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A number of linear programming models purport to minimize the costs of emission 
control to achieve ambient air quality standards. Many of the simulations incorporate the 
simplifying assumption that improvements in ambient air quality are proportional to re- 
ductions in regional emissions. This approach minimizes the cost of mass emission reduc- 
tion, but not the cost to achieve a prescribed ambient air quality. The costs of this emissions 
least-cost strategy are compared to an ambient least-cost strategy which does achieve pre- 
scribed ambient air quality at minimum cost. The cost saving achieved by this strategy 
relative to the emissions least-cost strategy is as much as SOY& In addition, both are com- 
pared to a strategy typical of those currently used by the states, which is found to be as much 
as ten times as expensive as the ambient least-cost strategy. 

I. INTRODUCTION 

Considerable linear programming effort has been devoted to estimating models 
which purport to achieve ambient air quality standards at least cost. Most of this 
effort has focused on two alternative approaches, differing in the structure of the 
constraint relationships. One formulation, termed the ambient least-cost (ALC) model, 
employs individual source marginal control costs and individual emission dispersion 
characteristics to compute the allowable source emissions which will achieve ambient 
air quality standards at least cost. The second formulation, which also uses individual 
source marginal control costs but assumes that a unit emission will have the same 
impact on ambient air quality regardless of source, is called the emission least-cost 
(ELC) model. 

1 This paper was presented at the ORSA/TIMS April 1974 Meetings, and is an abbreviated version 
of an Environmental Protection Agency, Office of Research and Development Report [l]. The 
research underlying the report was performed while both authors were on the staff of the Office of 
Research and Development. This report has been reviewed by EPA and approved for publication. 
Approval does not signify that the contents necessarily reflect the views and policies of the EPA or 
the FEO. 

2The authors wish to thank William D. Watson and other members of the EPA staff for their 
helpful comments. 
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One conclusion resulting from the analysis described below is that the cost of control 
under the ELC strategy is substantially greater than that under the ALC strategy, 
because of the simplifying assumption that all unit emissions have the same impact 
on air quality, regardless of source. This is equivalent to assuming that a given per- 
centage reduction in regional emissions will produce the same percentage improvement 
in ambient air quality. Therefore, the ELC model describes the least-costly control 
strategy to achieve a required reduction in regional mass emissions, but not necessarily 
a required level of ambient air quality. 

A second conclusion of this analysis is that a third air quality control strategy, 
representative of those developed by the states in preparing their State Implementation 
Plans (SIP) [23], is far more costly than either of the least-cost strategies. This result 
holds true over a wide range of air quality, and is the result of ignoring both individual 
marginal control costs and emission dispersion characteristics in developing the SIP 
strategy. 

Although the least-cost solutions developed in this paper do not include area source 
control costs and strategy enforcement costs, and are therefore not true least-cost 
strategies, the relative costs of the three strategies should be basically invariant to their 
inclusion. 

Numerous ALC and ELC air pollution control models have been formulated and 
estimated. Kohn [7-91 employs St Louis data to minimize control costs, while satisfy- 
ing certain production and consumption constraints and ambient air quality standards 
for five pollutants. However, he produces an ELC solution by assuming a linear 
relationship between total regional emissions of each pollutant and regional air quality. 
Seinfeld and Kyan [17] also generate an ELC solution, since individual transfer 
coefficients are omitted during the least-cost optimization, and are only employed to 
map mass emissions into regional ambient air quality after the cost minimization has 
been completed. 

Teller [lS, 19) finds that the ALC solution is considerably cheaper than equi- 
proportional abatement and that abatement only when pollution episodes are forecast 
is much less costly than constant abatement. Norsworthy and Teller [ 14) extend this 
analysis by suggesting an ALC approach in which benefits as well as costs of pollution 
abatement are directly evaluated in the objective function. The model cannot be 
estimated, however, because benefit functions are poorly developed. 

Burton and Sanjour [2] and the CONSAD Research Corporation [3] compare 
three strategies-maximum control for each source, equiproportional control, and 
the ALC solution-over three levels of air quality and indicate that savings from the 
latter strategy are substantial. 

Plotkin and Lewis [15] have followed an approach similar to Teller’s [lg, 193 by 
comparing the SIP, ELC, and ALC strategies for one level of ambient air quality for 
the St. Louis region. 

In a more general systems framework, Russell and Spofford [l6] employ a linear 
programming model to maximize social welfare subject to constraints on levels of 
production and consumption as well as requirements for transport, treatment, and 
discharge of residuals, rather than ambient air and water quality standards. 

Although the estimation of ALC and ELC models is by no means new, this paper 
differs from previous research by comparing cost functions for the ALC, ELC, and 
SIP strategies over a wide range of relevant ambient air quality levels. In so doing, the 
cost implications of enforcing the current SIP strategy or alternatively assuming that 
improvements in ambient air quality can be adequately represented by proportional 
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reductions in regional emissions are quantified. In addition, differences among strate- 
gies in terms of quantity of removed emissions and overall air quality are analyzed. 

II. MODEL FORMULATION 

This study analyzes a model region based on the 27 largest point sources of particu- 
late emissions in the St. Louis Air Quality Control Region (AQCR), accounting for 
approximately 80% of total particulate emissions. 

A. D@rsion Model and Cost Data 

Source-receptor transfer coefficients, employed in the constraint equations to de- 
scribe the emission dispersion characteristics of individual sources, are derived using a 
Gaussian diffusion model developed by Martin and Tikvart [ 131. The meteorological 
input data required for the model are referred to above as pollution dispersion charac- 
teristics.” They include location, stack height, average mixing height, stack exit con- 
ditions, stability wind rose (speed, direction, and stability class), and pollutant decay 
rates. The output consists of a matrix which gives the contribution of each of m 
sources to the predicted annual arithmetic average pollutant ground-level concentra- 
tions at each of IZ receptors. Transfer coefficients, with units of pg,‘mJ1’tonlday, are 
obtained by dividing the concentration at the ith receptor due to the jth source by the 
number of tons emitted by the jth source; the coefficients are written as a matrix. 
(a,,) (i = 1, . .( II; j = I, . . ., m). 

To determine costs three basic types of data are required: source information, re- 
gional information, and control cost data. The first includes important point sources 
identified by Standard Industrial Classification code and source type, All area sources 
were excluded from the present analysis. Point sources include major stationary fuel 
‘combustion plants (primarily industrial and steam-electric power-plant boilers), 
industrial process sources, and solid-waste disposal sources (incineration and open 
burning). All mobile sources and any other sources too small or too numerous to 
categorize as point sources were treated as part of the background. 

Additional required source input data include temperature and volume of the 
effluent gas stream, type and efficiency of existing pollution controls (since new ones 
must be compatible with them), plant operating schedules (to derive device operating 
costs), fuel usage requirements (to determine the applicability and effectiveness of 
fuel substitution), and the maximum process rate (to again determine device 
applicability). 

Regional information consists of data on wage and interest rates, the availability, 
costs, and ash content of fuel, and utility costs. 

Prior to developing control cost data, the applicability of control measures to each 
source was considered. A number of measures (devices and input changes) were 
examined: wet scrubbers (low, medium, and high efficiency); mechanical collectors 
(gravity and centrifugal with low, medium, and high efficiency); electrostatic precipi- 
tators (low, medium, and high efficiency); mist eliminators (low and high velocity); 
fabric filters (low, medium, and high temperature); afterburners (catalytic and direct 
flames, both with and without heat exchanger); and fuel substitution (elimination of 
coal, use of low sulfur coal and fuel oil, or a change of all fuel to natural gas). 

In order to determine the compatiblity of control devices with each source, consider- 
ation must be given to the temperature and volume of the effluent pS stream, type 

” For a more complete discussion see Ref. [ZO]. 
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and efficiency of existing pollution controls, fuel usage requirements, and the maximum 
process rate. A number of restrictions on device usage are built into the model. 
Gravity collectors are too ineffective to be employed, cyclone collectors are not appli- 
cable for control of fuel combustion sources burning fuel oil or gas, electrostatic 
precipitators must be high efficiency with oil or gas fuel sources, and only one of the 
three alternative baghouses may be applied to each source and cannot be used in 
conjunction with wet scrubbers. Other particulate control devices can be utilized with 
few limitations. 

Substantial synergistic effects of particulate control on sulfur oxide (SO,) emissions 
and possible multi-media effects connected with the disposal of particulate matter 
were not considered in this analysis. The first should reduce particulate control costs, 
if part of total cost is allocated to SO, control, while the latter should raise them some- 
what. The net effect is unclear, but particulate control costs would probably decline 
overall. 

The costs of each device are obtained from the Control Technique Documents 
prepared by EPA [22] and are the same for each control strategy. The total annual 
cost includes annualized capital and installation cost (based on a rate of interest and 
rated life of the device), as well as annual operating and maintenance costs. Capital 
costs are principally a function of the source’s size, with installation costs assumed to 
be a given percentage of capital costs. Operating and maintenance costs are based on 
the quantity of power, labor, and fuel used by the control device, and the cost or credit 
for disposal of the collected pollutant. Corrections for reduction in pollutant-collection 
efficiency of control devices over time have also been incorporated. 

A number of costs were ignored, however, in addition to area source control costs. 
These included the administrative costs of enforcing the three control strategies, and 
any unemployment or reduction of output caused by the purchase and operation of 
control devices, as well as any dynamic adjustment in costs. The usage of “cost of 
control” and “least-cost” must be understood in this restricted sense. 

B. The SIP Strategy 

In accordance with the Clean Air Act of 1970, each state has submitted to the Federal 
Government an SIP which describes its basic air pollution control strategy for achiev- 
ing the federally-set ambient air quality standards. The control strategy portion of an 
SIP consists of a listing of emission regulations, sufficient to cover all sources of air 
pollution in a given region, as well as a demonstration that the allowable emission 
levels included in these regulations will achieve the Federal ambient air quality stand- 
ards4 More specifically, an SIP usually consists of a set of three emission standards, 
each of which defines the allowable emission rate for all point sources in a broadly- 
defined category: fuel combustion, industrial process, and solid waste. Typically, plant 
size is the only variable in the function describing allowable emissions within each 
category. Larger plants are allowed greater total emissions in all cases, even though 
some standards require a decrease in emissions per unit of plant input or output as 
plant size increases. Allowable emissions for each SIP control strategy are determined 
by adjusting the level of the standard, e.g., the number of pounds of particulates 
allowed per million Btu heat input, until the resulting air quality, predicted by a 

*The similarity of these plans from state to state is surprising and is probably due to the fact that 
emission regulations developed by a few of the more progressive states were used as models by the 
others. 



Source Standard industrial 
no. classification 

1 2010; Meat packing, boiler 
2 2041; Feed and grain mill 
3 2041; Feed and grain mill 
4 2041; Feed and grain mill 
5 2041; Feed and grain mill 
6 2046; Wet corn milling, boiler 
7 2082; Brewery, boiler 
8 2082; Brewery, boiler 
9 2600; Paper products, boiler 

10 2800; Chemical plant, boiler 
II 28 16; Inorganic pigments, boiler 
12 2819; Inorganic industrial 

13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

chemical plant 
2819; Inorganic Industrial 

chemical plant, boiler 
29 11; Petroleum refinery 
29 11; Petroleum refinery 
2952; Asphalt batching, boiler 
3241; Cement plant, dry process 
3241; Cement plant, dry process 
4911; Powerplant 
4911; Powerplant 
49 I I ; Powerplant 
49 I 1; Powerplant 
49 11; Powerplant 
4911; Powerplant 
49 11; Powerplant 
49 11; Powerplant 
49 I 1; Powerplant 
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TABLE 1 

INPUT DATA FOR SOURCEIS CONTROLLED UNDER ALL STRArtmts 

Precontrol Control cost data 

rate (T/D) First node Second node 

cost Emission 
(S/ton) reduction 

cost 
($/ton) 

Emission 
reduction 

(‘I ) (I,) 

6.25 16.00 75.0 73.75 YY.0 
5.70 16.00 80.0 57.68 99.0 

11.37 I I .oo 75.0 184.25 99.0 
17.15 15.00 75.0 279.00 99.0 

5.09 341.00 52.0 1830.20 99.0 
4.21 19.00 75.0 97.38 99.0 
2.95 13.00 75.0 41.88 99.0 
2.67 600.00 76.0 21 14.02 95.0 

21.22 4.00 75.0 20.50 99.0 
3.42 3wO 75.0 I 172.50 99.0 
7.30 63.00 52.0 79.85 99.0 

6.00 32.00 68.0 I1 1.83 99.0 

10.70 4.00 75.0 32.88 Y9.0 
6.00 128.00 75.0 1064.38 99.0 
4.72 58.00 52.0 72.75 99.0 
2.90 IS.00 75.0 321.77 99.7 
3.28 2.00 75.0 10.25 99.0 
3.68 118.00 97.0 464.50 99.0 
3.72 214.00 93.0 I 138.00 99.0 
7.60 251.00 63.0 311.50 99.0 
5.00 86.00 66.0 173.00 99.0 
5.10 909.00 74.0 3138.65 92.4 

I I .90 75.00 81.0 201.50 99.0 
80.00 5.00 75.0 17.38 99.0 

6.90 104.00 75.0 4469.71 89.2 
32.50 39.00 75.0 96.75 99.0 

5.60 240.00 93.0 1312.50 99.0 

meteorological model or rollback calculation (explained below), is equal to or better 
than the Federal standard. 

For purposes of this study, a representative set of emission regulations suggested in 
the SIP guidelines [23-j has been selected to form the SIP control strategy. The par- 
ticulate standards include a heat input standard for fuel combustion sources (0.30 lb. 
particulate matter/million Btu), a process weight standard for industrial process 
sources (46.72 lb/hr of particulates/million lb/hr process weight), and a refuse- 
charged emission standard for solid waste disposal sources (0.20 lb particulate,1lOO lb 
of refuse charged). 

The type, precontrol emissions rate, and costs of achievable particulate control of 
each of the 27 plants considered in the St. Louis region are listed in Table I. The ap- 
proximate location of each source and the nine receptors for which air quality predic- 
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FIG. 1. Map of receptors and sources for St. Louis region. 

tions are made are shown in Fig. 1. The same control information and source-receptor 
pattern were used for the cost comparisons of all strategies. 

The total cost of applying the SIP strategy to the St. Louis model region was de- 
termined from the cost of control data by reducing particulate emissions to the SIP 
strategy levels for all 27 sources. Remaining emissions from the controlled sources 
were then run through the Gaussian diffusion model which generates ambient ground- 
level concentrations, termed actual or “achieved” air quality, at each of the nine 
receptors. The highest reading was selected for purposes of comparison among strate- 
gies, since Federal standards require that this reading meets the standard. Simulation 
of the ambient air quality resulting from each SIP strategy gives a single point of the 
function relating regional air quality to control cost. In order to generate a functional 
relationship between total regional control costs and various air quality levels, a 
number of SIP strategies were developed by scaling (up and down) the levels of the 
suggested SIP emission regulations. 

Although each state can employ either a diffusion model or a simple rollback model 
to demonstrate the adequacy of its SIP, most elect to use the latter, which is based on 
a linear relationship between regional emissions and air quality. In effect, a given 
percentage improvement in air quality is assumed to require the same percentage re- 
duction in emissions. The rollback technique requires calculating the percentage im- 
provement in air quality (reduction in emissions) necessary to meet the ambient stand- 
ard at the receptor with the worst air quality. This percentage for the ith pollutant, 
Ri, is defined as: 

Ri = j-(&x,x(i) - &td(i))/(&ax(i) - Bbaok(i))l(l~), (1) 



COST-EFFECTIVENESS AIR QUALITY CONTROL. ‘43 I _ 

where 

&,,a,, 2) existing concentration of the ith pollutant at the location having the 
highest measured or estimated concentration in the region, 

Bstc~c,) air quality standard for the ith pollutant, 

&ackcr~ background concentration for the ith pollutant. 

The actual impact on ambient air quality of a given reduction in regional emissions 
will depend on the pattern of individual source control. Since the level of emission 
reduction dictated by the SIPS for an individual plant is generally determined by its 
source category in conjunction with plant size, required regional emission reductions 
may be achieved by strict control of rural sources, such as outlying power plants. In 
this case, ambient air quality in the urban core where concentrations were probably 
initially highest may not be improved by the same percentage as regional emissions 
are reduced. If this occurs, the rollback approach will not achieve the required improve- 
ment in air quality. At the root of the problem is the orientation of the SIP strategy 
which places prime importance on equity, presumably achieved when all sources of a 
specific type and size are treated equally, regardless of individual control costs or 
contribution to the degradation of air quality. 

C. The ELC und ALC Strategies 

A separable linear program is formulated for both the ELC and ALC strategies, 
since control costs are highly nonlinear. 5 Marginal control costs rise rapidly with 
increasing levels of control, appearing to approach a vertical asymptote at complete 
pollutant removal. 

For each of 27 sources, a two-segment piecewise cost function is constructed by 
tracing out the lower bound of the total cost of the particulate control devices tech- 
nologically applicable to each source. The objective function for the ELC and ALC 
strategies employs the marginal costs (equal to the slope) of each source’s piecewise 
segments. Since each separable function is convex to the origin and all constraints are 
linear, the local optimum will be global. To facilitate cost-effectiveness comparisons 
among strategies, costs of control are computed in terms of tons removed per day at 
each source. The corresponding control device can then be determined.6 

The ELC strategy minimizes the total cost of control for all sources subject to a 
set of equations which includes only one air quality constraint representing the greatest 
required improvement in air quality and bookkeeping equations for the special vari- 
ables.7 None of the strategies employs constraints on production activities utilized by 

a All computations were carried out using an IBM MPS/360 separable linear programming pack- 
age [S]. For more details concerning this algorithm see Ref. [4]. 

fi However, a single control device which removes the optimal tonnage may not exist for ail sources. 
A convex combination of two control devices which border the optimal but nonexistent device must 
then be determined. This, however, may introduce technological incompatibility. Far more complex 
and expensive alternatives define variables in terms of specific control devices [9] and utilize integer 
programming [Z]. There are no theoretical differences in total cost and only insignificant computa- 
tional discrepancies between the formulation in Ref. [9] and that employed here, ceferis paribus. 
However, the cost of the present approach may be considerably cheaper than an integer programming 
solution and will form its lower bound. 

7 The reduction in regional emissions required to meet the ambient standard at the eight other 
receptors must be less than that for the receptor with the greatest required improvement in air quality. 

therefore obviating the need to utilize the other constraint equations (see Ref. Cl]). 
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Kohn [7-g]. These constraints insure that a region consumes only the available supply 
of resources and generates no surpluses. A short supply of eastern low-sulfur coal, for 
example, is an important limitation to sulfur oxide control efforts. Resource constraints 
were omitted since particulate control would not impinge on scarce resources to a 
significant degree. If additional control of other pollutants were considered, resource 
constraints would be required. 

The ELC model is expressed as follows: 

minimize 

Z = 2 {CljXljXlj + (5 CkjXkj)X2j} 
j=l k=l 

(2) 

subject to 

a* g (XljXlj + g xkjxzj) 2 b*, 
j=l k=l 

c hkj= 1, j= 1, . ...27, 
k=O 

Xkj 2 0, for each k, j, 

where 
Xkj 2 0, for each k, j, 

and for a given j, no more than two X,i can be positive, and this pair must be adjacent. 
The variables are defined as: 

b* scalar equal to the greatest reduction in particulate concentration &g/m”) 
needed to achieve the standard among the i receptors (i = 1, . . . , 9), 

ckj the marginal cost of control per day for the kth segment (k = 0, 1, 2) of 
the jth source, 

xkj the number of tons of particulate matter which can be removed per day 
from the jth source at corresponding cost ckj, 

a* the scalar transfer coefficient (equal in this model to 0.1214) which relates 
total regional emissions to air quality, computed using the rollback 
technique, 

hkj the special variables (weights) for the xkj, 

Xj the actual tonnage removed per day by the jth source. 

In this formulation, the Ckj and xkj are constants as are a* and b*. The xkj are the 
special variables which determine for each source the convex combination of the total 
cost at the origin, COG Xoj, the node of the first and second segments, clj xii, and the 
point of total achievable pollutant removal, i.e., at the termination of the second 
segment, 

c ckjxkj. 
k=l 
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FIG. 2. Total regional control costs per year as a function of air quality. 

Similarly, the Xki are used to determine the convex combination of 

xoi, Xlj, and c xh.i. 
k=l 

For ckj, xki, and Xki, k = 0 refers to the marginal cost, quantity which can be removed 
(0 tons/day), and applicable special variable (0 5 Xoj 5 1) at the origin. 

It is then easily seen that the ELC constraint, 

k 

embodies the rollback calculation and is therefore only valid when a given percentage 
reduction in mass emissions causes an equivalent percentage improvement in air 
quality. The transfer coefficient, a*, is defined in terms of (Hg,/m3)/(ton/day) as: 

(B,,,,, - Bmc),‘RE, 

where RE is regional emissions/day. The term b* is the maximum required improve- 
ment in ambient air quality measured in pg,/m3 and defined as B,,,:., - B,,,,. Since 

c (XljXlj + c X!J?j) 
j k 

is the amount of regional emissions which must be removed (RER) to satisfy the ELC‘ 
constraint, it can be written as: 

or 
[(Bmx - Bb,,&‘RE](RER) = B,,,, - B>M, 

RER/RE = (B,,, - B&‘(B,,,&X - &a~$ (3) 

Thus, from Eq. (3), the desired result is obtained: the required percentage reduction 
in regional emissions equals the required improvement in regional air quality. 

The ALC model minimizes the total cost of control for all sources subject to nine 
air quality constraints. This strategy utilizes a unique transfer coefficient to map the 
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emissions from each source into air quality at each receptor, while ELC maps mass 
emissions into ambient air quality with a single coefficient. Thus, the ALC strategy 
requires one constraint equation for each receptor, while the ELC strategy employs 
only the constraint corresponding to the receptor with the worst air quality. The ALC 
formulation assumes that the contributions from all sources to the degradation of air 
quality are independent at each receptor and additive in effect. The ALC model is 
expressed as follows: 

minimize 

subject to 

27 > 

z = c lCljXlJlj + (C CkjXkJhj), 
j=l k=l 

(4) 

j=l k=l 

CX,j= 1, j= I,..., 27, 
k=O 

xlij L 0, for each k, j, 

Xki 2 0, for each k, j, 
where 

XljXlj + 2 XkjXti = Xj (j = 1, . . . , 27) 
k==l 

and for a given j, no more than two xkj can be positive, and this pair must be adjacent. 
The variables are defined as: 

bi the reduction in particulate concentration required to achieve the standard 
at the ith receptor (i = 1, . . . , 9), 

ckj the cost coefficients as defined in the ELC model, 
xkj the number of tons which can be removed per day, as defined in the ELC 

model, 
aij the transfer coefficient which relates all emissions from the jth source to 

air quality at the ith receptor, 
hkj the special variables (weights) as defined in the ELC model, 
Xi the actual tonnage removed per day as defined in the ELC model. 

The complete functional relationship between total regional costs and ambient air 
quality was also generated for the ALC and ELC strategies. Since the ALC strategy is 
based on transfer coefficients as well as marginal cost data for each source, output 
from the ALC strategy directly provides a point on the function relating actual or 
achieved air quality to regional control costs. Derivation of this function for the ELC 
strategy requires the additional step of mapping postcontrol ELC emissions by source 
into ambient air quality with the Gaussian diffusion model, and selecting the highest 
air quality reading. For the St. Louis model region, the achieved air quality is never 
better than the predicted, and generally is substantially worse. The predicted level is 
the maximum ambient level which would be achieved at any receptor by reducing mass 
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regional emissions, and presumably particulate concentration, the greatest amount 
required at any receptor to achieve the ambient standard. The equality of achieved 
and predicted air quality at all levels of air quality requires that all transfer coefficients 
are equal. 

Ill. DISCUSSION OF RESULTS 

Figure 2, which contains the principal results of this study, presents total regional 
control costs for the SIP, ELC, and ALC control strategies as a function of air quality. 
The functions for the SIP and ALC strategies relate costs to achieved air quality as 
explained previously. Two ELC curves are presented-one for achieved. and one for 
predicted ambient quality. 

The range of air quality of interest was determined by assuming that controlled 
area sources and remaining point sources, which account for 20% of regional emis- 
sions, contribute approximately 25 pg,‘m3 to the maximum receptor. The Federal 
ambient air quality standards for particulates are stated as geometric averages (75 
and 60 pg, mi), while the results of this paper are stated in terms of annual arithmetic 
averages. Given a standard geometric deviation for the region, it is possible to relate 
these two quantities, although there may be considerable variation from region to 
region. Assuming a moderate standard geometric deviation, the Federal standards 
become 85 and 65 pg/m” annual arithmetic average, primary and secondary, respec- 
tively.” The 60 and 40 pg/m3 concentrations in Fig. 2 correspond roughly to these 
primary and secondary ambient particulate standards when the 25 pg;rn3 increment 
for omitted sources is added. 

The control costs for the SIP strategy in Fig. 2 are seen to be as much as one order- 
of-magnitude larger than those for the ALC strategy. From the primary to the second- 
ary standard, this ratio never drops below six, indicating a very substantial penalty for 
using the SIP strategy. 

The difference between the cost functions for ALC and ELC strategies quantifies the 
importance of including individual dispersion characteristics, since the ALC includes 
this variable plus variations in marginal costs, while the ELC considers only marginal 
costs. Over the 6c-40 pg/m3 range, the ELC requires at least twice the expenditure 
required by the ALC to achieve the same ambient quality level. This result is not 
surprising in view of the fact that source-to-source variations in the magnitudes of 
the transfer coefficients and marginal costs are about the same (each varies by as 
much as a factor of IOO), i.e., these two variables are of roughly equal importance. 
Because it uses the rollback calculation, the ELC achieves results short of predicted 
levels for air quality better than 50 &‘rn”. 

Despite the considerable cost savings of the ALC strategy over the ELC, the latter 
still possesses a substantial cost advantage over the SIP strategy. The ratio of SIP to 
ELC control costs is as high as 6-l at 60 kgirn”, but drops to about 4-3 at the second- 
ary standard. Regardless, a substantial cost differential exists for a wide range of air 
quality. 

An alternative way of looking at control strategy efficiency is to consider air quality 
as a function of tons of pollutant removed as in Fig. 3. Here the assimilative capacities 

8 Based on Larsen [ 121, the annual geometric average of 75 pg/rn” translates into an annual arith- 
metic average of 77 or 96 pg/m3, depending upon whether the standard geometric deviation for the 
region has a very low or a very high value. Annual geometric standards of 75 and 60 pg/m3, assuming 
a moderate standard geometric deviation of 1.50, correspond to arithmetic standards of 85 and 65 
pg/m3, respectively. 
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FIG. 3. Total regional tons removed per day as a function of air quality. 

of landfill sites, as well as the atmosphere, are regarded as scarce resources; the more 
efficient the allocation, the smaller the number of tons which must be removed to 
achieve a given level of ambient air quality. The ALC strategy not only achieves air 
quality goals at minimum cost, but also minimizes the tons of particulate matter to be 
disposed of in landfill or on-site locations. This strategy, therefore, poses the fewest 
inter-media pollutant-transfer problems. From Fig. 3, the ALC strategy achieves an 
ambient air quality of 50 pg/m3 by removing 100 tons/day of particulate matter, while 
both the SIP and ELC strategies must remove almost twice this amount to achieve the 
same result. 

However, by removing far more tons per day than the ALC strategy, ELC does buy 
cleaner air overall. That is, the air quality under ELC not only meets the standard at 
the worst receptor but also is substantially cleaner at most other receptors than ALC, 
which tends to improve air quality to the minimum extent required. The same im- 
provement in air quality is produced by the SIP strategy vis-St-vis ELC and ALC. These 
relationships are illustrated in Fig. 4. 

The cross-sectional profiles of regional air quality shown in this figure are, of course, 
illustrative only. The upper curve shows existing (uncontrolled) air quality, with the 
receptor recording the maximum particulate concentration located in the Central 
Business District (CBD). Implementation of the SIP strategy brings the air quality at 
this receptor down to the level of the standard and, at the same time, improves air 
quality at all other receptors in the region (bottom curve, labeled SIP). The ALC 
strategy also meets the standard, but because maximum use is made of atmospheric 
assimilative capacity, air quality is improved only as much as it needs to be, generating 
the plateau appearance shown in Fig. 4 (dotted line labeled ALC). The ELC strategy 
lies midway between the ALC and SIP (where it has been assumed that this ELC 
strategy achieves the air quality standard). The cross-hatched areas illustrate the incre- 
ments of clean air associated with the higher cost ELC and SIP strategies. Area A 
shows the air quality improvement achieved by moving from ALC to ELC, and area 
B shows the gain from ELC to SIP. As shown above, each of these movements may 
increase costs by a factor of two or more. 

Although the foregoing analysis indicates what to expect as the primary standard 
is attained and the states begin to move toward the secondary standard, the impact 
of area source control costs must be included before a definitive result can be obtained. 
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FIG. 4. Regional air quality as a function of location-cross-sectional view. 

However, it is highly probable that the cost ratios among strategies will basically 
remain unaltered. 

IV. CONCLUSION 

Particulate air pollution control strategies of the type included in the SIP Guidelines 
[23] are 6-10 times as costly as the ALC strategy, and IS-6 times as costly as the ELC 
strategy. The ALC strategy allocates the control burden on the basis of both indi- 
vidual-source marginal control costs and transfer coefficients, derived from individual- 
source pollutant-dispersion characteristics. This strategy produces the minimum-cost 
solution to achieve ambient air quality standards. 

The ELC strategy allocates the control burden only on the basis of marginal control 
costs without considering the impact of individual transfer coefficients. The cost of 
adopting the simplifying assumption that the improvement in regional ambient air 
quality is proportional to reductions in mass emissions is seen to be substantial. Thus, 
the ELC strategy produces the required reduction in regional emissions at minimum 
cost, but only in the trivial case yields the minimum cost to achieve ambient air quality 
standards. In general, the ELC strategy enjoys one-half of the cost savings of the ALC 
strategy over the currently-enforced SIP strategy. 

By including the cost of controlling minor point sources and area sources, which 
comprise 20% of regional emissions, and costs of administration and strategy enforce- 
ment, the advantage of the least-cost strategies over the SIP may be somewhat reduced, 
but the effect should be negligible. Future research should consider synergistic multiple- 
pollutant effects of particulate removal and multi-media effects of particulate disposal. 
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