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This paper examines the applicability of market-based incentives for controlling emissions
of particulate matter from fixed sources, in a developing-country context. It uses Santiago,
Chile as a case study. A linear programming model has been developed to establish the costs
of achieving different air quality targets using marketable permits and command-and-control
Ž . Ž .CAC policies. The main conclusion is that an ambient permit system APS substantially
reduces compliance costs of achieving a given air quality target at each receptor location in
the city. Consequently, the use of permits is warranted. However, spatial differentiation of
permits is required, thus complicating the design and use of such an instrument. Moreover,
the reduction in compliance costs under APS is significantly less when the air quality tar-
gets imposed for each receptor location are the same as those achieved by other CAC
policies.
Q 1996 Academic Press, Inc.

I. INTRODUCTION

The city of Santiago, Chile, like many large cities in developing countries, suffers
critical air pollution problems. In particular, in winter the concentrations of total

Ž .suspended particulates TSP and smaller PM-10 particulates constantly exceed the
established ambient standards. Significant adverse health effects on the city’s 4.8
million inhabitants, associated with the high levels of pollution by TSP, have been

w xestablished 8, 23 .
The city’s policymakers are currently struggling to improve air quality, and they

face the problem of defining the appropriate policies for the different sources
responsible for TSP emissions. There are numerous studies based on simulation
models for the United States, which establish the magnitude of the static efficiency

wgains made possible through the use of marketable permits for fixed sources 1, 5,
x11, 12, 16, 17, 18, 20 . Unfortunately, no such studies are available for a

developing-country context.
Ž .This paper evaluates the use of market-based incentives MBIs and CAC

policies to control TSP emissions from fixed point sources in Santiago.1 Using a
linear programming model, the total costs of achieving a desired air quality
standard have been established for each policy. The first relevant question ad-
dressed is whether the efficiency gains of using MBIs are significant when com-
pared to CACs. If not, given the well known weaknesses in monitoring and

*This paper was developed while doing research at the University of California, Berkeley. I am
grateful to Michael Hanemann, Albert Fishlow, Wade Martin, and two anonymous reviewers for
valuable comments.

1Point sources are sources that emit a gas flow greater than 1000 m3N per hour, through a chimney.
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enforcement typical in developing countries, it may be more efficient to implement
direct regulation policies with which policymakers are more familiar.

A second issue}related to the fact that TSP is one of the most localized
pollutants and that it is very common in developing countries}is whether consid-
ering the spatial dimension is important for cost-effectiveness. If it is, and as a
result spatially differentiated permits are required, both the design and the use of
the system become complicated. These complications, together with inadequate
institutional capacities, may reduce the effectiveness of this instrument in develop-
ing countries.

A third issue, addressed using the model, is to determine where the gains mainly
come from when using MBIs: from cost reductions due to the equalization of
marginal costs of abatement, or from lower required reductions at each receptor
location under the optimal flexible policy. It has been argued that under a
cost-effectiveness approach an ambient permit system allows higher emissions than
under CAC policies, and that the resulting ‘‘overcontrol’’ of emissions associated

w xwith the use of CAC policies are assumed to produce zero benefits 20]22 . This
obviously overstates the cost advantage of an APS policy. However the magnitude

w xof this overstatement has generally not been evaluated, except crudely 20 .
Section II presents the compliance costs of four policies for different reduction

goals. Section III examines how the compliance cost ratios change when an APS
policy is required to meet the same air quality at every receptor location that

Ž . Ž .percentage emission reduction PER and concentration standards STD obtain.
The final section presents the main conclusions.

II. COMPLIANCE COSTS OF IMPROVING AIR QUALITY
UNDER DIFFERENT POLICIES

To examine the abatement costs of TSP emissions from fixed point sources in
Santiago, the city was divided into a 34 = 34 km grid. The grid comprises 289
Ž .2 = 2 km cells which contain the relevant sources of the air pollution problem in
Santiago, as well as most of the exposed population. In this area there is a total of
1441 fixed point sources belonging to 742 establishments. Total TSP emissions in
the city reach 8.9 tonsrday. Figure 1 presents emissions, measured in kilograms per
day, from each cell in the grid. Clearly, polluting sources are clustered in a few
specific zones. The cell with highest emissions is located in the northwestern part
of the city and emits 660 kgrday, 7.4% of the total emitted in the city. Of the 289
cells of the grid, only eight are highly polluting, and the sixteen most polluting cells
emit 63% of total emissions. These emissions spread out smoothly to the rest of the
city. Figure 2 presents the corresponding concentration levels in each cell.

Industrial boilers are the main emission sources, corresponding to 69% of total
emissions, while furnaces account for 15% of the total.2 Heaters are also signifi-

Ž .cant contributors 12% . Finally, a diverse array of industrial processes and
bakeries account for 3 and 1%, respectively. Wood and coal are important fuels for
industrial boilers and heaters and account for over 50% of total emissions in the
city.

2 Furnaces which could clearly be assigned to aluminum, bronze, and copper foundries have been
included in the category ‘‘industrial processes.’’
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Ž .FIG. 1. Current emissions per cell kg per day .

Ž .FIG. 2. Current concentration of particulates per cell in percentage, I8 s 100 .
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The Problem

The regulator’s problem is to obtain the desired air quality in each receptor
Ž . Ž .location at a minimum cost. For the n 1441 polluting sources, K 289 zones in

Žwhich emissions are generated, and the same number of receptor locations say
.localized at the center of each zone , the problem to be solved is

n
i imin c e 1Ž . Ž .Ý

is1

subject to

Q s f e1 , . . . , en 2Ž . Ž .
Q F Q* 3Ž .
ei G 0 i s 1, . . . , n , 4Ž .

i iŽ i.where e is the emissions by source i after the policy is applied; c e is the total
abatement cost for source i from reducing to ei; Q is a vector of ambient

Ž 1 n.concentration standard at the K receptor locations; f e , . . . , e is a natural
systems model relating emission levels by all sources to ambient concentrations at
each receptor; and Q* is a vector of desired ambient concentration levels.

iŽ i. Ž 1 n.To solve this problem, it is necessary to know both c e and f e , . . . , e , i.e.,
how abatement costs relate to different emission levels for each process, and the
natural systems model relating the vector of concentrations at each of the K
receptor locations to emissions from the n sources.

Abatement Costs and Transfer Coefficients

The costs of abatement for each source depends on the control alternatives that
w xare applicable. Based on the literature 2, 21, 22 and expert opinions, two

categories of abatement alternatives were identified for the main processes in
Ž .Santiago: i collection devices such as cyclones, multicyclones, bag filters, and wet

Ž .scrubbers, and ii for some sources, a change of fuel. To estimate the costs of
collection devices, the net discounted cash flow of total capital investments and net
annual operating costs incurred each year over the useful life of the equipment
were estimated. To estimate the present value of switching to cleaner fuels, the
cost of transformation and the cost differential associated with using a different
fuel were estimated. Different sized control devices were costed. As a result,
analytical cost relations were established for each control alternative. These costs

Ž .depend on the size of the source gas flow and hours of operation. Each control
alternative was also assigned an abatement efficiency.

The natural systems model can be substituted in this case by an environmental
‘‘transfer’’ coefficient, a , relating changes in emissions by source i to changes ini k
concentration at receptor k. To obtain these coefficients a simplified ‘‘cell’’
dispersion model, available for Santiago, was used. The wind fields had to be
averaged over the day for this, and meteorological conditions had to be selected
which reflected episode conditions. Twenty two episode days were used and the
corresponding transfer coefficients averaged. As a result, the transfer coefficients
obtained reflect the impact of a unit of emissions on concentration levels in each
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cell of the grid, for negative meteorological conditions. The results, which were
surprising because it was previously thought that the main impacts were in a
different direction, are presented in Appendix 1.

The Policies E¨aluated

With information on emissions, location of each source, costs of abatement for
each individual source, and the transfer coefficients, the overall costs of two MBI
policies and two CAC policies were evaluated. The policies considered for this
exercise were:

Ž . Ž .i The optimal spatially differentiated ambient permit system APS . Under
this policy permits, defined in units of concentration at each receptor, are dis-
tributed so as to achieve the desired air quality goal at each receptor.

Ž . Ž .ii A marketable emission permit system EPS . Under EPS, total allowable
emissions from fixed sources in the airshed are established. Permits, equivalent to
these emissions, are distributed to polluters, who can then buy and sell the permits
from any part of the city on a one-to-one basis.
Ž . Ž .iii An equal percentage emission reduction for all sources PER . All point

sources in the region are required to reduce emissions by an equal percentage of
current daily emissions.

Ž . Ž .iv A uniform concentration standard for all sources STD . All point sources
are required to emit at concentrations lower than a single concentration standard.

To compare the costs of different policies, the most widely used criterion are the
compliance costs, under each policy, of meeting a uniform concentration standard

Ž .at all receptor locations in the city each cell of the grid in this case . Any policy
must at least reach this standard everywhere. This is the success criterion used in
this section. Allowed concentrations ranging from as low as 5% of current concen-

Ž .tration in the cell with highest concentration I8 to as high as 95% were evaluated.

Compliance Costs under Different Policies

Ž .The reductions in allowed concentrations at the worst receptor location s , under
each of the four policies, resulting from different expenditure levels by fixed
sources in Santiago are presented in Fig. 3. A first conclusion from this figure is
that for low values of required abatement there is a win]win situation: some
sources can reduce emissions and obtain net benefits while doing so!3 A fully
operating APS policy would take full advantage of this win]win situation, obtaining
net benefits from reductions of up to 50% of current concentration levels. The

Žexplanation for this is that at current prices, sources using wood and in some cases
. Ž .coal in combustion processes can switch to petroleum-6 and 5 in some cases and

produce the same amount of energy at a lower cost. This lower operating cost
Ž .discounted over 20 years covers the required transformation cost, and the source
actually obtains net benefits.

From the policymaker’s perspective, APS is clearly better than all other policies.
With a total expenditure of only U.S. $20 million, a perfectly functioning APS

3This is not surprising if sources are assumed to be operating inefficiently, i.e., with inadequate
operating andror maintenance practices. However this has been ruled out.
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policy could obtain a reduction of almost 80% in allowed concentrations at the
worst receptor. With the same expenditure EPS would reduce 60%, and PER and
STD would only reduce 46% of concentrations. If the regulator is willing to accept
expenditures of up to U.S. $60 million, then APS reduces allowed concentrations
by almost 95%, and PER and STD by 83%. These are substantial differences which
could imply important cost reductions in emission control for individual sources.

However, from the figure it can be seen that when required reductions are small
}below 35%}the absolute difference between compliance costs is small; i.e., all
policies perform similarly. This results from the fact that required expenditures will
also be small, since sources can install simple and cheap abatement alternatives,
such as cyclones.

A spatially undifferentiated EPS policy performs substantially worse than APS.
EPS requires overcontrol from sources that are not close to binding receptor
locations, making it more costly than APS. However, it performs better than both
PER and STD, in particular for expenditures between U.S. $1 million and U.S. $20
million. For expenditure levels between U.S. $30 million and U.S. $50 million, EPS
and PER perform similarly. In this latter case, in view of the difficulties of setting
up a market for permits, the regulator could choose to implement a CAC policy if
the optimal APS is not feasible. PER and STD policies perform similarly for most
expenditure levels.

Finally, as expected, as required reductions increase, the relative advantage of an
APS policy decreases. For a 60% reduction in concentrations, APS is almost six
times less costly than PER or STD and four times more efficient than EPS. For a
required reduction of 90%, the cost ratio falls to 1.9 for PER, 1.7 for STD, and 1.5
for EPS.

III. COMPLIANCE COSTS WHEN SIMILAR CONCENTRATIONS
ARE IMPOSED

What explains the lower compliance costs of the APS policy, when compared to
w xsuboptimal policies? It is the result of two components 22 . First is the ‘‘equal-

marginal-cost component,’’ which relates to the size of the cost difference due to
the equalization of marginal control costs which occurs under APS and EPS.4 As a
result, sources with low abatement costs are allowed to trade emissions with high
cost sources under both policies, generating a cost advantage with respect to STD
and PER. The second component is the ‘‘degree-of-required-control component.’’
It is derived from the fact that under APS the degree of required emission
reductions are lower than under any of the other policies. As a result, under APS
the allowed concentration limits in the most highly polluted cells are met exactly,
while cells with low original concentrations do not reduce substantially. Cost gains
relative to other policies are obtained in this case at the expense of worse air
quality. This component makes APS more efficient than EPS and reinforces the
advantages obtained by the first component over STD and PER.

Figure 4 presents air quality at each receptor location when a reduction of
Ž .approximately 75% is required. It is clear that while APS results in meeting the

4Strictly speaking, in the absence of marginal costs, the model equates as closely as possible the
average costs of reduction of each technology, for each process in the same zone.
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FIG. 4. Air quality at each receptor location for a 75% reduction requirement under APS, EPS,
Ž .STD, and PER policies percentage of original air quality in I8 .

required restriction almost exactly in many receptor locations, all other policies
imply significantly higher improvements in air quality, especially the STD policy.

To make policies comparable in terms of concentrations achieved at each
Ž .receptor not only the worst ones as in the previous case , the same concentrations

achieved under the CAC policies have been used as goals for APS. This eliminates
the second component as a source of cost advantage for APS and is thus a test of
how important the equal-marginal-cost component is. Tables 1 and 2 present the
resulting cost ratios for selected reductions.5

The results are extremely interesting: cost ratios fall significantly. For example,
from Fig. 3 a 74% reduction in I8 would be four times more costly under PER than
under APS in the original case. However, if corrections are made for air quality,
the cost ratio falls to 1.31; i.e., PER is only 31% more expensive. Similarly, for a

5I am grateful to Professor Thomas Tietenberg for suggesting this exercise.
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TABLE I
Cost Ratios for Selected Reductions Using Air Quality from PER

Policy as Constraint for APS

Percentage Costs under Costs under
reduction in APS policy PER policy Cost ratio

Ž . Ž .cell I8 $ Millions $ Millions PERrAPS

48% 10.6 24.8 2.34
74% 32.3 42.5 1.31
88% 56.5 73.9 1.30

TABLE II
Cost Ratios for Selected Reductions Using Air Quality from STD

Policy as Constraint for APS

Percentage Costs under Costs under
reduction in APS policy STD policy Cost ratio

Ž . Ž .cell I8 $ Millions $ Millions STDrAPS

28% 2.9 4.1 1.41
35% 5.9 7.7 1.32
60% 23.7 28.0 1.18
73% 43.8 50.6 1.15

73% reduction under STD, the cost ratio falls from 3.0 to 1.15. It follows that a
substantial part of the cost advantage obtained from using APS is due to the
degree-of-required-control component.

IV. CONCLUSIONS AND DISCUSSION

The results of this study confirm the cost-effectiveness of using flexible policies
in Santiago, as opposed to uniform command and control policies. A fully operat-
ing ambient permit system would allow substantially higher reductions for the same
expenditure to be achieved, in particular if reductions greater than 35% are
required.

However, the permit system needed must consider the use of spatially differenti-
ated permits; i.e., they should not be traded on a one-to-one basis. If a nondifferen-
tiated EPS system is used, the full cost reduction is not obtained, due to the
localized behavior of TSP. Moreover, EPS is not substantially more cost effective
than CAC policies, even if all trades are consummated. If they are not consum-
mated, EPS can turn out to be more expensive than CAC. This result is extremely
interesting for policymakers in Santiago since the trading rule system that has been
proposed does not consider the use of spatial differentiation. The above discussion
suggests that this would either make the policy costly, if a specific air quality is
desired, or that the target air quality would not be reached.

Significant cost reductions are not obtained under APS for all levels of allowed
concentration reductions. For levels of required abatement of up to 35% the cost
differential between APS and STD is less than U.S. $10 million. Given the
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difficulties associated with the implementation and operation of a marketable
permit system, alternative policies may be used in this case. In particular, using an
STD policy or simply banning the use of wood and coal in processes that can switch
to other fuels are suitable alternatives, because most sources currently using these
fuels would benefit from the switch.

Moreover, breaking the potential cost savings from using MBIs into its two
components gives important insights as to the relative importance of each compo-
nent. After correcting for differentials in air quality, an APS system is still
significantly less costly than CAC policies, however not as much as is suggested
when this correction is not made. This exercise allows one to avoid misleading
exaggerations typical of the earlier literature in this field.

The final assessment of the use of marketable permits requires additional
considerations. Transaction costs, in particular the search costs associated with the
optimal APS policy, can be very high and may thus hamper achieving the cost-ef-
fective result. Moreover, it cannot be assumed that current sources will actually use
the system actively once it is in place. Some important clues point against this
possibility for Santiago. First, many sources currently using wood and coal as fuel
could switch to fuel oil and obtain net benefits from doing so because of the fuel
price differential. However, they have not switched. This suggests that the benefits
of such actions are not a sufficient incentive to make these sources change their

Ž . 6current inefficient behavior. Second, for full cost-effectiveness most trades
would have to be intra-firm due to the small size and number of sources per firm
involved. This increases the transaction costs. Third, cost savings per source in
Santiago will generally be in the tens of thousands, or at best, hundreds of
thousands of dollars. Consequently, the incentives to trade will be low, and it can
be expected that only large sources will actively engage in trading. Finally, judging
by their current practices it would appear that entrepreneurs are not well informed
for taking the most cost-effective actions.

In conclusion, a mix of policies including both banning wood and coal as boiler
fuels, together with a simple trading procedure, would be an appropriate way to
initiate a flexible system in Santiago. Even if few trades take place, this would be
an improvement over the inflexible CAC. Moreover, the incorporation of new
point sources would also be possible without damaging air quality. Both the
regulator and the managers of sources would learn how to take advantage of a
flexible system, on a step-by-step basis. This would strengthen the possibility of
establishing an optimal permit system in the future.

Finally, the results obtained also inform the discussion on the goal-setting
procedure for each source type: mobile sources, exhaust emissions from streets,
fixed point sources, and household emissions. It is straightforward to obtain the
cost per unit of emission-reduction by point sources, for each level of required
reduction, and for each policy. These values can then be compared to the
corresponding unit costs of reducing emissions by the other source types. As a
result, reductions by each source type can be targeted on a more cost-effective
basis.

6 There may also be costs associated with stopping the source in order to make the corresponding
improvements which have not been included in abatement costs. However, considering that most of
these sources are boilers and heaters it is unlikely that stopping them for a short period would be too
expensive for firms.
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APPENDIX 1

Transfer Coefficients for Santiago during Episode Days
Ž .% referred to cell s 100

6.16

5.39 12.71 5.93

5.10 7.93 12.41 20.50 34.96 100.00 14.14 7.13

5.84 8.01 11.18 15.49 20.37 26.88 7.65 5.25

5.06 6.35 7.96 9.90 11.06 11.86 5.83

5.07 5.79 5.94 5.89

Ž .Notes. 1 For an emission of 10 grs for 12 hours for episode days in Santiago,
Ž . 3 Ž .in 1989. 2 100% s 30.9 mgrm . 3 Only values greater than 5% have been

included.
Ž .Level 100 at the center indicates that the maximum impact is on the cell where

the emitter is located, and the other numbers represent the relative influence of
this unit, over the day, on the surrounding cells. The results turned out to be
surprising. The average influence of a unit emitted is stronger toward the south-

Ž .west, whereas it was previously thought based on yearly averages that the major
influence was toward the northeast.
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