filter with a surface density of about 4 mg/cmz. This diZfer-
ence can be translated into either more information for the same.
analytical costs or the same information for a lower analysis cost.

Selection of sampling frequency and duration will be determined
primarily by the relevant standard, potential sources and resources.
The current particulate standard is based on a 24~hour and annual
average. Thus, sampling duracion should probably not exceed 24 hours.







Sexmpling for less tham 24 hours should substantially improve source
Tesolution due to more precisely defined time dependence and en-
hanced signal to noise ratios. Sampling for less than 24 hours
does increase cost substantially, and it may not be necessary for
the first phase of a study.

The primary objective of the chemical analysis step is to ac~
curately weasure the major chemical components and key indicating
species such as Pb for automotive exhaust, Ni and V for residual
oil, Al and Si for road dust, etc, Although it is nmot essential
that all of the major chemical species be measured, it greatly im=-
proves the credibility and confidence in the final results if most
of the aerosol mass 1s explained., Carbon and silicon should be
measured because they represent two of the most abundant chemical
species present in a typical urban aerosol, (21) and because they
are useful indicating elements (oxygen, which may at times be the
most abundant element, is impractical to measure), In general, Na,
Mg, Al, S, K, Ca, Fe and Pb should be measured because of their
abundance and their roll in source fitting. Other elements such
as P, C1, T4, Vv, Cr, Mn, Ni, Cu, Zn, Br, Rb, Sr, 2n, Cd, In, Sno, Ba,
rare earths, etc. explain smaller portions of the total mass but may
be key indicating elements. Chemical species such as ammonium and
nitrate ions, and specific organic compounds, may also be useful.
Measurement of specific organic compounds should be undertaken only
after a thorough review of the expected source, transport, and anal-
ysis chemistries has shown the candidate compounds to have a rea-
sonably constant production rate, & reasonable aerosol lifetime and
measured by a relatively low cost analysis technique. The set of
essential chemicals and preferred analytical techniques will be de-~
termined by the specific sources in each airshed. Selection of an
optimum sampling and analysis protocol, based on a thorough under-
standing of the chemistry of® potential sources, can result in sub-
stantial cost savings and greatly improved source resolution. .

The interpretation stage comsists of applying one or all of the
chemical receptor model approaches to interpreting the chemical data
generated. The objective of a source apportionment study is the
support of effective control action. The level of confidence re-
quired to initiace this action may be established with a single
receptor model interpretive appreoach or it may require information
from additional interpretive approaches, wind sector analysis, (4,
22) dispersion models, microscopy, etc.

The first step of any source apportionment study should there-
fore include a thorough review of potential sources, their chemistry
and time dependence, if the highest level of confidence is to be
established in the final results.

Conclusions

The chemical teceptor model is one of the most precise tools
currently available for assessing the impact of aerosol sources.
Each interpretive approach to the receptor model yields unique infor-

mation useful in establishing the credibilicv of the final resulrs,
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A source apportionment study using the receptor model should include
interpretation of the chemical data set by both multivariate and
chemical mass balance methods, The most critical steps in a recep-
tor model study are the initial review of potential source charact-
eristics and the development of an appropriate study plan.
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NEA LABORATORIES, INC. _ '
RECEPTOR ORIENTED SOURCE APPORTIONMENT CAPABILITIES

Chémically oriented receptor methods measure chemical features
of ‘particulate material collected on ambient filters and quantitatively
determine the contribution of possible sources on the basis of source

chemical finger prints and the conservation of mass. This type of study
requires:

l. Source sampling that simulates potential changes that

are expected to take place as emissions are transported
to the receptor. :

2. Highly sensitive analytical procedures yielding documented
quality results for both the most abundant and key
indicating chemical species.

Interpretive procedures which yield realistic uncertainties
on the reported source contributiouns.

3.

NEA is the only or

; ganization with complete in house capabilities
in all three areas. '

SOURCE SAMPLING

Source sampling is generally recognized as the major source
of uncertainty in chemical receptor models because of source variability
and the possibility of chemical and/or physicai transformations that
can occur with emissions. These uncertainties can be minimized,
. however, by appropriate source sampling,
The major source sampling problems that need to be avoided include
or addition of material due to evaporation or condensation and
chemical fractionation due to sedimentation.

NEA is the only source apportionment laboratory using size-

segregated dilution sampling to minimize chemical changes in source
emissions due to evaporation,

condensation and sedimentation. A
schematic of its dilution stack sampler is attached. NEA also has
'special road dust samplers designed to sample even the fine particulate
dust and the resuspension and sampling equipment to obtain fine

(<2.5 um) and coarse (>2.5um, <15um) road dust fractions to minimize
chemical changes due to sedimentation in transport.

loss

ANALYTICAL PROCEDURES

Source resolution, the ability to detect an
of a source, depends strongly on the quali
If an analytical procedure, for example,
tiyity to determine the concentration of
the receptor model used to apportion sour
unable to resolve or see the impact of au
neutron activation analysis would the
analytical tool to determine the cont

d quantify the impact
ty of input analytical data.
lacks the analytical sensi-
lead on an ambient air filter,
ce contributions will be
tomotive exhaust. Instrumental
refore be an inappropriate

ribution of automotive exhaust.
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The appropriate analytical technique may be different for each
airshed because of the chemical characteristics of the different
sources. The two objectives generally of interest in selecting the
analytical procedure to use is the need to:

1. Quantify all key indicating species from sources in
the airshed under study and

2. Quantify all major chemical species so as to account for
all of the deposit mass.

It was generally agreed at the Quail Roost Receptor Model Con-
ference held in February 1980 that the most cost effective analytical
procedure for aerosol receptor models is energy dispersive X~-ray
fluorescence. Other procedures such as neutron activation analysis,
ion chromatography, X-ray diffraction, carbon, microscopic analysis,
carbon-14, etc. are less cost effective and their utility is determined
by the nature of the airshed.

NEA has a full range of analytical services related to receptor
modeling and 1s the only laboratory with in house X-ray fluorescence
and .neutron activation analysis capabilities. The minimum detectable
concentrations for these methods are attached. Ion chromatography,
organic and elemental carbon and carbon-14 analyses are also avalable
through NEA.

‘RECEPTOR.MODELS AND INTERPRETIVE PROCEDURES

There are a wide variety of source apportionment tools available
such as: .

+Emission Inventory
-Dispersion Modeling
*Microscopy :
+Chemical Mass Balance (CMB
*Factor Analysis (FA)
*Regression Analysis (RA)

Each has its specific strengths and will contribute circumstantial
information to build a strong conclusion regarding the contribution
of specific sources. The most cost-effective procedure for providing
QUANTITATIVE source apportionment information is the Chemical Mass
Balance procedure. The utility of other methods depends on each
airshed and the need for supportive information.

NEA specializes in receptor oriented models and offers all three
' Interpretive methods including CMB, FA, RA and hybrid methods such

as target transformation factor analysis. A key aspect of NEAs CMB
programs is that it properly treats the source uncertainty and pro-
pagates uncertainties through to the final source contribution.
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Receptor Oriented Methods of Air .

Particulate Source Apportionment

John A. Cooper

Oregon Graduate Center
Beaverton, Oregon

John G. Watson, Jr.

Environmental Research and Technology
Concord, Massachusetts

Receptor models have evolved rapidly over the past 13 years but
have |ust recently hbeen recognized as a distinct discipline. The
general category of receptor models Includes both microscopic and
chemlcal methods of appartioning scurce contributions to ambient
alr particulates. The number and varlations of these methods have
grown rapidly over the past few years and Include such methods as
automated scarning eleciron microscopy, chemical mass balance
and multivariate procedures, These methods as well as hybrid pro-
cedures such as target lransformation factor analyslis, are reviewed
and thelr boundary conditllons, sirengths, and weaknessés dis-
cussed.

Substantial progress has been made over the past 10 to 15
years in reducing air particulate pullution levels in many parts
of the U. S. A large number of regions, however, are stiil not
meeting the National Air Quality Standards despite costly and
extensive control efforts.! Air pollution control strategies will
be more critically evaluated in the tuture than they have been
in the past as industry. government, and the public demand
more effective programs in the face of high inflation rates and
energy costs.

Development of air particulate centrol programs by state
and federal agencies and evaluation of their eflectiveness as
new standards and sources are introduced, require an accurale
understanding of the

e chemical and physical characteristics of air particu-
lates,

@ their origin, and

o the contribution of each source to air particulate levels.
Although a greal deal of the data have been accumulated

on the chemical and physical characteristics of air particulates,

very little is known about their sources and contributions te

specific receptlor sites because of the inadequacy of previously

available predictive tools. :

Copytight 1980-Air Pollution Control Association
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Source oriented dispersion models based on emission in-
ventories and meterological parameters have heen the primary
tool of control agencies Lo estimate the impact of a particular
source at a regeptor site. Estimation of source impact on
ambient loadings at receptor. sites, however. has heen ap-
proximate at best because many of the variables required by
these models, primarily meterological, are random in nature,
vary with space and time and may combine with other vari-
ables in a nonlinear.manner.

QOver the past ten or more years, receptor oriented models
have been examined as possible source impact assessment
tools.2-7 1t has only been recently, however; that they have
evolved to the point where they now form a distinct discipline
and clear alternative lo source oriented dispersion models.
The number and variations of these receplor models have

-grown rapidly over the past few years without adeyuate

evaluation or definition of their houndary conditions,
strengths and weaknesses. [L is the intent of this report to
review these receptor models and discuss their boundary
conditions, strengths and weaknesses.

Dispersion Models

The urban atmosphere is a highly complicated s.stem
composed of gaseous and particulate material. This atmo-
spheric matter is made up of a wide variety of complex orzanic

"‘compotinds, inorganic chemicals, and radionuclides with

thousands of possible sources. Bath naturaland anthropogenic
sources contribute to this complex mixture and include meteor
dust, sea salt, forest lires, volcanoes, wind blown soil, agri-
cultural tilling, transportation sources, space heating, cooking,
industrial processes, etc.

Assessing the impact of individual sources depends on our
ability to either predicl the impact from fundamental
meterolugical principles, source oriented models, or our ability
Lo resolve the contributions of this large number of sources
after the fact with receptor models as shown in Figure L
Source oriented dispersion models start with emission rates
and dispersion lactors for a specific source and calculate the
impact at a receptor site. Although source oriented mndels
have the potential to assess the impact of specilic sources,

- none are currently abie to describe adequately the comsplicated

random nature of dispersion in the atmosphere and the results
in general have been considered only approxiinate.

Journal of the Air Poliution Control Association
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Receptor Models

Receptor models. on the other hand. start with the mea-
surement of a specific {zature of the aerosol at the receptor and
after the fact calculate the contribution of a specific source
type. Measureable.atmospheric features include particle size,
shape and color, particle size distribution (number). compo-
nent identification (organic, inorganic and radioactive),
component chermical state and eoncentration. time and spatial
variations. Although most of these features can be used to
identify source types, the only measured parameters that can
be used to determine quantitatively a source's contribution
to air particulate levels are a component’s concentration or
nuamber of particles of a specific type and size.

Receptor models can be conveniently grouped into two basic
categories, microscopic and chemical methods. as illustrated
in Figure 2. Microscopic methods have a high source resolving
capability for sources with characteristic morphological fea-
tures such as wood fiber, tire rubber, pollen, etc. To be
quantitative, however, they must estimate the number of
particles, their density and volume, and must analvze encugh
particles to be representative of the total sample. On the other
hand, chemical methods require knowledge of the chemical
composition of both the ambient and source particulates and
are based on an assumed conservation of inass.

Microscopic Methods

Microscopic methods can be divided into three subcate-
gories, optical, which is limited to particles greater than about
2 pm but can use such feautres as color i0 aid in its qualitative
identification of particle type; scanning electron microscopy
(SEM) which is applicable to smaller particles and may in-
clude a determination of the major elernents to aid in quali-
tative particle type assignment; and automated SEM analysis
which vses all of the same qualitative particle type identifi-
cation features as the SEM analysis but has the capability of
analyzing more particles bzcause of iis automation.2 This
latter method is the newest and promises to extend the general
applicability of microscopic methods primarily because it
provides for a more representative analysis. It needs to be
evaluated further, however, and is still limited by many of the
normal problems associated with microscopic methods. These
include time and cost per analysis, lack of sensitivity for
amorphous organic species which often account for a large
fraction of the aernsol and large uncertainties associated with
the basic assumptions required for quantitative analvsis such
as particle density and volume. There is no doubt that mi-
croscopic methods have been and always will be useful tools
for air particulate source impact assessment but whether or
not these methods become widely used for large scale quan-
titative assessment will depend on the results of their further
evaluation, costs and the capabilities of alternate methods.

Chemical Mathods

Chemical methods can be divided into five subgroups as
shown in Figure 2. All of the chemical methods require
knowledge of the chemical composition of both the ambient
aerosol end possible sources. Enrichment factors. time, and
cpatial series analyses provide primarily qualitative infor-
mation about pussible sources whose contribution can only
be determined quantitatively by applying a special case of the
chemical mass balance model. i.e.. the tracer method. Chem-
ical mass balance and advanced multivariate data analvsis
methods are more Jikely to be widely used in the future for
large scale source impact assessment studies.

Multivariate methads such as factor analysis were the first
of the chemical receptor models to be used for air particulate
source impact assessment.” These statistical methods were
developed for problems in the social sciences. and applied to
the physical sciences in the 1950s before Blifford and Meeker

October 1980 Volume 30. No. 10

first applied them to air pollution problems in 19:7.3 The
following vear Prinz and Stratmann! also appliesd facior
analvsis Lo air guality problems. Winchester and Nifong an-
alyzed the Chicago area aerosol pattern based on source
emission inventories in 1969° and Hidy and Friedlander used

asimple trucer form of the chemical mass balance method in -

1970 to assess the impact of sources such as automotive ex-
haust and geological dust using Pb and Si as indicators.® Al-
though five papers were published in 1971.7-!1 it wasn't until
1972 that the formalism of the chemical mass balance ap-
proach was firmly established by Miller, Friedlander, and
Hidv!? and by Friedlander in 1973.13:4 Four additional papers

! Source—:mpact astessment methods

SR et

_ _]

 Dispersion " Receptor
models models
Ermission ‘Dispersion Impact at
inventory + model .° T *  receptor
v -— —
Source ~"Receptor Filter
. . Qe A -
contribution® . model + analv.lls

Figura 1. Schematic comparison of source assessment
methods.

appeared in 1972!5-18 and ten in 1973.13.14.19-26 Numerous
othars have appeared since??-7¢ (T'able I) and within the past
year it has become clear that chemical receptor models are
coalescing into a clearly defined discipline.

Chemical Mass Balance Method

The chemical mass balance (CMRB) method is the basis for
quantitative source impact determinations and is discussed
ftrst and in the greatest detail. It is based on the principles
established by Miller, Friedlander, and Hidy'? and Fried-
lander.13.14. '

Friedlander’'s CMB method of source tvpe identification
has been applied in Pasadena.!? Chicago,*® Fresno. Pomona,
San Jose, Riverside.?® New York,!® Portland %43 Washington.
D.C.57 and St. Louis™ These applications of the CMB

_ —

[ Microscom_c—? Chemical
! methods | methods

! Optical SEM! Special series

. ; ! Enrichment Time series |
L

- = tactors analysis | analysts
L { Chemicat! [ Advanced !
! Automated’ mass . ' multivariate data
SEM . balance - | analysis methods -

Figure 2. Schematic block diagram illustrating the relation between various types
of receptlor moedels.

methods suffered. however, major shortcomings related in
part to the fact. that the dala sets to which they were applied
were not developed with the needs of the CMB method in
mind. These previous applications also suffered from the
following shortcomings:

e  All major sources were not characterized at the time of the
study. . -

1117
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Gevlat Foeorde s the Hieranue of chomieal recepim miende) npph sinne.

Ret Avthor Drate Rel. Author Date
Chcemical Moy flelance

o Winchosier and Nifong JRHNY] R Gartrell and Friedlander 14975

g Hidy and Friedlancar 14970 40 Gaiz
T \Winchester and Niloay 1971 52,53 Heory 1977
1 Miller. ¢t al. 1972 57 Kowalczvk, et al. 1978
15 Kueip. el al. 1472 70 Thropmorwon, ot al. 1978
14,14 Friotilznder 1978 71 Godon 1970
14 Heisler, et al, 1973 75 Dzubay 1979
a7 Hidv, et nl. 1974 3 Watson 1979
th Hammerle and Pierson 1975 "4 Cooper and Watson 1974

Farichment Factor
8 Rahn 1971 41 Struempler 1975
1617 Haoltman and Duce 1972 42 Mroz and Zoler 1975
18 Tsummrn, ¢t al. 1972 A3 Duce. et al. 1975
20 Foven 1973 46 Obrosnik. ef ai 1976
n Gordon, et al 1973 45 Paciga and Jenrvis 1976
o Zoller. et al 1973 47 RKing. et af 1976
Bt Wesolowski. of al. 1973 4K O'Donnell. et al. 1976
o Brewaan, of al 1973 49 Neustadter. ot al 1976
N Heindiveks and Dams 1974 Hd Mavers, ot al. 1977
2940 Zoller. et ol 1974 58 Lawson and Winchester 1978
e Didv. et ol 1974 59 Buat-Menard and Arnald 19768
70 Throgmorton, et al. 1978
Tivee Sertes Coryelation
9 1971 Rt Hammerle and Pierson 1975
s 1973 49 Neustadier, ef al. 1976
R Gianue. ! al. 1974 h) Pilotte. ef ul. 1976
Y Wedbery el al. 1974 51 Muovers. et ol 1977
Brah dabvae son, ef al 1074 60 Tiww and Hilmer 1978
A Win. bevier, of af 1974 Gl O'Councr. et al. 1978
a7 tob o ol 1974 62 Pilotte, of ¢l 1978
1] Strvcimpler 1975 643 Courtnaey, ot al 1978
70 ‘Throgmorion, et al. 1978
Multivarinste RModels
k! Flittord o Meelar 1957 a4 Gaarenstroom 10775
H Prine ared Stennunn 1968 67 Barone, ¢t al. 1978
i Laaman-cn and Paronen 1971 G4 Galz 1978
Hiramerde snd Piereon 1975 . Thiogmorton, et al. 1978
Newstadter, ef gl 197h 63 Datiner 1978
liophe et al, 16576 66 Tauber 1978
kleintin 1977 71 Gordon 1979
Hengy 1977 72 Gethier ahd Seip 1979
76 Alpert and Hopke 1979
Spatial Models

3 Rlifford and Mecher 1967 44 Scott Envivon. Tech. 1975
10.1] Do, of al. 197) 49 Newstadier, et al. 1976
3 Crozat, et al. 1973 4% O'Nnanell, et al. 1976
N Johve, ot al 1973 46 Obrasmk. et ol 1976
m Hendevelix and Dams 1974 GR Laird and Miksad 1978
J0 Gtz 1975 69 Elmenn 1978
70 Throgmoirton, et al. 1978

¢ Source uneertainties wete nol Ui jato account.

e The methods vaed hod not been venifice:d ior their sonsi-
tivities to variations in inpat parameters ectoblished.

o Ambient and sovice acrosol charseterization wis in-
complete i.e., some of the nmenor chemical species su thas
carbon, SO, MO Siete, wers not derernuaed

The basic principles of the CMB wethod as fiear presented
by Friedlandert™ Tare illuatrated schematicolvm PPigoue 3.
The CME method asanmes that aerosol mass i conserved
frown the time o chemical spectes is emited Tromits cource 1o
the time 1t s noseared at a recepton. That s il peonrees are
cintting M, mase of particalates

msz
(RN

A,

where m s the total mass of the particulate coltecred ona filier
4o receplor sitr.,

i1

The mass of a specific chemical species. my, is given by the
following
Fii M (1)

P

)=\

mi= 3 M, = &
=1

where M, is the mass of element from source J and 1, is the
fiaction of chemical species 1 in the mass from source J eol-
Jeeted at the receptor. 1t is asswned that the mass of cach in-
dividual chemical component is conserved so that

Fy=Fy

where Fy, is the fraction of chemicats emitted by source § as
measured at the sonree. (Pns same assumption is required
by disprersion models and most receptor models by varving
degreesd 1he degree of validity i this assumption depends
on the dhemieal ind phyaical properties of the species and s
potential for atmonpheric inodificatons such as condensation.

Journal of the Air Pollubinn Control Association
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volatilication. chemiceal reactions, seditnentations, ete.
Accepune this assumption and divicaag Lioth sides of Fq.
(11 by the total mzes of the depout cuolipcwed at the 1cceplor

site, 1 follows that
S F,S, 2)
gt

wheee ) s the concentration of 1) chemieal compuonent
meastved 50 Ene recepior tatr i or) and Nt rouren cen-
LDuUon; 1., the Fato o i me s 1'|l:\m-: frem canen
Jto thevousd manss o i ctio at the receproe < ln B tice,
iU T fraction of poiiculate e b“l'lw‘\ iyt ared at the e
erptor due to souree J, Xy, which ks oi prosary incerestin C B
calculotions

If the C, an:d the F, ot the teccotar (or all poof the soprcee
tvpes sovpected of at coeng tne ve “upmf aie buovag and p =
n (= number of ¢booesd speeie sl n sivliancous
cquations, exist from v hich the soorce l\-'.'- ¢ (,nlnlmllml S,
miav be calenlyed by e rguae es o ods

The CMD methad coplios lhr- rantienty amount of source
formeation to recolve the sotrees comnitine to a sinzle
filter. Althoueh normali J eluiente] couree patteins can be
used in the least sqie ren fitting procedure. the alroluie
concentration of at Last oge of the elerwents {rom cach source
tvpe must be known for a gquantitative malvsis,

This fitting process can be more 1eidily visualized by
plotting both the source and ambnent elemental patterns on
semiloparithmic paper s illustrated in Figures 4-7. The
atoic number is plotted i hstogim form along the linear
axis while the clemental composition, either jon/m?, pereent
or normalized coneenteation. s plotted on the logarithmie 5.
In this wav the geometnic shape of the distribution is inde-
pendent of it level of contribution and can be considered
sitmilar o a hogerprint.

The source eletnental hmeerprints or spectra shown in
Figure 4 were deternnmed dunng the Portl ind Aerosol
Characterization Studv (PACSYE* Hsd illustrate the unique
patterns many sources exhilut. Some soncces. however, do nat
exhibiy unique pattere and must be preaped into soniee tepes
as illustrated in Fipore 5.0 .\lll.un,-'h there are distinet
difierenecs in the pereent camposition for some of the nvdor
eivmenis, thev caniol e resolved as disimet sonrees from an
ambnent acrevol compoaed ol g complecmixture of these
courc O in the method s corrent stage ol development.

Octennr 1980 volum » 30, Mo 10

The complexity of these patterns increases significantly
when maserial from \'t"'mnl different sources is comhiped to
form oo zmbient aerosol, as shown in Fizure 6,74 The precenee
of vomr of the mn)m cources, however, can sull be enily
identified by a simple viraal inspection of the ambient pat-
terns. or example, the autormotive exhaust contribution is
obviv: . from the Brnd i'h i all 6 ambient specura. The sail
comporr at s also apis rent ‘nall except the midnizat to 840
A M. < aple collected naianuary 26, 1978, whiel: has an ua-
watia) A Lo Sieaiie Ea e sample colleeted from nidnishit to
2.00 0 % cuJaniay 5, 1678 05 unusnal beeause of it very
hieh Yo concontration v hich must have heen due to a s -
mhcaeCunpacy frcn ooerromanganese furnace. This would
alea explam the high bosand Na which seere correlatod with the
Mu o ern be seen hois the time senies spectra itluserated in
Fiioee 7V Whitle the peoes nt concentration of the Ma, K and
M veve decreasing oo madnght to nooa, the soil-rond dust
componeds tAL 51 E ) and the Brand P'h wvere increasing s
would be eapacted {ron the inerease 1o trafiie flow. The a-
bient distribuiions for October 17,1977 and Auvrust 17, 1957
shewo iz Freure 6 are scomicantly impacted by | ragt recovery
boler tvpa emissions as ean be seen by comparison with its
elemental paiternin Jyrure o,

Usiig least squeres friting methods, most of the major
source’ can be resolved or stripped from the ambient spec:
a0 This fitting of sourse distribudons 1o a complox
mixiure of sourees is analopous to the fitting or stripping of
standard NallT'h 4 -rav spectra tenerpy histopram) frorm a
7 -rav spectrum of a complex mixware of radionuclides 0
Sources resolved from the ambient elemnental spectra are not
necessardy the unigue solution. Thev are instead the best set
of sources which when combined in the appropnate relative
contributions come closest to reproducing the ohserved am-
bient elemental pattern. Abrolute pereent eoncentrations are
not required 1o resolve sourees end determine their fractional
contribution to the ambient cicimental pattern.” The absolute
percent composition (or at least one element or componeit
in both the source and ambient aerosol. however. is required
for a quantitanve det=rumimation ol a source’s fractionai con-
tribution

The mest <gmificont hmitation 1o ~ource resolution with
the CNB method s the uncertanty tnoise in the F,p values
whieh can vary with time, location. raw materials. fuel type.,
ete. Inthe past, very htle chenneal dara on source emissions

111¢
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Garree resolution ¢ i oleo be improsed by meezaney ad-
divron-d e ponentz and hy rednons G oneeviatv i the

e ad comporents in hath the prabient and sourc. prvti:
chos Vi mnel cost eifeetive set of componsnts, howev, i, has
not been determened hrt will certminly depond on the tourees
expected to be njer contributors to ech airshed studied.

Fiothvasicle PAothunse

Whereas CMB miethods apply loinwledpe about source
Chatecreristios te a singde Nher data set 1o derive a so0ree s
contrihunn, multivariste methiods sueh os factor analyeis and
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patters recopnition inéthods extract informntion about a
source s condribution on the basis of the variabihity of element
measaved on 2 laree pumbier of filwrs. If two or more chemues!
componerts orizinate irom the same source. their variabiity
as o {vmction of thoe as nreasured at a recepror will be sinmailar.
The obecuive of multivariate methodsis to detect thns com-
mon varizhility afrer the fact and inply soarce identity by
com)rring, the elemnents with common variabilitv wo the ele-
ments associaled with specific sources 35220650

The basis and startivg point for advanced multivariute
methards 15 the correlation matrix. Pattern recopnition
methuuls present the corridation matrix wformation w a more
easily poreeived gravhical form. Source identity s interred
from the commonality of clements in a particulur cluster or
pattern and those known to he associated with & possible
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contree attonge new e croed, however., from this treziment
of the aata the conta not bave been L vened from a cereful
ciudy ol the carrelansn marr ™

On the other hand. Laetor analvsis methods enpress each
varinhl, teoneenniaton ol clement @ o filter k) as a linear
conatnration of Lictors, ‘Vhese factors ore hypothetienl vari-
ables selected vo as to beproduce the nicasured variable cor-
relavons s well as poible with the fowent possible factors.
The (oelicients of those factors are determined by factor
analvas stating with the correlation inatrix of observed
chetnical enmponent- - A phvaieal interpretation or source
identilterton 15 posanke by comparisg the elements having
a gl leadme ona pavoewtar factor witivelements associated
with known poasible sovrees, Imulicit in factor analvsis are
the wsurmpions that all reagor influences are reflected in the

correlation matrix and that thev are different enough not 1o
be cosnbinations of sevaral influences, In addition. concervy-
tivn of the major chemteal characteristics of each source's
emissiony is necessary if cach factor is to be correctly astoci-
ated with a source by comparing chemicad features. Thus, al-
thouph factor analyeis and pattern recoguition methods re-
quite no prior knowledpe of either the number of factors from
a data set, or their characteristics. correctly labeling the re-
solved factors or patlerns with common source nares requires
knowledge about the chemical charactenstics of possible
sources. In addition, factor analvsis is unabie to determine
quantitatively the contribution of specific source types and
cannot provide spurce intormation for individual filters,
Mudifications of the basic factor analvsis approach have
recently been suggested®29376 which provide guantitative
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ceedods cege silities Yaih wethoda, however, wie a comia
e o st e it ced [aetor apnlvei and a e b bnce
eodod an Vonry e the Fuss tosuesest Lhis apypocoord
el g in g Porthaeed Greson data s 17 developod por
in the Porllpad Aevonn! Charctenzanion Stady (PACH 4
P vt soureed ses e used as taput ot which lour seurce
{acton, vere derived. Vo Jour improved cource factore were
ideotitred aq “dust.” ieetallurgical,” “plating,” and “zine.”

SN,
Two of the five turer sonrees (auto and residual fuel oil! ware
not reparied while an Tueknown zing” sonsce wiss discovered.
The: soppeated cheoyie:d composition of this unknovn wine:
ot o e g e planing source have surposingedy e
abeoduie ceed relavive ot of Alaud S and their eleicevial
Pt o e andike any olserved two yeis laier in the Paesi
stuoy which cheracwerized 95% of the emission inventory.
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Altboueh there are soovegs of Znin the Partland airshed as
can b soen frowm the crcaental spectraen shown in Finore 6,
(Lrpoacy 26, 1678Y factor aantyais wis not requiled 10 cone
to this conclivdon. In addition, a siraple three-(ilter time rerics
avalysis showed the Zin rnd Cl w be conelated and probably,
ia this particubr case, relued to galvanizing operations. The
sdvantaves of this new raethod were not clearly established
with Herv's work.

In additien, the rocent work of Hopke, et al.®' and Alpert
and Hepke™ has not clearly demonsurated the advaatages of
facior s#nalvsis. Target lactors, for example, bosed on the
chemien] characteristics of possible sources were required in
their sceent work.’ Thus, the number and chemicst compo-
sition of postable sources were required. New source chemical
profiles were determined with factor analysis and source
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eontributems calenlared  Alchon b fewer sources wine found
than vere in the e of pe aible vourees, the ¢h -mienal com-
‘..hmun al all Ure praior elements wis ewmentisv thie same as
those in the Un-ret sousee connponitions. 1 wos not cxplained.
however, Why Jators FEpre N * sources s derermined {rom
a statisticnd enalvais of ambicnt data shonld he co.entiadly
identical 1o the input test vectors, particularly when these wst
vectors are baeed on data from other repions of the country.
The advantres of tanet transtonsation factor anaivsis'™® over
other receptor methode or hybrid combinations have vet 1
e established.

The CMB and factor analvsis methods both require prior
Enowledpe of the number of possible sources and their
chemical features: hoth reguire the conservation of mass as-
sumption, Fij = F'y:and both are able to detect the presence
of unknown sources. Chemicnl jnass balance methods can
determine the source contribitions to a single (ilter and time
series analysis of source contiibutions and clements may be
just as revealing as the bLasic frctor analvsis. Correlation
costlictents, the boeis of factor anolysis, indicate the degree
of similarity beiween two variables, but not that theve is or is
not a eausal relationship betwesn them.

A criticd eviduation of theso advanced multivoliate analysis
rethods has not ver heen made. Althoush the advantves and
disadvantoves huve been suggested by numerouns anthors, the
unique utility of this appresch retative o aihier methods has
vet to be establizhed. One of the major {aetors prove nting a
more thorough evaluation of these niethads has hien the lack
of an adequate data set for comparison d1-5476

Enrichment Faclors

With the enrichment factor medel, the elanentad compo-
sition of the local ambient aercnol of iuterest relative to the
concentration of an element choracteristic of a brckeround
e resol is compared-with the reictive elamental composition
in the backyrovnd svrosol. Thntir, the

. ) (o /(, ) ambient
enrichhmient {actor = -—--~: s
(¢ /(',,) baek |'nmnr'l

where €', is the normalizing element assumed to b uniquely
haracteristic of the backeround and €, is the elerent whose
enrichment is to be determined Wenents with enrichment
Dretars preater thon 1 ave assunied to be due to Livvees i the
ivcal or regional attshed of interent. Only a radirentary un-
derstanding of the chemical corposition of variens sources
i required Lo meke possible seurce assignments. ‘The en-
nchrient iactor angroach has heen most nseful when there has
Leeen a limited amount of infonnation available. Adthough it
doee not require absolute chewmicsl concentrations, it cannot
suantity a souree's contribution, relies heavily ou the assumed
background composition and is nol applicable to complex
source mixtures where multiple local sources are contributing
to the same element. This method is not likely 1o see large
seale application to urban airsheds on a routine basis because
other models have evolved over the past few years which
provide more information; but it mav still find considerable
use in interpreting small data sets on a research hasis.

b,

i

Time Series

Time series analvsis is based on the assumption that
chemical species origimating from the same source will have
Hie same time dependence when incasured ot a receptor, Thus,
if the elements measured at a receptor have a shnilar time
dependence. thev are said to be correlated and to have a
stovilar source Specific sources are inferred on the basis of
correlated elements and a qualitative understanding of the
composition of possible sourees, Peeanee the napact of dis-
persion conditions is often dominant, normaiteed or pervent
of tota] mass values are usually used. Shortrerm stdies based
on hourly observations will vicld information e short term

Qctober 1980 Volume 30, No. 10

vurinble sources such as autonobile traffic, home hedting.
rower demends, or industrial processes. Long term studies
covering seversl vears can often show clearlv the impact of
seasonally dependent sources or the implementation of control
messures. ‘Time ceries correlation studses provide guslitative
information which can provide strong inferences ns to possible
sources and effect of control measuies, but cannot provide a
quantitative determination of specific source tvpes. This type
of analvsis provides unique qualitative information which s
extremelv useful in evaluating the impact of conti ol programs.
directing the search for new sources and confirming source
identities suppested by other models. It is expected o be very
vseful during the exploratorv and transition period of the
evolution of this discipline, but will be mainly used to utonitor
the effectiveness of control strategies during the period of
routine application of receptor models.

Spatial Modanls

In spatial models, the measured concentrations on samples
collected at the samne time but from a number of different
receptor sites of known geographical relationship are com-
pared. Implications of source contributions are obiained by
comparing the observed spatial distribution of measured el-
ernents with the location and chemical compasition of known
source emissions. These models have taken the forin of spatial
isopleths, spatial correlations, cluster analysis and pollution
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wind 1oses, Y P hess methiods have the advovraee of possibly
providing infospszion on suecific sources wineh mipht be
uniee o g given are The information provided, however,
is qualitative and depends strongly on the ather wonk os-
smnption of a constant wind direction and emivsion rate
during the time of samplhing, Nevertheless, these medels are
itkely to be uscd considerably as part of hwbnid models.

Conclysion

Chemicn} receptor madels have evolved end improved

considerably over the past 13 vears but have enly recently
been recognized as a distinct discipline. In the four vears {rom
1967 to 1970. for example. onlv four papers were published on
chemical receptor madeds while over 13 were published in
1978 During this time, the tatal number of published articles
has exceeded 70 and the CMB method bos evolved from a
sitnple tracer method to 2 sophisticated Jenst squares fitling
procedure sehich includes hoth source and ambient elemental
pattern errors.”? Factor analvsis has evolverd Irom the classic
methode applied by Biifiard and Meeker in 19674 to hvbrid
methods such as target transformation faclor analavsis 76
Althonch the entire set of houndarv condinons for the ap-
plication of these tonls to conrce apportionment studies has
nal been defined completely. it is elear that it forms a new and
very wieful discipbue fur interpreting the very large number
of compicex chemical daca ses that will be generated in the
15608,
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Introduction

As cressure to develop increasingly accurate control strategy analyses
is brought to tear con State and loczl air pollution acencies, professionals
responsible 7cr management of our air resources increasingly find them-
selves searching for better source resoluticn methods. Faced with pressure
from many interested grcups, the control officer responsible for develop-
ment of particulate attaimrent strategies must provide ccnvincing evidence
that he understands the relative importance of airshed emission sources to
the problem. He must also propose cost effective control programs that he,
and the community, can adopt with ccnfidence. Unless an effective case can
be made to demonstrate the magnitude and identity of particulate sources
causing the nonattainment problem, considerable doubt as to the effective-
ness of new control prcgrams can exist.

Until cuite recently, traditional approaches have dictated that
source impacts be identified by dispersion (source) modeling based on
emission inventory and meteorological data. While these techniques will
remain as an important tcol in the regulatory effort, dispersion models
have not met several critical pregram requirements. For example, thejr
~ability to apportion source impacts during actual, 2d-hour worst case
episodes or to assess impact frem scurces fin complex terrain, are limited
by difficulties in ceveloping accurate particulate emission inventories and
metecoroloaica]l data tases. Further limitations in the ability of source-
orijented models to estimate source contributions to the "background”
gerosol typically limit the dispersion model's ability to apportion source
impacts to about one-hai7 of the measured aerosol mass. These constraints
severely 1imit the analyst's ability to understand the true mixture of
source strengths and the nature of the incoming air.

Receptor models, those new and miraculous(?) methods now being hailed
as a "new" alternative to dispersion modeling, have been seen by some as
the remedy for this regulatory headache. But are they? Do the advantages
of these techniques provide realistic alternatives to professionals charged
with managing our air resources?

This paper focuses on the advantages, as well as the limitations, of
current receptor models. Areas in which different kinds of receptor-
oriented techniques compliment one another are also discussed in the hope
that a realistic understanding of the technology will assist those con-
sidering the use of these new tools.

Particulate Source Apportionment Methods

As new papers are published and receptor model technology grows, those
responsible for control strategy development have been increcasingly tempted
To view source apportionment methods as a solution to the seemingly impos-
sible task of "sorting out" contributing sources. The data analysis
techniques through which specific source impacts are identified are collec-
tively referred to as source apportionment methods. These methods are
commonly classified into source models, receptor models and emission
inventory techniques. A further stratification of the varjous receptor
model approaches 1s shown in Figure 1. While each of the techniques noted
in Figure 1 has {ts own advantages, no single method should be considered
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as the best approach. Instead, it is important to yiew the process of

- source impact identification as a total "system" consisting of the project
design, field monitoring pregram, laboratory analysis and data interpreta-
tion phases in which a number of methods may be used to develop the neces-
sary chain of evidence. Table I 1ists the most commonly used source
apportionment tools, their advantages and disadvantages.

Although receptor models have been invéstigated as a method of parti-
culate source apportionment during the past ten years, only recently have
the techniques become recognized as a distinct, new discipline.? Unlike
dispersion models which begin with measurements of emission rates, stack
parameters and meteorology, receptor models "decode" ambient particle
morpho]ogy, chemistry and variability information to fdentify source
impacts. Each of the major methods are briefly described in the Receptor
Model Glossary, Appendix I. Selection of the most appropriate techniques
largely depends on the analyst's objectives, resource constraints and
knowledge of the receptor model technology available. For example, Table II
1ists a number of source apportionment techniques that may be useful in
identifying inhalable particulate source impacts during air pollution
episodes. The options 1isted provide the analyst with several choices of
fine and coarse mode techniques which can provide qualitative, semiquanti-
tative or quantitative results. Although the resource requirements noted
are by necessity somewhat subjective, they reflect a general sense of the
relative rankings between the methods.

Receptor model results are inexorably linked to the method of sample
collection. Properly sited monitoring stations, operated in accordance
with accepted quality assurance procedures, are a basic (and mandatory)
requirement. An additional requirement which is frequently overlooked,
however, is the sampliing method.

The specifications of the sampler plays an important role in deter-
mining whether or not the objectives of the program are 1ikely to be met.
In addition to the importance of the sampler's upper (and Tower) particle
size cutpoint (discussed below), the sampler must reliably capture the
desired size fraction under conditions of variable wind speeds and direc-
tions on the desired collection medium. Artifact sulfate, particle bounce
between impactor stages, retention of coarse particles on the surface of
the collection medium, and passive-mode accumulation are but a few of the
potential problems to be aware of when interpreting ambient aergsol data.

Size resolution of the ambient aerosol into the fine (<Z.5um) and
coarse (2.5-15um) modes provides a simple, yet highly effective means of
apportioning particles associated with combustion, secondary formation
processes, condensation and controlled emission process losses from fugitive
dust sources, grinding and crushing operations, and biological sources
(pollen, leaf fragments). Recent development of reliable ambient sampling
systems designed to gather size-resolved samples has significantly improved
the receptor model's ability to separate, for example, sources of fine
particle iron (e.g., steel mill emissions) from coarse mode 1ron (soil dust).







Recepter Hodels: A Clcser Look

Scurce apperiicrrent studies using receptor mocels have largely
cained the attention c7 the air pollution community through journal publi-
cations and conferences reporting results of large scale, "big budget”
serosol studies. Many cf these studies have cained naticnal attention for
their "success" in icentifying source impacts. What may not be obvious,
however, are the difficulties that must te overccme during the course of
these studies, as well as the assumptions and judgments that must be
applied to insure a successful progran. -

A closer look at typical case studies in which receptor models have
been used provides an cpportunity to more closely examine the assumpticns
and limitations of these methods. These exampies are provided to premote
a better understandinc of the current technology, and to assist those
interested in applying these new methods.

Case Study 1: Applicaticn of Polarized Light
‘Micrescopy to TSP Scurce Apportionment

In 1975, the EPA undertook a major program to assess the naticnal
particuiate probiem in urban areas. Case studies of 14 cities were con-
ducted to provide information cn the types of particles collected by hi-vol
samplers and tc identify 1ikely source impacts.® Optical microscopy using
polarized light was the primary analytical tcol used to determine the mass
percent contribution cf major source categories. Several hundred samples
collected during 1674 were examined to provide data representative of
incustrial, commercial and residential land use areas. Analytical guality
control protocol included the use of two laberatories, multiple analysts at
each lab and replicate analysis of biind samples taken from the same filter.
Results of ‘the quality control program, shown in Table III, summarize the
filter analysis in percent by weight of the visible particles seen by the
microscopist.® :

While the results appear, at first ?1ance, to provide clear conclusions
regarding the sources causing the nation's TSP problem, a closer look at
the quality assurance results indicates some uncertainty. Test results of
identical samples analyzed by two different microsccpists indicate agree-
ment in only three of eight cases in which the mineral content was esti-
mated and two of eight cases for which comtustion products were examined.

Investigation into the related errors reveals particle identification,
misassignment and analyst fatigue to be key factors. Misassignment,
- judged as the most important source of error, occurs because different
microscopists may properly identify a particle, but assign it to a different
common source name. Coal flyash, for example, is often assigned to the
mineral group (rather than combustion products) because it contains sub-
sta?tial amounts of quartz and limestone. Other potential pitfalls may
jnclude:

- ° Failure of the analyst to view a sufficiently large number of
fields to insure that.a representative portion of the aerosol 1s examined.
Since the mass of a singie 20 ym particle may be equivalent to a thousand
2 um particles, failure to locate large particles when yiewing a sample at
high magnification can provide very misleading results.
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° The loss of organic aerosols of high yolatjlity while being
- viewed in the yacuum required during scanning electron microscopy examination.

Although the 14 cities study detected disagreement among analysts, the
differences tended to minimize systematic bias such that the composite
results were meaningful. Subsequent improvements in analysis protocol have
improved analytical reproducibility within the past three years, but
experience has taught that heavy reliance on results from a single filter,
by a_single microscopist, should be avoided in preference to a composite of
results. Supportive information, developed through the use of independent,
complimentary identification techniques and good quality assurance programs
provide increased confidence in results.

Case Study 2: Carbon-14 Analysis as an Indicator
of Vegetative Burning Impact

Recent advances in radiocarbon analysis techniques and their applica-
tion to apportionment of "contemporary" carbon sources has focused con-
siderable attention on the use of 1%C/!2C {sotope analysis as an "unequivocal"
measure of vegetative burning impact.® The method provides an estimate of
the portion of aerosol carbon associated with wood burning (residential
wocd stoves, fireplaces, forest fires, etc.) as opposed to sources of
fossjl carbon such as oil, coal, diesel, or gasoline combustion.

Although this approach seems, at first appearance, to offer a clear
measure of urban impact from residential wood combustion (RWC) sources, a
closer look into the assumptions required to build the "chain of evidence"
between the 1%C/12C measurement and an "unequivocal" measure of RWC impact
reveals several uncertainties:

(a) Potential sources of "contemporary" carbon include a wide
range of potential sources which include, but are not limited to, resi-
dential wood combustion. Table IV lists many possible source classes
emitting "contemporary” carbon. Fortunately, several source categories can
be distinguished frem RUC emissions based on particle size if the ambient
samples of fine particle carbon (<2.5um) are available. Further narrowing
of the possible source impact must be based on (1) evidence of source
activity and transport, or (2) source impact estimates based on other
indicators (e.g., absence of municipal incinerator chemical tracers).

Given the difficulty in developing factual information on residential
backyard burning, apartment incineration, structural wild fires and second-
ary vegetative carben aerosol, .an "unequivocal” estimate of residential
wood combustion impact may be difficult to obtain. Estimates of the

Tikely impact, based on known source activity may be more appropriate.

. (b) Since RWC emissions are not pure, graphitic carbon, the
14¢/12C measurement must either be corrected to account for the associated
oxygen, hydrogen and inorganic ash components or used only as a conserva-
tive estimate of impact. Correction of the data requires that either the
percent by weight of carbon in the emissions be known or that the C/(C+H+0)
ratio be known. Unfortunately, considerable variability in the emission
composition occurs between and within vegetative burning sources. Further,
the C/(C+H+0) ratio is a function of the relative abundance of aliphatics,
carboxylic acid and polynuclear aromatic hydrocarbons in the aerosol.
Lacking specific information on the abundance of these compounds in ‘wood
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smoke, researchers have used a typical urban ratio (].2) suggested by
. Yan Vaeck® as a best estimate. o s

Studies conducted in Qregon have, in spite of these shortcomings,
found carbon-14 estimates to agree reasonab?y well with source activity,
light scattering measurements and other, more qualitative indicators. Care
must be taken, however, to design the field program to minimize the poten-
tia] from sources other than residential wood combustion. Typical "tricks"
include fine particle monitoring during periods of cold weather in residen-
tial areas isolated from industrial sources.

Case Study 3: Chemical Mass Balance

Applications of the Chemical Mass Balance (CMB) receptor model have
increased markedly within the past two years. Results from these studies
have been used in the development of particulate control strategies as an
aid to dispersion model validation and to identify previously unknown
sources within particulate nonattainment areas.” A closer look at the
apparent success of this method reveals that the chain of evidence used to
identify source strengths in many studies includes a variety of techniques,
of which CMB analysis is only one. Many of the methods listed in Table I
can be used to supplement and support CMB source estimates, strengthening
the analyst's conclusions. Although CMB 1s often the focus of the progran,
many of the more recent studies have gained "success" by developing a

clear, complete and convincing case through the uses of several, independ-
ent approaches.

The ability of the ClB model to apportion source impacts is dependent
on four frequently quoted factors: adequacy of the source emission com-
position data, field monitoring program design, quality of the ambient
aerosol analytical data, and presence of reliable "tracer" species in the
emissions from major sources. What is often not mentioned is that supple-
mental information on aercsol transport, emission inventory ratios among
source categories, scurce activity and a working knowledae of the airshed
are also required (but seldom acknowledged) factors in developing a suc-
cessful program.

The importance of an accurate source composition data base can best be
illustrated by examining a few applications of the CMB method in detail.
Residual oil combustion and motor vehicle impacts have Leen selected for
discussion because estimates prepared for these two source categories are
often believed to be accurately predicted by CMB, because of the presence
of unique tracers in their emissions. Failure to accurately characterize
emissions from these two sources will introduce impact estimate errors
which can be further compounded by emission inventory scaling techniques.

Residual 0il. Results of the Portland Aerosol Characterization Study
(PACS] indicate a high degree of confidence in the CMB-estimated residual
0i1 combustion impact estimates, based cn chemical analysis of the emis-
sions from seven jocal sources.? Results of tests conducted during the
first quarter of 1978 reveal a vanadium/nickel ratio of 0.64, a figure
consistent with the V/Ni ratio of PS400 residual oil used in Portland
during that period. Since both elements are nearly unique tracers for
residual o1l combustion emissions in Portland, the CMB model estimates are
heavily dependent on the accuracy of the V/Ni measurements. Analysis of
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fuels marketed during 1977 and 1978, however, disclosed Y/Ni ratios yarying
between 0.33 and 1.11. "Had the source measurements been made during a
period when the ratio was low, the estimated impacts would haye been 50%
higher than reported, Testing during a period when the ratio vas 1.11
would have underpredicted the estimate by about one~third. Although these
uncertainties arpear large, the potential error in estimated 1mpact in
Portland would haye been small, giyen the minimal impact (<1ng/m3 annual
average) of this source. The key concept here is that care must be taken
during the development of the source composition data if the analyst is
expected to develop a convincing argument from CMB results.

Auto Exhaust. Impact estimates of transportation sources are of
prime importance to the credibility of most source apportionment studies.
Given the difficulties in source testing motor vehicles, published values
of the chemical composition of auto exhaust are often used. Unfortunately,
much of the literature is not self-consistent, nor are the details pre-
sented concerning how the data were developed. Table V summarizes exhaust
composition data from the literature. VMarked differences can be seen in
the bromine values (novmalized with respect to lead) and in the absolute
values of Zn, Pb, Ba, and carbon. Because Pb and Br are used as the
primary marker elements upon which motor vehicle exhaust impacts are calcu-
lated, the use of correct values is critical to the accuracy of the CMB
analysis. Close examination of the research studies referenced in Table V
serve to emphasize that these data sets are, in fact, "tuned" chemical
composites intended to represent a mixture of leaded, unleaded and diesel
exhaust characteristic of the airshed at the time the study was conducted.
Direct use of these data sets must bé viewed with caution and with the
understanding that substantial error in the impact estimates are 1ikely.

Source Nomenclature. One of the most difficult aspects of CMB (and
factor) analysis is the application of the proper source name to the esti-
mated source strengths when a number of chemically indistinguishable emis-
sions occur within the same airshed. Since the CHMB model only indicates
what the likely source impacts may be (not necessarily what they are) based
on the chemical "fingerprint" of the source, the analyst must decide which
source name is the most appropriate. Table VI lists three source groups of
similar chemical composition. Careless assignment of source nomenclature,
conducted without supportive evidence, can mislead those charged with
taking regulatory action.

The microscopy, radio-carton analysis and chemical mass balance case
studies discussed above provida a brief glimpse of the potential pitfalls
of receptor modeling. Other techniques have their own associated perils.
Factor analysis, for example, relies on the variability and chemical
composition of emissions within the airshed to identify source impacts.
Very strong, consistent impacts which coexist amidst weaker, more variable
sources, may not be jdentified. Factor analysis results may also lump
together two or more sources of similar variability and chemistry or
ignore components associated with well-mixed "background" aerosol.

Regardless of the receptor inodel method used, the sum of the identi-
fied source impacts should provide a reasonable approximation of the
measured aerosol mass. Fai?ure to account for most of the mass may indi-
cate omission of the background aerosol, fmportant sources, or errors in
the analysis. ; :
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Complimentary Applications '

Perhaps the greatest advantage of the receptor mode] approach is the
ability to identify the impact of particulate sources independent of the
transport and emissicn inventory data required by dispersion models. These
two methods can be used in concert to improve the strength of the dispersion
model results. Validation of dispersion model results using selected
receptor model results can identify weaknesses in emission inventory data
and modeling assumptions. Core, et. al7 have described work conducted by
the State of Oregon Department of Environmental Quality in which selected
chemical mass balance results vere used to validate dicpersion model
results in three Oregon airsheds. The analysis identified major errors in
fugitive dust inventories, source operating schedules and modeling assump-
tions. Following correction, systematic mode] underpredictions by the
dispersion model were eliminated. Future applicaticns of this appreach to
dispersion model validation could prove useful in a wide number of applica-
tions where complex terrain, uncertain emission factors and/or fugitive
sources are important factors in model performance.

Other researchers have applied a number of receptor model approaches
to apportion particulate mass, each selected to compliment results obtained
from other methods. Factor analysis, for example, is being used to deduce
the composition of major source emissions as input to chemical mass balance
calculations. X-ray diffraction results can be used in concert with
factor analysis estimates of the "geologic" source group to further appor-
tion the sources based on the relative richness of mineral species in the
aerosol and in nearby soil types. Optical microscopy can be of major
importance in apportioning coarse-mode carbonaceous aerosol (such as
pollen, wood fiber, paper fragments, etc.) which is difficult to identify
by other methods. The most appropriate mix of tools must be selected on a
case by case basis using the analyst's knowledge of the local source mix
and meteorology, source constraints and program objectives.

Conclusions

Recent advances in receptor model technology have generated consider-
able interest among air pollution professionals responsible for the develop-
ment of particulate control strategies. Application of these methods have
included input to control strategy development, enforcement actions, disper-
sion model validation, demonstration control pregrams, and apportionment of
light extinction between sources. Total, coarse, fine, and inhalable
particulate fractions have been studied using these methods. Yet, as
useful as receptor models are, each technique has definite limitations,
requiring analyst understanding and judgment. As in other fields of science,
receptor models can be inappropriately applied, misused, and results inter-
preted in such a way as to provide inaccurate conclusions. Properly
applied, and with sufficient supportive evidence developed through indepen-
dent approaches, receptor models can provide important new insights into
the nature of the aerosol problem. As the technology expands, the costs
asscciated with these methods will come within the reach of more users,
providing an important new tool to regulatory agencies.
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Source Apportionment
Tools

Table !
Source Apportionment - Receptor Model
Advantages & Disadvantages

Techniques
Advantages

Paper 81-58,6

Disadvantages

RECEPTOR MODELS

Hicroscopy
Optical

SEM

Automated SEM-XRF

Chemical
Enrichment Factors

Time Series Analysis

Spatial Series
Analysis

Chemical Mass Balance

Multivariate
Analysis

Radioisotope
Analysis

Physica)l
X-Ray Diffraction

Trajectory Analysis

Traditijonal Methods
Dispersicn Modeling

Emission Inventory

Microinventory

Use of color, surface texture and
optical properties to particle
ident{fication.

Can be used with particles <lum.

Classifies particles by size, shape
and elemental composition. Analytical
speed, ability to count large numbers
of particles.

Provides evidence of a source's
impact by changes in aerosol
composition. Simple.

Provides clues to sources. Simple,
inexpensive,
Provides clues to soyrces. Simple,

inexpensive.

Provides quantitative estimates

- based on measured data. Impact

uncertainties provided.

No prior knowledge of sources
needed to resolve element patterns.,
Source Compositon required to
identify souices by common names.

Direct, quantitative measure of
fossil carbon (e.g., ccal or ofl
versus wood).

Direct quantification of crystalline
particles.

Helps 1dent1fy approximate source
locztion.

Estimates impact from existing or
proposed sources,

Traditional method of source
contribution analysis. Simple to
use,

A measure of the relative magnitude
of nearby source impacts as an
improved basis for dispersion modeling.

Limited to particles >2um,
semi-quantitative, highly
dependent on operator skill.

Costly to use on large numbers
of particles, not quantitative
{f sample contains large
variation in particle size.

St111 in early stage of
development, Costly. Not
reliable for organics. Coarse
fraction only,

Semi-quantitative method;
requires source composition
data. Often not specific.

Generally does not provide
specific source fmpact
information.

Does not provide source impact
information,

Source composition data
required. Chemically
similar sources cannot be
independently identified.

Semi-quantitative method.
Large data sets required,
cannot provide short-term
apportionment.

Costly. Limited to. fossil-
"modern" carbon apportionment.

Coarse particles only, not
useful for amorphous aerosols.

Cannot quantitatively estimate
specific source impacts.

Difficulty in preparing
accurate emission inventory
and transport input data.

Fugitive sources impossible
to inventory, background
aerosol not known; source
impacts incorrectly assumed
to be proportional to
emissions, -

Does not provide source impact
estimates directly,

10
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Table III

Paper 81-58,6

Comparison of Mineral Content Estimates
Between Analysts Using Optical Microscopy

Mineral Content*

t-test Result

Analyst Fean Std. Dev. Significance Between Means
Case 1 1 69 22 not significant
2 78 N
Case 2 1 E6 26 significant
3 3 14
Case 3 1 70 36 significant
4 6 2
Case 4 1 62 28 . significant
5 37 16
Case 5 2 75 9 extremely significant
3 36 10
Case 6 2 77 16 extemely significant
5 35 14
Case 7 3 30 23 not significant
4 5 0 .
Case 8 3 38 10 not significant
4 39 12
* Percent of weight ‘
Table IV

*0
*0
. $o
| -
'L
>0
%o

* Fine

Potential Sources of Contemporary
Carbon in Urban Atmospheres**

So1l humus
Paper fragments

Spores, pollen, plant tissue

Insect parts
Starch and grain
Sawdust

dust

Residential wood combustion (fireplaces and wood stoves)
Structural wild fires
Forest fires, slash burning and grass burning

Agricultural land clearing
Residential backyard burning
Secondary vegetative carbon

Veneer dryer emissions
Hog fuel boiler emissions
Municipal {incineration
Apartment, business or institutional incineration

particle sources

** A1l carbon associated with soi) and road dust sources
(carbonates, tire dust, oils, exhaust particles) assumed to be
of fossil origin,

12
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Table V
Motor Yehicle Exhayst Composition Summary
From Literature Values

st. Louis, W® Portland, OR® Washington, DCC  Medford, ORY

Specie I of Mass % of Mass % of Mass* % of Mass
Total Carbon 56.3 (3.80)** 563.8 (2.69) - 62.26 (7.00)

Mg 0.6 (.04) X - 0.25 YO”

Al X 1.1 Lo% - 0.06 {.01)

5i ) 0.82 (.04 R 0.25 (.03)

P 0.09 (.006) - - .

5 0.6 (.04) 0.4 Yoﬂ - 1.83 (17

S04 - 1.3 (.06) - 1.49 (016

a1 1.9 (12) 3.0 (.15 1.0 {.10) 1,53 (17)

K . 0.72 %36 iy -

Ca - 1.25 (.06 0.5 (.05) 0.69 (.07)

n 0.06 (.004) . X -

Fe 1.0 {.06) 2.1 (.10 0.5 (.05) 0.53 (.05).

e - 0.018 (0.0 - .

Cu - 0.673 ('°°3§ R .

Zn 3.0 E.zo) 0, 350 5.017 0.15 (.015) 0.28 (.03)

Br 3.7 (25) 5.00 (.25) - 3.8 {.38) .44 (.38)

Ba 0.09 {.006) - ) 0.13 (,013) . )

Pb 14.80 (5 1.0)  20.00 (£ 1.0) (10.0)*(5 1.0)  8.89 (1.0

N0, . 0.91 (.045) - 12.60 (1.41

Total  82.1% 90,83 16.1% 93.8%

* Based on a lead content of 10% assumed by Kowalczyk
** ()} normalized to lead content

(a) Dzubay, Peference 8
(b) Cooper, Raference §
(c) Kowalczyk, Reference 10
(d) Cooper, Reference 11

Table VI
Chemical Mass Balance Source Groups

1. Geologic or Crustal

Shale

Paved road dust
Unpaved road dust
Windblown soil
Agricultural tilling
Coal flyash

Rock crusher
Asphalt production
Rock quarry dust

2. Calcium Sources

Limestone

Building demolition
Cement dust
Constructfon dust
Slag dust

Carbide furnace

3. Vegetative Burning

Residential fireplace
Residential wood stove
Res{dential backyard burning
tand clearing

Slash burning

Structural wild fires

fForest, brush and grass fires
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Appendix 1
Receptor Model Glossary

Chemical Mass Balance

This method matches source particle size and chemical “fingerprints" to those
measured at the receptor to back-calculate the impact of specific sources or source
classes of similar chemical composition. Given data on the ambient concentrations of
several chemical species and the percent by weight of these species in the emissions
from the sources, a set of equations is prepared and solved tu determine the source
impacts.

Enrichment Factors

Ambient aerosol composition data is used in association with a referencs element
(usually a crustal element such as Fe, Al or Si} to provide an estimate of the degree
to which a specific ambient aerosol element has been "enriched" by an anthropogenic
source. If the "enriched" element {s known to be a unique tracer for a specific source,
and the concentration of the tracer in the source emissions 1s known, a crude estimate
of the source's impact can be made.

Microscopic Methods

Particle identification by optical microscopy was one of the first, and the most .
widely used method of soruce apportionment. Current technology has expanded to include ‘
computer-driven scanning electron microscopy coupled with xray fluorescence analysis to ’
provide a particle-by-particle analysis of amhient particulate filters. As a consequence,
particle identification methods traditionally founded on particle size shape, color,
bifringence, and surface properties has been expanded to nclude elemental composition
and rapid, computer assisted analysis permitting large numbers of particles to be
analyzed at minimum cost.

Miltivariate Methods

Statistical methods that jnclude factor. analysis, regression methods, principle
component and cluster analysis techniques. .These methods extract information on source
impacts on the basis of the variability of chemical species measured within a large set
of particulate samples. Given the premise that chemical species emitted from a specific
source will vary in time (as measured at the receptor) in the same manner, multivariate
methods detect the common variability of the chemical species. The analyst then
identifies the contributing source by comparing those species with similar vartability
to the chemical composition of sources within the airshed.

Radioisotope Analysis

Measurement of carbon-14/carbon-12 isotope ratios have recentiy been used to
distinguish "modern” from fossil fuel carbon. Using this method, carbon emitted from
contemperary sources (wood burning, leaf fragments, fireplaces) has bean distinguished
from auto and diesel exhaust, coal and fuel o1l carbonaceous aerosols.

Spatial Series Analysis

Special relationships between aerogsol chemistry measured at numerous receptors can
provide important clues to Tikely contributing sources when viewed in relation to
emission density maps and given a basic understanding of the chemical composition of
source emissions.

Time Series Analysis

Qualitative {ndications of source impacts based on temporal varfations in aerosol
mass and chemistry can be used, in association with source emission activity and trans-
port data, to gain insight into 11kely source impacts over time.

X-Ray Diffraction

Quantative identification of crystalline substances in the coarse mode (>2.5pm) by
XRD has enabled aralysts to determine impacts from fugitive emission scurces with
reasonable accuracy (+25%) for moderate to heavily loaded filters.

15
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New models to control
old pollution sources

While models employed to permit :new facilities are

undergoing change, those used to curb existing poliution

are being refined and improved

by envircnmental specialists.

{T] People in industry who feel that
there must be a better wav to monitor
and conzrol air pollution can take com-
fort in :he fact that many regulators
agree and are doirg something about
it. The U.S. Environmental Protection
Agency, for example, has funded a
number of programs to develop new
monttoring techniques, and air-pollu-
tien-control authorities throughout the
nation are doing research, develop-
ment and test work.

The various approaches that are
being investigated (all under the com-
moén heading of ‘‘receptor modeling”
(RM), a system whereby a monitoring
station set up at a representative site
(or sites) analyzes air samples and
compares the results. with collected
data on the manmade and natural

sources of emissions in the area.

“Within the next two years, we
should have models in which about
90% of the origins of the aerosols are
characterized. and then we will have
documentation to permit state and
local agencies to use the models for
their own implementation plans,” says
Robert K. Stevens, chief of the .inor-
ganic-pollutant analysis unit at EPA's
Environmental Science Laboratory
(Research Triangle Park, N.C.).

Of course, receptor modeling is not
now at the stage where it can predict
pollution scenarios. As a consequence,
it is not likelv to become a requirement
for permitting new sources in the near
future. “What RM now does is go
backward to figure out a control mech-
anism based on historical data,” says

Starts with
emission rates,
- meteorological data

-r" ] ﬂ- & ‘r.

Dispersion modaling

: leceptor modehng :

Dispersicn and rm_r.:\mr modelmg are comnk-mnterv, Thu first heging with

emission rates and dispersion charactaristics, and’ estimatas ambient- poitutant”
., cencentrations~Recptor modsting beying with chamical and size measuraments
P o! amblent a«ro—;uls, and asllmztm thes conmtnnons of esch source- Wm to: thom

Ectimates ambient
concentrations from
industrial sources

AE e

- St:lrts wuh
e
aemsols collected

through mommnng

“raeteorological and.
source distribution

Differences between dispersion and receptor modeling

38

CREMICAL ENGINEERING DECEMBER |, 1980

L

QL’

an environmental consultant,
that it .doesn’t

adding
“predict the future or

consider the effects of adding a new -

source.” As such, it is at present seen
mainly as a tool to control existing
pollution sources. ,

In that role, however, RM ‘might
prove to be less expensive than the
dispersion models widely emploved by
EPA to control existing pollution (see
previous story for an analysis of anath-
er kind of EPA dispersion model—the
kind used to predict new-source emis-
sions). That is the opinion of Stuart
Dattner, an environmental quality
specialist with the Texas Air Control
Board, Abatement Requirements and
Analysis Div. (Austin, Tex.), who says
that RM doesn't require industry o
provide emissions data. “With R,
you don't need to know how many
pounds per hour a plant is emitting at
diflerent hours of the day, every day of
the year. In Housron, there are more
than 1,000 major stacks. and somc
plants may have 75 major stacks-—can
vou imagine the cost of having some-
one keep records on all that?”

RECEPTOR VS. DISPERSION—In the
EPA dispersion models, air quality reg-
ulators. make an emissions inventory
by asking industries in the area to
estimate their emissions of various pol-
lutants. Then they develop a computer
model that includes such factors as

winds and the temperatures and veloc- .

ities of emissions, in order to predict
the dispersion of pollutants. The con-
trol strategy is based on this madel.

Critics of dispersion modeling say
that it is inaccurate and that it places
an unfair burden on industry. “The
problcm is that it's extremely dlﬂicull
to estimate exactly what's coming our,’
says Dattner. He notes that an ol
refinery has only a few stacks, but
thousands of valves from which the
total leakage may be significant, and
points aut that emissions vary widely
because processes fluctuate.

Dattner is also chairman of the Air
Pollution Control Assn.'s Committee
on Receptor/Source Apportionment,
which is fostering development of RMs.
The Committee is planning a session
on this topic for APCA’s national meet-
ing in Philadelphia next June, and is
warking with EPA on plans for a series
of workshops on RM that EPa hopes to
hold next spring.

RM can produce some surprising
results that are not predicted by dis-
persion models. For example, an RM
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study done in Portland, Ore., about
two years ago found that smoke from
domestic wood fires was a major
source of air pollution, especially in
winter. Dust from paved roads and
other sources was also more significant
than had been aniicipated. )

" The study was prompted by the
1976 amendments to the Clean Air
Act, which indicated that another
round of controls might have to be
imposed on Portland industries, How-
ever, industry there was already con-
trolled' to such a degree that it wasn’t
clear what could be done, says John
Core, a supervisor in the Oregon
Dept. of Environmental Quality’s Air
Quality Control Div.* Core is current-
ly on a one-year assighment with EPA’s
Data Monitoring and Data Analysis
Div. (Research Triangle Park), where
one of his tasks is to write a guideline
document on the chemical-mass-hal-
ance technique used in the Portland

study,

This method, called the “chemical
element balance,” was developed some
vears ago by Sheldon K. Friedlander,
of the chemical engineering depart-
ment of the University of California at
Los Angeles, and has been used in a
number of studies. Its premise is that
each type of source —e.g., automobile,
power plant, ocean—emits a charac-
tertistic series of elements. The emis-
sions from sources in the area are
analyzed and the daia compared with
subsequent analyses of ambient pollut-
ants. that have been captured by a
filter.

OTHER WAYS— Another technique

used for elemental daca is called factor
analysis. In this case, a large number
of flters measure the same elemnents,
and patterns are sought for groups of
elements. The relative occurrence of
various elements permits attribution to
the specific source for which the com.-
bination is characteristic.

A third method, target transforma-
tion factor analysis, is essentially a
combination of chemical element bal-
ance and factor analysis.

While these methods have proved
useful, as shown by the Portland expe-
rience, much development work re-
mains to be done. “Among the things
to be explored are how good are the
models, what are their limitations, and

* In the aftermath of the study, the soil-dust allot-
ment in the existing dispersion  model's emissions
inventory was increased by 600%, and 6,500 tons/yr
was added or wood-burning emissions. The results are
now included ‘in plans for new aic-quality regulations.

>2.0um <2.0pm

——— e —
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Various ways to validate receptor models

Fig. 2

how many elements does one need in
order to identify an individual source,”
says Dattner.

Validation of the models is a major
aspect of EPA’s work in this area, and
part of this effort is devoted to develop-
ing improved instrumentation. Stevens
says that EPA .development of di-
chotomous samplers in the 1970s was
important for source apportionment,.
These samplers, now widely used, sep-
arate small ‘particles (less than 2 pm)
from larger particles. Stevens explains
that large particles are mostly alkaline
windblown dust, while small ones are
often acid products of photochemical
reactions and fossil-fuel burning. It is
important o separate them, he notes,
to avoid interaction on the sampling
filters.

Currently, particles collected on fl-
ters are measured by atomic absorp-
tion, x-ray fuorescence or neutron
activation, or by combinations of these
techniques. :

A more effective method is micro-
scopic analysis, which identifies the
shape and size ‘of particles, but it is
expensive dand time-consuming. EPA is
funding development of an automated
method at New York University (Sy-
racuse), which combines two types ol
monitoring techniques: a scanning
electron microscope and x-ray fluores-
cence,

Other projects funded by Era
include:

B A study of the ability of the chem-
ical-mass-balance method to identify
the impact of specific emissions sources
(University of Maryland, College
Park).

® Source apportionment by factor
analysis (University of Ilinois, Urba-
na).

® Development of x-rav diffraction
methods t0 analyze ambient aerosols
(South Dakota School of Mines, Rapid
City).

® Development of radiocarbon
methods to distinguish between carbon
derived from fossil fuels and “new”
carbon resulting from wood-burning
or land clearance (U.S. Bureau of
Standards, Gaithersburg, Md.).

® Nondestructive methods of mea-
suring carbon in air samples (as
opposed to burning to get the measure-
ment from the CO, or methane gener-
ated), so that the sample may be
retained for other analyses (North
Carolina State University, Raleigh).

® Analytical techniques to deter-
mine the amount of water in aerosol
particles, since water swells particles
and makes it dificult to ascertain
chemical content (Duke University,
Durham, N.C.).

B A comparison of the results of
chemical mass balance and factor anal-
ysis (EPA in-house, and the Oregon
Graduate Center for Research and

Development, Beaverton).
Gerald Parkinson
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PARTICULATE DISPERSION MODEL EVALUATION: A NEW APPROACH USING RECEPTOR MODELS,
J.E. Core, J.A. Cooper, P.L. Hanrahan* and W.M. Cox**, NEA, Inc. 8310 S.w. Nimbus
Beaverton, Oregon 97005.

Recent advances in the development of receptor-oriented source apportionment techniques
(models) have provided a new approach to evaluating the performance of particulate
dispersion models. Rather than limiting performance evaluations to comparisons of
particulate mass, receptor model estimates of source impacts can be used to open new
opportunities for in-depth analysis of dispersion model performance. Recent experiences
in the joint application of receptor and dispersion models have proven valuable in
developing increased confidence in source impact projections used for control strategy
development. Airshed studies that have followed this approach have identified major
errors in emission inventory data bases and provided technical support for modeling
assumptions.

This paper focuses on the joint application of dispersion and receptor models to
particulate source impact analysis and dispersion model performance evaluation._ The
limitations and advantages of each form of modeling are reviewed and case studies are
examined. The paper is offered to provide several new perspectives into the model
evaluation process in the hope that they may prove useful to those that manage our

.nation's air resources.
*Oregon Department of Environmental Quality
**U.S. EPA, OAQPS, RTP, NC.
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Introduction

During the past twenty years, the science of urban dispersion modeling
has grown in sophistication, scope of application and importance as an air
management tool. Dispersion models are widely used by regulatory agencies
as a keéy tool in the development of program policy, enforcement actions and
airshed management decisions that individually or collectively have major
consequences to community economic' growth and public health.

Since the courts have interpreted dispersion models to be legally
binding mechanisms for establishing acceptable levels of emission control
from sources, it follows that dispersion modeling results must provide the
level of confidence that decision makers need to support their actions.
Unfortunately, the use of dispersion models to provide accurate estimates
of 24 hour and annual particulate concentrations, as required by current
air quality regulations, pose many difficulties. Deficiencies in our
knowledge of the basic processes controlling atmospheric dispersion include
transport, particle deposition and transformation processes. In addition,
uncertainties in emission rates and source activity levels for both stack
and fugitive dust sources tend to further limit model performance.

Recent advances in receptor-oriented particulate apportionment tech-
niques, however, provide new opportunities to advance the state-of-the-art
in urban aerosol dispersion modeling. Receptor models are one of a number
of approaches useful in identifying impacts from emission sources. ! Other
source apportionment methods include source (dispersion models) and emission
inventory techniques. Further stratification of the various receptor model
approaches is shown in Figure 1. Unlike dispersion models which begin with
measurements of emission rates, stack parameters and meteorology, receptor
models 'decode" ambient particulate morphology, chemistry and variability
information to identify source impacts. Perhaps the greatest advantage of
these techniques is their ability to quantify particulate source impacts
independent of the transport and emission inventory data required by
dispersion models. The complementary relationship between these two
approaches is shown in Figure 2.

The joint application of both source =nd receptor modeling techniques
to air resource management and policy dev.iopment has been demonstrated to
be a cost-effective approach that can markedly increase community confidence
in proposed regulatory action.? This paper focuses on the advantages and
limitations of receptor and source-oriented models. New approaches useful
in evaluating the performance of particulate dispersion models are proposed
and case studies discussing the joint application of these techniques are
presented. -

Source and Receptor Oriented Models

Source-dispersion and receptor-oriented models have a common physical
basis. Although many dispersion models incorporate particle deposition
and secondary particle formation algorithms, the basic form of both models
assumes that mass arriving at a receptor (sampling site) from source j was
transported with conservation of mass by atmospheric dispersion of source
remitted material. From the source-dispersion model point of view, the mass
collected at the receptor from source j, M, is the dependent variable which
is equal to the product of a dispersion factor, D,, (which depends on wind
speed, wind direction, stability, etec.) and an emlssion rate factor, Ej’ i.e.,







M, = D.E,.
J JJ

From the receptor model viewpoint, the total aerosol mass, M,
collected on a filter at a receptor is the dependent variable and equal to
a linear sum of the mass contributed by p individual sources,

p
M= M,.
3=1

The mass of individual chemical species, m,, 1s also assumed to be a
linear sum of the contributions of element” i from each source,

p .

where Fij is the fraction of the ith chemical species in emissions
from the”jth source. Equation (1) can be transformed to a fractional
mass concentration form by dividing both sides of equation (1) by the
total deposit mass, M, multiplying by 100% and generalizing for the

kth filter as shown in the following equation,

P
Cik = I Fijsjk’ (2)
. 3=1
where Cik is the percent concentration of the ith chemical species
on the kth filter and Sjk is the percent of the total mass on the
kth filter contributed by the jth source. The 'kth filter may be
either one in a series of filters collected during different time
intervals at one site or one in a series collected during the same
- time interval at different sites.

Source (dispersion) and receptor-oriented models both assume that mass
is conserved in transport of material from source to receptor. The validity
of this assumption is a matter of degree and its utility depends on the
specific source, airshed and model. Material emitted from a source can be
either in the gaseous or aerosol phase and it may undergo a number of
‘chemical and physical changes before it is collected on a filter and
measured. A portion of the aerosol phase, for example, may evaporate
before it is collected or particles may be removed through sedimentation
during transport. The gaseous phase, on the other hand, may contribute to
the aerosol deposited on the filter by condensation or through atmospheric
chemical reactions. In addition, filter artifact effects and evaporative
losses may alter the material deposited on the filter before it is weighed.

Chemical Receptor Modeling: State—ofjthe—Art

Chemical receptor models, in general, identify aerosol sources by
comparing ambient chemical patterns or fingerprints (interelemental
patterns, spatial or time variant patterns) with source chemical patterns.
Source contributions are quantified by a least squares multiple regression
analysis on either the total mass on different filters or the mass of
individual chemical species on a single filter. Although similarities in
. the different chemical approaches are greater than their differences, they
Have been historically divided into two categories: chemical mass balance
methods, which attempt to define the most probable linear combination of
sources to explain either the time or spatial variability in ambient
chemical patterns.?
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The application of these approaches to particulate source apportionment
and dispersion model evaluation has been supported by EPA because recent
applications of these techniques have been found to be highly cost-effective.
Recent studies by Cass suggest that joint receptor-dispersion modeling studies
have had a 27:1 payoff in cost avoidance associated with misdirected control
strategies.? Results from these studies indicate that quantitative estimates

"of source contributions to TSP, fine and coarse mode mass can be identified
with relative uncertainties ranging from + 5 to 30%.° Receptor models are
typically able to apportion between 80 and 90% of the measured background or
urban aerosol mass to specific sources, chemical classes or source groups (i.e.,
the crustal source group comprised of paved road dust, windblown soils and other
gources of similar composition). To achieve this level of success, receptor
nodels must be viewed not as an isolated computer program, but as a total
"system" consisting of the project design, field monitoring program, laboratory
analysis and data interpretation phase in which a number of methods may be used
to develop the chain of evidence needed to quantify source impacts,

Receptor models, however, have distinct limitations which need to be
recognized and dealt with during development of the experimental design phase
of the project. Perhaps the most common limitations in the current
technology are: ’

a. Inability of the models to estimate future air quality,

b. Difficulty in directly distinguishing impacts among sources of
chemically or morphologically similar emissions,

c. Apportioning source contributions to secondary aerosols and
d. Our.knowledge of the chemical composition of source emissions.

Development of better source emission characterization data bases will also

be required before receptor models will be able to distinguish sources emitting
several of the trace elements (e.g., Cu, Zn, Se, Sb, Sn) commonly measured in
the ambient aerosols.

Perhaps the most important criteria in defining the state-of-the-art of
receptor modeling is the intercomparison of results among several techniques
using common synthetic and "real world" data bases. Although several
comparisons have been reported in the literature, the first series of
rigorous validation tests are only now being completed.’®

Particulate Dispersion Models: State-of-the-Art

Just.és receptor models have real advantages and limitations, so too
do current particulate dispersion models. Their limitations may be grouped
into four areas:

* The quality and relevance of the meteorological data

.* . The quality of the emissions data (especially for fugitive dusts)

* Quality and appropriateness of ambient measurements to model
predictions

* Capabilities of the model algorithms to reproduce natural events
in the atmosphere '

In a recent overview of particulate dispersion models, Cramer and Bowers

have reviewed these, and other difficulties.!® Their review cites the
generally poor correspondence between model predictions and hi-vol ambient
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data, with the models typically accounting for 20-30% of the ambient
concentrations. In contrast, both short-term and annual average S0,
concentration estimates by dispersion models show agreement on the order
of * 10%.

Although dispersion models for predicting particulate concentrations
have been under development for many years, the EPA Air Quality Models will
need to be further improved to provide for gravitational settling, dry '
deposition and secondary particle formation before a comprehensive algorithm
is available. The first step in this direction is development of EPA's
Industrial Source Complex (ISC) model. 1ISC is designed to consider
settling and deposition associated with emissions from stack or area
sources including fugitive sources. Secondary particle formation is not
included in the model. The most serious problem, however, arises from
deficiencies in the emission and meteorological data bases for without
major improvements in these areas, an objective evaluation of the perfor-
mance of any dispersion model will be extremely difficult.

Dispersion Model Evaluation: New Perspectives

In recognition of the limitations of current dispersion models and
because of the weight of the decisions that must be based on them, the
Congress, in adopting Section 310 of the Clean Air Act Amendments of 1977,
called for periodic reviews of dispersion modeling technology.!! In
response to these requirements, EPA and the American Meteorological Society
(AMS) have jointly worked toward the development of dispersion model
evaluation methods and the establishment of standards for judging model
performance. The chief criteria upon which model performance is based have
been described by Fox'? and Wilson, et. al.!?® Both are based on statistical
evaluations of (a) differences between measured and predicted values (model
bias, variance and gross variability) and (b) correlation analysis of
measured vs predicted values in time or in space.

Although several evaluation methods have been proposed, the use of
statistical acceptance/rejection tests have not been widely adopted because
of the large uncertainties associated with model inputs, algorithm
limitations and inaccuracies imposed by the quality of ambient air quality
data sets. As Fox suggests, the question facing regulatory decision-
makers is whether model predictions reasonably approximate actual
conditions. Given the numerous uncertainties that have been identified and
the likely consequences of their actions, it is not surprising that
decision-makers are demanding more credibility in dispersion modeling
results.

Two .authors have recently provided a new perspective on this problem.
Hanrahan'" and Corel® et. al. have suggested expansion of the conc2pts
described by Wilson, et. al., to include direct comparison of actual impacts
from specific sources (obtained by receptor model analysis) to those pro-
jected by dispersion modeling. This approach was adopted after it became
clear that an independent means of evaluating specific source impacts
developed by urban particulate dispersion models was needed to strengthen
the credibility of proposed control strategies. The established practice
of evaluating model performance by comparing ambient TSP measurements to
dispersion model estimates (generated by inclusion of all sources) requires
a "leap of faith" assumption that the dispersion model would reasonably
predict impacts of specific sources, an assumption that many decision-makers







are increasingly reluctant to accept. By comparison of actual and predicted
source impacts over time and space, major emission inventory errors have
been identified and modeling assumptions have been evaluated. Most impor-
tantly, confidence in the ability of the dispersion model to reasonably
approximate actual source impacts has been greatly strengthened.

Model Evaluation Protocol

The evaluation protocol consists of 5 steps, each of which are of key
importance to developing confidence in the dispersion model's ability to
simulate specific source impacts. '

Step 1: TIdentification of "Target" Sources. The model evaluation process
hinges upon the ability of the receptor model to quantify the impact of
specific sources with a high degree of confidence. Sources that meet this
requirement, called "target" sources, should ideally meet three criteria:

1. The chemical or morphological characteristics of the emissions
should provide unique, consistent and chemically stable tracers
for the source. :

2. The source should be an important contributor to the airshed's
particulate air quality.

3. The "target" source should be unique within the airshed.

The importance of the model's ability to realistically simulate both point
and area source emissions requires that "target'" sources in both categories
be considered in the model comparison process. Sources that have been used
in this way include those noted in Table I.

Step 2: Program Design. Experimental design is of central importance to
the success of receptor model studies aid, therefore, to the development of
a credible source-receptor model evaluation program. Several of the
program design elements of specific importance are discussed below.

1. Identification of key data elements required to support both
dispersion and receptor modeling efforts. Example data elements
might include those noted in Table II.

2. Development of concurrent source and receptor model data sets to
insure that direct comparisons can be made by both models for the
same time periods and receptor locations.

3. The sampling network design must (a) incorporate a sufficient
number of receptors to provide an indication of model performance,
(b) utilize instrumentation compatible with analytical requirements,
(c) meet established EPA siting requirements and (d) include
appropriate receptor locations. Receptor siting should meet the
requirements noted in Table III.

Step 3: Dispersion Modeling. Based upon the emission inventory and
meteorological data bases developed during the field monitoring program, an
independent dispersion modeling analysis is conducted, predicted and
observed aerosol mass comparisons are calculaced and model per“ormance is
evaluated. After a "best-effort" analysis is completed, model simulations
of impacts associated with only "target" source emissions are prepared for
each location at which receptor model analysis has been conducted.
Dispersion model prediction of '"target" source impacts should be prepared
for both 24 hour and annual averaging periods. Monthly or seasonal
comparisons can be made, however, to minimize program costs,
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Step 4: Receptor Modeling. The receptor modeling phase should focus on
the application of those techniques believed to be most cost-effective in
quantifying impacts associated with the "target' sources. 1In previous
studies, chemical mass balance (CMB) source apportionment has served as the
basis for the receptor modeling program. CMB results, however, may be
compared to source impacts identified by factor analysis, x-ray diffractionm,
microscopy or any other techniques required to build the necessary level

of confidence in the source apportionment results. The demonstrated ability
of the receptor modeling result: to track known changes in spatial and

- temporal emission patterns can be a simple, yet reassuring, measure of the

credibility of the receptor modeling study. Once the concurrent back-
ground and urban-site 'target" source impacts are quantified, local source
contributions may be calculated and averaged, providing a direct means of
comparison to dispersion model predicted values.

Step 5: Model Comparisons. Comparison of dispersion and receptor model
impact estimates requires (a) an understanding of the limitations and
strengths assoclated with each model's impact estimate and (b) the strength
of other independent data that may tend to support one method's impact
estimate. By considering and weighing all of the available evidence, an
informed judgment as to the true source impact can often be made, the
adequacy of the dispersion model's performance evaluated and corrective
action taken, if necessary. In the case studies described below, model
comparisons of '"target’ source impacts identified major emission inventory,
modeling assumptions and algorithm errors that normally would not have been
identified. Control strategies adopted on the basis of these models would
have been unable to achieve the level of air quality improvement projected,
yet would have misdirected millions of dollars in industrial control
technology.

Model Comparison Case Studies

Core, et. al.'? and Hanrahan!® have described joint applications of
receptor and dispersion models in three Oregon airsheds. In each case,
chemical mass balance source apportionment results for point and area

"target'" sources were quantified and compared to dispersion model results

for the same site locations and time periods. Three models have been used
in these comparisons; EPA's AQDM and CDMQC Gassian models and an Eulerian
finite difference model. Several of the key findings of these programs are
discussed below.

Source Impact Comparisons

Tables IV and V summarize "target" source comparisons of several area
and point sources in two Oregon airsheds. Dust from paved and unpaved
roads was compared because (a) of the overwhelming influence of fugitive
dust sources to TSP mass and (b) the impact of fugitive dust sources (as a
group) can be quantified to relative uncertainties of less than 10%. Motor
vehicle exhaust serves as a second area source 'target'" that is extremely
useful in evaluating a dispersion model's ability to simulate non-fugitive
area source emissions. Residual o0il and hogged fuel boiler point source
emissions have served as a test of the model's ability to simulate point

.sources. The impacts associated with both of these sources can be confi-

dently identified by the distinct elemental characteristics of their
emissions.







Comparison of initial dispersion model predictions to those developed
by the receptor model often identified important emission inventory
 deficiencies which, upon correction, can dramatically improve model
performance. These comparisons have served to direct agency resources
toward correction of fugitive dust emission inventories -~ a step which has
led to major revisions in the emission inventory of both airsheds. In
Portland, these changes included a 600% increase in Portland's paved road
dust inventory and identification of a 6,500 ton per year residential wood
combustion source class.

Early dispersion model predictions prepared for the Medford airshed
were based on EPA's AQDM model which used a virtual point source algorithm.
Although the AQDM TSP impact estimates and model statistics suggested
satisfactory model performance, estimates of fugitive dust area sources
highly underpredicted those indicated by the CMB model. Investigation into
these discrepancies pinpointed the inability of the virtual point source
algorithm to realistically simulate the area source emissions. Adoption of
the CDQMC's finite difference area source algorithm, however, solved the
problem. Had the CMB-AQDM fugitive dust impact comparison not been made,
the predicted point source contributions to Medford's non-attainment
problem would have been unrealistically high, providing a misleading assess-
ment of the likely benefits of further point source controls.

Improved Dispersion Model Performance

Figures 3 and 4 illustrate model performance in two Oregon airsheds
before and after completion of the model comparison and data base improve-
ment processes. Although the Portland model predicted to obsarved
correlation only improved from 0.5 to 0.7, systematic bias in the model was
eliminated. The model predicted background aerosol concentrations improved
to within 2 pg/m® of the measured value and, most importantly, the '"target"
source impacts were known to be predicted with good accuracy. As Figure 5
shows, major changes in the airshed emission inventory were also made as
a result of the model comparison process, presenting an entirely new
perspective of the relative importance of industrial point source emissions
to Portland's TSP air quality.

Similar experiences evolved from the joint application of CMB and
CDMQC results in the Medford, Oregon airshed. Performance of the CDMQC
model improved markedly following improvements in the fugitive dust and
residential wood space heating emissions, '"target" source impact comparisons
were markedly improved and community confidence in proposed control
strategies were strengthened.

Summary and Conclusions

Cost-effective particulate control strategies must be based on dispersion
models that have been shown to meet acceptable levels of performance. In the
past, evaluations of model adequacy have been based on comparative analysis
of predicted and observed particulate mass - comparisons that are compromised
by difficulties in generating accurate emission inventories, by limitations
in the accuracy of the air monitoring data and other factors. Comparisons
‘0f model bias, correlation in time or space and the degree of variability
in measured and model-predicted data sets have served as the principal
measures of acceptable performance.







Although the criteria are useful indicators of model performance, they
provide little direct evidence of the dispersion model's ability to reasonably
approximate actual impacts from specific sources, a point of central concern to
those required to evaluate central strategy options. The joint application of
Teceptor and dispersion models, however, provides a number of new opportunities
to expand model performance criteria to comparisons of specific point and
source impacts.

Concurrent analysis of particulate source impacts developed through
independent dispersion and receptor modeling studies have led to major
improvements in dispersion model performance. Perhaps more importantly,
studies that have followed this protocol have led to new perspectives as to
the relative importance of point and area sources to community air quality.
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Table I

"Target" Sources Impact
Uncertainties Associated
With Chemical Mass Balance

Typical CMB
Unique Tracer Uncertainty
Source Source Type Property (Relative %)
Residual 011l Point Ni, v=* + 107
Hogged Fuel Boilers Point Na, Cl1, K, S0,”2%* + 18%
Paved Road Dust " Area Ca, Si, Al, Fe*x t 6%
Motor Vehicles Area Pb, Br* + 10%
Wood Heating Area K, C* t 17%
Notes:
* Fine fraction (< 2.5 um)
** Coarse fraction (2.5-15 ym)
Table II

Typical Source-Receptor Modeling
Data Requirements

Meteorological Data (wind
speed, wind direction,
stability, etc.)

Emission Inventory data
representative of the
field sampling period

Records of unusual source
activities near the
sampling sites

Spatially resolved area
source emission
inventories

Ambient aerosol elemental, ion
and carbon chemistry (size resolved)

Background aerosol chemistry
(size resolved elemental, ion and

"carbon composition data)

Source emission chemical
characterization (size resolved)
representative of the field
sampling period.

Independent, supportive analysis
(e.g., x-ray diffraction, factor
analysis, microscopy)
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Site Location

Background

"Target' Source
Impact Areas

Non-attalnment
Locations

Table III

Receptor Location Requirements

The chemistry of the background aerosol is required to
provide a basis for source apportionment. Once the
source contributions are developed the background
source impacts are subtracted from the urban source
apportionment results to provide an estimate of "local"
source contributions. The '"local" impacts can then be
directly compared to the dispersion model predictionms.

Sampling sites must be located in areas likely to be
impacted by the 'target" sources selected. This
evaluation is often based on available modeling studies
and simple transport analysis.

TSP non-attainment sites are often used to insure that
program results are valid at the sampling locations

which have historically exceeded NAAQS and upon which
control programs are likely to be based.
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Table V

"Target" Point Source Impact Comparisons
(Dispersion Receptor Models Impacts)

ug/m?
Medford, Oregon?®
Hogged Fuel Boilers and
Portland, Oregon1 Particle Board Dryers
Residual 0il Combustion .
CMB Eularian Model CMB CDbMQC
Site Estimate Initial Final? Site Estimate Estimate"
1 0.13 0.21 0.17 1 9.7 + 1.7 7.5
2 0.20 0.25 0.17 _ 2 8.0 + 1.4 3.7
3 0.90 0.34 0.16
4 0.04 0.24 0.05

Notes:

1 Regime 4 and 7 (north and south winds)

Errors in boiler operating schedule corrected
* 1979 Annual predictions
“ Initial CMDQC estimates were not revised
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Observed TSP (ug/m?)

Figure 3

Observed TSP (ug/m?)

Portland, Oregon Dispersion Model
Annual Predicticns
Initial Simulation Following EI lmprovements
100 = . 100 pp R
e 'y 4
. ’ /
,. o
80 o . ../- 1:1 Slope 80 te L] o /0 1:1 Slope
D '/ /‘ ¢
g o~ ‘
[ ] . - . o/ L]
Ok o KA S sop o v/
: . / 2 . o/ .
% B et
ke o’
ol o 3 operl
'/ g /
~—-Measured 8 . I ~Messured
20 b background 20 background
concentration - L=.52 concentration R= .73
Slope = .65 Slope = .79
Intercept = 46 Intercept = 35
0 » x » 2 g 0 2 . a2 2 z
0 20 40 60 80 100 20 40 60 80 100
Model Predicted (ug/m3) Model Predicted (ug/m3)
Figure 4
Medford, Oregon Dispersion Model
1978 Total Particulate (Arith. Mean) °
Initial Simulation Folloving EI lmprovements
125 [ ] ./ 125 g /o
“ e
* ,/ i1 Slope L 3 p° 1:1 Slope
100 K 100 = * a
/ &
/. . ‘/
/o “: L ] o/
’s . %15k K4
o had ,
V4 o 7
/s e .
. . a Ve
50 o 7 Tsol o
7/ & 7’
» : R
/7 2 /7
/' ° o
L 25 /
25 L) °
\\\Henlurcd \\\Helnured
background background
concelntnt!.on- . . . o concelntntlon . . .
00 25 50 75 100 125 25 50 75 100 125

Model Predicted (ug/m')

-15~

Model Predicted (ug/m’)




———— —_—— ————— —— e —_— —_ _— —mma s —_— —_ — _



Figure 5 ‘
Portland AQMA Emission Inventory
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air pollution control

Control strategies designed using advanced scientific and
engineering methods could deliver better air quality at less cost

Glen R. Cass
Gregory J. McRae
California Institute of Technology
Pasadena, Calif. 91125

A recent report by the Council on

- Environmental Quality (1979} places

the cost of air pollution control in the
U.S. at $19.3 billion annually. Cu-
mulative abatemenl expenses are ex-
pected Lo total more than $300 billion
over the decade ending in 1987. These
high costs are coupled with an abate-
ment program that has yet to achieve
compliance with federal air quality
standards (Table 1). There is mount-
ing pressure to “solve” both the com-
pliance and cost problems by relaxing
air quality goals.

But restructuring air quality goals
may not be.the appropriate remedy.
Today much more scientific informa-

tion is available on how to describe and.

control complex air pollution problems
than is routinely used to make emission
control strategy decisions. Using this
knowledge, engineers could improve
the design of regional emission control
programs and obtain better air quality
at lower cost.

Would the economic gains from this
careful control strategy design be large
or small? The answer, of course, de-
pends on local conditions, but a few
examples that exist indicate large cost
savings are possible.

Using the best available control
technology on the largest sources in an
airshed is often proposed as a way to
make rapid air quality progress. In
Figure 1, the cost of a control strategy
developed with that approach is com-
pared to a cost-conscious, or “‘eco-
nomically optimized,” control program
constructed by considering all source
types simultaneously along with their
control costs and contributions to
ambient concentration levels. The two
control approaches may look similar,
but at a hypothetical air quality target
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of 10 pg/m3, the latter solution, ob-
tained by use of advanced air quality
models, careful consideration of eco-
nomics, and examination of the prob-
lem as a whole would achieve the ob-

jective at half the cost, Atkinson and
W’M)mnﬁa’i a similar case
in St. Louis and reported even greater
relative cost savings from careful

control strategy design.
We will examine here the technical

tematic assignment of the least costly

‘combination of air pollution control

equipment needed Lo solve a regional

As shown in Figure 3, the approach
taken is to construct a mathematical
model of the emissions/air quality re-
lationship in a particular airshed. Qnce
verified, that medel provides a flexible
physical description of the air basin.
which can be perturbed ip_order 1o

basis for the design of efficient air

study the effect of proposed emission

pollution control sirategies, and will

review prototype emission control
strategy studies in which solutions to
particular types of problems have been
demonstrated. In addition, removal of
barriers to the widespread use of ad-
vanced design methods by the engi-
neering comimiunity will be addressed,
as well as suggestions for future re-

- search.

The control strategy design problem

One way to conceptualize a polluted
air basin is shown in Figure 2, Ef-
fluents enter the atmosphere and un-
dergo transport, dilution, chemical
reaction, and removal processes, and
result in the atmospheric concentra-
tions encountered by receptor popu-
lations. The task facing the emission
control stratepy design team is to de-
vise a_set _of limitations on source
emissions, spread among hundreds or

- thousands of sources, that will reduce

pollutant concentrations at all com-
munity receptor points below the levels
specified in air quality standards. In
addition, these control plans should
attain their objectives at the lowest
possible cost. :
Often,. communities that would de-
mand precise design of a new sewer
system will adopt air pollution control
programs costing hundreds of millions
of dollars annually—programs that
were selected by less than precise
methods. This need not be the case.
Over the past 15 ycars, technigues
have been developed that permit sys-
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control technologies in advance of their
adoption. The air quality model then
is matched to a description of the op-
portunities and costs of emission con-
trol for each relevant pollutant source
in the air basin. Finally, mathematical
programming techniques are used to
select and sequence many single-
source control measures into the least
costly comprehensive control stra-
tegy. '

In general, the least-cost control
strategy problem assumes the form
of a mathematical programming
problem:

select x (1)
that minimizes Cx] (2)

subject to
Q[E(ro.x)M(r),P] =5 (3)

A solution to this problem sclects the
control measures x;(i = 1.. .., n) that,
when applied to an emission pattern, E.
minimizes the cost of control, C,
subject to air quality, Q, at all receptor
points, r, remaining below air quality
standards, s. The problem is compli-
cated by the fact that Q is a function
not only of emissions but also of me-
teorological events, M, that change
over time, !, and chemical reaction
parameters, P. Other constraints, such

as limitations on available clean fuels,

also may be incorporated.

As might be expected. there are
many different ways to carry out the
calculations. A variety of possible air
quality modeling approaches and







TABLE 1 _
Number of jurisdictions not attaining federal
air quality standards

Alr quality
control

Pollutant Countles 2 regions £
Ozone 538 80
Total suspended particulates 395 218
Carbon monoxide 161 —€
Sulfur dioxide 97 46
-Nitrogen dioxide : 7 4

Total 1198

s Wagner and Deal (1980).

b Goldsmith and Mahoney (1978); avaluated using 1974 monitoring
data, 247 air quality control regions possible.

¢ Data not provided.

FIGURE 2

FIGURE 1

Two different paths toward obtaining an air
quality improvement. Available emission
control technologies are the same in each case
and are described by Cass (1978, 1981)
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FIGURE 3

Simplified view of the steps invoived in developing

least-cost control strategies
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~ that can be applied are indicated in

Tables 2 and 3. Within the broad air
quality modeling categories shown,

-specific calculation procedures with

differing assumptions abound. For
further description of air quality
modeling methods, the reader is re-
ferred to reviews by: Roth et al
(1976), National Academy of Sciences
(1977), Dimitriades (1977). Myrabo
et al. (1977), and Turner (1979).
Mathematical programming algo-
rithms are presented by Franklin
(1980), Shapiro (1979), and Wismer
and Chattergy (1978).

~ One quickly sees that there is no
shortage of air quality and economic
modeling methods. but that more ap-
proaches exisi than could be profitably
pursued. A separate understanding of
air quality and economic modeling
methods does not solve the control
strategy synthesis problem. Knowledge
of particular approaches that have
worked well in past applications,
however, makes selecting a properly
balanced combination of air quality
modeling and cost minimization
methods easicr. Therefore, we will first
summarize those types of problems for
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which prototype control strategy

studies already have been successful. -

These studies communicate advances
to air pollution control agencies and
further demonstrate Lhat the data re-
quirements of particular modeling
approaches can in fact be met. We will
limit examples to cases in which data
Trom identified airsheds were used for
model evaluation, since hypothetical
cases do not really test the practical
barriers to the implementation of a
particular design approach.

Prototype control strategy studies

In its simplest fprm, the least-cost
control strategy problem is a matter of
minimizing the costs of attaining a
particular air basin-wide emissions
jevel. One way to calculate the allow-
able basin-wide emissions, E,, is to use
a proportional lincar rollback model
(Chang_and_Weinstock. 1975 de
Nevers and Morris, 1975):

E, _s—b

E(] Qo - b
where Qo is the pollutant level at the
receptor point with the highest mea-
sured pollutant concentration during

4

an historical base time periad: s is the

ambient air quality goal: b is an esti-
mate.of background air quality due to
nonanthropogenic sources and sources
outside of the air basin: and Eg is
basin-wide emissions during the base
time period.

If control opportunities are few. it is
possible to solve this class of problem
by enumeration. that is, by itemizing
all possible combinations of control
equipment and costs. Onc example of
that sort of analysis is given by Siegel,
Ehrenfeld. and Morgenstern (1975)
for the case of sulfur oxides and par-
ticulate control in Boston. Emission
control techniques also may be rank
ordered on the basis of a cost-effec-
liveness index (e.g.. dollars spent per
unit of air quality improvement) in
order to identily the least costly ap-
proach at any level of total emis-
sions. :

When the number of sources in-
creases or the types of constraints on
source operation become more com-
plex. it becomes desirable to search for
cost-minimizing solutions by more
systematic methods. An efficient ap-
proach to cost minimization in the
presence of a basin-wide emissions
limit was demonstrated by Kohn
(1970) in St. Louis. The least-cost
control problem was solved by linear
programming lechniques:

Minimize C=c¢x . (5)
subject toB x = r (6)
subjectto A x < d (N
subjecttox 2 0 (8)

where C is the cost of air pollution
control; x is a vector of control method
activity levels (e.g., »; could be the
number ol barrels of low-sulfur oil
substituted for high-sulfur oil at a
particular source); ¢ is a veclor of
control costs per unit activity level: ris
a vector of poflutant emission reduc-
tion requirements (r; = Eqo/ — E,/ for
the jth pollutant); B is a matrix whose
elements bj; indicate the emission re-
duction of pollutant j from one unit of
control activity i: A is a matrix indi-
cating the amount of fuel or emissions
“consumed” when a control measure
is selected: and d is a vector of current
source magnitudes plus limits on
available fuel supplies. Muluple
emission control possibilities applica-
ble to the same source in this case
would be represented by multiple
entries in the vector X. while con-
straints present in Expression 7 would
prevent each source from being over-
controlled. A related application,
lacking only the rollback air quality
model, is presented by Jackson and
Wohlers (1972) for the Delaware
River Valley. ’

frerse. 4







. TABLE 2

TR e e T

Summary of different air quality modeling methodofogies

(grouped in order of increasing operational complexity)

Alr quality Selected
Group 4 modellng method references
1 ‘None
2 Linear rollback for inert pollutants and Chang and Weinstock (1975)
generalized procedures for reactive de Nevers and Morris {1975)
poilutants (upper limit U.S. EPA (197 1)
curves and standard EKMA) . Whitten and Hogo (1978}
3 Gaussian and multibox transport models Martin and Tikvart (1968)
: Busse and Zimmerman (1973)
4 Empirical models for chemically resolved Friedlander (1973)
particulate air quality {chemical tracer and Cooper and Watson (1980}
chemical element balance receptor models) Gordon (1980)
5 Empirical photochemical models with control Dimitriades (1977)
isoplaths derived from air monitoring or smog Trijonis (1972, 1874)
chamber data - Myrabo, Wilson, and Trijonis (1977}
Post and Bilger {(1978)
6 Photochemical box models with Whitten and Hogo (1978)

components set for specific
air basins (city-specific EKMA)

7 Aircshed models with-2D or 3D transport and
linear chemistry

8 Photochemical trajectory models

9 20 and 3D photochemical airshed models

McRae, Goodin, and Seinfeld (1981)

Sheih (1977)
Eliassen (1978), Cass (1978)
Johnson, Wolf, and Mancuso (1978)

Eschenroeder and Martinez (1872)
" Lloyd et al. (19792)
McRae, Goodin, and Seinfeld (1981)

Reynolds, Roth, and Seinfeld (1973)
MacCracken et al. (1978)
McRae, Goodin, and Seinfeld (1981)

# The order is basad on the rasource requirements needed to implement each procedure ac part of a practical control strategy design.

The preceeding studies focused on
minimizing the “technological™ cost of
attaining a given emission lcvel, based
on the direct, cost of acquisition and
operation of emission control hardware
or purchase of clean fuels. Secondary

TABLE 3

Group 2

Summary of different optimization procedures
(grouped in ordeY of increasing operational complexity)

Control strategy
optimization grocedure

effects on expansion of the emission
control equipment manufacturing in-
dustry, reduction in capital spending
for.plant expansion in the polluting
industries, and resulting changes in
labor productivity, unemployment, and
personal income werc ignored.
[nput-output models that include
these macroeconomic effccts have
been formulated. and arc reviewed by
Rose (1981).

Using spatially resolved air quality
models, it is possible to identify control
strategies that selectively abate those
sources responsible for local hot spots
in an air basin. The earlicst control
strategy studies that attempted to ac-
count for atmospheric potlutant

N O s WN

0w

None

Cost-effectiveness index {(graphical solutions)

Graphical solution of noriinear problems .

Linear programming .

Integer programming

Multiobjective linear programming

Piecewise linear treatment of nonlinear problems using
linear programming

Dynamic programming and optimal time sequencing

Constrained and unconstrained gradient search
techniques, optimal control theory, nonlinear
programming, sensitivity analysis

2 The order is based on the resource requirements needed to implement each procedure
as part of a practical contral strategy design.

transport explicitly did so by using
Gaussian plume air quality models.
The simplest approach was to hy-
pothesize a set of emission control
regulations and then “test” the control
strategy using the air quality model to
see if air quality standards would be
met. This approach was used in many

early state implementation plans for
sulfur oxides and particulate matter
required by the 1970 Clean Air Act
amendments. An example of control
strategy lesting in this vein is given by
Morgenstern and Hagg (1972).
Gaussian plume air quality models
generate linear source-to-receptor

transport coefficients. Thus they can
be readily combined with a linear
programming formulation of the eco-
nomic optimization problem. as dem-
onstrated by Teller (1968), Kohn
(1974), and Atkinson and Lewis
(1974). The structure of the lincar
programming problem is similar to the
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preceeding example by Kohn (1970) ({1t §B - . B IE\.ﬂﬂmGll\ t SRRH\M[HIO AUBIENTAL
[SIE3L.iOTECA

except that the emission reduction
constraint of Expression 6 is replaced
by one requiring that the air quality
impact at cach receptor location be
held below applicable air quality
standards.

The Atkinson and Lewis study
(1974) is particularly interesting. They
compared three alternative control
strategy design procedures for partic-
ulate air quality using data from St.
Louis. Abatement plans devised by
minimizing basin-wide emission con-
trol costs in conjunction with a roflback

air quality model were reported to be
" at least twice as expensive as those
identified by minimizing the cost to
attain a given air quality level in con-
junction with a Gaussian plume air
quality model. They also examined
particulate abatcment plans that em-
ployed a set of emission control regu-
Jations suggested nationwide for use in
state implementation plans. These
abatement plans were much more ex-
pensive than solutions customized 10
Jocal conditions by either the roll-
back /linear programming or Gaussian
plume/linear programming formula-
tions of the least-cost control
problem. -

Linear programming routines may
result in least-cost solutions that spe-
cify use of a fraction of a control
technique at the optimum (e.g., that
half of a scrubber be applied to 2 par-
ticular power plant). Of course this is
physically unrealistic. To prevent this
problem, Burton and Sanjour (1970)
combined integer programming tech-
niques with a Gaussian plume air
quality model. Sample calculations
were worked for control of particulate
matter and sulfur oxides in Washing-
ton, D.C., and Kansas City. Integer
programming and linear programming
approaches were compared by Gipson,
Freas, and Meyer (1975) within the
context of case studies in Louisville,
Ky., New York City, and Buffalo,
NY.

Atkinson and Lewis (1974) and
many others indicate that very large
savings in control cost for particulate
abatement MALMMVC
control of sources contributing to lo-
calized peak concentrations as identi-
fied by Gaussian plume models
matched to linear programming algo-
rithms. If cost savings are so large and
air quality modeling procedures fairly
simple, why don’t we see many actual
control _sirategies devised in this
manner by air pollution control agen-
cies?

The answer probably lies in a

healthy skepticism toward overwork-
ing the economic analysis of a control
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The relative amount of
effort. to be devoted to air quality
modaling and to economic evaluation
should be in reasonable proportion.

The level of accuracy
inherent in the air quality and cost
modeling procedures should match the
quality of the input data available for
model application.

Air quality models need
to be verified in two ways. Individual
components (like chemical mecha-
nisms) should be compared to labo-
ratory experiments or known analytical
solutions. The completed air quality
model must also be verified by appli-
cation to an entire air basin over an
historical time period 1o see whether
or not it closely reproduces past ob-
servations. The latter exercise tests
not only the air quality model but also
the associated field data sets. When
initiating a control strategy study,
preference should be given to se-
lecting an air quality model that can be
verified agains! past events (many
types of rollback and other empirical
models cannot be verified easily).
Secondly, ample resources should be

stratesy when one doubts the validity}
(of the underlying air_quality model )
\application.\In spite of considerable
sophistication in optimization meth-
ods, control strategy conclusions for
total suspended particulate matter
(TSP) drawn from the preceeding
studies are not likely to be correct. The
reason? 1f data on direct emissions of
particul ; > are supplied,

rollback_or Gaussian plume models -

usually will misrepresent observed air
quality, because gas:to-particle con-
version processes are not included in
{fie model and because some fugitive
emmission sources are overlooked.

mmamplc,
roughly half of the material contrib-
uting to particulate concentrations
often consists of sulfates, nitrates,
ammonium ion, and secondary or-
ganics, which in large part werce
formed in the atmosphere from gas-
eous precursor emissions of S0,, NO,
NH;, and hydrocarbons (Hidy et al.,
1975). Large amounts of resuspended
road dust are contributed by auto
traffic without being reflected in con-
ventional emission inventories (Core et
al., 1980). When such sources are
omitted and computed results do not
match observations, Gaussian plume
models are often “calibrated”™ (Busse
and Zimmerman. 1973). Results are

allowed for testing that model in the
context ot the air basin of interest over
an appropriate range af past events.
Confidence in an analysis approach
comes from practical demonstration,
not only from increasing the nomina
amodnt of physics and chemistry in-
corporated into the calculations.

The structure of the emission inventory
affects the usefulness of the air quality
model's results. The emission inven-
tory should be organized around
groups of like equipment that can be
controlled under common reguiations,
and if possible, preference should be
given to modeling approaches that
deliberately display the air quality in-
crement at each receptor arising from
each source type.

A number of mutually
compatible air quality modeling ap-
proaches, from simple to complex,
should be used. The simplor methods
can be used to perform initial control
strategy screening calculations 10 find
the neighborhood of a likely solution.
The more resource-iniensive models
can be used to fine-tune that result.

scaled up until the model appears to
reproduce total suspended purt.lcula_te
concentrations completely. Short-cir-
cuiting the model evaluation procedure
in this manner gives the appearance
that an adequate air quality model and
emission inventory are present when in
fact the results are far from correct.

Control strategy design procedures
for particulate matter have been de-
veloped that show considerable
promise for correcting the worst of past
abuses. The key to improvement lies in
using data on the chemical composi-
tion of measured particulate air quality
to assist apportionment of contribu-
tions 1o primary acrosol, gaseous pre-
cursor, and fugitive sources (Fried-
lander, 1973: Cooper and Watson,
1980; Gordon, 1980).

The first full-scale emission.control
strategy study that cupilg{lled on
aerosol chemical composition Was
conducted by Trijonis ct al. (1975).
Ambient aerosol monitoring data
throughout the Los Angcles basin were
apportioned into sulfales, nitrates,
ammonium ion, organics, sea salt, soil
dust..and the remainder of the TSP.
Then sulfates were related to SO,
emissions, nitrates to NO, €missions,
secondary organics to reactive hydro-
carbon gascous EMissions. and the re-
mainder of the TSP to prinxiry acrosol

pras |
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emissions using linear rollback models
1pplied within each source category.
.Emission control techniques were
evaluated for gaseous precursor and
primary aerosol sources and then
ranked in order of incremental air
quality improvement per dollar spent.
The conclusion of these calculations
wus very interesting: The least expen-
sive way to attain TSP air quality
standards in Los Angeles was found to
incorporate strict control of many
sources of gas-phase particulate pre-
cursors. Such a_conclusion could not
have been reached using preyvious ap-
proaches becausc gascous precursor
sources were defined out of the aerosal

problem_during_model construction.

P

observation and those that describe
SQ, oxidation within an explicit
chemical mechanism. Models that
employ linear chemistry are readily
suited to control strategy design stud-
ies, because the calculated air quality
impact of cach source is independent
of other sources in the airshed and is
linear in emissions. Least-cost control
strategy design procedures for regional
sulfate abatement using linear chem-
ical models were developed by Cass
(1978, 1981) and tested within a case
study in Los Angeles. A second study
emphasizing control of large power
plants is provided by North and Mer-
khofer (1976). At present, the behay-
ior of photochemical models for sec-

The study by Trijonis et al. (1975)
should be examined by air poilution

control agencies seeking to improve

their implementation plans.

A second important advance in
" particulate air quality control strategy
design procedures recently was dem-

onstrated as part of the Portland.

Aerosol Characterization Study (Core,
-Hanrahan, and Cooper, 1980).
Chemical element balance techniques
.were used with high accuracy to iden-
tify the actual source classes contrib-
uting to local particulate air quality.
That information was used to identily
and correct the local emission inven-
tory and other problems present in a
conventional air quality modeling
study. The completed air ‘quality
-~ models were combined with data on
the marginal cost of available abate-
ment techniques. A strategy was
identified that emphasized traffic
. control and road cleaning in selected
areas of the city, which would suppress
fugitive road dust (accounting for half
of local particulate emissions). This
control strategy design procedure
should be viewed as a prime candidate
for duplication by air pollution control
agencies elsewhere.
Chemical element balance or
chemical tracer techniques can iden-
tily the sources contributing to a par-

ticulate air quality problem only to the -

extent that each source type is chemi-
cally distinct. Specific identification of
the relative importance of different
contributors to suifate, nitrate, and
secondary carbon particle air quality
is impossible from routine analysis of
filter samples alone. Air quality models
for secondary aerosol formation are
needed if we are to improve control
strategy efficiency for secondary
aerosol air pollutants.

A number of air quality models for
sulfate formation have been reported.
They fall into two classes: those that
employ pseudo-first-order SOz oxi-
dation at rates determined by field

ondary aerosol formation may be
systematic method Tor economic opti-
mization of conirol siralegy selec-
tion.
~Procedures for estimating overall
control requirements for oxidant
abatement have been demonstrated
using smog chamber data (Dimi-
triades, 1977), aerometric data anal-
ysis (Trijonis, 1972, 1974; Post, 1979),
and mathematical box models that
incorporate an explicit photochemical
mechanism (Whitte:: and Hogo, 1978;
Derwent and Hov, 1980). Each tech-
nique develops ar isopleth map show-
ing contcurs of constant ozone or oxi-
dant concentration as a function
of precursor reactive hydrocarbon
(RHC) and NO, emissions or early’
morning pollutant concentrations.
Trijonis (1972, 1974) devised a
method for optimal control strategy
selection using ozonc isopleth maps
and tested that procedure in Los An-
geles. A piecewise linear programming
approach was used to calculate isocost
contours representing the most effi-
cient comkbination of NO, and hy-
drocarbon control equipment at a wide
variety of NO, -hydrocarbon ra-
tios—given budget constraints of $100
million per year, $200 million per year,

- etc. The least-cost control strategy was

selected by:

« superimposing the cost contours
over the ozone isoplcth map

+ finding the NO. lcvel needed to
attain NO; air quality objectives

« finding the intersection of that
NO, level with the oxidant isopleth
corresponding to the oxidant air
quality objective

» noting the degree of hydrocarbon
control at that point

« finding the combination of emis-
sion controls on the isocost contour
which passed through that combina-
tion of RHC and NO, emissions.
The procedure is quite straightforward
and can be executed graphically. To

[y
'

our knowledge. the Trijonis study and
its extension by Kvan and Seinfeld
(1974) provide the only economically
optimized control strategy design
procedures for photochemical smog
demonstrated to date.

Sustained effort over the past dec-
ade has produced a number of air
quality models that incorporate a de-
tailed description of atmospheric
photochemistry and that may include
pollutant transport (see Table 2). The
immense data requirements for veri-
fication and use of photochemical
airshed models have restricted their
use to testing two or three alternative
control strategies. An airshed-specific
photochemical box model was used to
evaluate alternative automotive
emission control regulations in En-
gland by Derwent and Hov (1980).
Reynolds and Seinfeld (1975) assessed
the likely effects on l.os Angeles of the
proposed 1977 U.S. Environmental
Protection Agency (EPA) transpor-
tation control plan plus future light-
duty vehicle emission control stan-
dards. Their study compared the an-
swers obtained by linear rollback,
modified rollback (Schuck and Pap-
etti, 1973), the statistical model of
Trijonis (1972), and the photochemi-
cal airshed model of Reynolds et al.
(1973). Seinfeld and McRae (1979)
evaluated the likely effect of tightened
motor vehicle NO, standards using
photochemical trajectory models as
well as EKMA (Whitten and Hogo,
1978) and rollback. Wada et al. (1979)
used the LIRAQ model (MacCracken

“et al., 1978) to test three alternative

control strategies as part of developing
the current emission control program
in the San Francisco Bay area. As part

of that study, De Mandel et al. (1979)

compared control strategy effective-
ness using two types of rollback mod-
els, an upper limit curve approach;, an
aerometric empirical model, EKMA.
and the LIRAQ . photochemical
airshed model.

[n the studies in which comparisons
have been made betweecn oxidant
modeling approaches, the two-di-
mensional and three-dimensional
photochemical airshed models pre-
dicted greater ozone reductions from
proposed control efforts than would be
determined by more commonly used
methods, such as upper limit curves. If
that finding were true in general, then
use of photochemical models in de-
velopment of emission control pro-
grams could lead to less stringent
control requirement estimates and thus
lowered costs to attain present objec-
tives.

Dynamic optimization techniques
that minimize the cost of attaining

Valume 15, Number 7, July 1981 753

| L 280







emission control objectives over time
also have been explored. Patel (1973)
used a repetitive linear programming
approach together with a Gaussian
plume air quality model to evaluate a
short-term fuel switching strategy for
SO, abatement in Boston. Seinfeld
and Kyan (1971) and Kyanand Sein-

feld (1974) have addressed the prob-

lem of attaining and maintaining
compliance with air quality standards
over periods of successive years. The
latter study used dynamic pro-
gramming optimization techniques
along with the empirical photochemi-
cal air quality model of Trijonis (1974)
for the case of Los Angeles.

Areas for future research

In Figure 4, the prototype air pol-
lution control strategy studies dis-
cussed above have been organized
(approximately) by effort required for
air quality modeling and economic
analysis. One feature in particular is

FIGURE 4

Prototype air pollution control stralegy studies or
modeling approach. Numbers aleng the horizonta

evident. No studies exist that combine
the Wgua]ily models
with_economic optimization _tech-
niques.

We suggest several areas for future
research. The most obvious question is:
How does one go about finding least-
cost solutions to photochemical air
pollution problems? The nonlinear
chemistry embedded within photo-
chemical air quality models is incom-
patible with traditional control strat-
egy selection techniques. Nonlincar
optimization schemes arc needed to
solve such problems. Possible ap-
proaches include piecewise lincar ap-
proximate solutions, use of optimal
control theory, or gradient scarch
techniques employing the method of
steepesl descent.

Chemical element balance receptor

models_for_particulate air_quality

generale linear source-lo-receplor
transfer estimates. 1t should be possi-

ble and attractive to address the

of models outlined in Tables 2 and 3

“least-cost receptor modeling prob-
lem.” ‘A lincar programming cost-
minimization problem could be for-
mulated around such a receptor air
quality model in order to identily
emission control strategies needed 10
meel air quality standards simulta-
neously at a large number of air mon-
itoring sites. Particulate air quality
models that describe transport and
formation of sccondary aerosols using
linear chemical approximations also
are well suited to linear programming
economic optimization procedures.
Conflicting objectives continually
pose problems for air and water pol-

lution control agencics. When the

conflict is spread among many emis-
sion source types (e.g., refineries, paper
mills. and sewage treatment plants—
all contributing to air and water quai-
ity problems), defining an appropriate
trade-off between air and water quality
control plans can become overwhelm-
ingly complex. Multiobjective linear

ganized by air quality and economic
[ and vertical axes refer to those classes
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rogramming has been proposed as a
means Tor mapping out efficient com-
binations of air and water quality

utcomes. It would be interesting to

splore such an approach using data
from an actual air basin.

Much attention has been focused on
he difficulty of attaining current
mbient standards for SO, ozone, and

TSP. As a result, most practical ex-
nerience has been gained in ‘these
reas. while very little has been learned

‘bout control strategies for many re-
lated potlutants. Efficient approaches
10 abatement of urban NO, problems
leserve more attention. In addition, a
vhole family of NO,-related pollu-
tants exists: Nitric acid vapor, PAN,
ammonium nitrate, and nitrosamines,
‘or example, have known or antici-
sated effects on health or welfare.

A second group of important car-

Son-containing unregulated air pol-
utants includes aldehvdes, polynuclear

aromalic hydrocarbons, elemental
carbon particles, and secondary or--

zanic aerosols. The desirability of
sreferentially abating some of these
pollutants as part of ongoing oxidant
and particulate control programs de-
pends in part on whether it would be
costly or cheap to do so. Such problems
should be examined as a research
question within the setting of actual air
basins.

Barriers to practical application

. While there is always a need for
further research, it is important to
recognize that much more is known
about how to design cost-effective air
pollution .control strategies than is
actually used in practice. Most state
implementation plans developed under
the Clean Air Act would fall into the
lower left-hand corner of Figure 4.
This is not to suggest that pollution
control agencies are uninterested in

developing more efficient and effective -

emission control strategies. Rather,
there are some very serious practical
problems that argue agdinst the use of
advanced engineering tools. These
problems involve data resources,
technology transfer, and time limits.

One reason why roliback air quality
models are so popular is that their data
requirements almost always can be
met: All that is required is a basin-wide
emissions estimate, a peak pollutant
concentration at one monitoring site,
and an estimate of background air
quality. By comparison, a photo-
chemical airshed model can require
spatially and temporally resolved data
on pollutant concentrations, wind
speed, wind direction, inversion base
height, terrain height, solar radiation,
boundary and initial conditions, plus

a spatially, temporally, and chemically
resolved emission inventory.

In Figure 5, we examine a few con-
trol strategy studies for which we have
access to the underlying data sets
(Trijonis, 1972; Cass, 1978; McRae,
1981). Data requirements increase
exponentially as more physical realism
and flexibility in control strategy

-evaluation is attempted. A photo-

chemical airshed model application in
Los Angeles initially can require up to
one million pieces of input data per day
simulated. The mere task of organizing
that much information in a format
suitable for insertion into a computer
program can take a surprisingly long
time (several man-years of effort).
A further barrier to the spread ol
advanced air quality design procedures
invoives mwnd
training. Recently, a national expert
pancl was asked whether or not the
availability of skilled manpower limits

the-application of advanced air quality -

models 10 solve the nation’s air quality
problems. The panel answered ““no”
(Shutler, 1980). That response may be
appropriate when looking at the na-
tion's technical manpower pool as a
whole. A question not being answered
is whether or not air pollution control
agencies have practical access to these
skills. We suspect most do not.

In cases we are aware of, in which
major advances were made in control

FIGURE §

stratepies actually implemented by
regulatory agencies, the studies were
made possible by collaboration be-
tween the agency and an academic
institution, a national laboratory, or a
specialized consulting firm. Very few
groups exist (perhaps about five) that

could exccute a photochemical oxidant

control strategy study using realistic
air quality models. When one considers
the number of air basins in which
photochemical oxidant problems are

observed (Tablec 1), it becomes ap- -

parent that these skills need to be
transferred to a wider group of
people.

Finally, the question of time limi-
tations must be addressed. Perhaps one
reason why so little technical sophis-
tication is exhibited in most air quality
plans formulated to date is that the
deadlines set by Congress for per-
forming air quality analyses were im-
possibly short. The 1970 amendments
to the Clean Air Act, Sec. 110 (a)(1),
provided a statutory deadline of nine
months following adoption of an air
quality standard for states and locali-
ties to formulate a plan for attaining
the air quality goal. From our experi-
ence, the time needed for a highly
trained group of engineers to design a
technically sound abatement plan for
a single chemically reactive air pollu-
tion problem in a major city is about
two to three years (not including time

Escalating data requirements for air quality model application.
Numbers along the horizontal axis reter to model types listed in

Table 2
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for administrative review and ap-
proval). Il a new field measurement

program nust be designed to gather A

data, or if inexperienced personnel

"must be trained first, then the time

required for planning increases pro-
portionately.

Problems with data management,
present staff resources, and unrealistic

time limits should not be permitted to-

constrain the choice of control strategy
design procedures. The cost of over-
coming these limitations is almost al-
ways much less than the cost to the
cconomy of adopting an inefficient set
of control regujations. An approach
should be adopted which ensures that
control programs devised use the best

-engineering procedures that are con-

sistent with local problems.

Conclusions

A téchnical basis exists upon which
efficient and effective air polluticn
control strategies can be built. Air

_ quality modeling procedures are

available and, if used, would increase
the confidence that emission control
programs will in fact deliver promised
air quality improvements. By insisting
on an accompanying economic analy-
sis of control alternatives, least-cost
emission control strategies can be
identified. Persistence is needed,

however, if better engineering methods

are to be brought o bear to solve-the
pation’s air quality problems. Data
resource limitations must be resolved
and new technologies ‘must be trans-
ferred to the air pollution control
agencies charged with drawing air
quality plans. '

Recent experience shows there is no
choice but to tackle these problems
directly. One set of state implementa-
tion plans was hurriedly solicited in the
early 1970s. A_second round of air
quality maintenance plans was pre-
pared in 1979; a step made necessary
because many of the first plans failed
to achieve their stated goals. By 1982,

" we expect a similar result, and a new

set of ernission reduction measures will
be sought. In 10 years, we will have
expended a great deal of effort on
several consecutive unsuccessful
cleanup efforts devised under unrea-
sonable resource and time constraints.
During the next few years, there is
clearly enough time to develop tech-
nically defensible air quality plans at
least once. :
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Introduction

. The chemical mass balance receptor method of source apportionment
requires that the chemical composition of both ambient aerosols and particles
from all major sources in a given airshed be measured for state-of-the-art
results.} Generally, the liniting factor in chemical mass balance (CMB)
studies is the size-resolved chemical characterization of the source parti-
cles, particularly stack aerosols. Literature values are available for some
stack types, but due to the purpose or manner in which the samples were
collected, the chemical fingerprints obtained frequently are not detailed
enough for CMB source apportionment work. Often, literature tabulations of
elemental data are incomplete or the elemental concentrations have been
groupcd together (e.g., total alkali metals). Most stack data have been
obtained from baghouse dust, in-stack samplers or from EPA Method 5-type
equipment. Samples collected in such a manner are not representative of the
size distribution nor of the chemical composition of stack particles after
they mix and cool in the atwosphere. Condensation, vaporization, agglomera-
tion ond secondary chemical reactions can significantly alter the size distri-
bution and chemical composition of stack aerosols when ambient dilution and
cooling occur.

The desire to obtain samples of particulate material in the form which
it will have after it has been ewmitted into the atwosphbere has stimulated the
developnent of dilution/cooling '.'systems.?-"6 The fundewental principles
inhercvt in the design of a dilution/cooling system are: (1.) the isoki-
petic withdrawal of an aerosol stream from an indusirial stack source, (2.)
the wising and couoling of the source aerosol with excess filtered ambient air
and (3.) collection of size categorized particulate samples from the dilu-
tion chomber in a form compatible with standard meiliods of particulate analy-
sis. The requircments of dilutjon sampling, the design of a pragmatic dilu-
tion/cooling system and data obtained with the system from several industrial
stacks are presented here.

Requircments of Receptor-Oriented Dilution Sampling

The principal objective of receptor-oriented dilution sawmpling is to
obtain chemical data representative of particulate emissions entering the
enviromnent from a point source. Unlike more traditional source sampling,
in-stack gravimetric emission rates are of only secondary importance. This
fundamental difference in objective requires modification of criteria which
are typically considered most important for obtaining "good" stack test data.
An adjustable dilution ratio, isokinetic flows, the maintenance of analyti-
cally clear sampling conditions, equipment portability, the ability to inte-
grate emission varilability and the collection of size-classified particles
onto ambicnt filter media are the primary features which have been incorpo-
rated into the design of the dilution sampling system described here.

" The dilution air/stack gas ratio must be adjusted for the general appli-
cation of a dilution cooling system since characteristic temperatures, flow
rates, particulate concentrations and water vapor content vary dramatically
with ctack type., 'Two .opposing factors must be taken into consideration
when selecting a dilution air/stack gas ratio. Eunouph dilution air is
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required to achieve the primary objective of reducing the temperature to near
ambjent and, in addition, to prevent the condensation of water vapor. (Con-
deused water is deleterious to the collection of particulate samples on a
filter medivm.) However, the dilution ratio must also be adjusted low enough
gso that there 1s a sufficient particulate concentration in the diluted aerosol
to collect adequate sowple mass for analysis within a reasonable time frame.

A workable compromise must be developed for each set of stack parameters.

The accurate control of linear and volumetric flow rates is critical for
a dilution sninpling system. The dilution ratio, as discussed, must be adjust-
able. Isokinetic conditions must bc maintained at two points in the dilution
sanpling system. These are at the point of removal of the stack aerosol with
a probe and at the point of removal of an aliquot of the diluted gas stream
from the dilution chamber for size classification and sample collection. The
size-classifying equipment (e.g., a dichotomous sampler or a cyclone) also
requires a spccific flow rate to maintain the correct size distributionm.
Finally, the ability to s=low the overall sample collection rate is valuable
if longer seapling times are needed to integrate the variability from
stacks with non-~unifori emission characteristics.

Dilution sampling te adequately reproduce atmospheric mixing requires a
relatively large wixing volume and sample residence time. Unfortumately,
spatial restrictions iwmpoced by the approach structures to sampling stations
as well as seepling platicims themselves often preclude the utilization of
larvge equipeonit.  Similarly, weight is critical as equipm2nt must frequently
be heand-caryied up vevtical ladders and stairways as well as through areas
wihvieh are physically difficult to ncgotiate. To satisfy these requirements,
a pragmatic dilution zommlling system must be constyucted in such a manner as
to facilitacc its disisscanbly and reassembly and be constructed with light-
weigbhtr materials where pocesible.

To obtecin detailed chemical f{ingerprints, including trace elements, from
a variety of chemically dissimilar stacks in industrial surroundings, precau-
tions must bLe taken to avoid external contamination and to insure analytically
clean sampling conditions within the dilution systcm. Disassembly and labora-
tory cleaning berween stack tests to prevent cross contamination are essential.
Fmissions frum stacks are often caustic or corrosive in nature, hence materials
vsed in the construction of a dilution sampler should not structurally degrade
or leach with exposure corv produce chemical artifacts. In addition, because
sanpling is often conducted in an area of high ambient particulate concentra-
tion and becavse of the high ambient air/stack gas ratio, it is also impor-
tant that tha dilution air be well filtered before entering the dilution cham-
ber.

To parallel the sire distribution typically obtained from ambient sampling
cquipment, the sample removed from the dilution chamber can be size cate-
gorized with either a Jichotomous sampler or with a scalping cyclone followed
by a back-up filter. JTn both cases, standard teflon membrane filters such as
arc¢ used in the collection of ambicnt samples for inorganic analysis can be
employed due to the low temperatuves produced by dilution. If carbon or
organic analyses are desived, glass fiber filters can be equally well used.
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Uniform loading of between 0.5 and 3 mg of material on a teflon membrane
filter is optimun for combined thin film x-ray fluorescence spectrometry and
neutron activation analy:ils which are routine techniques for ambient filter
analysis. Because these techniques are non~destructive, other analytical
methods often used for tlic analysis of ambient zcrosol filters, such as ion
chroratography, atomic absorption spectrophotometry or microscopy, can also
also be utilised.

The collcction of samples in a form which permits the use of standard
mcethods of air particulate analysis is advantageous for several reasons. New
and untested preparatory aod analytical protocals need not be developed for
source samples if routive ambient aevrosol techniques are applicable. Deter-
minzte errors often encountered when cowparing data generated by different
analytical techniques will be aveided whon statistically comparing source and

‘ambient (reccptor) data dvring (MB calculations. Most importantly, both the

source and ambient matrices contain the same set of quantified elements with
similar associated uncectainties and detection limits for the same size cate-
gories of particles. The ability to form a detailed and uniform data set for
both source and ambient porticloes is a key factor in conducting a state~of-the-
art source appotrtioumsni study by Cvl modelling.

The Dilurion Saunpling System

Figuve } illustrates the dilution sampling system which has been developed
for the chemical charactorization of stack acreosols. The system can be divided
into three principal parvs: (l.) ‘the sampling probe, (2.) the dilution
chamber, and (3.) a particulate collector. The sampling probe and flexible
hose connecting the probe with the dilution chamber can be heated to minimize
wall condensation. The probe is constructed of :stainless steel and the connect-
iup hese is lined with teflon. Any standard sized buttonhook nozzle can be
attached ro rhe probe to permit a number of volumetric flow rates to be obtained
at a given isvkinetic linear flow velocity.

The dilution chamber is constructed of 10.2 cm (4 in.) polyvinyl chloride
(PVC) pipe which has been [itted with several threaded unions to permit its
disassembly for transport aud cleaning. Becausc of its small "broken-down"
size and lipght weight, the sampler can be sent as excess bagpage on commercial
airlines and bhond carricd or hand winched to stack sampling platforms. A tur-
bulent mixing rather than a linear buoyant plume approach was taken because
the ninety degree bends in the system permit it to be relatively compact while
still maintaining a long dilution path length (approximately 3 meters).
Turbulent counlitions alco maximize the mixing which occurs during the relatively
short particle residence time within the dilution chamber (typically about
[--3 seconds). A high volume vacuum motor and blower independently controlled
by variable truansformers provide the vacuum nccessary to withdraw the stack
gas sample anl provide the dilutiou air. The dilution air is filtered throuph a
standard 20 em X 25 em (8 in. X 10 in.) glass fiber filter held in an in-line
filter holder
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Stack awhient and dilution chamber temperatures are measured with simple
biwztal thermoweters. Stack gas velocity is measured with a pitot tube.
The velocity of pas within the dilution chamber is measured with a thermal
ancmometer. The difference in prevsure between the dilution chamber and the
stack must be weasured and is accomplished with a Magnehelic gauge (trade
name Dwyer Instruments, Inc.).

An aliquot of tha gas flow vitldn the dilution chamber is isokinetically
withdravn for size clesuifjcation oaud particle collection by a stainless
steel tube centered within the 10.2 cm PVC dilution chamber and aligned
parallel with the gas flow, A virtual impactor was used for size classifi-
cation and particle colicction in the configuration illustrated in Figure 1.
A scalping cyclone folloued by a back-up filter has also been used with the
dilution system. Cyecleow particle cut points (Dgq) of I5u, 10u, or 2.5y
would all be vporopriafe for use with recevtor modelling depending on the
specific requiremonts ¢f rhe stulv,

The transfer of particulate bearing stack gases via the heated probe
to the dilution chamber is accowplizhed by meintaining a pressure differen—
tial between che diluticn chawber ¢ud the interior of the stack. From
Eerioulli's equation of continuity it can be shown that the linear velocity
cf gas enterin the buitonhook nozzle is dependent only on the pressure drop
and density of the stack gas, i.c.,

Mmne e =

\TTE @

Bernoulli's chuation is only strictly applicable to idealized fluids but

is illustrati-e for desipn considoyations. A plot of actual flows measured

in the laboratery with 2 wass flow water versus those predicted by the
pressuie drop and Bernoulli's equotjon demonstrated the predictive capability
of equition L. A linear relationcbipe(slope = .44, R = .98) was obtained
between predicted roznle velocity (:bscissa) and measured nozzle velocity
(ordinate) for weasured velocities up to 40 meters/sec. Since the buttonhook
saupling nozrzle collect: pag parallel wich the direction of flow, the pressure
value used to calculate AP in equation 1 must take into account the effect of
velocity pressure, i.e.,

== L 2 -
AP [?s,s t psvs] Pd,s , . (2)

where, Ps is the static pressure within the stack,
s
b

p _is the density of gas within the stack,
s
V  1is the lincar velocity of gas within the stack, and,
s
Pd is the static pressure within the dilution chamber.
s
2
Measurement of AP can be accomplished by the use of two commercially avail-
able sensor tips (one [o1 static pruessurce and one for total pressure)
connected to a Magnehelic gauge.
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The reduced pressure and flow within the dilution chamber is produced
by a high volume vacuum pump. If the blower is not used, each flow rate has
a corresponding pressure drop associated with it. The vacuum pump flow rate
can be regulated by controlling the pump motor with a variable. transformer.
Unfortunately, the pressure produced at high flow rates (high dilution ratios)
is too high with the vacuum motor alone operating to permit isokinetic sam-
pling (see equation 1). The addition of a high volume blower reduces the
pressure drop and permits any combination of dilution chamber pressure and
flow rate. For example, if a high dilution flow rate (i.e., high dilution
ratio) and a low pressure drop (low linear velocity in sampling tip) is
desired, the high volume vacuum pump is operated at near maximum power and
the blower is adjusted until the pressure drop is lowered to the point where
isokinctic sample velocities are obtained in the sampling tip. It should be
noted that changing buttonhook nozzles ranging in size from 3.2 mm (1/8") to
12.7 mm (1/2") in diawmztevr has a relatively small effect on dilution chamber
pressure and heuce the change in linear velocity with tip diameter is small.
Volumetric flow and the subsequent dilution ratio will, however, change in
proportion to the square of the nozzle radius.

Near the exhaust of the dilutioen chamber anm aliquot of the diluted flow
is transferred isokineticalliy into a dichotowcus sampler or a scalping cyclone
wvith a back-up filter for particulszte collection. Particles have been col-
lJected on standard 37 win or 47 mw filters and treated thercafter with the
sam? protocel as ambient samples. Because the flow rate necessary to main-~
tain the corract particle size cuoi point is fived for both dichotowous
samplers and cyclenes, near isobinetic inlet velocities are obtained with a
set of interchangeable stainless steel pipes of varying diameter. For
example, if a dichotomnus -sampler is employed (correct flow 16.7 1/wmin.) and
the desired dilution ratio dictates a flow of 1.7 M?/min. inside the 10.2 cm
dicmeter dilution chaisber, an inl:t pipe with an internal diameter of 11.2 mm
would produce isokinetic conditions (2.9 M/sec.). Similarly a dilution
chamber flow of 0.85 M®/min. would require a dichotomous inlat pipe with a
diameter of 14.2 mm to maintain isokinetic veloeity (1.7 M/sec.).

The use of a dichotomous sampler without the aerosol inlet cap (Dso of
15u) produces two size categories (< 2.5y and > 2.5p). The chemical compo-—
sition of the greater than 2.5u size fraction has been assumed to be approx-
imately equivalent to the chemical composition of particles in the normal
coarse size fraction (2.5-15p) collccted by a dichotomous sampler. The
particle penetration efficiency through the dilution ssmpler decreases with
size and it is unlikely that many particles greater than approximately 20u
reach the > 2.5y filter. In addition, the bulk of most stack particles
(especially those stacks with properly operating control equipment) have an
aerodynamic diameter less than 15p and chemical fractionation with size is
less dramatic for larger particles.

Only three in situ measurements are required to operate the dilution
sampler in the field once laboratory calibratioun ol flow rate versus pressure
drop has been performed. These ave: (1.) stack gas velocity, (2.) the
difference in internal pressure beiveen the stack and the dilutiom chamber
(equation 2) and, (3.) the velocity of air passing through the dilution
chamber from which the dilution ratio can be detcrwined. ‘The stack, ambient
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and dilution chawber temperatures are useful but not necessary. In addi-
tion, knowledpe of the typical water vapor content contained in the stack
emissions and the relative huwmidity of the ambient air are also useful so
that cnough dilution air is used to aveid water condensation. A dilution
afr/stack gas ratio of 20/1 has been found sufficient to avoid condensation
in most cases.? If, however, the dilution air has a high relative humidity
or the stack has a very high water vapor content, e.g., a lime kiln with a
50% water vapor couteat, a hipghar dilution ratio would be necessary.
Generally stock data from previous tests are available so that approximate
isokinctic velocity requirements can be anticipated and an appropriate
dilution ratio can be selected prior to sample collection. Other factors
such as the emission variability characteristic of the stack and typical
particulate mass concentrations (grain/DSCF) are also useful in planning
stack tests. Enough flexibility has been built into the sampling system to
accomrodate nearly all combinations of pressure, flow rate, temperature,
watev vapor content amd mass concentration encountered in stack environ-—
ments. Table T lists sow: typical stack paraweters and the corresponding
tiwe required to collect a particulate sample for analysis. The sampling
time estimates are based on the use of a 9.5 mm (3/8") I.D. sawpling nozzle,
a 20/1 dilution ratio and the collection of 3 mg of of particulate material
with an interfaced dichotomous sampler.

Staclk Tests and Aualytical Procedures

The cherrical corposition of size cateporized particles emitted from
power ocilor stecns, printvy lead suelting stacks aud a2 zine fuming stack
was delecisued Srom scaplos collecied with the dilurion sanpling s?stem.

The powcr boiler sumonles were collected consicutively with two cyclone/
back-up filtrr acomeblies with cut-points at 2.5y and 15p used one after the
other. The iead smeltiog ond ziue fumingy stack samples were collected by a
dichotcmous sarnler with the 15p aerasol inlet removed. The size categories
thus obtzined were: (1.) < 2.51 for both the power boiler and lead smelting/
zinc funing stacks, (2.) < 15p for the power boiler stacks and, (3.) > 2.5y
for the Jrad smeltiug/sine fuming stacks. Teflon wembrane filters were used
to collecet all saumples. The mass of particles collected on each filter was
measurcd with a Cahn [nstruments Electrchalance. Thin £ilm enérgy dispersive
x-ray fluorescence spectromatyy and instrumental neutron activation analysis
were the analytical techbniques used to determine the elemental concentrations.

The thin film x-ray fluorescence analyses were conducted with an Ortec
TEFA III analyzer equipped with a Mo/W x-ray tube. Three excitation con-
ditions were used: (1.) Mo tube, 50 KV tube voltage, Mo filter, (2.) Mo tube,
15 RV tube voltape, no filter and (3.) W tube, 35 KV tube voltage, Cu filter.
A tube current of 100 u amps and an analysis time (live) from 100 to 400 .
seconds were used in all conditions. Tustrument calibration was obtained with
commercial standavds prepared hy Micromatter, Inc. and Columbia Scientific
Industries. A quality assurance standard and blank was run with each set of
filrers.

" After the X-ray fluorescence analyses were completed, instrumental neutron
activation anilyses were performed on the (ilters. The filters were irradinted
at 952 full pover ir a Triga Hark I 250 KW reactor. The neutron flux was
5 X 10" neutrons/cw’-sce. Copper flux monitors were used. Standards included
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art NBS urban particulate reference material (SBM #1648), an IAEA soil stand-
ard (#/3), a USGS basalt sample (BCR-1) and an Atlantic Richfield Hanford
Company basalt. sample (ARHCO-1). The samples were counted with an Ortec

HPGe detector interfaced with a Norland IT-5400 nultichannel analyzer.

Poth the power boiler samples and the lead smelting/zinc fuming samples were
irradiated for 5 wminutes, cooled for 10 minutes, and then counted for

200 seconds (live) time. The lcad swelting/zinc fuming samples were then
irrvadiated for an additional 8 hours and counted for 20 minutes after a 3 day
cooling period and counted again for 1 hour after a total cooling period of
30 days.

Results and Discussion

Representative source fingerprints obtained from samples collected with
the dilution sawpling system are presented in Taebles II and III. All concen-
tration data are reported in weight percent along with analytical uncertainties.
The concentrstions of 22 elements have been reported for the power boiler
stack particles and the concentrations of 28 elements have beea reported for
the lead smelting/zine fuwming stack particles. The concentration of approx-
imately five additional elcments were measured but are not listed in Tables II
or [II1I. '

A multi-elerment source fingerprint which includes both the concentration
or "less—tha" values for trace eluwents as well as containing accurate
concentration values for miajor elewents is required for chemical wass balance
modeliing. A low concentration of a particular element in source particles is
ncarly as irmortant as its precence at high concentration. For exawmple, the
contribution of a hog fuwl boiler to ambient aerosol concentrations was easily
distineuished from the contribution of a nearby residual oil fired boiler by
CP modelling since accurate elemental conceutration data was produccd. While
the conceontrations of all clemwents are used in the multi-component least
squares appreoach, the differences in K, V and Ni concentrations between the
two sources can illustrate this point. The hog fuel boiler has a very high
K content and a very low V or Ni coutent in contrast to the residual oil
fired boiler which emits particles containing V and Ni at the percent level
and virtually no K. Similarly, the ambient contribution from the sinter stack,
the zine fuming stack and the blast furnace stack were distinguisbed from
each other in a CMB airshed study due to the differences in their elemental
fingerprints. Again, while the concentration of all elemeats is essential,
the ratio of three elenents (Cd, Zn and Fe) can illustrate the ability to
distingnish stack particles based on differences in their elemental
compositions. The Cd:Zn:Fe ratios are 0.2:0.7:1, 0.5:337:1 and 185:115:1 for
the < 2,54 size fraction of the particles emitted from the sinter stack, the
zinc funing stack and the blast furnace stack, respectively.

In addition to stack particles, the chemical composition of particles
originating from all other major airshed sources (viz, fugitive sources) need
to be characterized for a state-of-the-art CMB source apportionment study.
While the differences in particles originating from two or threce discrete
sources, such as the sticks discussed here, can be qualitatively observed by
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comparing concentration levels of several elements, it should be emphasized
that ccomplete and detailed fingerprints such as presented in Tables II and III
are necessary to quantitatively identify the contribution of a given source
among the multiplicity of particulate sources that are potential contributors
to ambient aerosol concentrations. Besides accurate analytical measurements,
the collection of particles with the dilution sampler in a form similar to
that vhich they acquire after mixing and cooling with ambient air furthers

the accuracy of the chemical fingerprint used to represent particles originat-
ing from them. The impact of both the power boiler stacks and lead smelting/
zinc fuming stacks were determined in airsheds even when their contribution
was minor as compared to the contribution from other (majinly fugitive) sources
due to the detailed and representative source fingerprints obtained with the
dilution sampler.

Conclusions

A pragmatic dilution sampling system for the collection of stack particles
for use in receptor oriented chemical mass balance source apportionment
studies has been developed. The system permits the accurate characterization
of over thirty elements as well as cther chemical species. The system is
easily transpovtable, is relatively simple to operate and can collect particles
in size categories which are compatible with exicsting and proposed ambient
particulate categories (i.e., < 2.5pu, 2.5-15p, 10p, < 15p and TSP). The system
has becn used to eollect samples from a number of stacks iu two airsheds '
where CHMB source apporticnmant modelling was subsequently conducted with the
data. In addicien to CMB modelling of local airsheds, the dilution sampling
system would be applicable to the collection of condensible organie compounds
such as might Le analyzed by gas chrowmatography/uass specrroscopy and would
be uselul for the collection of source samples ured to model the long range
transport of particles associated with the acid vrain controversy.
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TABLE I - TYPICAL STACK PARAMETERS AND CALCULATED SAMPLING TIMES

Stack Lipcar Flow | Particulate In-Stack Sampling
Velocity Loading Tcmpegarure Time
(péﬁec) (grain/DSCF)* () (min)
Hog fuel 7.5 .07 69 41
boiler
Kraft recovery 18.5 .02 129 120
boiler
Lrad sinter 17.4 .06 81 35
stack .
Zine fuming 12.0 .01 102 222
stack
Residenticl wood 1.5 .2 300 17

stove

* grain/ft? = 2.29 grams/m’
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TABLE II - THE ELEMENYTAL COMPOSITION OF POWER BOILER PARTICULATE EMISSIONS

Hog Yuel Boiler Residual 0il-Fired Boiler
ELEMENT* <2.5u <15u <2.5y <15p
Na 2.7+ .2 3.1+ .2 1.08  + .07 4.2 4.3
Mg < ,08 0.4 + .1 < .07 <.l
Al 0.06 + .01 0.24 + .02 0.58 + .03 0.90 + .05
Si 0.83 + .04 2.1 + .1 0.77 + .04 1.38 + .07
S 5.5 + .3 8.9 + .5 9.4 + .5 9.6 + .5
cl 2.8 + .1 5.1 -+ .3 < ,005 .02 + .01
K |20 +1 24 + 1 0.061 + .003 0.123 i .008
Ca 3.0+ .2 9.8 -+ .5 - 0.58 + .03 0.65 + .03
Ti. .0.041 + .003 ] 0.13) + .008| 0.043 + .003 0.113 + .007
\Y 0,011 + .002} 0.023 * .003] 1.28 + .09 3.6 + .2
Cr 0.013 + .002| 0.014 + L0021 0.021 4 .002 0.037 + .006
n 0.19 + .01 0.3¢ + .02 0.023 + .002 0.068 + .004
Fe 0.19 + .01 0.6 + .2 1.20  + .06 3.6 + .2
Ni 0.005 + .00l 0.007 -+ .002 3.3 + .2 7.8 + .4
Cu 0.068 + .00 0.087 + ,006}| 0.010 + .002 0.016 + .007
In 0.75 + .04 1.31 + .07 0.109 + .006 0.155 + .008
As 0.036 + .006} 0.08 + .OL 0.003 + .002 0.018 + .006
Se 0.003 + .001 | 0.006 *+ .001| 0.014 + .00Y 0.022 4 .002
Br 0.015 + .001 | 0.029 + .002{ 0.0018 + .0004} 0.004 + .001
Cd 0.05 + .01 0.10 + .02 < .004 < .02
Ba 0.10 + .06 0.3 + .1 < .03 <.l
Pb 0.127 + .008| 0.44 + .02 0.062 + .004| 0.17 + .01

%A1l values are in weight percent.
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Figure 1. Dilution Scvurce Sampler

(Not drawn te scale.) tieight is approxiwately 2 meters, and unit is
constructed with 10.2 c¢m (4 inch) diameter pipe. Design features include:
(4) Threaded connectors for disassembl}y and tromsport, (B) thermometer,
(C) gas velocity scnsor to thermal anemgweter, (D) static pressure sensor,
(E) Magnehelic gauge, () total pressure sensor for in-stack measurements,
(G) high volume vacuum wotor, (k) interchanpeable (0.64 to 2.54 cm I.D.)
dichotomous inlet pipe, (I) stack gas inlet pipe, (J) stainless steel and
asbestos end assembly, (K) threaded union with thermometer, (L) hinged

20 cm x 25 cm (8 inch x 1C inch) filter holder, (M) quick discomnect fittipgs,
(N) flexible hose, (0) dichotomous sampler head, (P) power cord from high
volume vacuum meter to a variable transformer, (Q) high volume blower,

(R) power cord to a variable transformer, (S) power cord to heat tape,

(T) insulated stainless steel geflpn tubing, (U) power cord to heat tape,
(V) 1.5 metoer stainlecs steel gtack probe, (W) button-hook sampling nozzle,
and (X) diclhotomous sampler confrgl unit.




—_— — — —— ———— —_— —— —— —_— —_— —_— —— —— -
—_— ST e e —— . —— ————



ad

| A STUDY OF PORTLAND’S AIRSHED
the sources and composition
of suspended particles

A SUM MARY_OF THE _ K

;I PORTLAND AEROSOL CHARACTERIZATION STUDY (PACS)
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WHY THE STUDY WAS DONE

Portland lies at the north end of the Willamette Valley, surrounded by mountains and
hills. At times, when the weather is fair and the winds calm, a termperature inver-

sion traps polluted air in the valley, reducing visibility and threatening the

health of the community. As human activity in the valley has increased, the trapped
air has become more and more polluted. Following the passage of the Federal Clean

Air Act of 1970, Portland's air improved, because new standards were imposed on in-
"dustry and limitations placed on new emissions and open burning. Still pollution

has not been reduced as muc

But no one knew exactly who was contributing how much of what to the airshed. A
thorough study of the problem was needed to provide a good basis for decisions, so
that controls could be imposed accurately, fairly, and effectively.

1975, to fill the need

The Portland Aerosol Characterization Study (PACS) began in
Other studies investi-

for better information about particles suspended in the air.

B gated other aspects of air pollution control in the area.

HOW THE STUDY WAS DONE

laces in the Portland area. Two of the sites were at the
ds, so that particles

her sites sampled air in

Air was sampled at six p
outskirts of the city in the direction of the prevailing win

blowing into Portland could be analyzed separately. The ot
commercial, industrial and residential areas.

uming air through special filter paper. The particles
then collected and analyzed. Over the course of a year,
under all kinds of weather conditions.

Samples were taken by wacu
trapped on the filters were
about 1300 samples were taken,

om 28 typical sources of particulate

At the same tin‘ie, samples were collected fr .
s were found in many different combina-

pollution. Twenty-seven different chemical ]
tions in these samples. Each source had a unique combination of chemicals which

could be used to identify the particles from that source - a kind of "fingerprint".
For example, a cement plant emits calcium; so do wood fired boilers, but with other
chemicals that the cement plant does not emit. The characteristic "fingerprint” of
auto exhaust shows a high proportion of lead in relation to other components.

h as needed, and more controls are going to be necessary.







Total Suspended Particulate

Chemical Cor"nbdé;ﬁién )

Volatilizable
Carbon 20.8%

Sultate 6.2%
Nitrate 5.4%

Nonvolatilizabie
Carbon 3.7%

‘ Hydrogen 29%

Chiorine 4.1%

\
S

Unidentified 10.6%

{Annual average at
the Downtown Portland
Sampling Site)

WHAT THE STUDY FOUND

About 40 pertent of the total
suspended particulate poliut-
ion comes from sources outside
the Portland airshed. This
portion of the local atmo-
sphere is often called "back-
ground air". Its sources are
roads, ocean spray, agri-
culture, slash burning,_other
cities, and the buildup of
pollutants we share with the
rest of the world.

Oxygen 19.3%

Silicon 10.7%

When all the data had been
collected, a complex computer
analysis called the "chemical
mass balance” method was de-
veloped to match the source
"fingerprints" with the col-
lected air samples. The study
was unique; no one anywhere
before had so extensively or
completely used these new,
sophisticated techniques to
analyze particulate pollution.

Aluminum 3.6%

Iron 3.5% 4

Calcium 2.3%
Sodium 2,1%

Lead 1.8%

Miscellaneous
Elements 3.0%

Respirable Particulate

Chemical Composition

Volatilizable
Carbon 31.8%

Sulfate 11.0%

Nitrate 7.3%

Oxygen 3.6%

Nonvolatilizable .
Lead 2.8%

Carbon 5.4%
Sodium 1.4%
Hydrogen 4.4% Silicon 1.2%
Unidentified 21.7% Iron 1.0%
Chiori R
orine 3.9% Aluminum 0.9%
Bromine 1.1% - Miscellaneous

Elements 1.8%

{Annual average at
the Downtown Portland
Sampling Site)

Particles can be thought about in two categories: those that are breathed in deeply
by human beings are called respirable, and those that are not are called nonrespir-
able. The resipirable particles are extremely small, less than one micron in size.

(A micron is one thousandth of a millimeter, or .00004 of an inch; a human hair is -
about 60 microns in diameter.) These tiny particles, invisible to the naked eye, are
of the greatest concern because they affect visibility and health. The study showed
that respirable particles accounted for about 31 percent of the total particulate
pollution. Nonrespirable particles are larger and can be filtered or expelled by

the nose and lungs before they do extreme harm.

s~







. | Sources of Total Particulate'*

Annuai Average al the Downtown Partiand Samopting Site
TOTAL SUSPENDED PARTICLES Vegetative Burn 8.5%

Of all the sources of particulate pollu-
tion, dust was the biggest offender, at
55 percent. Vegetative burning contri-
buted 8.5 percent on the average to the
total. Secondary particles are formed -
by reactions of gases like oxides with
nitrogen and sulfur; these accounted for
3.2 percent of the total. The low share
of emissions from industry, only 5 per-
cent, was not surprising, because this
source was relatively well controlled
‘several years before the study was
done.

Volatilizable
Carbon 6.6%

Sulfate 4.1%

Nitrate 4.1%

Soil and Road
Dust 83.7%

Nonvolatiltzable
Carbon 1.9%

Unidentified 7.1%

{NH,, H:0, #i0.)

Primary Industrial 4.6%
Catctum Sources 1.7%
Alyminum Pmduciion 1.35%
Sleel Produciion 0.94%
Fearrmmanganess Pmduclion 0.14%
Hoa Fuel Rollters 0.1%
Sullite Process 0.1%

Sources of Fine Particulate” NN
Annual Average al tha Downlown Portiand Sampling Site Auto Exhaust 6.7% \\ Marine 2.3%

Auto Exhaust 14.3% ' ‘ Residual Oll 0.7%

Vegetative Burn 16.4%

Soil and Road
Dust 10.0%

Sulfate 9.1% Volatilizable
Carbon 14.2%

Nltrate 6.9% Reslidual Oil 1.5%

Nonvolatilizable

Carbon 3.9% FINE (RESPIRABLE) PARTICLES
Primary Industrlal 3.7%
Slael Production 1.4%
Aluminum Pmduciion 0.8%
Sultile Process 0.5%
* Hog Fuel Bollers 0.44% -
Fsromangsnesa Production 0.4%

The pattern was different for particles
) that are respirable. Here, vegetative
Unidentifled 22.4% burning was the largest contributor, at
Marine 3.0% 16.4 percent. Secondary particles fol-
. lowed, with 15.2 percent, then auto
exhaust at 14.3 percent. Industry con-
tributed less than 4 percent. The rest

came from many sources.

The one surprising piece of information was the 16 percent from vegetative burning.
(On a cold winter day, this source accounted for as much as 22 percent of the total.)
Most of this was suspected to be produced by local wood burning stoves and fire-
places. Wood smoke, with its. potentially carcinogenic compounds, had been increasing
with the rising prices of oil and natural gas. Subsequent studies indicate that it
may continue to increase rapidly over the next few years, making attainment of air
quality standards under the Clean Air Act an even more difficult task than first
thought. '

*The figures in the chart rapresent approximations
of test results.






'~ For more information about the Portland Aerosol Characterization Study, the entire
report is available from DEQ's Public Affairs Office. The language of the report
is technical and detailed.

- If you heat with wood, you can find out about more effecient ways to operate your
stove or fireplace. A brochure called "Wood Stoves: Energy Solution or Air
Pollution?" is also available from DEQ.

- For these and other publications, call or write DEQ Public Affairs

522 Southwest Fifth Avenue

Box 1760

Portland, Oregon 57207 :

Phone: 229-6438 ' 3/80
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ABSTRACT

A brief summary of the Portland Aerosol Characterization Study .
(PACS), its methods and principal findings 1s presented. The body of in-
formation presented in this paper is directed to those individuals con-
cerned with the identification of air pollution sources and their regula-
tion. The objectives of the PACS were to determine quantitatively the
contribution of major aerosol source types to the Portland airshed. A
modified chemical mass balance method was used to quantify each source's
contribution. Geological sources such as soil and road dust contributed
about 40% of the TSP on an annual average while vegetative burning and
automotive exhaust sources were the next two largest contributors. Pri-
mary industrial source emissions contributed only 4.9% of the TSP in down-
town Portland. The results of this study are significant, not only for
the information provided about Portland's aerosol but also because of the

methodology developed.
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INTRODUCTION

Portland, Oregon lies at the north end of the Willamette valley
and is almost completely surrounded by mountains and hills. Temperature in-
version frequently occurs trapping pollutants in the valley. The Portland
AQMA frequently exceeds the federal primary standards for total suspended
particulates on both a 24-hour and annual basis despite Portland's moderate
population and pollution emission density. In 1972, Oregon adopted its
Clean Air Act Implementation Plan as required by federal law which set
standards for industrial sources and limited open burning. In 1974, Ore--
gon's Environmental Quality Commuission set interim standards limiting addi-
tional new particulate emissions to the Portland airshed. The consequences
of this limitation to the economic growth of the region were significant.
The inadequacies in the data base upon which this first plan was established
were apparent and a data base improvement project (DBIP) was established to
improve the data base sufficiently to quantitatively assess the impact of
various source types on Portland's air quality. The PACS was one of four
major studies in the DBIP, which also included emission inventory, meteor-
ological data and air quality monitoring improvements. .

Large scale studies examining the nature and sources of urban
aerosols have been conducted in Los Angeles (ACHEX)1, St. Louis (RAPS)Z and
in New York (NYSAS)3. The results of these studies, however, are not gen-
erally applicable to Portland because of specific differences in source
types and meteorological conditions in addition to incompliete source and
ambient chemical data sets. :

The primary objectives of the PACS were to identify the major aero-
sol source types in the Portland AQMA and quantitatively determine their
contribution to particulate levels and visibility degradation. A variation
of the CMB method first established by Friedlander4 was used to quantify
each source's contributions. These earlier studies applied the CMB method
only on limited data sets and their large scale deployment and the extent
of their sensitivity to ambient and source composition errors were never
adequately. established.

““Although these methods have had only limited success in previous
applications, the PACS represents the first time a study was designed from
the beginning to provide all of the essential data required by the CMB method.
In this study, both the fine and coarse particle fractions from 37 sources
representing 95% of the emission inventory in the Portland AQMA were chemi-
cally characterized for 27 chemical species.. Over 2000 individual fine and
total ambient air particulate filter samples collected over a one-year period
where chemically characterized for the same 27 chemical species which ac-

. counted for 90% of the ambient aerosol mass. In addition, the CMB methodo-
logy was extended to include source uncertainties in addition to uncertain-
ties in the ambient aerosol measurements and the validity of this method and
the effective variance least squares method of fitting were verified through
simulation studies. Over 1700 CMBs have been determined with this method and
averages and standard deviations of aerosol source contributions and chemical
compositions for each meteorological regime, flow pattern, season, size range
and site determined. This study has not only characterized Portland's aerosol
and determined its major sources, but has verified the general applicability
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of the CMB methodology to source assessment problems, developed the method-
ology for its routjne application and clearly defined a new environmental
discipline of receptor models. -

This report briefly summarizes the methods used and developed in
this study, presents the most. significant results and briefly discusses
their {leications. :

EXPERIMENTAL METHODS

Chemical Mass Balance Method.

The CMB method is based on the assumption that the mass of the -
material deposited on a filter at a receptor site is a linear combination
of the mass contributed from each of the sources and that mass and chemical
speciation are conserved from the time of emission tq the time it is mea-
sured at a receptor site. If this {is the case, it can be shown that4

Cy = 3; Fij S (1) sigma

C. = concentration of the ith chemical species measured
on an air filter at a receptor site;

fraction of the ith chemical species in the aerosol
J  emitted by the jth source;

S. = fraction of the mass collected at a receptor site
J  contributed by the jth source.

The C; and Fy; components are empirically determined by chemical
analysis of ambient and source air filters and the S; source contributions
determined by an effective variance method of least gquares solution to the
resulting over-determined set of simultaneous gquations. The details of the
method have been described by Watson, et al.5s S

where

-
-
it

Sampling Sites

Six sampling sites were located within the Portland-Vancouver In-.
terstate AQMA as illustrated in Figure 1. Sites 1 and 6 were located in a
rural area about 15 miles from downtown Portland and represent upwind and
downwind background sites. These were used to estimate the flow of pollu-
tants into and out of the AQMA. The objective of these sites was to dis--
tinguish between locally (within the AQMA) generated particles and those
generated outside the AQMA. The results obtained at these sites on days
with clearly defined northerly or southerly wind flows may be reasonable
estimates of the AQMA background air mass. The results obtained on days
during relatively long periods of air stagnation may be significantly im-
pacted not only by the local background site specific sources but also by
a spreading urban plume. '

Site 2 sampled an industrial area, site 3 the downtown Portland
urban core, site 4 an urban-industrial-residential area and site 5 a resi-
dential section of the airshed. Thus, each.important land use element in

:..the airshed was represented.

- Ambient Air Particulate Samplers
The major objective of the sampling and analysis part of the

4
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program was to characterize chemically about 90% of the material deposited
on a standard hi-vol sampler. Air -particulate samples, however, had to be
collected on substrates suitahle both for elemental analysis and carbon
analysis. Four samplers were used to collect simultaneous fine and total
particulate samples at all six sites. These included

‘v a standard.h1-vo1 sampler to collect standard TSP samples
- on glass fiber type A/E filters for mass and carbon analysis;

e 2 hi-vol sampler with a Sierra Model 235 cascade impactor
- head modified to collect an aerosol mass similar to that
collected by the fine particle fraction of a dichotomus

virtual impactor;

e A modified ER & T sequential lo-vol sampler desigﬁed to
collect nearly the same total mass as the hi-vol TSP sampler;

e A modified ER & T sequential lo-vol sampler fitted with a

- cyclone to remove coarse particles greater.than 2 wm - mu
in aerodynamic diameter as determined empirically in the
laboratory. )

Both lo-vol samplers collected particulates on Millipore 1.2 um cellulose
acetate filters. The collection efficiencies of the ER&T total particulate
samplers averaged 83% of the standard hi-vol sampler. The ER&T fine particle
sampler and the after-filter of the high-vol.Sierra impactor collected an

“average of 35% and 39% respectively of the hi-vol total mass concentration.

Source Sampling

Fine and coarse particle samples were collected from 37 sources
{dentified by an emission inventory as potential aerosol contributors. The
basic sampling unit consisted of a virtual impactor of the Lawrence Berkeley"
Laboratory design which was connected to a ball Joint fitting for coupling
to a sampling prope; the entire unit including 2 pump and rotameter was housed
in an {insulated case whose temperature could be varied from ambient to 60°C.

A total of 356 fine and coarse filter samples were obtained for chemical
characterization from the 28 source types listed below

Rock Crusher Natural .Gas.. ° Hog Fuel Boiler

Asphalt Batching Slash Burning Flour Mill

Road Dust Fireplace ' Grain Elevators

Soil ' Wood Stoves Aluminum Production
Automotive Exhaust Carbide Furnace Alumina Handling

Diesel Truck Exhaust Domestic Incineration Steel Foundry

Diesel Train Exhaust Field Burning : Ferromanganese Production
Residual 01} Kraft Recovery Boiler  Carborundum Production

Distillate 011 . Sulfite Recovery Boiler €lass Furnace
. Car Shredder

Ambient Air Sampling Scheme

The PACS sampling program was based on the frequency of occur-
rence of surface wind flow patterns.5 To ensure collection of samples
representing each wind flow regime and type of day with thei{r typical
frequency, it was necessary to sampie for 94 days during the year. A
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32 day subset was selected for intensive:chemical characterization. Samples
were usually collected over a 10-day period each month with time in between
to allow for instrument calibration, maintenance, etc. Selection of days
for intensive chemical analysis was guided by a desire to match the regime
frequency of occurrence, pro.ide a representative sampling of rainy days

and week ends, special impact days on which permits were -issued, three
"worst case" days and the degree of data completeness.

Analytical Methods

Analytical methods used for chemical characterization included ion
chromatography (F, €1, Br, NO3 and SGg), carbon analysis by a volatilization
and flame jonization method’, energy dispersive X-ray fluorescence (A1, Si,
s, c1, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, In, As, Se, Br, Cd, Ba, and Pb),
and neutron activation analysis (A1, Br, C1, Mg, Mn, Na, Ti, V and K).

A significant aspect of the entire analysis scheme was the high level of
quality assurance established for every filter analyzed through intermethod
and interlaboratory comparisons.

RESULTS

Composition of the Ambient Aerosol

The 24-hour annual unstratified arithmetic average chemical compo-
sitions of fine and total aerosol in downtown Portland are schematic- '
ally illustrated in Figure 2. About 90% of the total particulate mass col-
lected on the ERT-TSP sampler has been characterized. The 0, Si, Al and Fe
account for almost 40% of the total particulate mass, but only about 7% of
the fine particle mass. Carbon accounts for 37.2% of the fine particulate
mass. About 30 to 50% of the TSP consists of .fine particles. The upwind
"hackground" 'sites accounted for about 40% of the urban TSP and about 49%
of the urban fine particulate mass.

The average percent composition of the Portland aerosol is com-
pared with thgt predicted on the basis of emission inventory and a typical
urban aerosol® in Table I. The standard deviation of the mean and the aver-
age uncertainty of a single determination is also listed. The composition
of Portland's aerosol 1is, in general, similar to that observed in other urban
areas and quite close to that predicted.on the basis of emission inventories.
The largest differences are in the C1 values where the Portland value is over
an order of magnitude greater than the typical urban value and the emission
inventory NO3 value which is 7.5 times less than measured.

Sources of Portland's Air Particulates

The major sources contributing to the air particulate levels in
downtown Portiand (site 3) are schematically {11ustrated in Figure 3. The
most surprising results relative to what was expected on the basis of the
emission inventory are the relatively low contribution of primary industrial
emissions and the large geological (primarily soil and road dust) and vege-
tative burn contributions. Over 90% of the TSP sampled by the ER&T TSP
sampler has heen explained with primary and secondary sources.

The source contributions to the TSP at the six PACS sampling sites
are summarized in Table II. It is obvious from this comparison that the
percent of source contributions are generally similar at all of the urban
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sites. The largest single source to the TSP at all sites and on "worst .. .
case" days is the geological (primarily soil and road dust) source catagory,
followed by the vegetative burn and automotive exhaust sources.

The geological source category includes soil, road dust, rock
crushers and asphalt production because of their similar chemical and physi-
cal character. It is assumed, though, to be primarily composed of soil or
continental dust plus urban road dust because of their emission inventory
values. This source is characterized by many chemical species and there are
no other source types or combinations which could have produced the elemen-
tal concentrations observed on individual samples. The average 5-6% rela-
tive uncertainty in each urban dust contribution is lower than that for any
other source type. In addition, the geological contribution is substantial-
1y higher in the city than at the background sites, relatively uniform
throughout the urban sites, highest at site 5 where the largest amount of
automotive movement takes place and 80 to 90% of the mass is in the coarse
fraction as would be expected from an urban road dust source. Thus, al-
though the geological source cannot be unequivocally identified as urban
road dust, it is likely the dominant source making up this particutar cate-
gory. . '

The vegetative burn category is the second largest contributor to
the TSP and the largest contributor to the fine particle fraction. This
category includes siash, field and backyard burning and home heating with
wood. It is possibly one of the most significant air pollution sources in
the area, not only because of its magnitude but also because of its fine
pgrtic]e.?ature. poténtial carcinogeni¢ compounds and possible difficulties
of control.

Although there is considerable uncertainty in the relative contri-'

~ butions of the specific source types to the vegetative burn category, the
general order of magnitude of this contri?ution is supported not only by the
CMB results but also by carbon-14 studies O and the lack of other signifi-
cant sources of fine particulate volatilizable carbon. The average urban
vegetative burn concentration is 3-4 times that of the average background
site and 30% of the fine particulate in the residential area, site 5, is
composed of vegetative burn in the winter, while only 7% is in the summer.

. Carbon-14 measurements have shown unequivocally that about half of
the TSP carbon collected in downtown Portland on October 10, 1977, was bio-
genic and presumably due primarily to a slash fire in the Gifford Pinchott
National Forest. Similarly, 100% of the fine particulate mass at background
site 1 and 80% of the fine fraction at site 3 were hiogenic on_the same day,
strongly supporting the large vegetative burn impact in the fall due to
slash burning. Wood heating was also shown to be a significant source of
air pollution by this same method. For example, 62% of the fine particulate
carbon on January 23, 1978 was biogenic and 45% of the TSP in downtown Port-
land was biogenic. This was in the winter period when the only source of
biogenic carbon is expected to be from wood smoke. The vegetative burn con-
tribut}gn on this day accounted for 20-30 pg/m3 of particulate mass at bath.
sites.

The most éignificant source of concern in this category is home
heating with wood which may represent the newest air pollution problem of
the future in Portland and probably many other areas of the country.

The third most abundant contributor to the urban annual average

7
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TSP is leaded automotive exhaust. There can be 1ittle doubt that this
source exists because of its nearly unique Pb and Br contributions and its
dominance in the fine particle fraction. The magnitude of this source was
scaled to a 20% Pb concentration. .

The relatively small contribution of the Primary Industrial cate-
gory was surprising. The largest subgrouping of sources contributing to
this category is the so-called “Ca Sources" which average about 1% through-
out the airshed. The carbide furnace source composition was used for fit-
ting this category of sources. It is, however, about 30% Ca and since {ts
concentration is an order of magnitude greater than the next most abundant
element, Si, it was essentially fitting a pure Ca source to the excess (a.
Its particle size distribution, with over 90% of {ts mass occurring in the

 coarse fraction, and 1ts abundance at other non-industrial sites suggests

that this subgroup is probably made up of other calcium-type sources such
as Portland Cement manufacturing and handling, concrete production, 1ime
manufacturing and handling, general construction, etc.

The steel contribution shows a clear high in {its contribution in
the {ndustrial area, site 2, where such sources are located. In addition,
about half of the source contribution is assigned to the fine particle
fraction and its contribution drops off rapidly as the sampling sites get
farther from the source. :

The secondary aerosol has not been specifically considered. How-
ever, the SOy, NO3, and volatilizable carbon source categories are what is
left after accounting for primary emissions from the identified sources and
may be the result of gas-to-particle conversion reactions.

Only 8% of the TSP 1is unaccounted for by the sources 1isted. This
unidentified category will include such sources as ammonia emitters, water
and miscellaneous small sources 1ike galvanizing operation, etc.

CONCLUSION

, This study represents the first time chemical mass balance methods .
have been applied to a data set specifically designed from the beginning to

provide the data necessary for CMB interpretation methods. The chemical
nature of Portland's aerosol .has been determined and the contribution of
source categories established. The results of this study are significant
not only for the information it has provided about Portland's aerosol,

jts chemical character and its sources, but also because of the methodology
developed.
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FIGURE CAPTIONS

PACS sampling sites (X with large number) and meteorological stations
(0 with small number) in the Portland airshed.

Schematic 11lustration of the chemical composition of fine and total
air particulates in downtown Portland.

Schematic illustration of the sources of the fine and total air parti-
culates in downtown Portland.
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"/ Volatilizable Carbon
(20.8%)

Sulfate
(6.2%)

Nitrote
(5.4%)

Chiorine (4.1%)

Nonvolatilizable Carbon —
(3.7%)

Hydrogen (2.9%)

Calcium (2.3%)
“~ Sodium (2.1%)
Leacd (1.8%)

Unidentified (10.6%) Miscallaneous Elemants {3.0%)
(NHg4, H20, O, N, etc) (F, Mg, K, Ti, V, Cr, Mn, Ni, Cu, Zn, Br)

Volotilizable Carbon
(31.8%)

Sulfate
(11.0%)

Nitrate
(7.3%)

FINE
Nonvolatilizable -Oxygen (3.6%)
Carbon (5.4%) Lead (2.8%)
Sodium (1.4%)
Hydrogen (4.4%) Silicon (1.2%)
Iron (1.0%)

Chiorine (3.9%) (NH4, H20, O, N, 8tc)

Aluminum (0.9%)

Miscelloneous Elements {1.8%)

Bromine {1.1%)
(F, Mg, Ca,Ti,V,Cr,Mn,Ni,Cu,Zn)

F1gurg 2. Chemical Composition of Aerosol in Downtown Portland, Annual Unstrat-
ified Arithmetic Average. Volatilizable and non-volatilizable carbon
are operational definitions which approximately correspond to organic
and elemental carbon respectively. '
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Vegetotive Burn

(14.6%)
‘ Volatilizable Carbon

(8.1%)

Soil and Rood Dust
(329.0%)

TOTAL

Nitrote
4.5%) »

(2.2%)

Unidentified (8.0%)
(NH4, H20, etc)

Auto Exhoust
(9.7%)

‘ ‘ < Primary Industrici (4.9%)
Residual 0il Marine Corbida Furnecs, Ca (2.0%)

Aluminum Production {1.35%)
(O..B%) (3.8%) Steel Production (0.94 %)
Hoq Fuel Boilars (0.22%)
Sulfite Process (0.18%)

_ Auto Exhoust
(15.2%)

Soil and Rood Dust
(4.3%)

Vegeiative Burn
(20.2%)

Suifate
(8.2%)

FINE

, volctilizable Carbon
(13.7 %)

Nitrote
X (5.8%)

Unidentified (21.3%)
{NHg4,H20, atc)

Monvolatilizabie Carbon
(4.0%)

Primary Industriol ({3.0%)

Sigel Production (1.0%) -~
Aluminum Production (0.72%) .
hog Fuel Boilers (0.48%) Moarine
Sulfite Process {0.39%) (3.2%)
Corbide Furnace, Ce (0.8%)

4 ™ Residual Oil
(1.4%)

Figure 3. Aerosol Source in Downtown Portland, Annual Stratified Arithmetic
Average. Does not inciude the 17%, on the average, of material
collected with the standard hi-vol sampler which was not collected .
and characterized with the ERT-TSP sampler. Volatilizable and non-
volatilizable carbon are operational definitions which approximately
correspond to organic and elemental carbon respectively.
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TABLE I

CHEMICAL COMPOSITION OF DOWNTOWN PORTLAND'S AEROSOL
. COMPARED WITH THAT PREDICTED FROM EMISSION INVENTORY AND

A TYPICAL URBAN AEROSOL

(PERCENT. TSP)

79-29.4

Downtown Portland

_ St. Devi- Average
Emission Typical , ation Uncert. of
Chemical Inventory Urban Mean - of Mean Single Det.
ve * 17.2 - 20.8 6.7 2.8
NVC* 7.3 -- 3.7 2.1 0.8
Total € 24.5 26 24.5 - -
NO3 0.72 -- 5.4 2.5 0.4
S0, 8.7 -- 6.2 1.9 0.3
F 0.38 - 0.16 0.14 0.03
Na 2.0 1.3 2.1 2.1 0.08
Mg 1.2 1.3 0.67 - 0.34 0.14
Al 4.2 2.6 3.6 1.4 0.12
Si B.3 6.5 10.7 3.8 0.4
S 2.2 3.2 2.3 0.6 0.1
C1 2.2 0:32 4.1 5.1 - 0.2
K 3.1 1.3 0.75 0.14 0.04
Ca 2.3 3.2 2.3 1.0 0.08
Ti 0.27 0.2 0.30 0.12 0.02
Y 0.10 0.03 0.04 0.02 0.0015
Cr 0.06 0.01 0.05 0.03 0.005
. Mn 0.26 0.06 0.17 0.1 0.008
Fe 2.3 2.6 3.5 1.5 0.13
Ni 0.17 0.02 0.06 0.03 0.004
Cu 0.05 0.2 0.15 0.09 0.006
In 0.20 0.4 0.22 0.10 0.008
Br 1.0 0.2 0.62 0.36 0.02
Pb 2.7 0.77 1.81 0.80 0.07

VC "Vo1at1112ab1e carbon"; NVC:

“Non-volatilizable carbon.

" These are

operational definitions which correspond approximately to organic and ele-
mental carbon respectively.
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TABLE II

79-29.4

COMPARISON OF PERCENT SOURCE CONTRIBUTIONS OBTAINED
FROM PACS-CMB METHODS AND EMISSION INVENTORY
(Total Particulate Fraction, Annual Stratified Arithmetic Average)

Emission .

Percent Contribution

operational definitions which correspon

carbon respectively.

14

Source Inventory Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Geological 26.1 32.7 | 41.8 39.0 46.9 41.7 27.7
“Vegetative Burn" 2.9 9.1 9.4 | 14.6 | 7.7 | 13.3 }-9.2
Automotive Exhaust| 10.8 2.6 4.5 9.7 7. 6.3 3.6
Volatilizable” - :

Carbon -- 12.2 | - 9.3 8.1 11.4 11.0 15.0
Sulfate - ,6.9 5.3 4.6 3.3 3.2 4.3
Nitrate -- 7.3 | 3.7 | 4.5 3.3 4.3 7.9
Marine - 7.5 5.0 3.8 2.0 3.9 7.4
‘Nonvolatilizable* .

Carbon - 4.7 2.9 2.2 3.4 1.4 3.4
Residual 0il 2.1 0.461 0.91 0.83 0.38 0.24 0.16
Primary '

Industrial (34.8) | (5.4)[(10.6) (4.84)] (3.27)] (3.03) (4.24)

. "Ca Sources" 02| 17| o.84f 1.97 | o0.80 | 0.43] 1.12
o Aluminum Pro-
duction 9.8 1.29f 1.4} 1.35 1.17 1.80 1.42
o Steel 1.54 0.18] 2.63 0.94 0.50 0.05 0.15
o Kraft Recovery 2.1 0.03| 4.70 | -- 0.15 0.04 | --
o Sulfite Recovery] 1.7 0.28} 0.24 0.18 0.26 0.31 0.58
o.Hog Fuel Boiler | 11.9 1.77| 0.20 0.22 0.26 0.29 0.56
o Ferromanganese - 0.14] Q.12 0.18 0.13 0.11 0.08
« Carborundum 5.0 -—- 0.06 | == -- - 0.33
. Glass 0.68 | -- 0.37 | -- -- -- --
Unidentified - 114 7.6 7.8 10.6 11.0 171
« Diesel 2.4
..Dist111ate 011 - 1.69
*VC: "Volatilizable carbon"; NVC: "Non-volatilizable carbon." These are

d roughly to organic and elemental
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