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A. Introduction

A. INTRODUCTION

Members of the Task III (Strategic Evalua-
tion) team were responsible for the development
of a methodology to evaluate policies designed
to alleviate air pollution in Mexico City. This
methodology utilizes information from various
reports that examined ways to reduce pollutant
emissions, results from models that calculate the
improvement in air quality due to a reduction
in pollutant emissions, and the opinions of ex-
perts as to the requirements and trade-offs that
areinvolved in developing a program to address
the air pollution problem in Mexico City. The
methodology combines these data to produce
comparisons between different approaches to
improving Mexico City’s air quality. These com-
parisons take into account not only objective fac-
tors such as the air quality improvement or cost
of the different approaches, but also subjective
factors such as public acceptance or political at-
tractiveness of the different approaches. The end
result of the process is a ranking of the different
approaches and, more importantly, the process
provides insights into the implications of imple-
menting a particular approach or policy.

The methodologyv accomplishes the com-
parison by modeling the initial stages of the pro-
cess that occur when a general policy statement
is converted into a specific set of laws, regula-
tions, etc. designed to carry out the stated policy
(Figure A.1). For example, if a government
policy was issued that stated overall air pollu-
tion must be reduced by 50% before the year
2000, the first step toward implementation of the
policy would involve developing a series of regu-
lations, proposed laws, etc. If these measures
were enacted, it would be anticipated that they
would reduce the pollution to the desired level.

The next step in the procedure would involve
sending this package of measures, laws, etc., to
cognizant organizations for review and com-
ment. In actual practice, this would start an it-
erative process where, based on comments, the
package would be modified until the various
groups reached a consensus. Because our task
was to develop a tool that could be used by ap-
propriate officials to determine the implications
of implementing a particular policy rather than
a tool that gives a specific recommendation as
to which options to use, the model does not in-
clude the process of reaching a consensus.

The Task III team used the linear program
(LP) method to model the process of selecting a
group of options to carry out a policy. This grcup
of selected options was then defined as a strat-
egy. The celection process was represented in
the LP method as an optimization problem sub-
ject to a series of constraints. For example, the
LP process would select a group of options that
would minimize some total attribute of the strat-
egy such as total cost, subject to the requirement
that the pollution levels be reduced to a speci-
fied point. This modeled the real life process
where a staff would select a series of measures
to implement a policy based on the cost-effec-
tiveness of each option. The next step in the
methodology was to use decision analysis to
evaluate the policy by examining relevant issues
such as cost, air quality improvement, political
acceptability, technical feasibility, etc. Decision
analysis can be compared to circulating a policy
package for review. The decision analysis frame-
work developed by the Mexico City Air Quality
Research Initiative (MARI) team: evaluates the
policies based on the effect on imports, imple-
mentation requirements, cost distribution be-
tween the various economic sectors, cost, air
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A. Introduction

quality improvement, etc. MARI's decision
analysis framework also involves examining
subjective factors such as political and public
acceptance of a policy, the administrative capa-
bility required to implement the policy, etc. A
full description of the issues or criteria that are
evaluated in the MARI decision analysis appears
in the decision analysis section (Section H).
Strategic evaluation is a mechanism for com-
paring hypothetical policies without requiring
a staff to select measures to implement the
hypothetical policy. This allows a larger num-
ber of policies to be evaluated without the
lengthy and costly procedure of a staff selecting
measures for each policy. The methodology also
provides accountability because all the steps in-
volved use clearly stated rules and procedures.
Thus, the reason a particular result was obtained
can be traced back through the methodology.
This methodology will not, of course, reproduce

exactly the results that would be obtained in a
real life situation, but it does produce a specific
group of options or a strategy that has many of
the same attributes that the measures in an ac-
tual policy implementation would have.

The limiting factor in the application of the
methodology is the lack of complete data, a com-
mon problem in situations where air pollution
problems are being addressed. Sufficient data
do exist to begin the analysis of different ap-
proaches to improving air quality in Mexico City,
but there can be increasing confidence in the re-
sults as better data become available and if in-
formation on additional options is available.
Data from sources other than Mexico City will
also need to be refined for specific Mexico City
conditions. The examples given in this report
are based upon a sample case designed to illus-
trate the methodology.
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B. EVALUATION PROCESS
1. Process Flow

Figure B.1 presents a picture of the informa-
tion flow through the strategic evaluation pro-
cess. The starting point in the process is a list of
options gathered from reports that examine ways
to improve air quality in Mexico City. Associ-
ated with each option is the cost of implementa-
tion and a projected reduction in pollutant emis-
sions obtained from the above mentioned re-
ports. The emission reduction information is
used in the air quality models to determine the
air quality improvement that will result from the
reduction of emissions.

The list of options, associated cost of imple-
mentation, and air quality improvements are uti-
lized by the LP analysis to develop groups of
options or strategies. The choice of options is
based on the formulation of a particular policy
as an optimization problem subject to a series of
constraints. The group of options (defined as a
strategy) selected are specific actions that could
be implemented to carry out a hypothetical
policy.

The strategies are compared with each other
using decision analysis. A decision analysis tree,
which is the structure for proceeding through the
decision analysis process, contains the criteria for
scoring the various strategies with a weight that
is the indicator of the importance of the various
criteria. During the decision analysis process
all factors; technical, economic, environmental,
and social /political are considered in the evalu-
ation. The estimated air quality improvement
from implementing the strategies was calculated
using 3-D air quality analysis codes. Subjective
factors were determined using a panel of experts

from varjous organizations charged with im-
proving air quality in Mexico City. Organiza-
tions represented on this panel include the fol-
lowing: Instituto Mexicano del Petréleo (IMP),
Departmento del Distrito Federal (DDF),
Petréleos Mexicanos (PEMEX), Comision Fed-
eral de Electricidad (CFE), Estado de México
(EdoMex), Secretaria de Desarrollo Social
(SEDESOL), Secretaria de Salud (55A), and Los
Alamos National Laboratory (LANL).

The panel of experts (Table B.1) attended a
series of meetings to develop, refine, and apply
the decision analysis methodology. The initial
meetings generated the decision tree by estab-
lishing the important criteria that should be used
tojudge the various strategies and the weight or
importance that should be assigned to each cri-
teria. Two options were then evaluated using
the established decision tree to test whether
methods to measure the different criteria were
practical and whether the assigned weights re-
flected the consensus of the panel of experts. Af-
ter this test, the panel revised parts of the deci-
sion tree. The panel was used again in the final
analysis to assign values for the various criteria
for the strategies being evaluated.

The end result of the strategic evaluation is
a comparison of strategies that gives the rank of
each strategy and compares the different crite-
ria for each strategy. Thus the strategic evalua-
tion provides insight into the implications for
implementing a particular policy for improving
air quality.

2. Options and Data Collection
The first step in the evaluation process was

to identify as many options for reducing pollut-
ant emissions in Mexico City as possible. These
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B. Evaluation Process

TABLE B.1 List of Personnel that Attended Meeting of Experts

Organ. Name Organ. Name

CFE Fis. Alberto Carlos IMP Ing. José Manuel Olivares
DDF M. en C. Porfirio Aldana Torres IMP M. en C. Bulmaro Valdés .
DDF M. en C. Martha Barbiaux LANL Dr. Gary Thayer

DDF Ing. Francisco Bueno Zirion LANL Ing. R. Wayne Hardie

DDF Ing. Rodolfo Lacy T. PEMEX Ing. Cutberto Azuara Pavén
DDF Srta. Ma. Angélica Mufioz Lépez  PEMEX Ing. Rey Carpio Guerrero
DDF Ing. Hipélito Pérez PEMEX Biol. Mari Cruz Rosas

DDF Lic. Agustin Sanchez Guevara PEMEX Biol. Rosa Ma. Fernandez
DDF Sr. José Antonio Ortega PEMEX Ing. Jestis Gamboa Rodriguez
EDOMEX Lic. Ivico Ahumada Lobo PEMEX Ing. Juan Carlos Garcia G.
EDOMEX Ing. Modesto Ferndndez Gutiérrez  PEMEX Ing. Ignacio Abdiel Garduiio
EDOMEX Ing. Antonieta Martinez Velasco PEMEX Ing. Ana de Gortari

IMP Dr. Adrian Barrera Roldan PEMEX Ing. Artemio Judrez Martinez
IMP Ing. Ignacio Cahue Lopez PEMEX Ing. Héctor Loépez Guerrero
IMP Ing. Angel Cerezo Moreno PEMEX Dr. Luis Macias Chapa

IMP Ing. Fernando Fuentes PEMEX Biol. Laura Moreno Rivera
IMP Ing. Armando Galindo PEMEX Ing. Michelle Mouret Zuazua
IMP Ing. Leopoldo Gémez Diaz PEMEX Ing. Ricardo Torres Villalobos
IMP Ing. Emanuel Gonzalez SEDESOL Arq. René Altamirano

IMP Dr. Francisco Guzman SEDESOL Dra. Cristina Cortinas

IMP Ing. Delfino Guzman Villanueva  SEDESOL Dr. Xavier Garzén Cardenas
IMP Lic. Angel Juarez Garrido SEDESOL Ing. Mariano Montes Gonzélez
IMP Lic. Roberto Lafias Mollinedo SEDESOL Dr. Victor Hugo Paramo

IMP Ing. Abraham de Luna Q. SEDESOL Ing. Gabriel Pérez Zaguilan
IMP Ing. Moisés Magdaleno Molina SEDESOL M. en C. Carlos Sanchez

IMP Arq. Ma. Esther Medel Ortega SEDESOL Lic. Francisco Valadez Morales
IMP Ing. Jorge Pérez Munguia SSA Dr. Bonfilio Mufioz

IMP Ing. Claudio Santos Nufiez

options were obtained from reports from DDF
(PICCA 1990 & AQMP 1991), the World Bank
(World Bank 1992), and the Japanese (JICA 1991).
Also options that were being considered by the
South Coast Air Quality Management District
(SCAQMD) in California U.S. that were appro-
priate for Mexico City were included in the pos-
sible list of options. (See SCAQMD 1989 and 1991
IV-A.) The list of options considered for this
project is listed in Table B.2.

Once a list of the options had been gener-
ated, data on the costs and the emissions reduc-
tions associated with the options were obtained

for as many of the options as possible. Again
the information for the costs and emissions re-
ductions was primarily obtained from the re-
ports that analyzed the various options. Addi-
tional information was obtained from SCAQMD
analyses and consultation with other experts in
the field. The cost data were normalized by cal-
culating an annualized cost for the options. This
consisted of adding the annual operating cost to
the annualized capital cost. The annualized capi-
tal cost was assumed to be the annual payments
necessary to pay back an initial loan equal to the
initial costs for the option. The payback period
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TABLE B.2 Options Identified for Improving Air Quality in Mexico City

OPTIONS FROM PROGRAMA INTEGRAL (PICCA 1990)

Produce gasoline conforming to international standards

Produce low sulfur diesel

Produce low sulfur fuel oil and gasoleo (combination of fuel oil and diesel)

Expand Ruta 100 (Mexico City’s public bus system)

Authorize expanded bus routes

Continue day-without-a-car program

Expand the verification program for gasoline and diesel vehicles

Convert public vehicles and delivery trucks to LP gas and install cataly*ic converters
Retrofit catalytic converters on minibuses

10. Require recent model taxis (newer than 84) and combi’s * (newer than 80)

11. Substitute natural gas for fuel oil in industry

12. Clean and/or relocate the foundries in the Valley of Mexico

13. Improve combustion and install control equipment on small boilers

14. Substitute natural gas for fuel oil in Mexico City and the Mexico Valley power plants
15. Implement a program to reforest Mexico City and the Mexico Valley

WRNDO W

DDF PROGRAMS (AQMP 1991)

16. Remove very obviously polluting cars and prevent them from entering city
17. Reduce electricity production in the Mexico Valley by 30%

18. Prohibit all open burning

19. Limit use of paints and finishes in industries that don’t control vapors

20. Limit operation of closed trash burners to optimum time of day

21. Relocate polluting industries

22. Install vapor recovery systems in filling stations (both storage and delivery)
23. Reduce circulation of official vehicles by 30%

24. Prohibit parking on selected streets

25. Eliminate restrictions on operating hours for some commercial companies
26. Extend the operating hours of Ruta 100

27. Encourage nighttime deliveries

28. Require private enterprises to maintain their fleets

29. Require private enterprises to promote environmental programs with employees
30. Promote the use of bicycles

SOGELERG SUGGESTIONS (AQMP 1991)

31. Coordinate traffic lights to speed flow of traffic

32. Implement information system on traffic conditions

33. Construct and police parking lots next to public transportation stations
34. Improve taxi efficiencies by use of taxi stands

35. Create toll streets and roads for single passenger vehicles

36. Control and increase fees on parking lots

37. Construct Line 8 of the Metro

38. Improve electric transport (trolleys)

39. Improve public transportation image

40. New assessment on the advantages of public transportation

41. Better organization of traffic and parking in the Central Historical District
42. Political support for financial support of public transportation

*Taxis are cars with taxi license plates and generally with distinctive paint schemes. Combis are cars, minivans, vans or
other vehicles licensed to carry fare-paying passengers. The numbers of both are restricted by the government.




B. Evaluation Process

TABLE B.2 Options Identified for Improving Air Quality in Mexico City (Cont.)

SCAQMD OPTIONS

43. Reduce emissions from metal cleaning and degreasing

44. Require radial tires on light duty trucks
45. Reduce emissions from dry cleaning

46. Control emissions from commercial charbroiiing
47. Control emissions from woodworking operations

48. Control emissions from utility equipment (lawn & garden, etc.)

49. Control emissions from large commercial bakeries

50. Control emissions from livestock waste

51. Control fugitive emissions from construction of roads & buildings

ADDITIONAL OPTIONS
52. Use of “feebate” system for taxing new cars
53. Purchase of old polluting cars

54. Continue to require catalytic converters on automobiles

55. Convert gasoline trucks to compressed natural gas (CNG)

56. Require gasoline trucks to conform to 1993 standards

57. Replace gasoline trucks not suitable for conversion to CNG or liquified petroleum gas (LPG)

58. Pave roads

LEVEL 1 EMERGENCY MEASURES
59. Suspend use of 50% of official vehicles

60. Suspend services (public baths, dry cleaning, and painting)

61. Use policemen to speed traffic flow

62. Suspend street maintenance and official construction

63. Suspend asphalt production
64. Promote the non-use of badly polluting autos

LEVEL 2 EMERGENCY MEASURES

65. Suspend activities in non-essential commerce and entertainment

66. Add a second day without a car

67. Suspend all construction and demolition activities and construction material transport

was assumed to be the particular lifetime of the
option. The annualized capital costs were cal-
culated using a real (actual rate minus inflation
rate) interest rate of 5%. Since the annual oper-
ating costs are assumed to be constant and the
annualized capital cost does not consider infla-
tion, the annualized cost given for the options is
the cost per year, in constant dollars, that would
be required to implement an option. This is an
approximate way of determining the costimpact
for the options. However, this approximation is
only used in the screening process to generate a

group of options. Once a group of options has
been considered, the impacts of capital versus
operating costs, economic sector that pays, etc.
are evaluated in the decision analysis segment
of the methodology.

Information in Table B.2 formed the data-
base for the Linear Program and Decision Analy-
sis exercises. We we~e not able to obtain the re-
quired information for all the options because
of a lack of published data or emission informa-
tion. Thus, effort is needed to generate a option
list complete with the associated data (a more
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detailed description of the data collection pro-
cess is given in Section F). Appendix A contains
a summary of the derivations of the cost and
emission reduction information for each option
that had information available. A list of the op-
tions for which we were able to obtain usable
data is given in Table B.3. These options formed
the base we used in the selection and analyses
of strategies.

3. Linear Programming (LP) Analyses

The LP method selects a specific group of
options to represent a policy that could be used
in attacking the air pollution problem in Mexico
City. Theinitial step is to state the policy in terms
of an optimization problem and then decide on
the restrictions that apply in the particular case.
This puts the problem in a form that can be coded
in the LP. In the example presented in the intro-
duction, reduce pollution by 50% before the year
2000, the problem would be formulated subject
to constraints. This would be done by requiring
the LP program to minimize cost by selecting
the least costly set of options. This selection
would be subject to the constraint that the con-
centration for each pollutant be reduced to one-
half of its initial value. This assumes that the data
given for emissions reductions is the amount of
reduction that can be achieved by the year 2000.

The LP allows the user to model many dif-
ferent policies and methods for selecting groups
of options. Factors other than cost could be used
to select the groups of options. For example, the
problem could be formulated to select the op-
tions that would reduce pollution the fastest,
subject to a constraint on the amount of funds
available, or the formulation could select a group
of options that produce the maximum political

attractiveness, again subject to cost constraints.
An example of the equations used to select the
most cost-effective options is shown in
Figure B.2.

The next step is to run the LP using the above
criteria to select a group of options which will
be a potential strategy. In the above example,
we assume that the least costly set of options
would represent the package of measures, pro-
posed laws, etc., that would be developed by a
staff charged with implementing the proposed
policy. We assume for this case that the staff
starts by selecting those measures that are the
most cost-effective and continues down the list
until the desired reduction in pollutants is
achieved. If the staff decided to preferentially
reduce emissions from industrial sources, this
could also be modeled using the LP and a differ-
ent strategy or set of options would be obtained
that would model this bias.

We have assumed in the modeling of these
various policies that the options can be ranked
according to their cost-effectiveness in reducing
ozone levels in Mexico City. A cost-optimized
policy is modeled by selecting the options start-
ing with the most cost-effective option and pro-
ceeding to options with larger cost/benefit ra-
tios until the group of options will succeed in
reducing the pollution to a specified level. The
effectiveness of each option or the amount each
option would improve the air quality was esti-
mated assuming that it was part of a total pack-
age that was implemented. This is especially
important for examining ozone effects because
ozone reductions are not linear with respect to
emissions reductions. If the reduction in ozone
was calculated simply for a single option, the
effect would probably be very small. However,
when the option is part of a total package to
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TABLE B.3 Options where Enough Data were Available for Timely Consideration in this Project

PRESENT OPTIONS FROM PICCA 1990

1. Produce gasoline conforming to international standards

2. Produce low sulfur diesel

3. Produce low sulfur fuel oil and gasoleo

4. Expand Ruta 100

5. Authorize expanded bus routes

7. Expand the verification program for gasoline and diesel vehicles

8. Conuvert public vehicles and delivery trucks to LP gas and install catalytic converters
9. Retrofit catalytic converters on minibuses

10. Require recent model taxis (newer than 84) and combi’s (newer than 80)

11. Substitute natural gas for fuel oil in industry

12. Clean and/or relocate the foundries in the Valley of Mexico

13. Improve combustion and install control equipment on small boilers

14. Substitute natural gas for fuel oil in Mexico City and the Mexico Valley power plants
15. Implement a program to reforest Mexico City and the Mexico Valley

DDF PROGRAMS

16. Remove very obviously polluting cars and prevent them from entering city
17. Prohibit all open burning

18. Limit use of paints and finishes in industries that don’t control vapors

19. Limit operation of closed trash burners to optimum time of day

20. Install vapor recovery systems in filling stations (both storage and delivery)

21. Reduce circulation of official vehicles by 30%

SOGELERG SUGGESTIONS

31. Coordinate traffic lights to speed flow of traffic

32. Implement information system on traffic conditions

33. Construct and police parking lots next to public transportation stations
34. Improve taxi efficiencies by use of taxi stands

35. Create toll streets and roads for single passenger vehicles

36. Control and increase fees on parking lots

37. Construct Line 8 of the Metro

38. Improve electric transport (trolleys)

41. Better organization of traffic and parking in the Central Historical District

SCAQMD OPTIONS
43. Reduce emissions from metal cleaning and degreasing
45. Reduce emissions from dry cleaning

ADDITIONAL OPTIONS

53. Purchase and scrap old, polluting cars

54. Continue to require catalytic converters on automobiles

55. Convert gasoline trucks to CNG

56. Require gasoline trucks to conform to 1993 standards

57. Replace gasoline trucks not suitable for conversion to CNG or LPG
58. Pave roads

Options analyzed in detail by IMP

10
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Minimize:

=1

2. NisC;

All Options

Subject to:
i=1

Z Ni*Eij > ui

All Options

For all poliutants j

Where:

N;is 0 or 1 depending on whether the option is implemented,
C; is the cost of implementing an option,

Eij is the air quality improvement for pollutant j for each option
(in % of maximum value), and

K is the total air quality improvement desired for pollutant j

(in % of maximum value).
For the example this would be set to 50%.

Figure B.2. An example of the equations used in the LP method. This
example is for the case where the LP is used to select the most cost-
effective group of options to achieve a specified improvement in air

quality.

reduce emissions, its contributions to the reduc-
tion in ozone are much greater. Spatial effects of
emissions are also not taken into account in the
LP model; therefore, once the total emissions are
obtained for each strategy, a detailed calculation,
taking into account total emissions reductions
and spatial effects, is run to obtain a better esti-
mate of the improvement of the air quality that
would be achieved if a particular policy were
followed.

For a policy that stresses reduction of a par-
ticular source of emissions, such as industrial or
mobile sources, the options that represented mo-
bile or industrial sources can be weighted to
make them appear more cost-effective depend-
ing on which source is being emphasized. The
weighting factor for the sample case of empha-
sizing industrial sources was to decrease the an-
nual cost of the options related to reducing in-
dustrial emissions by one-half. The LP program

11
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was then used to select a strategy consisting of
the most cost-effective way to reduce pollution
to a selected level using the appropriate
weighted rankings. The expected emissions re-
ductions were calculated for each strategy and
the annual cost (using the non-weighted annual
cost figures) was determined for each strategy.
The expected emissions reductions, along with
their spatial effects, were then used as input to
the air quality models, and an estimate of the air
quality improvement for each strategy was ob-
tained. These sets of options or strategies formed
the basis for the analysis to be performed using
decision analysis.

4. Decision Theory

In the example given in the introduction, the
decision analysis process is equivalent to send-
ing the package of measures, etc., out for review
and comrment by various organizations. The de-
cision analysis uses a set of criteria that include
all the important aspects that should be consid-
ered to conduct an evaluation of the policy.
These criteria include items such as the political
acceptance of a strategy, effects on import of
goods, public acceptance, etc. The criteria are
arranged into a decision tree (Figure B.3) and
each criteria is given weights. Individual scores
(from O to 1) for each criteria and for each strat-
egy are assigned using a utility function. The
utility functions are described in more detail in
Section H. Because some criteria are more im-
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portant than others, each criteria is assigned a
weight, denoting its individual importance. This
weight is multiplied times the score from the
utility function to obtain a weighted score for
each criteria and strategy. The weighted scores
of the criteria are then combined to obtain a
figure of merit (FOM) for each strategy (see Sec-
tion H.3). The figures of merit for the strategies
can then be compared, considering all important
aspects, to determine which strategy is optimum.

The decision tree that was used in the analy-
sis of the strategies was set up by a panel of ex-
perts from the various organizations that had re-
sponsibility for policy on improving air quality
in Mexico City. The organizations that partici-
pated in the panel of experts are listed in Table
B.1 and more detail on the process is presented
in Section H.2.

In general, the most important result from
using decision theory is not the final FOM num-
ber, but that each strategy has been evaluated in
a consistent manner and that all important fac-
tors, as represented by the decision tree, have
been taken into account for each option. The
results of the decision analysis can also be used
to explain why one strategy is preferred over
another. The strategy score for each criterion
gives an indication of the strengths and weak-
nesses of each strategy. Thus, applying the de-
cision theory provides insight into what is in-
volved if a particular strategy is implemented
o1 a if a particular approach to improving air
quality is followed.
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C. Emissions Data

C. EMISSIONS DATA
1. Base Case Emissions Data

The same database described in Section
D.4.d. of Volume III was used for the source da-
tabase information.

2. Modifications of Source Database

The emissions database was modified to re-
flect the total impact of a strategy on the reduc-
tions of emissions for Mexico City. The spatial
effects of the emissions reductions were also in-
cluded. Simulations with these reduced emis-
sions made using the various three-dimensional
models. These simulations provide an estimate
of the air quality improvement that would have
been obtained if that strategy had been imple-
mented.

The emissions reductions only included a re-
duction in the total emissions of a pollutant, not
in the characteristics of the pollutant. Thus,
when hydrocarbons were reduced, total hydro-
carbon emissions were reduced taking into ac-
count spatial effects, but the changes in the hy-
drocarbon species being emitted were not con-
sidered, except that two different mixtures of
hydrocarbons were in the emissions database,
one for mobile sources and the other for fixed
sources. As mobile emissions were reduced, the
hydrocarbon species represented by mobile
sources would be preferentially reduced, and the
same would be true for the total fixed sources.

The emissions database was divided into a
number of categories for mobile sources and
fixed sources. Therefore, the emissions reduc-
tions were apportioned to these categories.
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Where it was possible, spatial effects other than
those incorporated in the division of the emis-
sions database into mobile and fixed sources
were considered. Thus, if an option would re-
duce traffic preferentially in one part of Mexico
City, this was taken into account by changing the
spatial distribution of the appropriate mobile
sources in the database. Similarly, if emissions
reductions from a particular industry were
being considered, an attempt was made to de-
termine the sections of the city where that in-
dustry was concentrated and the emissions re-
ductions were concentrated in those areas. Oc-
casionally the database emissions from a sector
were not large enough to account for all the emis-
sions reductions estimated for that sector. In that
case, the emissions of a particular pollutant in
the sector were reduced to zero and the remain-
ing emissions reductions applied arbitrarily to
adjacent sectors.

When the emissions reductions from all the
options were summed, the total possible emis-
sions reductions are obtained. These total pos-
sible emissions reductions for each component
of the emissions database are given in Table C.1
and C.2. The possible emissions reductions for
some pollutants for some of the components are
larger than the total estimated emissions for
those pollutants because of two reasons. The first
is that the emissions reductions were obtained
from a number of different emission databases
and these databases had a different base case
than what was used in this project. Secondly,
there is some double counting of emissions re-
ductions when the reduction from all the options
are summed. This double counting is subse-
quently eliminated by the LP.




C. Emissions Data

TABLE C.1 Percent of Total Emissions Removed by Implementing
All Options, Separated into Emission Database Categories

CO HC NOy Part SO,

Mobile 1 49% 21% 10% 2% 2%
Mobile 2 14% 6% 3% 0% 1%
Mobile 3 8% 3% 1% 0% 0%
Mobile 4 2% 1% 0% 0% 0%
Mobile 5 1% 1% 0% 0% 0%
Mobile 6 0% 0% 0% 0% 0%
Mobile 7 0% 0% 0% 0% 0%
Mobile 8 0% 0% 0% 0% 0%
Mobile 9 0% 0% 0% 0% 0%
Mobile 10 34% 14% 10% 1% 2%
Mobile 11 0% 0% 0% 0% 0%
Mobile 12 0% 0% 0% 0% 0%
Mobile 13 0% 0% 0% 0% 0%
All Mobile 108% 45% 25% % 4%
Stationary 1 0% 0% 5% 1% 44%
Stationary 2 0% 0% 1% 0% 1%
Stationary 3 0% 0% 0% 1% 0%
Stationary 4 1% 1% 0% 2% 0%
Stationary 5 0% 5% 0% 0% 0%
Stationary 6 0% 0% 2% 11% 55%
Stationary 7 0% 3% 0% 69% 0%
Stationary 8 0% 0% 0% 0% 0%
Stationary 9 0% 0% 0% 0% 0%
All Stationary 1% 9% 7% 84% 100%
Total for all Options 109% 54% 33% 88% 104%

15
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TABLE C.2 Fraction of the Emissions for Each Emission

Category Removed by Implementing All Options

cO HC NO, Part SO,
Mobile 1 110% 86% 46% 139% 104%
Mobile 2 137% 102% 63% 154% 153%
Mobile 3 91% 68% 24% 107% 57%
Mobile 4 91% 68% 24% 107% 57%
Mobile 5 52% 45% 18% 193% 34%
Mobile 6 0% 0% 0% 0% 0%
Mobile 7 52% 45% 18% 193% 34%
Mobile 8 17% 12% 2% 84% 0%
Mobile 9 17% 12% 2% 84% 0%
Mobile 10 130% 118% 111% 239% 113%
Mobhile 11 1% 0% 1% 85% 12%
Mobile 12 0% 0% 0% 84% 0%
Mobile 13 0% 0% 0% 84% 0%
Total Mobile 113% 87% 35% 139% 31%
Stationary 1 0% 0% 37% 86% 112%
Stationary 2 0% 0% 24% 84% 47%
Stationary 3 30% 44% 31% 120% 0%
Stationary 4 30% 44% 31% 120% 0%
Stationary 5 0% 39% 0% 84% 0%
Stationary 6 11% 0% 17% 89% 123%
Stationary 7 0% 25% 37% 86% 112%
Stationary 8 0% 0% 0% 84% 0%
Stationary 9 0% 0% 0% 84% 0%
Total Stationary 20% 19% 26% 87% 116%
Total 109% 54% 33% 88% 104%




D. Calculation of the IMECA Values

D. CALCULATION OF THE
INDICE METROPOLITANO D&
CALIDAD DEL AIRE (IMECA)
VALUES

1. Background

The IMECA was established in Mexico City
to provide a consistent, easily understood
method for reporting air pollution. Values for
the IMECA are reported by the city for six pol-
lutants: ozone, CO, NO,, SO,, and particulates
(both total particles and particles under 10
microns). In all cases, an IMECA value of 100 is
the standard established in Mexico City for the
particular pollutant. The IMECA value is calcu-
lated from the values of pollutant concentration
measured by the automatic pollutant measuring
network of 26 sites established in Mexico City.
The IMECA value reported in Mexico City is a
peak value figure and represents the maximum
value for one day and each sector for the index.
For reporting purposes, Mexico City is divided
into five sectors: central northwest, northeast,
southeast, and southwest (Figure D.1).

2. Calculation of IMECA Values

Calculations of IMECA values greater than
100 compensate for the differences in toxicity of
the various pollutants at concentrations higher
than the standard. This compensation is accom-
plished using curves that have two linear sec-
tions, one from 0 to 100 and the other for IM-
ECA values greater than 100.

The standards for the pollutants are time av-
erages and each pollutant has a different time
interval for the average. The definition of the
IMECA values also takes into account the time

interval for averaging the concentration. It was
not clear from the information obtained for the
calculation of the IMECA values exactly how the
index is calculated in practice, and attempts to
duplicate the calculation of the IMECA values
from the record of the pollutant concentrations
were not entirely successful. In this project,
where IMECA values were calculated for com-
paring model results, the “official” method for
calculating the IMECA values was used. The
method used for the calculation of the IMECA
or this project is given in Table D.1.

The reported IMECA values are grouped
into five sectors, and the reported values repre-
sent the maximum value for each sector. The
exact grouping of the monitoring sites into sec-
tors, used in the reporting of the IMECA values,
was never clear. Attempts to reproduce the re-
ported IMECA values using the measurements
from the stations were not successful. The group-
ing of monitoring sites into sectors that was used
in this report for reporting purposes is given in
Table D.2.

3. Use of the Calculated IMECA Values

The IMECA calculations were used in this
project to compare the results of the base case
model calculations with the emission reduction
calculations. Therefore, even though we were
not able to consistently reproduce the reported
IMECA values using the reported measurements
from the monitoring network, the IMECA
values, used in comparing the model results for
the base case with the strategies were calculated
using a consistent method. Also, the method
used in this project corresponds to the “official”
method as defined by the organizations respon-
sible for reporting IMECA values.

17
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Figure D.1. The division of Mexico City into five sectors for
the purpose of public reporting of air quality information.

The reported air quality index values would be the maximum
value recorded at any monitoring station in each sector.

18



D. Calculation of the IMECA Values

TABLE D.1 Methods of Calculating IMECA Values for the Pollutants

Time Interval and

Determination
of Maximum Concentration
Pollutant IMECA Values Interval Equation
Particulates (Pst)  Average over 24 hours 0-275 ug/M3 IMECA = 0.36363636*C(Pst)
1900 to 1800 next day 275-1000 ug/M3>  IMECA = .55172413*C(Pst) - 51.72413
SO, Average over 24 hours 0-0.13 PPM IMECA = 769.230769*C(CO,)
1900 to 1800 next day 0.13-1 PPM IMECA = 459.770114*C
(SO,) + 40.22989
CcO Maximum of 3 daily 0-13 PPM IMECA = 7.69230768*C(CO)
8 hour averages 13-50 PPM IMECA = 10.8108108*C(CO) - 40.5405
1900 to 200
300 to 1000
1000 to 1800
NO, Maximum 1 hour Average = 0-0.21 PPM IMECA = 476.190476*C(NO,)
from 1900 to 1800 0.21-2 PPM IMECA = 223.463687*C
(NO,) + 53.07264
O, Maximum 1 hour Average  0-0.11 PPM IMECA = 909.090909*C(O;) + 5
from 1900 to 1800 0.11-0.6 PPM IMECA = 816.326350*C(O;) + 10.20409

*Where: C(x) is the concentration of the pollutant averaged as indicated.
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TABLE D.2 Sector Grouping of Monitoring Stations

Station Name Letter Designation Sector
CUITLAHUAC A NORTHWEST
TACUBA B NORTHWEST
AZCAPOTZALCO C NORTHWEST
IMP D NORTHWEST
VALLEJO E NORTHWEST
TLALNEPANTLA F NORTHWEST
ACATLAN G NORTHWEST
LA PRESA H NORTHEAST
LA VILLA J NORTHEAST
ARAGON K NORTHEAST
XALOSTOC L NORTHEAST
LOS LAURELES M NORTHEAST
SAN AGUSTIN N NORTHEAST
NEZAHUALCOYOTL o) NORTHEAST
IZTAPALAPA P SOUTHEAST
C. ESTRELLA Q SOUTHEAST
TAXQUENA R SOUTHEAST
SANTA URSULA S SOUTHWEST
PEDREGAL T SOUTHWEST
PLATEROS U SOUTHWEST
INSURGENTES A" CENTRAL
BENITO JUAREZ w CENTRAL
MERCED X CENTRAL
HANGARES Y CENTRAL
LAGUNILLA zZ CENTRAL




E. Pollutant Weighting Factors

E. POLLUTANT WEIGHTING
FACTORS

The decision analysis tree (Section H.3) re-
quires a way to compare the behavior of differ-
ent pollutants. A method was designed to as-
sign weighting factors to the atmospheric pol-
lutants. Only four pollutants were considered in
this study because of a lack of information on
others and because these are the pollutants that
are of most interest for Mexico City at the present
time. The four pollutants considered were ozone,
carbon monoxide, nitrogen dioxide and sulfur
dioxide. Although particulates and hydrocar-
bons were not included in the analyses, the re-
sults of this work do provide a necessary method
for assigning weighting factors.

The method considers four characteristics of
the pollutants and their statistics: health effects
(IMECA), frequency above the Mexican stan-
dards, intensity above the Mexican standards,
and trends. In order to take health effects into

account, we used the definition of the IMECA
value for all the statistical handling of data. The
IMECA value definition is based on international
standards that were defined in terms of health
effects produced by pollutants.

The frequency above the Mexican standard
for each pollutant was defined as:

#of days above the standard in the year considered
365 days

and the numbers obtained were normalized with
respect to the smallest one.

Intensity above the Mexican standard for
each pollutant was defined as:

The absolute maximum in the year considered

And once again the numbers obtained were nor-
malized with respect to the smallest one.

The trends for each pollutant are defined in
Figure E.1, using the following formula:

150
< 4304
o 130
uEJ 4
a 110'] — 0,
-l
g
=
=
<
<

1986
1987
1988 -

1989 _l
1990 -
1991

Figure E.1. The trend of the pollutant levels in Mexico City using an
Annual Average IMECA value as an indicator of the pollution levels

that existed for the year.
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i
1 i [AVE. - AVE, ]
i -1

i-iy-1 =,

where

i is the latest year,

iy is the second oldest year, and

AVE,; is the IMECA value annual average
for the i-year.

For the calculation we considered the period
1986 - 1991 because that was the period for which
data were available.

Finally the numbers obtained were normal-
ized with respect to the smallest one, and the
weighting factors for each of the four pollutants
considered for the Valley of Mexico were ob-
tained (Figure E.2).

The weighting factors for each pollutant in
the Mexico City Metropolitan Area (MCMA)
were obtained as the average of the three criteria:

* Frequency above the Mexican standards,
e Intensity above the Mexican standards, and
* Trends.

For each of the five sectors defined by the
IMECA a weighting factor was defined. The
weighting factor for a sector was defined as the
sum of the non-normalized pollutant weighting
factors for that zone (Figure E.3).

OZONE 29.0
o ] Co 7.7
E NO, 1.3
o 20 S0, 1.0
<<
.
]
<
= 10-
-
o
=
o wd
OZONE co NO, SO,
POLLUTANT

Figure E.2. The weighting factors for four pollutants. These
weighting factors give the relative importance for Mexico
City of controlling each particular pollutant.
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WEIGHTING FACTOR

CENT. NE NW SE SW
SECTORS

Figure E.3. The weighting factor for the five sectors in Mexico City.
These factors give the relative importance of controlling pollution

in the different sectors of Mexico City.

WEIGHTING
FACTOR
VALUES

CENTRAL 1.35
NE 1.00
NW 1.49
SE 1.32
SwW 1.39
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F. OPTIONS DATA
1. Options Considered

The list of options that were considered in
this project previously appeared in Table B.3.
The team attempted to use as many sources of
information as possible in selecting the options.
The options were chosen so that control mea-
sures for the different types of pollutant emit-
ters were represented. Thus, options appear for:

e reformulating or changing fuels for fixed in-
dustrial installations,

e controlling emissions from industrial com-
bustion sources,

controlling evaporative emissions,

controlling vehicular emissions,

reduction of vehicular traffic, and

controlling particulate emissions.

Not all the options were considered in the
development of strategies. There were a num-
ber of reasons for this. Some of the options were
completely implemented during the lifetime of
the project and therefore no longer needed be
considered. For other options, data were not
available on the cost or emissions reductions that
would be realized if the option were imple-
mented. This is especially true of the options
that promoted alternatives to automobile travel,
for example, promotion of the metro. These op-
tions were considered to be general suggestions
and no analysis was done to compare the ex-
pected pollution reduction results versus the
amount of money spent on the promotion.
Another class of options that was not considered
in the final LI’ analysis was options that involved
changing the time of emissions to a more favor-
able part of the day when their impact would be
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less significant. Obtaining any information on
the effects of implementing these options would
have required extensive analysis using the 3-D
codes that were not available early enough in
the project to perform the calculations. A study
of the effect of varying the time of emissions
would be a useful additional study for Mexico
City.

Sometimes there were several ways an op-
tion could be implemented. For example in the
reduction of emissions from degreasing opera-
tions, changes could be made to the system used
to degrease parts, or a recycling program could
be established for the solvent. In these cases, the
Task III team tried to pick a reasonable program
to address specific Mexico City conditions and
emissions problems. The process of choosing
what should be done to reduce a particular emis-
sion ideally involves trade-offs and dialogue
between the government and the population that
will be impacted by the regulations designed to
reduce the emissions. Thus, the options list
should contain options that have emerged
successfully from a review in Mexico City.
However, consensus is a lengthy process and as
a practical matter, an option list will usually con-
tain options that are more speculative.

The options that are used in the analysis
should be practical to implement. Having an op-
tion on the list that is impractical for any reason
would cause considerable problems because it
would cause a whole strategy (which consists of
a number of options) to be eliminated simply be-
cause of the one option. Therefore, it remains
with the cognizant authorities to assure that only
options that are practical and possible to imple-
ment appear on the options list. Once a strategy
is formed the summation of all the effects of a
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strategy may mean that the strategy becomes
impractical. For example, it may be entirely
practical for one option to reduce traffic in
Mexico City by 10%, but if a strategy includes
eight options, ea :h of which is designed to re-
duce traffic by 10%, the 80% reduction in traffic
_proposed by the strategy may not be practical
or politically acceptable. This is one reason for
examining a strategy as a whole, rather than
viewing the individual options.

The option data that were used for analysis
appears in Appendix A.

2. Sources for Option Data

The primary sources for options and their
data on costs and emissions reductions data
were existing reports that examined ways of re-
ducing the emissions of pollutants in Mexico
City. A number of comprehensive studies on
options to improve air quality in Mexico City
have been issued. The data supplied by these
reports were used in the analysis, resulting in
considerable time and cost savings by not hav-
ing MARI “reinvent the wheel” and by being
able to leverage the excellent work that had al-
ready been done. Reports reviewed for options
to be included in the option's list were from the
DDF, through the Programa Integral (PICCA
1990), and through the programs suggested by
DDF (Comisién 1992). Additional options were
obtained from SOGELERG (AQMP 1991), who
did a study examining options for reducing
emissions from mobile sources. Options were
also obtained from SCAQMD. A few options
were identified and added by Los Alamos and
IMP as they worked on the project and became
familiar with the many aspects of the issue.

The data for the options were also obtained
from a number of sources. The primary sources
for the data for mobile emissions were the analy-
sis done for the PICCA (PICCA 1990 & AQMP
1991) and the World Bank Study on mobile emis-
sions in Mexico City (World Bank 1992). Infor-
mation on emissions reductions from fixed
sources was primarily obtained from a study
done by the Japanese (JICA 1991) that examined
the fixed source emissions in Mexico City. The
third external source of information for cost and
emissions reductions for the various options was
from the analyses done by SCAQMD for meth-
ods of reducing emissions in the Los Angeles
basin. These analyses were adapted to the
Mexico City situation.

Five options: requiring catalytic converters
on automobiles, converting power plants to
natural gas, reforestation, purchase of old pol-
luting cars, and conversion of collectives to LPG
were examined in detail by IMP. The options
that were selected by IMP for more detailed
study were those that were given a high priority
by the city government and those significant
options where there were little or no data avail-
able (reforestation and purchase of old vehicles).
The detailed studies on these options appear in
Appendix A.

3. Caveats for Options

As one would expect when analyzing pro-
posed actions, the costs and emissions reductions
estimates for the various options generally have
alarge uncertainty associated with them. The cost
information was normalized by calculation of an
annualized cost using a real interest rate of 5%.
This is an approximate method of determining
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the cost of an option and does not include infor-
mation on the portion of this annualized cost that
is initial costs and the information on who pays
(government, private individuals, companies).
These factors were considered, however, in the
decision analysis portion of the methodology.

Most of the information for the emission re-
duction effects come from U.S. sources, prima-
rily the EPA emission factors (EPA 1989) and the
Mobile 4 Code (EPA 1989), modified slightly to
reflect the distribution of the Mexico City vehicle
fleet. Due to lack of availability, emission fac-
tors based on actual measurements of Mexico
City emissions are not incorporated extensively
in the data presented here. However, the JICA
study (JICA 1991) was based on actual measure-
ments of fixed source emissions in Mexico City,
and this information has been incorporated into
the results presented in this report.

One of the main problems encountered in
normalizing the data from the various sources
was that different emission databases were used
for different studies. This is especially impor-
tant when ozone effects are being considered
because different studies assumed a different
ratio of emissions of hydrocarbons and NO,
from the mobile fleet. This differentratio affected
the calculation of the ozone reductions expected
for the options as described below. The differ-
ent databases also meant that the total emissions
reductions for all options for CO exceeded the
total estimated CO emission estimates for
Mexico City. With the creation of a reference
emission database some of the problems may be
reduced, but as long as different studies base re-
sults on different emissions assumptions, some
discrepancies will result.
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4. Determination of Ozone Reductions
Produced by HC and NO, Reductions

When hydrocarbon and NO, emissions are
reduced, there is not a linear relationship be-
tween those reductions and the reduction in
ozone. In fact, small reductions in hydrocarbon
or NO, emissions may actually cause the ozone
concentration to increase. This occurs because
of the complicated air chemistry involved in the
production of ozone and because of spatial ef-
fects. Therefore, because the data for the options
only included estimates of hydrocarbon and
NOy emissions reductions, it was difficult to
obtain estimates of the ozone reduction that
would result from the emissions reductions.

It is not possible to calculate the ozone re-
duction for each individual option and add these
reductions to obtain the total ozone reduction
for a strategy or group of options. Because of
the non-linearity of the ozone process, the con-
tribution of each option’s emissions reductions
to the ozone reduction depended on the total
emissions reductions for the group of options.
Therefore, the first step in the procedure for es-
timating ozone reductions was to estimate what
the final total emissions reductions would be. An
Emvpirical Kinetic Modeling Approach (EKMA)
calculation was performed to determine what the
ozone reduction would be for two points near
the expected total HC and NOx reductions. Next
an equation was generated for a plane formed
by the points corresponding to the initial HC and
NOj concentrations and the two points near to
the expected final HC and NOy concentrations.
The new ozone level was calculated in the LP
model by choosing a value for the HC and NOy
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reductions and finding the ozone level from the
equation for the plane. The LP program requires
a linear relationship between the HC and NOy
reductions and the ozone level, and by using the
method presented here, the ozone levels could
be estimated with the linear relationship of the
plane.

This procedure was an attempt to make a
non-linear process into a linear one, and there-
fore numerous uncertainties are inherent in the
process. First, the relationship between the
ozone concentration and the emissions reduc-
tions was very dependent on the total emissions
reductions at the endpoints that defined the
plane. The LP model is designed to find the
optimum end points, but since the data input
into the LP model would change for different
end points, we cannot insure that the LP model
has actually given an optimum solution to the
reduction of ozone. Also, because different end-
points of total emissions reductions are obtained
for the different strategies, the LP estimates of
the ozone reduction for the different strategies
are not accurate. A separate 3-D calculation us-
ing the specific emissions reductions for each
strategy was done to reduce the uncertainty in
this portion of the process. In addition to the
above problems, the EKMA calculation used as
the basis for the ozone reductions has many ap-
proximations involved in it. When further work
is done on determining proiected ozone reduc-
tions, it would be better if 3-D calculations were
used to calculate the ozone level at the estimated
end points of the emissions reductions. But this
is a time consuming proc2ss and was not done
because of the time limitations on this project.

This process to determine ozone level reduction
was only used to develop strategies. Once a
strategy was created, the ozone reduction was
calculated from the 3-D models and this value
was used in subsequent analysis. Thus although
there were a number of approximations in de-
termining ozone levels for the LP analysis, the
ozone reduction values for the decision analysis
were based on more detailed and accurate 3-D
models.

5. Final Values Used for Options

The linear relationship for the calculation of
ozone levels was obtained by forming a plane
through the three points on the isopleth shown
on Figure F1. The exact values for the points
are given in Table F.1. The isopleth was calcu-
lated using the EKMA trajectory model and was
for conditions existing on February 22, 1991. The
calculation of the isopleth is described in more
detail in Volume III, Section D.5.a.

The points represent the base case hydro-
carbon and NO concentrations and two points
that bracket the expected hydrocarbon and NO
concentrations that are projected to exist when
all the emissions reductions in a strategy have
been achieved. The final equation for the calcu-
lation of ozone was

Oz =NOy x 0.126 + HC X 0.095 + 0.029
where
Oz is the ozone concentration,

NO, is the NO, concentration, and
HC is the HC concentration.
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Table F.1 Points and Results of Calculation of
the Plane for Determining Ozone

Points from Isopleth

NOX HC Ozone

0.275 2.827 0.331

0.179 2.2 0.2595

0.179 0.848 0.1314
Coefficients of the Plane

0.126 0.095 0.029

The emissions reductions in tons per year
for each option and the annualized cost for
implementing the options that were used in this
project are given in Tavie F.2. These numbers do
not include the change in emissions reductions
for reducing traffic when vehicles are equipped
with catalytic converters nor the multiplication
of the hydrocarbon emissions by 4 (for more

detail see Section G.3). Table F.2 also indicates
whether an option must be implemented as a
unit, or if only a fraction of an option can be
implemented. Table F3 gives the percentage
each option reduces the total emissions assum-
ing that no vehicles are equipped with catalytic
converters. Table F.4 presents the same infor-
mation except that it is assumed that except for
option 54, (catalytic converters required for pri-
vate vehicles and taxis) all vehicles are equipped
with catalytic converters. Tables F5 & F.6 present
the expected reduction in pollutant levels (in-
cluding ozone reduction) in IMECA values that
are projected if the option is implemented. The
ozone reduction was calculated using the above
formula. Table E5. is the reduction without cata-
lytic converters, and Table F.6. is the reduction
with private autos and taxis equipped with cata-
lytic converters.
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TABLE F.2 Summary of the Cost and Emissions Reduction Data for the Options

(Assumes No Vehicles are Equipped with Catalytic Converters)

Option # Annual
(see Table Integer Cost Emissions Reduction (ton/y)
B.2) Description ? (million$) ~CO HC NO, SO, Part
1 Prod. Int. Stand. Gas Y 195. 461000 133200
2 Prod. Low S Diesel Y 16.6 290 10600 500
3 Prod. Low S Fuel Oil Y 50.8 1200 80000 880
4 Ruta 100 Expand Y 34. 17 000 5 600 -88
5 Auth. Bus Routes Y 7.9 60 600 16 800 620
7 Expand Verification Y 29. 166 000 126 400 312
8 LP Gas Conv. & CC's Y 39.3 236000 67200 2600 754 1400
9 CC’s on Collectivos N 12,6 103000 27200 224
10 Repl. Taxi & Combi N 410. 260000 68800 3800 790 410
11 SubNG forFOinInd. N 28.8 6400 110000 4100
12 Foundries Y 0.86 6 670 0 83 455 1279
13 Tune Boilers Y 7. 270 600 11400 1960 2042
14 NG Power Plants N 1. -3539 45123
15 Reforestation N 35. -1 300 000
16 Remove Poll. Veh. N 08 3400 5 600
18 Open Burning Y 0.23 20349 25600 700 3200
19 Paints & Finishes Y 52.7 49 200
20 Reg. Trash Burners Y 0.07 0
22 Vapor Recov. Sys. Y 4.5 73200
23 Offic. Veh. Reduce N 09 2545 712 58 315 7
31 Corrd. Traffic Lights Y 3. 10 600 3200 200
32 Traffic Info. N 0.7 5340 1228 29
33 Park-N-Ride Y 4.5 67280 18920 1530 250 181
34 Taxi Stands Y -0.35 283 100 4
35 Urban Tolls Y 3. 31400 11200 200 159 86
36 Parking Org. Y 39. 5900 2612 123
37 Line 8 Metro Y 60. 23820 9608 1087
38 Electric Trolley Y 0.2 4 847 2612 668
41 Hist. Dist. Park Y 60. 30 000 10000 780 133 117
43 Metal Cleaning Y -1.6 62 000
45 Dry Cleaning Y 2 15600
53 Purchase Old Cars N 1.6 34 66 1405 824
54 CC’s autos Y 466. 1300000 393600 21000 4 000 2500
55 Conv. Trucks toCNG N -19.6 315000 88000 1900 1 000 90
56 Req. 1993 Truck Std. N 55. 904 000 220000 9900 1700 250
57 Rpl. Gas Trucks N 76. 317 000 76000 3500 580 800
58 Pave Rds. N 0.0088 7.52
Total Emission Reductions 4355771 1516196 64751 257536 318154
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Table F.3 Percent Each Option Reduces the Total Emissions of Five Pollutants
(Assumes No Vehicles are Equipped with Catalytic Converters)

Annual
Option # Cost Emissions Reduction (% of Total)

(see Table B.2) Description (million$) ~ CO HC NO, SO, Part
1 Prod. Int. Stand. Gas 195. 13.69%  6.58%  0.00% 0.00%  0.00%
2 Prod. Low S Diesel 16.6 0.00% 0.00%  0.16% 5.19% 0.11%
3 Prod. Low S Fuel Oil 50.8 0.00% 000%  0.68% 39.14%  0.20%
4 Ruta 100 Expand M. 050% 028% -0.05% 0.00%  0.00%
5 Auth. Bus Routes 79 1.80% 083%  0.35% 0.00%  0.00%
7 Expand Verification 29. 493% 6.24%  0.00% 0.00%  0.07%
8 LP Gas Conv. & CC'’s 39.3 7.01%  3.32% 1.47% 037%  0.31%
9 CC’s on Collectivos 12.6 3.06% 1.34% 0.13% 0.00%  0.00%

10 Repl. Taxi & Combi 410. 772%  340%  2.15% 0.39%  0.09%
11 Sub NG forFOinInd. 288 0.00%  0.00% 3.63% 53.82% 091%
12 Foundries 0.86 020% 000%  0.05% 0.2%  0.28%
13 Tune Boilers 7. 001% 0.03%  6.46% 096%  0.45%
14 NG Power Plants 1. 0.00%  0.00% -2.00% 22.08%  0.00%
15 Reforestation 35, 0.00%  0.00%  0.00% 0.00% 66.62%
16 Remove Poll. Veh. 0.8 0.10% 0.28% 0.00% 0.00% 0.00%
18 Open Burning 0.23 0.60% 1.26%  0.40% 0.00% 0.71%
19 Paints & Finishes 52.7 0.00%  243% 0.00% 0.00%  0.00%
20 Reg. Trash Burners 0.07 0.00% 0.00%  0.00% 0.00%  0.00%
22 Vapor Recov. Sys. -4.5 0.00%  3.61% 0.00% 0.00%  0.00%
23 Offic. Veh. Reduce 09 0.08%  0.04% 0.03% 0.02%  0.00%
31 Corrd. Traffic Lights 3. 031% 0.16% 0.11% 0.00%  0.00%
32 Traffic Info. 0.7 0.16% 0.06%  0.02% 0.00%  0.00%
33 Park-N-Ride 45 2.00% 0.93% 0.87% 0.12% 0.04%
34 Taxi Stands -0.35 0.01%  0.00% 0.00% 0.00%  0.00%
35 Urban Tolls 3. 0.93% 0.55% 0.11% 0.08% 0.02%
36 Parking Org. 39. 0.18% 0.13% 0.07% 0.00% 0.00%
37 Line 8 Metro 60. 0.71% 0.47% 0.62% 0.00% 0.00%
38 Electric Trolley 0.2 0.14%  0.13% 0.38% 0.00%  0.00%
41 Hist. Dist. Park 60. 0.89% 049%  0.44% 0.07%  0.03%
43 Metal Cleaning -1.6 0.00% 3.06% 0.00% 0.00% 0.00%
45 Dry Cleaning 2 0.00%  0.77% 0.00% 0.00%  0.00%
53 Purchase Old Cars 1.6 0.10% 0.07%  0.05% 0.00%  0.00%
54 CC'’s autos 466. 38.62% 19.43% 11.90% 1.96% 0.56%
55 Conv. Trucks to CNG  -19.6 9.36% 4.34% 1.08% 049%  0.02%
56 Req. 1993 Truck Std. 55. 26.85% 10.86% 5.61% 0.83% 0.06%
57 Rpl. Gas Trucks 76. 942%  3.75% 1.98% 028%  0.18%
58 Pave Rds. 0.0088 0.00% 0.00%  0.00% 0.00%  0.00%

TOTALS 1734 129.39% 74.85% 36.68% 126.00% 70.65%
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Table F4 Percent Each Option Reduces the Total Emissions of Five Pollutants
(Assuming Private Autos and Taxi’s are Equipped with Catalytic Converters)

Annual
Option # Cost Emissions Reduction (% of Total)
(see Table B.2) Description (million$) —CO HC NO, SO, Part

1 Prod. Int. Stand. Gas 195 13.69%  6.58%  0.00% 0.00%  0.00%
2 Prod. Low S Diesel 16.6 0.00%  0.00% 0.16% 519%  0.11%
3 Prod. Low S Fuel Oil 50.8 0.00%  0.00% 0.68% 39.14%  0.20%
4 Ruta 100 Expand 34. 050%  028% -0.05% 0.00%  0.00%
5 Auth. Bus Routes 79 036% 022%  0.14% 0.00%  0.00%
7 Expand Verification 29. 493%  6.24%  0.00% 0.00%  0.07%
8 LP Gas Conv. & CC's 39.3 701% 332% 147% 037%  0.31%
9 CC’s on Colectivos 12.6 3.06% 1.34%  0.13% 0.00%  0.00%
10 Repl. Taxi & Combi 410. 1.54% 088%  0.86% 0.39%  0.09%
1 Sub NG for FOinInd.  28.8 0.00%  000% 3.63% 53.82%  0.91%
12 Foundries 0.86 020%  0.00%  0.05% 022%  0.28%
13 Tune Boilers 7. 001%  0.03%  6.46% 096%  0.45%
14 NG Power Plants 1. 0.00%  000% -2.00% 22.08%  0.00%
15 Reforestation 35. 0.00%  0.00%  0.00% 0.00% 66.62%
16 Remove Poll. Veh. 0.8 0.10%  028%  0.00% 0.00%  0.00%
18 Open Burning 0.23 0.60%  1.26%  0.40% 000%  0.71%
19 Paints & Finishes 52.7 0.00%  243%  0.00% 0.00%  0.00%
20 Reg. Trash Burners 0.07 0.00%  0.00%  0.00% 0.00%  0.00%
22 Vapor Recov. Sys. -4.5 0.00%  3.61%  0.00% 0.00%  0.00%
23 Offic. Veh. Reduce 0.9 0.02%  0.01% 0.01% 0.02%  0.00%
31 Corrd. Traffic Lights 3. 0.06%  0.04%  0.05% 0.00%  0.00%
32 Traffic Info. 0.7 0.03%  001% 0.01% 0.00%  0.00%
33 Park-N-Ride 45 040% 022%  0.35% 012%  0.04%
34 Taxi Stands -0.35 0.00%  000%  0.00% 0.00%  0.00%
35 Urban Tolls 3. 0.19%  013%  0.05% 0.08%  0.02%
36 Parking Org. 39. 0.04%  003%  0.03% 0.00%  0.00%
37 Line 8 Metro 60. 0.14% 011%  0.25% 0.00%  0.00%
38 Electric Trolley 0.2 0.03%  0.03%  0.15% 0.00%  0.00%
41 Hist. Dist. Park 60. 0.18%  012% 0.18% 007%  0.03%
43 Metal Cleaning -1.6 0.00%  3.06%  0.00% 0.00%  0.00%
45 Dry Cleaning 2 0.00%  0.77%  0.00% 0.00%  0.00%
53 Purchase Old Cars 1.6 0.10%  0.07%  0.05% 0.00%  0.00%
54 CC’s autos 466. 38.62% 19.43% 11.90% 196%  0.56%
55 Conv. Trucks toCNG ~ -19.6 9.36%  434%  1.08% 049%  0.02%
56 Req. 1993 Truck Std. 55. 26.85% 10.86%  5.61% 083%  0.06%
57 Rpl. Gas Trucks 76. 9.42% 3.75% 1.98% 0.28% 0.18%
58 Pave Rds. 0.0088 0.00% 0.00%  0.00% 0.00% 0.00%
TOTALS 1734 117.44% 69.46% 33.59% 126.00% 70.65%
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Table F.5 IMECA Value Reductions for the Options
(Assuming No Vehicles Equipped with Catalytic Converters)

Annual

Option # Cost IMECA Value Reductions
(see Table B.2) Description (million $) cO Ozone NO, SO, Part
1 Prod. Int. Stand. Gas ~ 195. 10.54 14.88 0.00 0.00 0.00
2 Prod. Low S Diesel 16.6 0.00 0.05 0.12 7.75 0.30
3 Prod. Low S Fuel Oil 50.8 0.00 0.20 0.50 15.53 0.53
4 Ruta 100 Expand 34. 0.39 0.61 -0.04 0.00 0.00
5 Auth. Bus Routes 7.9 1.39 1.98 0.26 0.00 0.00
7 Expand Verification 29. 3.80 14.12 0.00 0.00 0.19
8 LP Gas Conv. & CC'’s 39.3 5.40 7.94 1.09 0.00 0.84
9 CC’s on Collctivos 12.6 2.36 3.07 0.09 0.00 0.00
10 Repl. Taxi & Combi 410. 5.95 8.31 1.59 0.17 0.25
1 SubNG forFOinInd. 288 0.00 1.06 2.68 21.12 246
12 Foundries 0.86 0.15 0.01 0.03 0.09 0.77
13 Tune Boilers 7. 0.01 1.96 4.78 0.38 1.22
14 NG Power Plants 1. 0.00 -0.59 -1.48 3.94 0.00
15 Reforestation 35. 0.00 0.00 0.00 0.00 179.86
16 Remove Poll. Veh. 0.8 0.08 0.63 0.00 0.00 0.00
18 Open Burning 0.23 0.47 2.98 0.29 0.00 1.92
19 Paints & Finishes 52.7 0.00 5.49 0.00 0.00 0.00
20 Reg. Trash Burners 0.07 0.00 0.00 0.00 0.00 0.00
22 Vapor Recov. Sys. —4.5 0.00 8.17 0.00 0.00 0.00
23 Offic. Veh. Reduce 0.9 0.06 0.09 0.02 0.01 0.00
31 Corrd. Traffic Lights 3. 0.24 0.39 0.08 0.00 0.00
32 Traffic Info. 0.7 0.12 0.14 0.01 0.00 0.00
33 Park-N-Ride 4.5 1.54 237 0.64 0.05 0.11
34 Taxi Stands -0.35 0.01 0.01 0.00 0.00 0.00
35 Urban Tolls 3. 0.72 1.28 0.08 0.04 0.05
36 Parking Org. 39. 0.13 0.31 0.05 0.00 0.00
37 Line 8 Metro 60. 0.54 125 0.46 0.00 0.00
38 Electric Trolley 0.2 0.11 0.40 0.28 0.00 0.00
41 Hist. Dist. Park 60. 0.69 1.25 0.33 0.03 0.07
43 Metal Cleaning -1.6 0.00 6.92 0.00 0.00 0.00
45 Dry Cleaning 2. 0.00 1.74 0.00 0.00 0.00
53 Purchase Old Cars 1.6 0.08 017 0.03 0.00 0.00
54 CC’s autos 466. 29.73 47 44 8.80 0.76 1.50
55 Conv Trucks to CNG  -19.6 7.20 10.14 0.80 0.19 0.05
56 Req. 93 Stds. Trucks 55. 20.68 26.21 4.15 0.32 0.15
57 Repl. Gas Trucks 76. 7.25 9.07 1.47 0.11 0.48
58 Pave Roads 0.0088 0.00 0.00 0.00 0.00 0.0045
Sum 1734 100 180 27 50 191
MAX IMECA VALUES 77 280 74 54 270
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Table F.6 IMECA Value Reductions for the Options
(Assuming all Private Vehicles and Taxis are Equipped with Catalytic Converters)

Annual

Option # Cost IMECA Value Reductions
(see Table B.2) Description (million$) CO Ozone NOy, SO, Part
1 Prod. Int. Stand. Gas ~ 195. 10.54 14.88 0.00 0.00 0.00
2 Prod. Low S Diesel 16.6 0.00 0.05 0.12 7.75 0.30
3 Prod. Low S Fuel Oil 50.8 0.00 0.20 0.50 15.53 0.53
4 Ruta 100 Expand 34. 0.39 0.61 -0.04 0.00 0.00
5 Auth. Bus Routes 79 0.28 0.53 0.10 0.00 0.00
7 Expand Verification 29. 3.80 14.12 0.00 0.00 0.19
8 LP Gas Conv. & CC's 39.3 5.40 7.94 1.09 0.00 0.84
9 CC’s on Colictivos 12,6 2.36 3.07 0.09 0.00 0.00
10 Repl. Taxi & Combi 410. 1.19 2.25 0.64 0.17 0.25
11 Sub NG for FOinInd. 288 0.00 1.06 2.68 21,12 246
12 Foundries 0.86 0.15 0.01 0.03 0.09 0.77
13 Tune Boilers 7. 0.01 1.96 4.78 0.38 1.22
14 NG Power Plants 1. 0.00 -0.59 -148 3.94 0.00
15 Reforestation 35. 0.00 0.00 0.00 0.00 179.86
16 Remove Poll. Veh. 0.8 0.08 0.63 0.00 0.00 0.00
18 Open Burning 0.23 0.47 2.98 0.29 0.00 1.92
19 Paints & Finishes 52.7 0.00 5.49 0.00 0.00 0.00
20 Reg. Trash Burners 0.07 0.00 0.00 0.00 0.00 0.00
22 Vapor Recov. Sys. -4.5 0.00 8.17 0.00 0.00 0.00
23 Offic. Veh. Reduce 0.9 0.01 0.02 0.01 0.01 0.00
31 Corrd. Traffic Lights 3. 0.05 0.10 0.03 0.00 0.00
32 Traffic Info. 0.7 0.02 0.03 0.00 0.00 0.00
33 Park-N-Ride 4.5 0.31 0.61 0.26 0.05 0.11
34 Taxi Stands -0.35 0.00 0.00 0.00 0.00 0.00
35 Urban Tolls 3. 0.14 0.31 0.03 0.04 0.05
36 Parking Org. 39. 0.03 0.08 0.02 0.00 0.00
37 Line 8 Metro 60. 0.11 0.33 0.18 0.00 0.00
38 Electric Trolley 0.2 0.02 0.1 0.11 0.00 0.00
41 Hist. Dist. Park 60. 0.14 0.32 0.13 0.03 0.07
43 Metal Cleaning -1.6 0.00 6.92 0.00 0.00 0.00
45 Dry Cleaning 2. 0.00 1.74 0.00 0.00 0.00
53 Purchase Old Cars 1.6 0.08 0.17 0.03 0.00 0.00
54 CC’s autos 466. 29.73 47 44 8.80 0.76 1.50
55 Conv Trucks to CNG ~ -19.6 7.20 10.14 0.80 0.19 0.05
56 Req. 93 Stds. Trucks 55. 20.68 26.21 4.15 0.32 0.15
57 Repl. Gas Trucks 76. 7.25 9.07 1.47 0.1 0.48
58 Pave Roads 0.0088 0.00 0.00 0.00 0.00 0.00450
Sum 1734 90 167 25 50 191
MAX IMECA VALUES 77 280 74 54 270
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G. LP PROGRAM
1. General Description of LP Process

The LP optimizes a linear relationship sub-
ject to linear constraints on the variables. The
variables can either be integers or continuous
variables. The solution is provided by a stan-
dard mathematical process and for this project a
commercial LP solver “Superlindo” (Schrange
1991) was used as the software to provide solu-
tions to the LP problem. The general procedure
for creating an LP problem is to determine a lin-
ear relationship between the variables that can
be either maximized or minimized. Next the lin-
ear constraints that act upon the variables are
determined. A determination also needs to be
made as to whether a particular variable can
have any value or can only have integer values.

The LP approach was selected to represent
the procedure for selecting those options to be
part of a strategy because the LP approach mod-
els the process that occurs in a real life situation
when groups of options are selected from a list.
The standard way to chose a group of options from
a much larger list, be it air pollution reduction
alternatives, investment opportunities, or vaca-
tion itineraries, is to optimize some attribute such
as cost of program, return on investment, or
number of historic places visited, subject to con-
straints such as a requirement for pollution re-
duction, cash available, or time. Because this
procedure occurs so frequently in real life situa-
tions, the LP approach was a logical approach
for modeling the processes that occur in choos-
ing ways to combat air pollution.

2. Statement of LP Problem

Three strategies were chosen to demonstrate
the methodology developed for the strategic
analysis section of the Mexico City Project. The
IMECA values for February 22, 1991 were used
as the base IMECA numbers for this calculation
since this is the day that was used by the model-
ing group as their reference day. This particular
day was chosen as a reference because it was a
bad pollution day and it occurred in the middle
of a measuring campaign. Therefore consider-
able amounts of measurements were available
to provide data for the models and to validate
the model results.

The criteria for the selection of the first strat-
egy was to obtain the group of options that rep-
resented the least costly way to reduce the IM-
ECA ozone number by a value of 95 or 33%. This
strategy involved minimizing cost, which is the
sum of the individual option costs for those op-
tions that were selected, while requiring that the
reduction in the IMECA ozone number be
greater than 95. This strategy represents the
policy of implementing all the options that are
less expensive than the proposed option of
requiring catalytic converters on new private
vehicles and taxis. This particular policy was
chosen because the requirement that vehicles be
equipped with catalytic converters is a very ex-
pensive option to implement but also has the
largest potential of any option to »educe ozone
levels. For this strategy, it is hypothesized that
this expensive step of requiring catalytic convert-
ers does not need to be taken. Since there is al-
ready a requirement in Mexico City for all new
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automobiles to be equipped with catalytic con-
verters, it is unlikely that consideration will be
given to eliminate the requirement. Therefore,
the inclusion of this policy is to serve as a check
that the methodology gives an answer that
agrees with the general opinion about the attrac-
tiveness of the strategy.

The criteria for the selection of the second
strategy was to obtain the group of options that
presented the least costly way to reduce the
IMECA ozone number by a value of 120 or 43%.
Again, this strategy involves minimizing the cost
of the options while requiring that the ozone
level be reduced a specified amount. This strat-
egy represents a moderately aggressive policy
to reduce ozone levels in Mexico City (see
Figure G.1). Catalytic converters would be re-
quired, as well as many of the most cost-effec-
tive options.

g

The criteria for the selection of the third strat-
egy was to identify the most attractive set of op-
tions that would reduce IMECA ozone numbers
by a value of 120 or 43% or the same amount as
strategy two. This strategy assumes that those
options which represented reduction in indus-
trial emissions were twice as attractive as they
would be in a normal optimal cost analysis. This
strategy is a moderately aggressive policy to re-
duce ozone, but one where industrial sources are
targeted for reduction.

3. Details of LP Calculation

The LP calculation incorporated some ad-
ditional restrictions on the options. In order to
conform to the base case emissions inventory, the
hydrocarbon emissions reductions have been
multiplied by a factor of four. The modeling

1400 ¢

58 & 8

g

2001

Total Annualized Cost (Million $'s)

0

Reduction in {MECA Ozone Values

Figure G.1. The cost-offectiveness curve for ozone.
This plot was generated by using the LP to select

the most cost-effective jroup of options that would
achieve the various reductions in the IMECA value

for ozone.

36



G. LP Program

group found that multiplying the hydrocarbon
emissions by a factor of four provided a better
match between the model predictions and the
actual measurements. Also the CO emissions
have been changed. When the total emissions
reductions for CO were summed, they amounted
to 150% of the emissions in the inventory. Since
most of the CO emissions reductions were ob-
tained from the World Bank Study (World Bank
1992), the total CO emissioa numbers used in
the World Bank Study were substituted for the
total CO emission values normally in the data-
base. This reduced the total possible CO emis-
sions to 130% of the total. Since the constraints
on CO emissions have no effect in the regime of
emissions reductions that were used for the strat-
egies selection, this had no effect on the outcome
of the LP modeling.

There are three cases where restrictions have
been applied as to how options can be used in a
strategy. These restrictions were programmed
into the LP model or have been incorporated in
the database.

* The estimated emissions reductions for in-
spection and maintenance and for the pur-
chase of old cars was subtracted from the
estimated emission reductions for catalytic
converters. The emissions reductions for
catalytic converters assumed that all ve-
hicles will meet the standard. The Inspec-
tion and Maintenance (I & M) program
would be implemented to catch those ve-
hicles that do not meet the standard. Like-
wise the old vehicle purchase is designed to
remove those cars that do not meet the stan-
dard. Therefore, the number of cars that
would actually meet the standard without I
& M and purchase of old cars is all the ve-
hicles (as assumed by the catalytic converter

option), minus those who would have been

caught by the I & M process and those old

cars which would have been purchased un-
der the purchase option.

» The emissions reductions for converting in-
dustrial boilers and power plants to natural
gas and the emissions reductions for produc-
tion of low sulfur fuel oil are mutually ex-
clusive. That is, a boiler can either be
switched to low sulfur fuel oil or natural gas,
but not both. Allowing both options to be
exercised at the same time is double count-
ing.

® The emissions reductions for having all
gasoline trucks meet standards and options
for switching gasoline trucks to LPG and
CNG or replacing the trucks with new trucks
are also mutually exclusive.

An additional restriction was used in the LP
model but could not be incorporated into the
data or programmed: if the catalytic converter
option is selected, those strategies that reduce
traffic will result in lower emissions reductions
because cars with catalytic converters are being
removed from the road. This is in comparison
to the case where uncontrolled cars, those with-
out catalytic converters, are being removed from
the road. For the two strategies where catalytic
converters were selected as part of the options
package, this restriction was handled manually.
This restriction reduced the emissions reductions
for those options involving traffic reductions by
60% for NOy, 88% for operating HC, 50% for
evaporative HC (74% average), and 80% for CO.
The actual percentage of emissions reductions
for the two cases is given in Tables E.3. and F4.

The option for paving roads was entered in
the database as an annualized cost per km of
paved road. Thus, the LP program will select
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the number of kilometers of roads that should
be paved to reduce dust emissions to the desired
level. A restriction was applied that only 100
km of roads could be paved in a year. Since this
option was not selected for any of the strategies,
this restriction had no effect.

4. Results of LP Calculation

There are two results obtained from the se-
lection of three strategies with the LP model. The
first of these are strategies that model the actions
that would be taken if the respective policies
were implemented. Taking into consideration
not only cost and air quality improvement but
also social, political, and technical factors
through the decision analysis method, the spe-
cific options selected allow for an analysis of the
consequences of choosing a particular policy.
The second result is a grouping of the options
into categories that provide an indication of the
cost-effectiveness of particular options. Thus,
there is a group of options that was selected for
all three strategies, a group that was selected by
some of the strategies, and a group that was not
selected by any strategy. By examining the
groups, one should be able to gain some insight
into which options are the most cost-effective
and should be initially implemented.

The primary assumption in using the LP
process to model the process of selecting mea-
sures designed to carry out a policy is that the
options selected by the LP model for the particu-
lar policy will have the same characteristics as
the measures that would be taken to implement
a policy. The options were selected by finding
the least costly group of options to fulfill a spe-
cific goal, or in the case of strategy three the op-
tions were selected with a bias toward reducing
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industrial sources. In general this is the method
used by decision makers when they decide on
the measures to implement a policy. Thus, the
comparison between the various strategies
using the decision analysis method will be a com-
parison between groups of options that are rep-
resentative of what would actually be done if the
policy were implemented. This allows us to for-
mulate a group of hypothetical policies, deter-
mine what measures or options would be used
to implement the policies, and then compare the
advantages and disadvantages of each policy
with the other policies.

5. Suggestions for Improvement

The results of this project could be even more
accurate if more data were generated for incor-
poration into the models. As in any modeling
effort, the results can always be improved with
additional data. Different options assume dif-
ferent emission databases, causing some diffi-
culty in obtaining meaningful results from the
calculations. Fortunately, most of the large dis-
crepancies were in the CO emissions, and with
the present information, CO would not be a prob-
lem for Mexico City if measures were taken to
significantly reduce ozone levels. Cost informa-
tion could also use some improvement, although
in general the accuracy of the cost values for the
options was adequate.

Another activity that would be useful is to
involve even more organizations concerned with
Mexico City air quality in identifying options,
determining data, and suggesting possible hy-
pothetical policies to be examined. The project
team went to great lengths to involve other or-
ganizations in the decision analysis process, and
therefore the results were understood and met
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with general approval. Possibly because the LP
model part of the process was developed in the
U.S., there was minimal input from Mexican or-
ganizations and the process was viewed as more
of a “black box” by the Mexicans. In future
projects even more effort should be made to in-
volve other Mexican organizations in the pro-
cess, including running the models and observ-
ing the results of the calculations when various
conditions are imposed.

The use of linear assumptions for ozone pro-
duction produced results that were sensitive to
the assumptions on end points, particular isop-
leths, and assumptions on emissions. Additional

work is needed on incorporating the ozone
chemistry in the LP. This might include rules
for selecting endpoints, piece-wise linear equa-
tions for calculating the effects of NOy and hy-
drocarbon reductions, or more detailed calcula-
tions for endpoints and emissions reductions
rather than the approximate formulas used in
this study. Modeling the procedure of imple-
menting policy with a linear program is some-
what limited, especially when ozone is being
considered. Further effort is needed to deter-
mine whether a quadratic optimization or an-
other optimization technique would have any
advantages in the modeling process.
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H. DECISION ANALYSIS

1. General Description of Decision
Analysis Method

We developed a method based on Multi-
Attribute Decision Theory (MADT), a common
procedure used in comparing and selecting be-
tween different possibilities, that was designed
to help the Mexican decision makers rank air
pollution control measures and strategies (a set
of options), taking into account economic, tech-
nical feasibility, environmental, social, political,
and institutional factors. The method ailows
decision makers to evaluate measures and strat-
egies to obtain the best results with the least cost.
Best results are those that not only result in air
quality improvement but also take into consid-
eration social and political impacts.

The MADT was chosen because it is a very
easily understood method of obtaining and
documenting a comparison between various al-
ternatives. The structure of the decision analy-
sis can be established by nonexperts in decision
theory with the assistance of some one familiar
with the techniques involved. Data for the deci-
sion analysis can be obtained by people that may
be experts in a particular field but are not neces-
sarily knowledgeable in decision analysis. Be-
cause all the criteria are stated in layman’s terms,
the MADT provides an easily understood
method of examining the factors that were part
of the decision making process.

When comparing different strategies to re-
duce air pollution, the two common elements
considered by the traditional cost/benefit analy-
sis, are the amount the air quality is improved
(or alternatively the amount the emissions of pol-
lutants are reduced) and the cost of obtaining
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this improvement. However, there are many
more factors that need to be considered when
choosing a strategy to reduce air pollution. Fac-
tors such as the increase in imports required, the
ability of the administrative structure to imple-
ment the new rules and regulations, the popu-
larity of the measures being proposed, and cost
distribution are also important parts of the deci-
sion. Decision analysis techniques allow these
factors to be considered in a structured and eas-
ily understood manner.

The procedure for the MADT starts with the
identification of the important criteria in the
decision and assigning each criteria a relative
weight. Next, a method of measurement is de-
termined for each criterion. These evaluations
are then normalized on a scale of 0 to 1 using a
utility function. This utility function defines the
relationship between the criteria evaluation and
its value.

The result of applying the decision analysis
method is the scores for the strategies and expe-
rience gained using the process. The formal pro-
cess insures that important factors in the deci-
sion have been considered. As decision makers
work through the process, they are involved in
a hands-on experience that makes the decision
analysis method extremely relevant. The
weights for the criteria and the utility values as-
signed for each strategy provide a record of how
the decision was made. This record is useful
when the decision needs to be explained or de-
fended.

2. Procedure for Obtaining Decision
Tree

To develop the decision tree, a panel of ex-
perts in environmental pollution (Table B.1) was
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formed. The panel, with IMP and LANL guid-
ance, fcrmed the decision tree and chose two pol-
lution mitigation options to test for weaknesses
in the tree. Several meetings of the panel were
required to correct the weaknesses, identified by
this test, in the decision tree structure.

a. Panel of Experts

The MADT method requires a panel of
experts to build the decision tree. In this case,
the panel consisted of representatives of the
Mexico City government who were experts in
environmental issues. Mexico City government
representatives were chosen to insure that the
decision tree was built to reflect the priorities of
Mexico as related to valuation of clean air and
its impacts.

Mexico City is located within the boundaries
of the Distrito Federal (DF) and EdoMex, so rep-
resentatives of both governments were invited
to be a part of the panel of experts. People from
Comisién Metropolitana para la Prevencién y
Control de la Contaminacién en el Valle de
México (Metropolitan Commission to Prevent
and Control Pollution in the Valley of Mexico)
were also invited to participate on the panel.
This commission was formed with representa-
tives from DDF, EdoMex and SEDESOL.
SEDESOL is the department in charge of pollu-
tion problems in Mexico. Among its other du-
ties, it was formed to coordinate efforts to fight
pollution in Mexico City. SEDESOL and SSA are
involved in setting pollution standards in
Mexico, so representatives from both depart-
ments were considered integral parts of the
panel. As pollution and energy consumption are
very closely related, representatives from the en-
ergy sector, PEMEX (the Mexican Petroleum

Company) and CFE (Electricity Federal Commis-
sion) were invited to be on the panel. Both com-
panies are owned by the Mexican government.
People from IMP and LANL assumed advisory
positions on the panel.

In each meeting, about 15 experts from each
office acted as representatives. The same repre-
sentatives did not attend all meetings, which
resulted in a slower work pace but also contrib-
uted to a broader range of ideas that ultimately
enriched the methodology. As more people par-
ticipated in the meetings, knowledge of the
project spread rapidly. The list of participants
in the various meetings of the panel of experts
and their affiliations is given in Table B.1.

b. Test Problems

To test the methodology, two pollution miti-
gation options were chosen to be compared:

* The installation of catalytic converters on
new vehicles sold in Mexico from October
1990 onward

e The substitution of natural gas instead of
fuel oil in the two major electric power
plants in the MCMA
These two options were selected because

one controls emissions from mobile sources and
the other from stationary sources. At the time
they were suggested, the two options, unlike
others that were considered, had been studied
thoroughly and had available data. Appendix B
shows the study finished in June 1991 with more
than 140 pages of data. The study contains a
description of the different catalytic converters
used in the Mexico City fleet, projections of car
sales up to 1996 for the Valley of Mexico, and
based on these projections, emissions estimations
of the first option implementation. For the
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second option the study shows natural gas sup-
ply and demand, emissions of the two power
plants in Mexico City: “Valle de México” and
“Jorge Luque,” and cost and emissions estima-
tions for the implementation of the option. The
information for the two options was gathered
from publications and also from visits and sur-
veys of the two power plants, the Mexican asso-
ciation of the automobile industry, and the Mexi-
can catalytic converter canning industry. Based
on this information, the experts graded the op-
tions and also found weaknesses in the method-
ology that were corrected in several meetings.
The results of the evaluation of these options,
using the final version of the methodology, are
shown in Section H.3 of this volume.

c. Revisions to Decision Tree

The panel of experts began meeting in May
1990 to design the decision tree. Since that time,
there have been about a dozen meetings. The
most recent meeting occurred in June 1993. In
the first meetings, the panel used the Delphi
technique to divide the problem into general and
specific criteria, assign weighting factors to each
criteria, according to their estimated importance
in Mexico, and define utility functions for the
Specific Criteria or Attributes. The main
branches of the decision analysis tree, those ele-
ments considered to be the General Criteria, were
technical, economic, environmental, social,
political, and institutional. Each of these general
criteria were divided into specific criteria. As
the methodology developed, it became necessary
to define the specific criteria. As a result, there
are subdivisions of the specific criteria. The

complete Decision Analysis Tree is shown in
Figure B.2.

The two options previously mentioned, in-
stalling converters and substituting natural gas,
were analyzed using the decision tree. The
analyses showed several weaknesses in the
method. In the panel meeting of June 1991,
modifications of the decision tree started:
changing definitions of utility functions, and
adding to the methodology the concept of the
criterion “go/no go.” This criterion prevents
options or strategies with big disadvantages
from obtaining high scores in the evaluation,
hence preventing these measures from being se-
lected for implementation. This criteria discards
options or strategies that obtain less than 16.5 in
the attribute “Technological Evaluation” and/
or less than 12.7 in the attribute “Investment and
Financing”, and/or less than 13.6 in the attribute
“Air Quality” (some of these attributes have a
different name in the final version of this meth-
odology). It must also be mentioned that the
criterion “go/no go” was ultimately abandoned
because the decision analysis was to be applied
only to strategies or groups of options. This re-
quired that every option in the list be practical.
Impractical options that would have been iden-
tified by the go/no go criteria would not be in-
cluded in the list. Thus go/no go criteria were
applied to options before they were included in
the options list and the go/no go criteria could
then be removed from the decision analysis pro-
cedure. In the June 1991 meeting, as the first part
of the analysis, LP was adopted as a way to gen-
erate air pollution strategies from the option list.

The other important change in the method
occurred in the meeting of January 1993. In this
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meeting, the criteria “go/no go” was abandoned
and the action of this criterion was embedded in
the new definition of the FOM. This new defini-
tion is in the final version of this method and is
shown in Section H.3.

3. Decision Tree

The final version of the decision tree for
evaluating options and strategies to mitigate air
pollution, and spatially tailored for Mexico City,
is shown in Figure B.3.

a. Utility Functions

The utility functions for the decision tree At-
tributes and the weighting factors for the Gen-
eral Criteria and Attributes are shown in Tables
H.1 through H .4.

b. Weighting Factors and FOM

The method was designed so the sum of the
general criteria weighting factors is equal to 100,
ie., if A, B, C, and D are the weighting factors
for the general criteria then

A +B+C+D=100.

Similarly, the weighting factors for the At-
tributes under a general criterion must sum 100,
i.e., if ai is one of the attribute weighting factors
under one of the general criterion then

a; +a, +...+a, =100.
This is true for attribute weighting factors

of the four general criteria and is the same for
any other subdivision of an attribute, i.e., if an

attribute is subdivided into subattributes, then
the subattribute weighting factors must sum to
110 as well.

A utility function was assigned to each of
the attributes. The utility function for a certain
attribute was defined by the experts to evaluate
the specific characteristic or characteristics of a
measure or strategy that was considered within
this attribute. As a result, a measvre or a strat-
egy could be graded according to this evalua-
tion in a scale from 0 to 1. For example, in con-
structing a utility function for cost, any costs up
to a certain amount would have a utility of 1 (i.e.,
up to a certain amount the cost would have no
effect on the desirability of choosing the strat-
egy). As costs increase, the utility would de-
crease until a certain maximum cost, after which
the utility would be 0 (i.e., any strategy that costs
more than this amount is too expensive to be con-
sidered).

Based on these definitions, the total grade
or FOM of a measure or strategy was defined as
follows:

FOM = GIM x GIT x GSS x GII x GFI x GAQ

x GPR x GT x WAG

where

GIM = Grade obtained in the attribute “Input
Materials and Energy Availability and
Consumption.”

GIT = Grade obtained in the attribute “Imple-
mentation Capabilities and Technologi-
cal Innovation.”

GSS = Grade obtained in the attribute ‘Service
and upare Parts.”

GIl = Grade obtained in the attribute “Initial

Investment.”
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GFI = Grade obtained in the attribute “Fi-
nancing and Investment Recovery.”

GAQ = Grade obtained in the attribute "Air
Quality Indexes Reduction.”

Grade obtained in the attribute “Pol-
lutant Emission Reductions.”

GT = Gradeobtained in the attribute “Time.”
WAG = Average Weighted Grade, defined as

GPR

i

4
WAG =Y GCWj "1'11307 Y AGji AWji
j=1 =1

where

GCW;= Weighting factor of the j-th general cri-
terion.

AG; = Gradeobtained by the measure or strat-
egy corresponding to the i-th attribute

under the j-th general criterion.

AW, = Weighting factor of the i-th attribute
under the j-th general criterion.
n. = Number of attributes under the j-th

general criterion.

If an attribute is subdivided into sub-
attributes then
noo

1 <&
AGji = mlgi SAGjik Sijik

SAG; = Grade obtained by the measure or strat-
egy corresponding to the k-th
subattribute under the i-th attribute
that is under the j-th general criterion.

SAW. = Weighting factor of the k-th
subattribute under the i-th attribute
that is under the j-th general criterion.
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n = Number of subattributes under the i-
th attribute that is under the j-th gen-
eral criterion.

Comparing the FOM for different options
or strategies, we can rank them in order of im-
portance from the highest to the lowest. On the
other hand, the WAG is useful to look at the con-
tribution of each general criteria to the final score
or FOM.

4. Inputs into the Decision Tree for
Options and Strategies

a. Options

The panel of experts dynamics to evaluate
options were to ask each expert to grade each of
the options being evaluated in the first attribute,
then the grades from all the experts for the first
option were collected and the average was
calculated. The average was defined as the panel
of experts grade for the first option in that at-
tribute. The same was done for the other op-
tions. Once all the options were graded in the
first attribute, the experts continued in the same
manner with all the other attributes (except the
attributes graded with results from simulations
and emissions estimations, marked in Figure
B.2). Finally the FOM and the WAG were calcu-
lated.

The experts graded the options based on
their own knowledge and on information previ-
ously collected about the options from reports,
publications and estimations. Before grading,
the experts shared comments about the charac-
teristics of the options they were evaluating.
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TABLE H.1 Utility Functions for the Technical Criterion

H. Decision Analysis

Technical Criterion
1. Technological Evaluation
Availability
Available and Applicable 1.00
Available but needs some adaptation 0.75
Available but needs large adaptation 0.50
Exists but not available 0.25
It does not exist 0.00
Technological Level
High 1.00
Medium 0.50
Low 0.00
Implementation Capabilities and Technological Innovation
Implementation Innovation
Easy to implement 1 Can be innovated 1
Difficult to implement 0.3 Can not be innovated 0
Impossible to implement 0
[&l= Implementation + Innovation
2
Technology efficiency
Percentage reduction of pollutants 0.00 to 1.00
2. Input Materials and Energy Availability and Consumption
Availability Consumption
High Availability 1 Low Consumption 1
Medium Availability 0.5 Medium Consumption 0.5
Low Availability 0.25  High Consumption 0
A&C= Availability + Consumption
2
3. Service Repair
Available 1.00
Available with few limitations 0.75
Available with limitations 0.50
Available with lots of limitations 0.25
Not available 0.00

27.00
37.50

28.00

23.50

23.20

25.30

34.40

28.10
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TABLE H.2 Utility Functions for the Economic Criterion
Economic Criterion 24.20
1. Investment, Financing, and Investment Recovery 26.00
Initial Investment 48.90
Very Low 1.00
Low 0.75
Medium 0.50
High but manageable 0.25
High, not manageable 0.00
Financing (financed by) & Investment Recovery 51.10
Financing Investment Recovery
Users 1.00 Short term (<5 years) 1
National Enterprises ~ 0.75 Medium term (5-10 years) 0.75
Financial Institutions  0.50 Long term (>10 years) 025
Government 0.25 No recovery 0
Does not exist 0.00
F&IR = Financing + lnvezstment Recovery
2. Operation, Maintenance Cost 21.30
Low cost 1.0
Medium cost 0.5
Very high cost 0.0
3. Good or Service Price for the User 18.20
Market defined 1.00
Subsidized 0.50
Free 0.25
4. Implementation Period Cost (before results) 17.40
Low cost 1.00
Medium cost 0.50
High cost 0.25
5. Balance of Payments 17.10
No international help required 1.00
Small international help required 0.75
Medium international help required 0.50
Large international help required 0.25
Total international help required 0.00
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TABLE H.3 Utility Functions for Environmental Criterion

Environmental Criterion 25.30
1. Air Quality Indexes Reduction 42,50
TR RN BV AR
N 2N
1.0ifN>1.0
F=
I ifN<1.0
where:
C, Current concentration
C, New concentration after implementation

modioonn

N Air quality standard (concentration)
1 Impact
F Utility function
2. Pollutant Emission Reductions 26.40

(THC, NOy, SO,, Pb, TSP, CO)
6

2

i=1 [T =Tl xTj
Max (=1,2,..,6) [T, xT]

1.00ifR>1
F=
R ifR<1
where:
T,; = Current emission (tons of pollutant i)
T, = After implementation emissions (tons of pollutant i)
T, = Toxicity factor of pollutant i
R = Emission reductions factor
F = Utility function
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TABLE H.3 Utility Functions for Environmental Criterion (Cont.)

3. Total Suspended Particles’ Impact on Visibility 10.00
F= P -P
Pl
where:
P, = Current tons of total suspended particles emissions
P, = Tons of particle emissions after implementation
F = Utility function
4. Time 21.10
Impact Range
Immediately 1 Permanent 1
Short (1-3 years) 0.5 Medium range 0.5
Long (after 3 years)  0.25 Temporary 0

Impact + Range

I&R=
2

b. Strategies

For evaluation of strategies the experts
evaluated one strategy at the time. The experts
formed a roundtable to discuss, in each attribute,
the grading of each of the options forming the
strategy. If opinion discrepancies appeared
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about the grading, then the grade was defined
by voting. For all the attributes the average of
the option grades obtained in an attribute was
defined as the strategy grade in that attribute.
In four of the attributes, the options were evalu-
ated with results from simulations and emissions
estimations.
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TABLE H4 Utility Functions for Social, Political, and Institutional Criterion

Social, Political and Institutional Criterion

1.

Income and Employment Impact

Income Employment
Increase in low income sectors. 1 Increase in low income sectors. 1
Increase in high income sectors. 0.75 Increase in high income sector. 0.75
No income impact. 0.5 No employment impact. 0.5
Decrease in high income sectors. 0.25 Decrease in high income sector. 0.25
Decrease in low income sectors. 0 Decrease in low income sectors. 0
I&E= Income + Employment
2
Public Opinion
500-person telephone survey
PO = Average of the answers 0.00 to 1.00
Citizen Participation
No need 1.00
Government participation required 0.75
Industrial or commercial associations’ participation required 0.50
Civilian associations’ participation required 0.25
All citizens participation required 0.00
Political Interest
Presidential initiative 1.00
Pollution Prevention and Control, Metropolitan Commission for Mexico Valley initiative 0.75
Federal government office initiative 0.50
Institutional initiative 0.25
Measure without political interest 0.00
Administration Capabilities
Administration entities with technical and professional capabilities normative faculties,
and established norms exist 1.00
Administration entities with technical and professional capabilities, normative faculties
exist, but there are no norms established 0.75
Administration entities with technical and professional capabilities exist but no
normative faculties or established norms exist 0.50
No administration entities exist 0.00

23.50
20.50

19.80

18.40

20.50

20.00
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I. APPLICATION OF
METHODOLOGY

1. Description of Problem

Three strategies were chosen to illustrate the
strategic evaluation method as follows:
They were
* Reducing the ozone by 95 IMECA points,
* Reducing the ozone by 120 IMECA points,
and
¢ Reducing the ozone by 120 IMECA points
with an emphasis on industrial sources.
Reductions in the IMECA values were ob-
tained from the cost-effectiveness curve for
ozone reduction (Figure G.1). For the first two
cases, the LP model determined the cost-opti-
mized group of options that would reduce ozone
by the desired amounts. All other requirements
for pollutant reductions were held constant. For
the third -ase the LP model determined the cost-
optimized group of options that would reduce
the ozone to the desired amount where the costs
for industrial sources had been divided by two.
The relationship between the decrease in
ozone concentration caused by the reduction in
hydrocarbon and NOy emissions was

Oz = NOX x 0,126 + HC x 0.095 + 0.029
where
Oz is the ozone concentration,

NOy, is the NOy concentration, and
HC is the HC concentration
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This equation was obtained by choosing
three points on an isopleth (Figure I.1) and cal-
culating the plane that went through the three
points.

Three points were chosen as follows:

» The base case concentration of hydrocarbons
and NOy

e The concentration of hydrocarbons and NOy
that would occur if all options were exer-
cised.

¢ The approximate concentrations of hydro-
carbons and NOy, that were expected to oc-
curin a strategy.

The isopleth was generated using the EKMA
trajectory model. The model assumed that the
peak ozone concentration would occur in
Pedregal, but that the air mass that contained
the peak ozone started in Xalostoc and then was
transported over the city using winds modeled
by the HOTMAC computer program. As the air
mass was transported over a particular part of
the city, the emissions representative of that city
sector and time of day were added to the air
mass. The air chemistry that occurred in this air
mass was calculated to obtain the ozone concen-
tration.

The LP model for the first two cases obtained
the cost-optimized group of options that would
reduce the ozone level to the specified level. This
would model the actions of a staff developing
measures to carry out a policy of reducing the
ozone to a particular level in the most cost-ef-
fective manner.

The first strategy models a very relaxed
policy for reducing air pollution. The underly-
ing assumption for this policy is that the accu-
mulated social/political/cost disadvantages of
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a policy become more important than improv-
ing the air quality. The strategy to reduce ozone
by 95 IMECA points was chosen because it rep-
resents doing everything to reduce air pollution
that is cheaper than requiring catalytic convert-
ers on all new cars and taxis. Thus, it can repre-
sent a policy of reducing air pollution without
requiring catalytic converters on automobiles.

The second strategy, to reduce air pollution
by 120 IMECA points, is a base case. It repre-
sents a moderately aggressive policy to reduce
air pollution that will require that all new cars
and taxis be equipped with catalytic converters.
The ozone, irrespective of its source, is assumed
to be reduced in the most cost-effective manner.
This base case can be compared with the relaxed
approach in strategy one and with strategy three
where reduction of emissions from industrial
sources are preferentially selected.

The LP model for the third strategy involved
inserting a bias toward reducing industrial
sources. This was a model of the actions of a
staff that assumed that preferentially reducing
industrial sources was politically/socially the
best policy. The bias toward choosing options
that reduce the emissions from industrial sources
was added to the LP model by reducing the cost
for the industrial options by 1/2. Thus, those
nonindustrial options that were very cost-effec-
tive were still selected for the strategy, and those
industrial options that were very expensive were
still not selected in the strategy. Again, this as-
sumes that the staff developing measures to carry
out a policy would preferentially choose mea-
sures to reduce industrial sources but would not
eliminate very inexpensive or effective measures
to reduce mobile sources. Conversely, they
would not necessarily choose measures that were
very expensive to reduce industrial emission.
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In the strategic evaluation procedure devel-
oped in this project, we test this assumption by
using the decision analysis method to consider
all factors that are important in evaluating policy.
We compare the results of applying the decision
analysis method to the industrial case versus the
cost-optimized case where the emissions reduc-
tions were estimated to be the same. The results
will be given in the decision analysis portion of
this section.

2. Strategies Selected by the LP Model

The strategies or groups of options chosen
by the LP model for the three cases are given in
Table I.1. The expected annual costs and im-
provements in air quality for the three strategies
are presented in Table 1.2. This table uses as a
starting point the peak IMECA values for Feb-
ruary 22, 1991, the reference day chosen by the
modeling group. The air quality improvement
resulting from emissions reductions are sub-
tracted from these staring points to obtain an
estimate of the ultimate IMECA values if the
strategy had been implemented.

An initial insight from the options selected
is a grouping of the options into three groups.
The first group is the options that were selected
by all three strategies and thus represent the most
cost-effective of the options. Since the implemen-
tation of an emissions reduction program is a
time consuming process, these options would be
the initial options that should be implemented.
No matter what general policy on emissions re-
ductions is adopted, these options will probably
be included in measures that will be adopted to
carry out the policy. The second group of op-
tions are those that are selected depending on
what policy is followed. These would be the next
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TABLE 1.1 Percent of Options Selected for the Three Strategies

Cost-Optimized

Cost-Optimized

Industrial Emphasis

Option Description IMECA IMECA IMECA
# (See Table B-2) Reduction of 95 Reduction of 120 Reduction of 120
1 Prod. Int. Stand. Gas 100
2 Prod. Low S Diesel
3 Prod. Low S Fuel Oil
4 Ruta 100 Expand
5 Auth. Bus Route. 100
7 Expand Verification 100 100 100
8 LP Gas Conv. & CC’s 100 100
9 CC’s on Collectivos 62.5 94 89.2
10 Repl. Taxi & Combi
11 Sub NG for FO in Ind.
12 Foundries
13 Tune Boilers 100 100 100
14 NG Power Plants
15 Reforestation 72.6 71.8 723
16 Remove Poll. Veh. 100 100 100
18 Open Burning 100 100 100
19 Paints & Finishes 100
20 Reg. Trash Burners
22 Vapor Recov. Sys. 100 100 100
23 Offic. Veh. Reduce
31 Corrd. Traffic Lights
32 Traffic Info.
33 Park-N-Ride 100
34 Taxi Stands 100 100 100
35 Urban Tolls 100
36 Parking Org.
37 Line 8 Metro
38 Electric Trolley 100 100 100
41 Hist. Dist. Park
43 Metal Cleaning 100 100 100
45 Dry Cleaning 100 100 100
53 Purchase Old Cars
54 CC’s autos 100 100
55 Conv Trucks to CNG 100 100 100
56 Req. 93 Stds. Trucks 67 67 67
57 Repl. Gas Trucks
58 Pave Roads
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TABLE 12 Estimated Peak IMECA Values for February 22, 1991 with Strategies
Implemented and Annualized Cost for the Three Strategies

Annual
Cost Estimated Peak IMECA Feb. 22, 1991
(million$) Ozone CO NO, SO, Part

Maximum IMECA for Feb. 22, 1991 280 77 74 54 270

Peak IMECA Values with Strategies Implemented

Strategy #1 333 185 30 63 53 135

Reduction of Ozone
IMECA Value by 33%

Strategy #2 582

Reduction of Ozone
IMECA Value by 43%

Strategy #3 606

Industrial Emphasis

160 16 55 52 135

160 20 56 52 135

priority for implementation. The last group of
options were not selected by any strategy and
these would be the lowest priority options for
implementation.

3. Results of Decision Analysis
a. Options

Evaluation results for the options: “Instal-
lation of catalytic converters on new vehicles sold
in Mexico from October 1990 onward” and “Sub-
stitution of natural gas instead of fuel oil in the
two major electric power plants in the MCMA”
are shown in Table 1.3. Table 1.4 shows the FOM
that was calculated based on Table 1.3. The at-
tribute “ Air Quality Indexes Reduction” should
be evaluated with 3-D air quality simulations re-
sults, though at the time this exercise was done,
the simulation programs were not ready, so the
attribute was graded by the experts. Another
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remark is that even though a few of the attributes
and some of the utility functions were changed
after the experts evaluated these options, the
grades for the attributes were not modified. The
grades were not modified because this would
have required another convening of the panel of
experts, and it was felt that the original grades
would adequately represent, for this demonstra-
tion case, the panel’s opinion on the new at-
tributes.

Graphs of the WAG and the FOM are shown
in Figures 1.2 and 1.3.

In Figure 1.3 the FOM of the two options is
shown. The FOM ranks the options, taking into
account the technical, economic, environmental,
social, political, and institutional factors. In this
case the option with the higher FOM, i.e., the
one that in the overall evaluation presents the
best advantages, is “Installation of catalytic con-
verters on new vehicles sold in Mexico from Oc-
tober 1990 onward.” The option GAS performed
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TABLE 1.3 Decision Tree Utility Values for the Two Test Cases—Requiring
Catalytic Converters (CC) and Converting Power Plants to Natural Gas (GAS)

Utility Values
Criteria Attributes Sub-Attributes CcC GAS
Technical Technological Technology Availability 0.5 0.75
Evaluation Technology Level 1 0.5
Tech. Innovation and 0.75 1
Implementation Capability
Technological Efficiency 0.81 0.9
Materials and Energy Availability 0.5 0.5
Service and Spare Parts 0.75 0.75
Economics Investment and Initial Investment 0.75 1
Financing Financing and 1 0.25
Investment Recovery
Operating and Maintenance Cost 1 1
Goods or Service Price to the User 1 0.5
Cost Incurred Before Results are Apparent 1 1
Balance of Payments 0.5 0.25
Environmental Reduction of Air Quality Indexes 0.75 0.5
Reduction of Pollutant Emissions 0.75 0.75
Suspended Particle Impact on Visibility 1 0.5
Implementation Time and Durability 0.63 1
Social, Impact on Income and Employment 0.5 0.5
Political, and Public Opinion 1 1
Institutional Citizen Participation Required 0.05 0.75
Political Interest 1 1
Administrative Capabilities 1 1

TABLE 1.4 Figure of Merit and Weighted Average Grades
for the Two Test Case—Requiring Catalytic Converters
(CC) and Converting Power Plants to Natural Gas (GAS)

Weighted Average
Weighting  Utility Functions
General Criteria Factors CC Gas
Technical 26 18.0 18.3
Economic 24.2 214 16.5
Environmental 25.3 19.0 17.0
Social, Political, and 235 18.9 20.0
Institutional
Weighted Average Grade 77.2 71.8
FOM 100 65.6
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Figure 1.2. The WAG for the options “installation of catalytic
converters on new vehicles sold in Mexico from October 1990
onwards (CC)” and “substitution of natural gas instead of fuel
oil in the two major electric power plants in the MCMA”
(GAS). The WAG shows the contribution of each of the

general criteria for the FOM.

slightly better in the technical and social-politi-
cal-institutional general criteria than the other
option, mainly because switching from fuel oil
to gas in the power plants involves only minor
technical modifications, and because the cost of
the option was paid by the government, the gen-
eral public supports this action. Nevertheless,
this option scores worse economically than the
CC because it is paid by the government com-
pared to the healthier economics of CC, which
is paid by the user. Environmentally CC has a
larger positive impact than GAS. Because of the
scores of CC in the economical and environmen-
tal general criteria this option was the one with
the highest rank.
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b. Strategies

This section presents the evaluation of three
strategies (sets of options). The evaluation was
made utilizing the MADT method. The strate-
gies were formed using LP as it is shown in
Section G of this volume. The strategies were
formed from a list of 37 options shown in Table
E2 . Cost-effectiveness studies of the 37 options
were used to optimized formation of groups of
options (strategies) to combat air pollution. Also
a sensitivity analysis graph of ozone reduction
vs. cost (shown in section F) was used to select
the three strategies evaluated with the MADT
method. The lists of options forming strategies
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Figure of Merit

cC

GAS

Options

Figure 1.3. The FOM of the options “installation of catalytic
converters on new vehicles sold in Mexico from October 1990
onwards (CC)” and “substitution of natural gas instead of fuel oil
in the two major electric power plants in the MCMA” (GAS).

The FOM ranks the options; in this example, the option CC

obtained the highest rank.

1,2 and 3 are shown in Table 1.1. To form strate-
gies 1 and 2 all options were treated the same,
and the philosophy to select options was to ob-
tain the most cost-effective set of options. For
strategy 3, options controlling industrial sources
were preferentially chosen.

Strategy number 1 was evaluated firstby the
panel of experts, then strategy 2 and 3. A
roundtable was formed with the experts where
the option’s grades in each attribute were dis-
cussed. For each strategy the grading was as fol-
lows: The score for the first option in the first
attribute was discussed until a grade for the op-
tion was agreed on by a consensus or by voting,
the same was done with all the options forming

the strategy. The average of these grades was
defined as the grade of the strategy in that at-
tribute. The same mechanics were used to ob-
tain the strategy grades in all the attributes ex-
cept technology efficiency, air quality indexes re-
duction, pollutant emission reductions, and
total suspended particles impact on visibility.
Grades for these attributes were calculated us-
ing results from 3-D air quality simulations and
emissions reductions estimations.

The scores obtained by the three strategies
are shown in Table 1.5. Grades from Table 1.5
were used to calculate the WAG and the FOM of
the three strategies. Table 1.6 shows these num-
bers.
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TABLE 1.5 Utility Values for the Decision Tree for the Three Sample Strategies

Utility Values
Criteria Attributes Sub-Attributes Strat 1 Strat 2 Strat 3
Technical Technological Technology Availability 0.81 0.83 0.80
Evaluation Technology Level 0.78 0.80 0.77
Technology Innovation and 0.78 0.73 0.77
Implementation Capability
Technological Efficiency 0.36 0.43 0.40
Materials and Energy Availability 0.51 0.59 0.56
Service and Spare Parts 0.67 0.68 0.67
Economics Investment and Initial Investment 0.54 0.52 0.50
Financing Financing and 0.51 0.52 0.52
Investment Recovery
Operating and Maintenance Cost 0.60 0.61 0.60
Goods or Service Price to the User 0.79 0.78 0.78
Cost Incurred Before Results are Apparent 0.61 0.65 0.6
Balance of Payments 0.47 0.47 0.45
Environmental Reduction of Air Quality Indexes 0.06 0.12 0.12
Reduction of Pollutant Emissions 0.74 0.88 0.82
Suspended Particle Impact on Visibility 0.50 0.50 0.50
Implementation Time and Durability 0.73 0.68 0.70
Social, Impact on Income and Employment 0.63 0.60 0.61
Political, and Public Opinion 0.71 0.71 0.70
Institutional Citizen Participation Required 0.61 0.58 0.58
Political Interest and Attractiveness 0.72 0.72 0.70
Administrative Capabilities 0.85 0.88 0.87
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TABLE 1.6 Figure of Merit and Weighted Average Grades for the
Three Sample Strategies

Weighted Average

Weighting Utility Functions
General Criteria Factors Strat 1 Strat 2 Strat 3
Technical 27 16.7 17.8 17.2
Economic 24.2 144 14.5 14.3
Environmental 25.3 10.7 12.1 11.7
Social, Political, and 23.5 16.6 16.5 16.3
Institutional
Weighted Average Grade 58.39 60.83 59.5
FOM 44.43 100 87.5
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The WAG shows the influence of each gen-
eral criteria in the FOM. In this case, as it can be
seen in Figure 1.4, strategy 2 obtained the high-
est scores in the technical and environmental
general criteria.

As a result, this strategy is the one with the
highest FOM (Figure 1.5). In other words, after
the overall evaluation, this strategy was seen as
more convenient to implement. It was followed
by strategy 3 and strategy 1.

4. Discussion of Results

There are not large differences in the results,
both in the particular options chosen for the strat-
egies and in the results of the weighted average
grades between the three cases. However, when
the FOM (see Section 1.3.b) is calculated for the

three strategies, larger differences appear. The
fact that the options selected for all three strate-
gies are similar is an indication that there is a
wide range of cost-effectiveness for the differ-
ent options, and even changing costs by a factor
of two has little effect on the relative cost-effec-
tiveness of the options. A broader range of
differences in the options selected for the three
strategies would have been observed if more op-
tions were available to be included in the analy-
sis. Also, in many cases, there were alternative
methods to accomplish the results for an option.
For this study only one of these alternative meth-
ods was chosen. Inclusion of the various alter-
natives for options might increase the diversity
of the results because there would be a larger
number of options that could be selected, and
this could reduce the number of options that
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Figure 1.4, The WAG for the three strategies. The WAG illus-
trated the impact for each strategy of the four general criteria in

the decision tree.
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Figure 1.5. The figure of FOM for the three sample strategies.
Using the specific information presented in the report, Strategy
2 was ranked as the most desirable strategy to pursue.

were common to the various strategies. The
positive aspect of the result obtained for this re-
port is that because of the wide range of cost-
effectiveness, the priority for implementation of
the options is more certain.

Strategy 2, reducing the ozone level by 43%
in the most cost-effective manner, was selected
as the best of the three strategies that were ana-
lyzed. The differences in the FOM are quite large
compared with the ranking using the WAG. This
shows the importance of the additional weight-
ing given to the most important factors in the
decision tree.

As one would expect, strategy 2 achieved a
better score in the environmental criteria than
did strategy 1, which did not reduce ozone as
much. Strategy 2 also ranked higher in the en-
vironmental area compared to strategy 3 prima-
rily because strategy 2 resulted in a larger reduc-
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tion in emissions than did strategy 3. The other
area in which strategy 2 was ranked higher was
the technical criteria. This was due primarily to
the greater efficiency of the options selected for
strategy 2 compared to strategies 1 & 3 and be-
cause of the availability of materials required to
implement the options in strategy 2.

The scores for the economic and social, po-
litical and institutional criteria were very simi-
lar for all strategies. Thus the difference in the
annual cost between strategy 1 and strategy 2
was compensated for by the projected higher
initial costs for the options in strategy 1. The
scores for the various portions of the social, po-
litical, and institutional criteria were all very
similar with strategy 1 projected to have less
impact on employment and strategy 2 requiring
less administrative capability.
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J. SUMMARY
1. Utility of Methodology

This project has developed a versatile meth-
odology to analyze potential policies designed
to reduce the air pollution in Mexico City. By
modeling the process that is used to implement
policy in organizations, the methodology gives
results that can be used by decision makers to
gain insight into the implications of implement-
ing a particular policy and to allow for a com-
parison of hypothetical policies. Because each
step of the methodology uses a set of easily un-
derstandable rules in its process, the logic and
reasons for the results of the analysis can be eas-
ily discerned.

One of the advantages of using the method-
ology is that it facilitates communication be-
tween different organizations in the discussion
of policy. Performing the decision analysis on a
strategy will insure that all the important crite-
ria, agreed on by participating groups, have been
examined. The preset group of rules for select-
ing strategies facilitates the discussion of why
particular options were selected to be included
in the strategy. Because the process is easily un-
derstood, the connection between changes in the
input and the resulting output can be estab-
lished.

Because the methodology, once established,
does not require a large number of man-hours
to evaluate a policy, a significant number of poli-
cies can be analyzed at a low cost. Policies can
also be analyzed in a short period of time using
the criteria that are a part of the methodology.
Thus the methodology can be used as a screen-
ing tool to examine a large number of policies
and select those that appear to be the most

favorable for further detailed analysis. Also, be-
cause the methodology requires that all the im-
portant criteria be examined for each strategy,
the methodology highlights areas where more
or better data are required to adequately ana-
lyze policies.

2. Additional Possibilities with
Methodology

The LP program can be modified in many
ways to reflect different policies under consid-
eration. The example problem for this project
used the LP program only to find the least costly
set of options for a given reduction in ozone.
Other modifications of the LP program could be
used to find the maximum ozone reduction for
a fixed cost or could look at the maximum emis-
sions reductions for a certain cost.

The industrial policy strategy biases the LP
program to select industrial sources. Other bi-
ases such as preferentially reducing NO, emis-
sions, reducing the ozone level preferentially in
certain parts of the city, or preferentially select-
ing those options where cost was paid primarily
by consumers could be programmed into the LP
technique. Altering the data to reflect the emis-
sions reductions that could be achieved in 5 years
for each strategy would allow an analysis of the
options that would make the most sense to
implement if there was a 5 year planning hori-
zon.

Policies such as reducing the average man-
year exposure versus reducing the peak expo-
sure could be modeled. Also, the model, with
some modifications, could examine ways to
minimize the total exposure to pollutants over a
period of years. For example, the program could
find the options and their optimum time of
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implementation that would minimize the total
exposure over a 10-year time period, given that
only a certain amount of money is available each
year for pollution control.

In the above examples the LP optimizes ob-
jective values such as cost, emissions reductions
and air quality improvement. The LP can also
be used to optimize subjective factors such as
public acceptance or political attractiveness.
Thus, one could model a policy where the op-
tions were selected to maximize the public ac-
ceptance of a strategy subject to cost and emis-
sion reduction constraints. A similar problem
could be formulated for political attractiveness.

The ways in which the LP technique can be
used to model the procedure and biases of the
process of implementing policy is only limited
by the imagination and knowledge of the people
formulating the LP problems. Continued use of
the LP by a wider range of organizations and
people will result in additional ideas for using
and applications for it.

3. Suggestions for Improvement in
Process

Most of the suggestions for improving the
process that appear below have been mentioned
previously in the discussions of specific parts of
the methodology. Ideas have been put forward
to address some of the problems listed below
and we hope some of these improvements can
be instituted in additional follow-up projects or
by users of the methodology.

The most important aspect that needs to be
improved is the data that are . equired for analy-
sis, especially the emissions databases. A stan-
dardized database needs to be used and better
information included in the database. Also, bet-
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ter data for the emissions reductions and cost of
the various options are required. Problems were
encountered in the strategic evaluation with to-
tal emissions reductions that were larger than
the emissions in the emissions database that was
adopted for MARI. This and the fact that the
MARI team members felt that hydrocarbon emis-
sions were underestimated by a factor of four,
meant that the strategic evaluation probably
gave an overly optimistic view of how much the
air quality could be improved with the identi-
fied options. Although some reports had very
detailed analyses of cost for various options,
some of the options only had a cursory analysis.
Since costs tend to change upon closer examina-
tion, this meant that costs for the options were
not all on the same basis. Thus, a more detailed
cost analysis of some of the options could change
their attractiveness significantly.

Some additional work needs to be done on
determining ozone reductions occurring because
of reduction in hydrocarbon and NO, emissions.
This will involve more accurate calculations of
emission reduction effects and some experimen-
tation with methods to incorporate the calcula-
tion of ozone reduction in the LP model. The
present optimization with the LP method de-
pends on a linear relationship between NOy and
hydrocarbon reductions and the resulting ozone
level. The actual process is far from linear. Thus,
one can not assume that the LP method has ac-
tually found an optimum point. Because the re-
lationship between NO, and hydrocarbon re-
ductions and ozone depends on the end points
or the total reduction for the strategy for those
two emissions, the resulting linear relationship
is only accurate for small variations in the total
NOy and hydrocarbon reductions. This limits
the number of policies that can be analyzed on a
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consistent basis and increases the work load in
examining different policies.

More cooperative effort between organiza-
tions responsible for pollution reduction in
Mexico City needs to be encouraged in the area
of defining options and policy for the LP. The
decision analysis portion of the project did a very
good job on this aspect and in future work
should emphasize the cooperative aspect with
other organizations in the initial parts of the
methodology. With most options there are a
large number of variations in the manner in
which the options could be exercised, and each
variation would result in significant differences
in costs and emissions reductions. For MARI,
assumptions were made by the Los Alamos and
IMP team members as to what were to be in-
cluded in the options and the methods used to
implement the options. If personnel that are re-
sponsible for developing and implementing op-
tions to improve air quality in Mexico City have
a larger role in the analysis of the possible op-
tions and determining the associated costs and
emissions reductions, results will more accu-
rately reflect what is actualiy being considered
for Mexico City.

The efforts to improve the structure devel-
oped for the decision analysis need to continue.
The initial WAG did not produce a wide varia-
tion in results for the three strategies. The FOM
formulation was introduced, which produced a
wider variation between the results for the strat-
egies. The investigation of ways to introduce
more separation in the results should continue.
The identification of more air pollution reduc-
tion options will also help to increase the sepa-
ration of the results. Larger differences will oc-
cur because there will be more options to choose
from and it will be less likely that the different
strategies will contain many of the same options.

Even though improvements in the data and
procedures can and should be made, the strate-
gic evaluation team has established a versatile
methodology for evaluating policy related to re-
ducing air pollution in Mexico City. As this
methodology is used, it is certain that additional
applications and improvements of the method-
ology will be discovered. Also, as more people
become involved in using the methodology,
more ways for improving the methodology will
be identified.
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APPENDIX A

SUMMARY DESCRIPTIONS OF INDIVIDUAL OPTIONS
(note: all options are listed in Table B.1)

Option1:  Produce Gasoline Conforming to International Standards

OPTION DESCRIPTION

This option is assumed to have two parts. One is to reformulate Nova gasoline by adding 5%
methyltertiarybutyl ether (MTBE) and reducing the Reid vapor pressure (RVP). The other part of the
option is to reformulate Magna Sin gasoline by adding 5% MTBE and reducing RVP.

EMISSIONS REDUCTION

For the first case the annual emissions are (p. 175 World Bank 1992)

Present New Reduction
SO, 9,132 tons/yr. 9,132 tons/yr. 0
NOy 52,300 tons/yr. 52,300 tons/yr. 0
HC 193,664 tons/yr. 167,715 tons/yr. 26,000 tons/yr.
CcO 2,784,916 tons/yr. 2,375,533 tons/yr. 410,000 tons/yr.
PM-10 3,509 tons/yr. 3,509 tons/yr. 0

For the second part ¢ *he options the annual emissions are (pp. 179 and 180 World Bank 1992)

Present New Reduction
SO, 4,329 tons/yr. 4,329 tons/yr. 0
NOy 25,597 tons/yr. 25,597 tons/ yr. 0
HC 33,464 tons/yr. 26,193 tons/yr. 7,300 tons/yr.
Cco 563,558 tons/yr. 512,837 tons/yr. 51,000 tons/yr.
PM-10 1,605 tons/yr. 1,605 tons/yr. 0

The total annual emissions reductions would be

HC 33,300 tons/yr.
CcO 461,000 tons/yr.
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COSTS

No capital (initial) cost was given for this option.

The annual operational cost of producing the NOVA gasoline is (p. 178 World Bank 1992)
$137 million.

The annual operational cost of producing the Magna Sin gasoline is (p. 180 World Bank 1992)
$58 million.

The total annual operational cost for this option would be

$195 million per year.

Over five years the total cost (capital plus annual operational costs) would be

$975 million.

The total annualized cost of producing International Standard gasoline would be
$195 million per year.

Option 2:  Produce Low-Sulfur Diesel

OPTION DESCRIPTION

This option would be to produce diesel fuel with a sulfur content of 0.1% (compared to standard
diesel sulfur content of 1% for Mexico).

EMISSIONS REDUCTION

The emissions generated for the two cases of sulfur content are (p. 183 World Bank 1992, using
uncontrolled emissions)

Present New Reduction
SO, 11,752 tons/yr. 1,175 tons/yr. 10,600 tons/yr.
NOy 29,017 tons/yr. 28,727 tons/yr. 290 tons/yr.

PM-10 3,849 tons/yr. 3,355 tons/yr. 500 tons/yr.
The total annual emissions reductions would be
SO, 10,600 tons/yr.

NOy 290 tons/yr.
PM-10 500 tons/yr.
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COSTS

No capital (initial) costs were given for this option

The total annual operating cost given for this option is (p. 183 World Bank 1992)
$16.6 million per year.

Over five years the total cost (capital plus annual operational costs) would be
$83 million.

The total annualized cost of producing low-sulfur diesel would be

$16.6 million per year.

Option 3:  Produce Low-Sulfur Fuel Oil

OPTION DESCRIPTION

This option would produce low-sulfur fuel oil for use in industrial boilers and the power plants.

EMISSIONS REDUCTION

The emission factors for the present fuel oil are (p. S-35 JICA 1991)

NOy 0.74 kg /106 kcal
SO, 7.00 kg /106 kcal
PM-10  0.28 kg/10° kcal

The amount of heavy oil used in Mexico City in 1989 (p. 5-12 JICA 1991) was
1,607 x 103 m3.

The calorific value of the heavy oil is 9.77 x 06 kcal,/ m3 (p. 5-35 JICA 1991).
Therefore, the annual emissions from the burning of heavy oil is

NOy 11,600 tons/yr.
SO, 110,000 tons/yr.
PM-10 4,400 tons/yr.

The emissions reductions for heavy oil with most of the sulfur removed are
(p. S-36 JICA 1991)

NO, 10%
S0, 73%
PM-10  20%
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The total annual emissions reductions would be

NOy 1,200 tons/yr.
SO, 80,000 tons/yr.
PM-10 880 tons/yr.

COSTS

The cost for fuel oil with most of the sulfur removed was given as 0.033 new pesos*/1000 kcal
(p. 5-36 JICA 1991) compared to 0.023 new pesos/1000 kcal for normal fuel oil.

No capital (initial) costs were given for this option.

The total annual operational cost for this option would be

1.53 x 108 new pesos or $50.8 million.

Over five years the total cost (capital plus annual operating cost) would be

$254 million.

The total annualized cost for producing low-sulfur fuel oil would be

$50.8 million per year.

Option4: Renovate Ruta 100
OPTION DESCRIPTION

This option is a combination of options presented in the Programa para el Control de Emisiofies
Contaminantes de la Atmosferia (PICCA 1990) and the short-term Air Quality Management Program
(AQMP 1991). The first part of the option is option #14 in the PICCA 1990. A description of the
option appears on p. 55 in the PICCA 1990. The option is to renovate 1,750 of the Ruta 100 vehicles by
installing new engines. The second part of the option is presented in the short-term AQMP 1991.
This is to centralize the maintenance facilities for Ruta 100. The estimate is that this would increase
the number of Ruta 100 vehicles on the road by 10%. A description of the plan is presented on
pp. 9-36 to 9-40 in the short term AQMP 1991.

EMISSIONS REDUCTION

Renovation of the buses on Ruta 100 would cause the following reduction of total emission levels
(p. 46 PICCA 1990).

NO,  04%
HC  02%
CO  02%

*Exhange rate is 3 new pesos to the dollar.
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Using the % of emissions from mobile sources given on p. 33 of PICCA 1990, the reduction of
mobile emissions would be

NO,  05%
HC  02%
CO  02%

Providing a centralized workshop and thus increasing the number of vehicles operating in Ruta
100 is estimated to affect emissions by (p. 9-39 AQMP 1991)

CO decrease 10,808 tons/yr.
HC decrease 921 tons/yr.
NOy increase 382 tons/yr.

Using the emissions information on p. 153 of World Bank 1992, the effect on mobile source emis-
sions will be

CcO decrease 0.3%
HC decrease 0.3%
NOy increase 0.4%

The effect on total annual emissions reductions for this option would be

co decrease 0.5% 17,000 tons/yr. (p. 153 World Bank 1992)
HC decrease 0.5% 1,400 tons/yr. (p. 153 World Bank 1992)
NOy increase 0.1% increase 88 tons/yr. (p. 153 World Bank 1992)

COSTS

The cost of the renovation of the buses was estimated to be (p. 73 PICCA 1990)
$110.3 million.

The cost of upgrading and centralizing the workshop would be (p. 9-38 AQMP 1991)
$36 million.

The total capital (initial) cost of the option would be

$146.3 million.

There is no annual operating cost given for this option.

Over five years the total cost (capital plus annual operating cost) would be

$146.3 million.
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The annualized cost of this option would be $29 million per year for renovating the buses assum-
ing a five-year lifetime for the renovation, and $6 million per year for centralizing the workshop
assuming a 10 year lifetime for the shops.

The total annualized cost for renovating Ruta 100 would be

$34 million per year.

Option 5:  Authorize Expanded Bus Routes

OPTION DESCRIPTION

This option is option #17 in the PICCA 1990. A description of the option appears on p. 58 of the
PICCA 1990. It would grant concessions to private operators of buses to increase the number of
buses operating.

EMISSION REDUCTION

The emission reductions are given on p. 46 of the PICCA 1990 and are

NOy  0.05%
HC  08%
coO  17%

of the total emissions.
If these values are normalized to mobile emissions using the percentages of emissions from trans-
portation given on p. 33 of the PICCA 1990, the emission reductions in the mobile source would be

NOy 0.7% or 620 tons/yr. (p. 153 World Bank 1992)
HC 1.5% or 4,200 tons/yr. (p. 153 World Bank 1992)
cO 1.8% or 60,600 tons/yr. (p. 153 World Bank 1992)

The total annual emissions reduction for this option would be
NOy 620 tons/yr.

HC 4,200 tons/yr.
CO 60,600 tons/ yr.
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COSTS

The cost for this option is given on p. 73 of the PICCA 1990.

The total capital (or initial) cost for this option is

$30 million.

No annual operating costs were given for this option.

Over 5 years the total cost (capital plus annual operating cost) would be

$30 million.

Assume that the costs given are capital costs for buses and assume a five-year lifetime for the
busses.

The total annualized cost of authorizing expanded bus routes would be

$7.9 million per year.

Option 7:  Expand Verification Program for Gasoline and Diesel Vehicles

OPTION DESCRIPTION

The proposed changes in the Inspection and Maintenance (I/M) program is described starting
on p. 8-2 of the AQMP 1991. A number of options are given for improving the I/M program. For this
analysis, options 2 and 4 have been chosen.

Option 2 is to add Bureau of Automotive Repair (BAR) 90 analysis to the I/M system (p. 8-30
AQMP 1991).

Option 4 is to add centralized testing for high use vehicles (Taxis) and Diesel Vehicles (p. 8-45
AQMP 1991).

EMISSIONS REDUCTION

For option 2 the emission reductions are (p. 8-37)

HC 24,000 tons/yr.
CcO 130,000 tons/yr.

For option 4 the additional emission reductions are (p. 8-48)
HC 7,600 tons/yr.

CcO 36,000 tons/yr.
PM-10 312 tons/yr.
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Using the emission values for mobile sources given on p. 153 of World Bank 1992 the percentage

of change in emissions for the mobile sources will be

HC increase 11%
cO increase 5%
PM-10 increase 2%

The total annual emissions reductions for this option would be
HC 31,600 tons/yr.

CcOo 166,000 tons/yr.
PM-10 312 tons/yr.

COSTS

The cost estimates for five-year operation for the options are

Option 2 $9 million initial (p. 8-36 AQMP 1991).
$21.9 million annual (.9 Admin. 21 repair).
$118.5 million total (5 years).

Option4 $3.6 million initial p. 8-47 AQMP 1991.
$3.7 million annual (.7 Admin. 3 repair).
$22.1 million (5 years).

The capital (initial) costs for the option is

$13.6 million.

The total annual operating cost of this option is

$25.6 million per year ($1.6 million Admin./$24 million repair).

Over five years the total cost (capital plus annual operating cost) would be

$140.6 million.

Assuming a five-year lifetime for the BAR analyzers and a 10 year lifetime for the centralized

testing facilities, the annualized cost would be

A-8

Option 2 $24 million per year.
Option 4 $5 million per year.

The total annualized cost of expanding the verification program would be
$29 million per year.
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Option 8: Convert Delivery Trucks to LP Gas and Install Catalytic Converters
OPTION DESCRIPTION

The description of the program to convert delivery vehicles to LPG starts on p. 8-83 AQMP 1991
at the short-term AQMP 1991. The option being used here is the high-technology option: to convert
the delivery trucks to LPG and install a 3-way catalytic converter. This option was chosen because it
is the only option that controls NOy. The assumption is that 45,000 delivery trucks are converted to LPG.

EMISSIONS REDUCTION

According to World Bank 1992 (p. 168) the emissions reductions of the retrofit would be (indi-
vidual vehicle)

NOy 70%
HC 84%
Co 80%
S0, 100%
PM-10  50%

Assuming that the delivery trucks are part of the gasoline truck fleet, and using the number of
vehicles (196,218) given on p. 152 of World Bank 1992, 45,000 vehicles represent 23% of the gasoline
truck fleet. Therefore, the emissions reductions for the total gasoline truck fleet would be

NOy 16%
HC 19%
co 18%
SO, 23%
PM-10  12%

Using emission factors on p. 153 of World Bank 1992, the reductions in total mobile emissions
would be

NOy 3% 2,600 tons/yr.
HC 6% 16,800 tons/yr.
CcO 7% 236,000 tons/ yr.
SO, 5% 754 tons/yr.

PM-10 1% 1,400 tons/yr.
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The total annual emissions reductions for this option would be

NOy 2,600 tons/yr.
HC 16,800 tons/yr.
Cco 236,000 tons/yr.
SO, 754 tons/yr.

PM-10 1,400 tons/yr.

COSTS

The cost to retrofit the vehicles is estimated to be $50 million (p. 8-113 AQMP 1991).

The total capital (initial) cost of the option would be

$50 million.

Using the cost analysis in the AQMP 1991, the administrative costs would be

$0.45 million (p. 8-106 AQMP 1991), and an annual fuel savings of $4.7 million (p. 8-113 AQMP
1991) would be realized.

The total annual operating savings of this option would be

$4.25 million per year.

Over five years the total cost (capital plus annual operating cost) would be

$27 million.

The annualized costs for this option would be

Administrative costs.

$0.45 million per year.

Retrofit (assuming a five-year lifetime).

$13.2 million per year.

Fuel savings.

$4.7 million per year.

The total annualized cost of converting delivery trucks to LPG and installing catalytic con-
verters would be

$8.5 million per year.

Option 9:  Install Catalytic Converters on Collectivos

OPTION DESCRIPTION

This option is described starting on p. 8-120 of the AQMP 1991. Collectivos are limited to 49,000
vehicles registered in the DDF. Approximately 15% more than this are actually operating in Mexico
City (p. 8-123 AQMP 1991). Collectivos consist of Combis (80% VW microbuses, 20% autos) and
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microbuses generally made by GM, Chrysler and Ford. The estimated 1992 numbers for the vehicles
are 33,000 VW microbuses and 17,500 other microbuses operating in Mexico City (p. 8-123 AQMP
1991). Of the VW microbuses, about 7000 or 21% are suitable for retrofit of catalysts, while about
12,000 (3,600 Chrysler, 9,400 GM) or 68% of the other microbuses are suitable for retrofit.

EMISSIONS REDUCTION

Emission reduction rates for vehicles retrofitted with catalytic converters are (p. 8-134 AQMP 1991)

HC CO NOy Fuel Economy

%A% 55% 55% 0 increase 5%
GM 50% 50% 0 increase 5%
Chrysler 60% 60%  50% increase 5%

Thus, the reductions in the emissions due to combis and microbuses will be

HC CO  NO,

Combis 12% 12% 0
Microbuses 36% 36% 10%

The annual emission values found on p. 153 of World Bank 1992 for combis and mini buses were
used to obtain the emission reduction.
The total annual emissions reductions for this option will be

HC 6,800 tons/yr.
CcO 103,000 tons/yr.
NOy 224 tons/yr.

COSTS

The cost per conversion kit are (p. 8-150 AQMP 1991)
VW $1030
GM $1000
Chrysler $1210

Also assume $100 for loss of vehicle for a day (p. 8-151 AQMP 1991).
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The initial costs per vehicle are

VW 7,000 x $1030 + 7,000 x $100 = $7.9 million
GM 9,400 x $1000 + 9,400 x $100 = $10.3 million
Chrysler 3,600 x $1210 + 3,600 x $100 = $4.7 million
Total $22.9 million

Retrofit kits will have to be certified and an inspection program set up. These costs are (p. 8-148
AQMP 1991)

Certification $12,000
Training $5,260

The total capital (initial) costs for this option would be

$22.9 million.

Enforcement would cost $10,850 per year.

The conversions will cause an increase of 5% in fuel consumption for all vehicles. The fuel costs
given on p. 8-153 AQMP 1991 are for the price difference between Nova and Magna Sin gasoline.
Since this difference has been eliminated, there will only be a 5% increase in fuel costs. The a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>