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THESIS ABSTRACT:

The purpose of this study is to use the systems dynamics methodology to analyze the
dynamic interactions between the transport sector and ozone pollution levels in Mexico
City. Pollution by ozone is a persistent environmental problem with serious health effects
for the population. In 1995 ozone concentration levels exceeded the safety norm 132
days of the year affecting 9 % of the population and resulting in health costs over US
$100 million.

Government policy strategies have been successful in the mitigation of other pollutants
such as lead and sulfur oxides. However, they have had limited results in the case of
ozone. Since 1990 the government has insisted in the implementation of command and
control policies that face the problem in a static an isolated manner. The most recent
government program acknowledges the dynamic nature of the problem. Nonetheless, it
has so far failed to produce a tool able capture this dynamics and derive policy
implications from them.

A systems dynamics model was developed based on two dynamic hypotheses that
captured the congestion and the transport supply dynamics of the city. The model
estimates the demand for different transportation mode choices following the
disaggregate mode choice modeling methodology. It tracks the emissions of each of the
modes as a function of fuel qualities and engine and emissions control technologies. And
finally it estimates the resulting tropospheric ozone concentration by interpolating a
relationship between ozone and its precursors (NOy and hydrocarbons) concentration
levels on a particular day with unfavorable meteorological conditions.

Four main conclusions arise from this work. First is that current public policy analysis
tools are insufficient to capture the dynamic interactions in the city. Second, there is no a
priori benefit in choosing either command and control or economic incentives
instruments since both showed instances of policy resistance behavior. Third, the removal
of the transit restrictive program, “day without a car” would have a substantial impact on
ozone concentration reductions with manageable short term consequences. Finally,
results suggest that it is improbable to achieve dramatic reductions of ozone
concentrations within the next 20 to 25 years.
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Description of the problem

PUBLIC POLICY IMPLICATIONS OF AIR POLLUTION

The characteristics of economic development determine to a large extent the way in
which natural and environmental resources are used. In Mexico, the development model
has favored industrial growth with intensive energy consumption as well as the expansion
of urban centers. Both industrialization and urban growth are substantial in determining

the demand for environmental resources.

At least part of Mexico’s economic growth has depended on the supply of raw materials
at low costs. In particular for energy and fuels, often prices have not reflected the total
operational, let alone the environmental and societal costs. This puts a high pressure on

the environmental resources.

As an aggravating factor, environmental management is relatively new in Mexico, which
implies that the institutions in charge of environmental policy do not yet have sufficient
experience, nor have they defined with sufficient clarity their objectives, to be effective in
their purpose. Other times these authorities have to battle with others whose objectives

are ones of shorter term and thus get more relative weight in the decision making process.

Air pollution is an extremely important problem in Mexico City as dangerous levels have
been reached and sustained by certain pbllutants, in particular ozone (Os) and particles
(TSP). Even though it is clear that environmental management policies are needed and
demanded by the population, urban air quality is a complex problem that depends upon
different factors such as fuel prices and qualities, industrial development and growth and
increasing transport requirements among others. It is not always clear which is the

correct way about how to design and implement environmental policies.



A continuing debate exists in environmental economics concerning the merits of two
control strategies: Command and control regulations (CAC) and Market based or
economic incentives (EI). The CAC or regulatory approach is based on the issuance or
enactment of orders by a government agency in order to regulate pollution emissions, by
binding polluting agents to do (or not to do) something. It is known in the United States
as the application of the “Best Available Control Technology” (BACT). The regulations
can also cover the following issues:

- Pollution discharge bans related to pollution concentration measures or damage costs

- Limits in terms of maximum rates of discharge from pollution source

- Specification of inputs or outputs from a given production process

Economic instruments are those which affect the agents’ private costs and benefits, and in
principle, encourage the economically rational polluter to change its behavior by
balancing less payments (of, for example, a pollution tax) against increased costs incurred
in curtailing pollution discharges. Early economic work in the field of pollution control
showed, given certain assumptions, that the most efficient or most cost effective way to
achieve a particular level of environmental quality is through the imposition of economic

incentives instruments. [1]

However, when we introduce criteria such as distributional equity and/or ethical
considerations (for instance, the concept of charging a fee as a license to pollute is not

unanimously accepted as ethically correct), then the case becomes less clear cut. [2]

Following is a brief overview of the environmental management implications of various

air pollution problems, both on a global and on a regional scale.



Command and Control strategies: Stratospheric Ozone depletion

Ozone has a double role in environmental problems. While it is a harmful pollutant in
the low atmosphere or troposphere, in the stratosphere (high atmosphere between 15 and
35 Km) it serves as a filter for ultraviolet solar light. The stratospheric ozone layer serves
as a natural shield by absorbing radiation with wavelengths in the 280-320 nm range that

can be harmful to biological organisms. [3]

Ozone is produced by the photochemical decomposition of a molecule of oxygen

O;+hv > 20
In turn, the highly reactive Oxygen atom combines with O, and forms Ozone

+0;, =2 05

Ozone, in turn, can be destroyed by absorbing another photon that breaks it into an

oxygen molecule and atom.

O3+0+hv;, 2> 0,+0

Thus, UV radiation gets absorbed by the formation and destruction of ozone.

Chlorofluorocarbons, such as CFC-11 (CFCl;) are chemical products that are extensively
used in compression and refrigeration systems, as well as in aerosol propelents foaming
agents. Unlike most chlorine containing species, CFC’s are virtually inert at tropospheric

level, which is one of the properties that make them useful products.

CFC’s have long enough tropospheric lifetimes to eventually reach the stratosphere.

There, under the high energies of UV radiation, they liberate chorine atoms from the



CFC’s molecule. In turn, Cl atoms are attracted to the ozone molecules. As a result of
this process, ozone decomposes in a chain reaction that alters its formation-destruction

cycle and leads to a concentration reduction.

Concern about the diminishment of stratospheric ozone began almost two decades ago.
Molina and Rowland (1974) [4] proposed that human activity played a major role in O3
depletion via the release of CFC’s. In 1978, the United States banned the use of CFC’s as
propellants in aerosol sprays. Concrete evidence of the dramatic decrease in stratospheric
ozone over the polar regions was first obtained in 1985, when a team from the British
Antartic survey reported that average ozone concenrations were decreasing by 60%. The
current Antartic Ozone hole is a region between 12 and 25 Km in altitude depleted of O3
as a result of the degradation of ozone by chlorine, which is released into the atmosphere

through human production of CFC’s.

An important political reaction stemed from these discoveries. The Viena Convention for
the Protection was created in 1985 under the sponsorship of the United Nations. In
September 1987, in Montreal, the worlds largest producers of CFC’s agreed to reduce
production up to 50% by the year 1998. This turned the Montreal protocol into one of the
most successful international environmental policy agreement in history. Furthermore, it
presented an example of the successful application of a command and control regulatory

strategy.

The Montreal protocol still leaves at least two reasons for concern. First, the residence
time of CFC’s and other halogen carrying substances makes further reductions necessary.
Most experts agree that 85% of production must be eliminated only to stabilize

atmosferic conditions to current levels.
Second, some countries with CFC production capacity have not signed the Montreal

Protocol, or even the Viena Convention. Of this group of countries the two largest are

China and India.
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The CFC’s policy success was heavily dependant on the significant amount of scientific

evidence about the cause and effects involved and the affordability of replacing CFC’s.

Economic instruments or market strategies: Acid deposition

One example of a successful economic incentives mechanism is the creation of tradable
emission permits for SOx emissions. An interesting aspect of market strategies lies in
that they set an acceptable standard of pollution (in the same spirit as the command and
control approach does), but they leave the polluter the flexibility as to how to adjust to
this standard. This mechanism has been in place for SOx emissions since the 1970’s US

Clean Air Act and has been expanded under the New Clean Air Act of 1991.

Acid Rain refers to the low pH precipitations that have been observed in certain industrial
regions, particularly in northern Europe, the U.S. and Canada. It received widespread
public attention through the 1980’s, due to concern about its effects on freshwaters and
their associated fisheries, forests, structures and materials, human health and crops. Acid
deposition refers to the direct deposition of acidic substances from the atmosphere and
has caused the acidification of some lakes and streams, and a consequent loss of fish
populations, specially in soft water lakes in acid sensitive regions such as the northeastern
United States and Southern Scandinavia. Severe forest damage has been attributed at
least in part to acid deposition, specially in central Europe. Many questions about acidic
deposition remain unanswered, in particular, the qﬁantitative relationship between acid

deposition rates and changes in surface water chemistry.

The largest contributors to atmospheric acid deposition are sulfuric acid (H,SO4) and
nitric acid (HNO3). Most of the acids are emitted to the atmosphere in the form of
precursors, typically sulfur oxydes (SOx) and nitrogen oxides (NOx), which can be
further oxidyzed in the atmosphere to form acids, in particular sulfuric acid H,SO4) and

nitric acid (HNO;). The sulfur oxydes originate from sulfur-containing impurities in

11



fuels, notably coal and residual fuel oils. Nitrogen oxydes have two sources; they
originate from nitrogen containing impurities in fuels and as the product of reaction
between atmospheric oxygen and nitrogen at elevated temperatures in fuel burning
equipment, such as industrial boilers, stationary power plants, and automobile engines. In

addition to their roles as acid precursors, both SOx and NOx are toxic and irritating

In any case, different regulation approaches tend to converge on taxing the emission of
acid deposition precursors in amounts equal to the cost of avoidance. In the case of
regulated industries like electricity generation, succesful control policies of precursors
like SOy have included internalizing the costs of removal and charging them, at least
partially, to the final consumers and the creation of tradable permits. The internalization
of environmental costs is charged to the final consumer by allowing tariff levels that
ensures a return over the cost of capital to the utility. The tradable permits system
ensures that the precursor emission levels within a region stay within stablished standards
by the use of bubbles.

Bubbles, introduced in 1979, are perhaps the most famous part of the US tradable permits
system. A bubble is a hypothetical aggregate limit for existing sources of pollution.
Within the limits of the bubble, firms are free to vary sources of pollution so long as the
overall limit is not breached. Instead of using the CAC approach, the regulator can then
issue permits for discrete amounts of pollution and allow firms to trade. This means that
the permits will have a market value since they can be bought and sold and that these
permits will be traded because the marginal cost of emission reductions can be different

for every firm.

The polluting plant would then pay a certain amount to the non polluting plant, this has at
least a double benefit. On one hand, the polluting plant incurs in a less intensive cost
than by the addition of the equipment, on the other hand the non polluting plant can

afford to invest in scrubbing technologies that are cleaner than the standards. Overall,

12



this system provides greater flexibility to utilities at the same level of environmental

impact.

Permit trading is the central feature of acid rain control in the US. In 1994, Mexico
approved the creation of a market of exchangeable permits for the control of sulfur
bioxide in inmobile sources (Norm 086). The objective is to control SO, emissions by
means of an exchangeable permit market and a period of three years has been allowed for
operations to begin. During that time, markets have to operate in designated bubbles.
The bubbles, in turn, are stipulated as a function of the seriousness of the local emissions
problem. One of these bubbles comprises the Federal District and surrounding urban

municipalities.

Uncertainty and complexity: Greenhouse gases and climate change

Greenhouse gas emissions and their impact on climate represent another problem with an
important international dimension and thus an added level of complexity. However, in
this case, both the amount of cause-effect uncertainties and the substitution costs are
much higher. Additionally, there are important obstacles to a successful economic
incentives approach. This makes it a much less tractable problem from the policy

maker’s point of view.

If the earth had no atmosphere the average temperature on its surface would be well
bellow freezing point (about-19 C). A number of gases -water vapor, carbon dioxide
(COy ), chlorofluorocarbons (CFC’s), methane (CH4) and nitrous oxide (N,O)- in the
earth’s atmosphere absorb infrared radiation and act as a blanket which helps trap the heat
absorbed through the atmosphere and re-emitted from the earth’s surface. The
consequence is that total amount of radiation striking the earth’s surface is increased, so

the average temperature of the surface is increased.



Economic activity (especially over the last 150 years) is increasing the rate of emissions
and the concentration of green house gases in the atmosphere. The “greenhouse” analogy
has been used because like glass, water vapor and CO; in the atmosphere is transparent to
visible light (from the sun) but relatively opaque to infrared radiation being re-emitted by
the earth’s surface. Hence, a greenhouse is a very efficient structure for retaining solar
radiation as heat. Industrialization has resulted in the intensive exploitation of fossil fuels
(coal, gas, oil) for production and transportation. Burning fossil fuel releases CO; to the
atmosphere, the concentration of which has risen by 33 percent since 1800. Agricultural
and industrial activity generates other greenhouse gases, methane, nitrous oxide and

CFC’s.

According to the IPCC (Intergovernmental Panel on Climate Change), a body set up in
1988 to investigate global warming, the increases in greenhouse gases in the atmosphere
will result, on average, in an additional warming of the earth’s surface. Although the
problem is not fully understood and thus no prediction can have a reasonable degree of
certainty, it is widely accepted within the scientific community that there will be some

temperature rise on the average.[5]

Green house gases already in the atmosphere may have caused the temperatures of the
Earth’s surface to rise between 0.9° C to 3° C, of which, according to some measures,

only about 0.5° of which have been felt so far.

The actual size of this temperature rise, its rate of increase and its distribution around the
globe are subject to considerable uncertainty. This is because our climate is controlled by
two complex systems, the atmosphere and the oceans, which themselves are interrelated.
But a majority of climatologists now seemed to be agreed that a further increase in the
global mean surface temperature of the earth of between 2° and 5° can be expected within
the next hundred years if human produced green house gas emissions double over the

same time period.
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Since global warming will not produce uniform effects (gains and losses) across all
countries, getting political agreement on targets and the allocation of emissions
reductions among countries will be difficult. Then there is the free rider problem. If
global warming is reduced all countries will benefit regardless of whether they
participated in the agreement and incurred the abatement costs. The potential existence
of free riders means that any protocol must have built-in incentives for cooperation. This
involves transferring resources-finance, technology, information- to the countries not
cooperating. A CAC approach in the form of a restricting regulation will probably induce

the affected agents to circumvent it.

Given these factors, economic incentive instruments-taxes and tradable permits- need to
be considered. How effective is a pollution tax likely to be in reducing emission levels or
rather, how high will the tax have to be set in order to be effective? That depends upon
the elasticities (relative responses) of the relevant demand and supply curves. If demand
for the product is highly elastic (responsive) to price and consumers can easily move
towards purchasing adequate substitutes then, imposition of a pollution tax is likely to be
effective. Examples of such cases might include domestic cleaning fluids which contain
zinc and thereby cause contamination of waste water. Because there are many non-zinc
cleaning products available if a pollution tax increases prices of polluting brands,

consumers are likely to move to non-polluting alternatives.

The effectiveness of a pollution tax is likely to be much lower where demand is inelastic
(unresponsive) to price changes and/or there are few suitable substitutes available. In the
absence of available substitutes, the power of a tax to reduce pollution can be limited by
consumers’ willingness to carry on purchasing high quantities of the relevant goods even

in the face of higher prices. Carbon taxes upon fuel are likely to face such problems as:

e How the permits are going to be allocated at the start of the scheme
e How large countries with massive CO, emissions may influence price and make the

market less competitive



o How enforcement may be ensured by all participants.

One of the major difficulties in the implementation of pollution taxes are the implications
for any single nation unilaterally imposing such taxes upon its own economy. If one
country imposes a pollution tax on its own industries then the taxed companies will be
put at a disadvantage compared to foreign competition, so that domestically produced
goods will be less attractive than imports. This means that a Carbon tax is likely to be
introduced on a significant scale only if it’s introduced by a number of countries acting

together.

Such concerted action will require some form of international agreement or treaty.

However, the Greenhouse problem is difficult to regulate because:

e There are no end-of-pipe technologies
o Damage effects are anticipated but scale and severity are highly uncertain

o There is a time lag between pollution emission and environmental impact

AIR POLLUTION PROBLEM IN MEXICO CITY

Air pollution problem

Environmental degradation by air pollution in Mexico City is a complex
multidimensional problem in terms of the diversity of pollutants, the diversity of sources
and the interrelation between them. Air quality depends on the volume of pollutants
emitted, their physicochemical behavior, and the processes ( meteorological and

anthropogenic) that determine their fate in the environment.
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The first level of complexity is that urban air quality degradation is not related to only one
pollutant as in the above cases. It rather deals with a variety of species that are harmful to
human health. Some of them are direct emissions (lead, particles, etc.), others are the
species that form part of chemical reactions whose end products are harmful (NOy,,

Hydrocarbons). Many have both characteristics (NOx, SOx, HC)

Here are some of the most relevant pollutants in urban spaces which cause a particular

interest on Mexico City:

Ozone

Ozone is the best known of urban atmospheric pollutants. At ground level, ozone is
associated with lung irritation and plant damage and has a serious destructive impact on
forestry and agriculture. Ozone also causes the degradation of many materials such as

rubber. This effect is behind the cracks in rubber objects after extended exposure.

Ozone is not an emitted pollutant. It is but the product of intermediate photochemical
reactions. We will explain this process with further detail in the next section. What is
worth mentioning here is that Ozone is clearly the biggest atmospheric problem in
Mexico City, in terms of the number of days out of the norm and number of people

exposed.
Recently, the health hazards created by high ozone concentrations have reached almost

alarming levels. In 1995 the median daily value for the IMECA index was

approximately 200 points.” Following is the distribution of ozone levels during 1995

17



Histogram of IMECA concentrations - 1995
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The Mexican Index for Air Quality IMECA for its initials in Spanish) is used for
measuring air pollution in Mexico City and it measures concentrations of pollutants on
different scales, combining these measurements to form an index. Five pollutants are
monitored daily: Ozone (O3), total suspended particles (TSP), volatile organic compounds
(VOC), Carbon monoxide (CO), and nitrogen oxides (NOy). An IMECA level of 100 is
considered to be within international standards of safety in terms of health, visibility and
ecology and is equivalent to concenfration levels defined in the table below. An IMECA
level of 300 indicates extreme pollution conditions for which advice includes avoiding

going outdoors.

IMECA Values for Ozone concentrations

IMECA equation
909.090909 * C(O3) +5
816.326350 * C(0O3) +10.20409

Pulmonary effects observed in healthy humans exposed to typical urban ozone
concentration include a decrease in respiratory capacity, bronchial constriction and pain.
Extra pulmonary effects include hematological, neurological, hepatic cardiovascular and

endocrine effects.
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Even though the latency period of the symptoms can be short, exposure to high ozone

levels has immediate effects on the health of the population.

Presence of health effects at different IMECA concentrations
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On average, it is estimated that when pollution levels reach the 200 IMECA index value,
approximately 9% of the population suffers pollution related health problems. In 1995

there were 132 such days.

Carbon monoxide

Carbon monoxide (CO) is a toxic gas produced during fuel combustion. The presence of
CO may also affect the atmospheric mixing ratio of other gases by competing for oxidant
species (such as the hydroxyl radical OH) thereby decreasing the oxidation rate of the

other gases.

Even though CO levels in Mexico City seem to be under control, there are two points that

ought to be mentioned. The first is that even though measurements at the analysis
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stations which show acceptable levels, many people are exposed to much higher

concentrations in streets with heavy traffic and in public vehicles.

Second is that the EPA determined 9 ppm for a moving average of eight hours as the air
quality norm, whereas the mexican standard is 11ppm for an eight hour moving average.
Recent studies suggest that this concentration levels may have serious health

consequences for pacients with a delicate heart condition.

Particles

Particles can be formed by a great variety of substances. The ones that have a natural
origin are composed principally of soil, and occassionally they are originated by a
biological process (vegetal and animal debris, spores etc.). Particles from combustion
processes are generally ashes and atomized particles from the fuel. They have a very
limited participation in the photochemical processes but they represent the most

important agent in urban visibility reduction.

The air quality indicator used to evaluate atmosferic particle concentration are PST (Total
suspended particles) and PM10 ( < 10 micrometers). The former refers to the totality of
particles in the atmosphere. The latter is an indicator that represents the fraction that can
be inhaled and have health consequences. Particles represent the second most important
problem of atmospheric pollution in Mexico City in terms of the number of people

affected and the number of days in which the norm is exceeded.
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% of Observations over the standard (1986-1995)

PST PM10
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39.8 39.6
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45.1 33.6
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16.1 19.0
13.2 16.0
15.6 12.6

Lead

Lead has been used in the form of organic compounds such as lead tetraethyl as an octane
agent in gasolines. It can be one of the constituents of particles in suspension. Its main
emission source is automotive combustion. Another common source are mills. Lead is

highly toxic when ingested and is accumulated in teeth, bones and the circulatory system.

Lead concentrations have been dramatically reduced as a result of several gasoline

reformulations.
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Lead Concentration levels in Mexico City

Highest concentrations
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During the early eighties, gasoline contained an average of 0.9g/1 of lead, by 1986 it went
down to 0.09g/l. Additionally, non-leaded gasoline went from being 2% of the market in
1989 to a 44% in 1995. [6]

Gasoline Consumption in Mexico City
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Sulfur Oxides

Sulfur oxides are produced by the oxidation of sulfur in fuels, especially coals and
residual fuel oils, and as discussed in the first section, are responsible in large part for
acid rain. Sulfur in fuels usually occurs as organic ( R-S) or as pyrite (FeS;). Sulfur
oxides are also formed from the refining of the ores of the many metals that occur in the

form of metal sulfides.

Sulfur oxides are a harmful agent as they irritate the respiratory system when inhaled.

Sulfur aerosols are three to four times more irritating than SO, when inhaled.

From 1990 the government has achieved substantial progressive reductions in the levels
of sulfur in gasolines and diesel. Current sulfur contents are equal to US EPA standards
for Diesel (500 ppm max.). However gasoline sulfur content is still very high (500 ppm
vs. 339 EPA 95 and 40 ppm CARB 96).

As was mentioned above, in 1994 a market of exchangeable permits for the control of
sulfur bioxide in inmobile sources was authorized. This is the first attempt to implement

a tradable permits control strategy in Mexico.

Pollution by Ozone in Mexico City

Health effects and costs to society

The relationship between the incidence of death and estimates of exposure to ozone,
sulfur dioxide and suspended particles (TSP), has been researched by Santos Burgoa [7].
This analysis shows a positive and statistically significant relationship between mortality
and the levels of ozone, sulfur dioxide and TSP registered the same day and even two

days before.
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Attempts to quantify the costs of deaths and diseases have also been carried out.
Margulis (1992) values morbidity related costs of 0zone at more than 100 million dollars
per year. Combined morbidity ozone, lead and TSP costs are 100, 130 and 360 million

dollars respectively. [8]

This thesis will concentrate in the ozone control policies in Mexico City since it is the
pollutant that is most frequently not within accepted norms and one that affects virtually
the totality of the population and a sensitive political problem in itself. It should be
pointed that particles are extremely harmful pollutants, which means that although current

norms are seldom breached, the damage cost is considerable.

There are two levels of complexity regarding tropospheric Ozone formation. The first
one is the atmospheric chemical process by which ozone is created. The second is the

diversity of sources of ozone precursors and their very different structural behavior.

Tropospheric ozone formation: process and sources

Complexity of the atmospheric chemical process
One of the first atmospheric chemical cycles to be documented in detail involves the

production of high levels of ozone in the Los Angeles Basin in California. This cycle is
ubiquitous in polluted air in any urban areas. The set of all possible reactions that occur
is exceedingly complex. However, the two general reaction cycles in the formation of
tropospheric ozone involve nitrogen oxides and other non methanic hydrocarbons. Both
interact, although in different ways, with molecular oxygen to produce ozone and thus are

called ozone precursors.

The 03-NOx cycle can occur without the presence of Hydrocarbons. However the cycle
is enhanced in its presence. The species involved are nitrogen dioxide (NO,) nitric oxide
(NO), molecular oxygen (O2) and Ozone (O3). Of these species, the only one that absorbs

light is nitrogen dioxide, which is a brownish haze sometimes visible over urban areas.
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Ozone is formed as the result of the fotolithic dissociation of NO»

NO,+hv = O+NO

O0+0, > 0O;

Ozone is capable of reoxidizing NO by the following thermal (dark) reaction

NO + O3 > NO, + O,

When the atmosphere is illuminated, tropospheric ozone levels increase until the rate of
ozone destruction equals the photochemical production rate of ozone. During the night

ozone levels decrease since only the dark reaction can take place.

The ozone formation during the day takes place in the presence of nitrogen oxides, which
come from fuel combustion in the transport and industrial sectors. If this was the only
reaction there is no way by which there could be levels of ozone higher than the NOx

levels.

However, ozone concentrations measured in urban areas commonly exceed the
concentrations predicted by the reactions of the O3-NOx cycle. This reflects the fact that
other oxidants are reoxidizing NO to nitrogen dioxide without consuming ozone. This
oxidants are hydrocarbons that form free radicals that allow the oxydation of nitric
oxydes without consuming ozone. The first reaction of this cycle is the the creation of a

free radical R. (i.e. CHj3, CyHs etc.)

Hydrocarbons+ OH - R+ H,0



This free radical contains a free electron and reacts with an oxygen molecule from the air

to form a peroxide radical (RO,)

R+0; =2 RO,

The peroxide radical reacts with NO to produce nitrogen dioxide:

RO,+NO-> 'RO+NO;

This increased level of NO, will induce a higher ozone formation rate. A simplified cycle

can be illustrated in the following way:

hv

02
03 NO2

NO

This is the primary ozone producing process, which is the NOx-O; cycle. Now suppose

that we introduce hydrocarbons, the result will be the following NO, producing cycle.

26



HC

OH

/ RO’_\\ RO2

NO

This is just one of the possible pathways by which hydrocarbons can be oxydized, there

are many more and the reactivity and reaction kinetics of the different species will vary.
NH
RO2

N /‘

A simplified cycle would be:

HC

03 NO2

NO

Thus, one of the effects of introducing hydrocarbons is to accelerate the nitric oxide (NO)
oxidation to NO,.which in turns reacts in the light to produce more ozone. Given that the
NO and free radical reaction is also a cyclic process itself, any source of free radicals will

increase the reaction velocity of the cycle and, in the same way, any reaction that



eliminates free radicals will slow the ozone production velocity. This makes the cycles

very sensitive to the ratio of HC/NOx.

(33
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Source: [9]

The formation of ozone depends thus on NOx and Hydrocarbons in a very non linear
way. For example, it has been observed that under certain conditions (low HC/NOx ), an
increase in NOx will result in a destruction of ozone. In these conditions, nitrogen oxides
(NO and NO,) remove free radicals that would otherwise react with the HC to eventually

produce more ozone. This behavior is known as NOx inhibition effect.

A successful strategy to control tropospheric ozone levels has to rely on a policies that

take into account the relative presence of the two main precursors, NOx and HC



Complexity in terms of pollutant sources
Virtually the totality of the NOx and HC emissions are related to fossil fuel utilization.

The Energy balance of Mexicq City is thus closely related to the emissions inventory, that
is, to the total quantities of pollutants emitted over the metropolitan area. This reflects

the dependency of emissions upon energy consumption.

Energy Consumption by Sector in the Mexico City Metropolitan Area (% of total
consumption)

Transport Thermoelectric Industry and Others Total

Generation Services

‘Source: [6

The asymmetry between private benefits and public costs poses difficult problems to
urban pollution control. An example is the very different nature of fuel burning agents in
the metropolitan area. These include industrial, commercial and service facilities as well

as mobile sources related to the public and private transport sector.[6]
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Total Emission Inventory for Mexico City Metropolitan
Area 1994

Vegetation
Industry 12%

Services 3%
10%

Transport
75%

Gasoline and Diesel in the transport sector hold both the largest share of both energy
consumption and pollutant contributions (NOx, HC, CO ). On the other hand, electricity
generation, services and industry are activities that use fuel oil, gas oil, LPG or gas as

fuels and significant contributors of NOy and SOx.

Emission Inventory 1994
Mass % by Pollutant

HC
14 573 04 245 32
02 19 0l 42 389
42 268 995 713 541
94.2 0 0 0 3.8
100 100 100 100 100

Even if fuel qualities have been improved in the past years there is still room for

improvement.

30



COMPARED GASOLINE QUALITIES

Pemex UsS
Reformulated EPA 95 CARB 96
Magna
Sulfur (ppm max.) 500 339 40
Aromatics (%vol. 29 92 25
max.)
Olefins (% vol. max.) 10 10.55 6
RVP (psi) 7.8 7.6 6.9
Benzene (% vol. max.) 1 1 1
Octane (R+H)/2 87 87 87
Oxygen (%weight) 19 o8 2
Lead (g/gallon) 0.01 0.05 0.05
Source [19]

As we mentioned above the problem that causes greater concern among the population
regarding atmospheric pollution in Mexico City is high Ozone levels. Therefore, a

successful control strategy has to start with a detailed accounting of the main ozone

precursors (HC, NOy).

NOx Emissions

Public transport
11%

15%

Microbus ]
798envices
4%  Industry
11%
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HC Emissions

Cargo Vegetation

Microbus 4% 4%0% Private cars

6% 23%

Source: [6]

Sources of ozone precursors can be grouped into fixed and mobile. As shown in the
above graphs, the transportation sector, particularly private cars, is the largest contributor

to HC and NOy emissions. [6]

Stationary sources

Industrial
Industry is the highest contributor of SO, emissions and is a large NO contributor. It is

the second sector in importance in terms of total emissions. Furthermore, emissions are

concentrated in a small fraction of the plants.

In 1994 there were more than 30,000 industrial facilities. Of those, 4,623 contributed
almost the totality of industrial emissions (96%). The chemical and metal industries are
the largest contributors. This is mostly due to the use of outdated technologies and the
lack of control equipment. In general, industrial emissions in Mexico stem from the lack
of control or from the use of outdated equipment in combustion processes (NOy
emissions), the use of high sulfur fuels (although decreasing rapidly) and the use of

solvents.



Industry Grouping in Mexico City according HC and NOy Emissions Levels 1994

Group | Emission #of % of HC NO; HC+NO, % emissions
range facilities  facilities Ton/y  Ton/y  Tonly vs. Total
Industry
A >6 466 10.08 23,194 30,342 53,536 96
B >12 289 6.25 22,476 29,473 51,949 93
C >18 228 4.93 21,936 29,045 50,981 91
D >60 94 2.03 19,595 26,546 46,141 83
E >90 74 1.60 19,064 25,768 44,832 80
F >120 56 1.21 17,721 24,954 42,675 76
Source [6]

This way of ordering the industrial sources of emissions would suggest that
implementation of CAC policies may be viable and not very costly given the reduced

number of players.

Services
Services include hotels, hospitals, dry cleaning, kitchens etc. Here again, emissions are

created by the combustion of different fuels (LPG, gas, diesel). However, recent studies
by Rowland and by the Mexican Institute of Petroleum show that there is a strong
concentration of highly reactive ozone precursor hydrocarbons, particularly propane,
isooctane and butane, as well as olefin components throughout the Mexico City

atmosphere.

These hydrocarbons are not usually found in combustion emissions in the service
industry. Recent evidence presented by Rowland et al. (1995) [20] suggests that they
come from unburned LPG which used as domestic fuel in Mexico and may be responsible
for as much as 30% of ozone levels in Mexico City. Mexican LPG composition has a

predominance of highly reactive hydrocarbons (C4 and Olefins). LPG lead containment
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as well as its reformulation to reduce the reactive hydrocarbons could thus translate into

important ozone reductions.

Other than the LPG leakage activity, HC emissions in the service sector come from the

aged combustion equipment of many service establishments.

Other
In general, other stationary sources contribute roughly 20% of the Hc emissions and a

negligible part of NOx emissions. However, their impact as a source of other pollutants
ought not to be downplayed. For instance, the highest sources of particles emissions in
the metropolitan area are erosion and dusts suspensions that come from paved and
unpaved regions in the city. Soils contribute to more than 90% of particle emissions and

vegetation brings 5% of HC.

Mobile sources

The intensive fuel consumption of the transportation sector makes it the largest emission
contributor in the metropolitan area. The vehicle fleet has persistently grown during the
last years at rates of approximately 10% per year. The vehicle fleet has today between 2.5
Million and 3 Million vehicles.

Vehicle Fleet Distribution 1994

Government
Trucks vehicles
18% 1%
Public
Transport

5%
Taxis
5%

Private Cars
71%

Source: [6]



Private Cars represent the largest portion of the vehicle fleet. However, they represent a
very heterogeneous composition in terms of age, combustion efficiency and emission

contribution.

Age distribution of the vehicle fleet in Mexico City

1971-1975 1970
i 1976-1980 7% 4% 1991-and after
12% 32%

1981-1985

18% 1986-1991 5
27% |

Source: [6]

The high growth in the vehicle fleet brings about several problems. First, it represents an
increase in emissions related to combustion since there will be an enhanced trip activity.
This translates into an increase in both NOx and HC emissions. Second is that even
without combustion activity, that is, even without an increased amount of trips, HC

emissions levels would increase due to the evaporation component of such emissions.

NOx emissions are a result of the oxidation of both organic nitrogen impurities in fuel
and nitrogen from the air. oxidation of atmospheric nitrogen (N,) is most pronounced
during high temperature combustion (which is desirable from the stand point of

combustion efficiency).

Hydrocarbons are released to the atmosphere in two ways. First as a product of
incomplete combustion: some fraction of the fuel is unburned and emitted to the

atmosphere without being oxidized. Following are some measurements from a 1996



study from the Mexican Institute of petroleum (IMP). The study measured the

combustion emissions of 35 Mexico City cars in order to estimate total NOx and HC

combustion emissions. [9]

Nox Combustion emissions
2
15 +
g |
E’l : i
05+ ; v
0 max
0 '. n'ed:
Nova Magna i. s |
Source: [10]

Hydrocarbon Combustion emissions

£
X
-]
Nova Magna & min 3
Source: [10]

Since hydrocarbons are volatile organic compounds they evaporate at relatively low
temperatures even in the absence of combustion activity. In gasolines, this volatility is
controlled by the Reid Vapor Pressure (RVP) which is a measure of the surface pressure
it takes for a liquid to evaporate. A light hydrocarbon has a very high vapor pressure.
Heavier hydrocarbons like gas-oils, will have nearly a zero vapor pressure since it will
vaporize very slowly at normal temperatures. From the same IMP study we obtain a

relation between RVP and evaporative HC emissions:
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HC evaporative emissions
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It is clear that lower technological standards have a great impact on HC evaporative

emissions.

There is high uncertainty regarding HC in gasoline vehicles in terms of the contribution
of evaporative emissions. Most estimations of HC emissions consider the unburned
fraction of fuel that is emitted after combustion, but a recent reconciliation between the
emissions inventory and air quality shows a severe underestimation on HC emissions.
Recent studies have estimated evaporative emissions as being up to 70% of total

vehicular emissions. [9]

In any case, NOx and HC contribution by private cars is much larger than the mobility
demand it satisfies when compared to other transport modes. Currently there are 36
Million trips person per day within the metropolitan area. Private vehicles satisfy 21.4%
of them. However, emissions for this mode of transport correspond to 35% of NOx and
46% of HC. This makes private cars an environmentally inefficient way to satisfy

mobility demand.

From an energy point of view, private car gasoline consumption represents the highest

energy consumption in the transport sector. Each trip person per day made on private car



coiisumes nineteen times more energy than a bus trip, nine more than a pesero, sixty two

times more than the subway (metro), and 94 times more than raiiways.

Even if environmentally inefficient, private car transportation has proved to be an
extremely inelastic transport mode in Mexico City as well as in other cities. Private car
transportation is very unresponsive to demand side management instruments. Research
by Swait and Eskeland (1995) estimated the responsiveness of the demand for different
transport modes demand to demand management instruments for the city of Sao Paulo
[11]. Their research suggests that, in Sao Paulo, automobile transportation is the most

inelastic transport mode in terms of trip cost and travel time.

A different research piece by Eskeland (1995) estimates the effects that the ““No
Circula™ regulation had on the automobile transport mode demand. The results of the
model are that the regulation, after a period of six months, actually increased total
driving. In terms of gasoline consumption, the model results indicate that, had the
demand not been subjected to a structural shift at the end of 1989, demand would have

been lower in all but in the two first quarters of the regulation.

Was there a way to predict this policy resistance response from the system beforehand?.
If so, what would be the analysis tools required that would be able to capture it? This
questions lead us to examine the available analytical tools that have been developed to

design and implement current environmental policies.

The Mexican authorities have invested a significant amount of resources to improve their
understanding of different aspects of the air pollution problem in Mexico City, with
impressive results in some occasions. However the dynamic interactions between the
system and the policies that affect them has not, in our opinion,

been sufficiently explored.



APPROACH TO THE PROBLEM

Recent efforts and Iimi'tations: PICCA

The Mexican government has sponsored and undertaken intensive research efforts in the
area of air pollution. To this day, research efforts have included econometric analyses of
gasoline and car consumption, mobility and trip surveys, definition of emission
inventories and state-of-the-art meteorological and photochemical simulation models as
well as health impact studies and cost evaluating of pollution effects. All of these tools

have been used to derive environmental policies.

In November 1990 several government dependencies established PICCA (Integrated
Program Against Atmospheric Pollution). It constituted the first joint public effort on the

part of the government to face the problem in a multidisciplinary and integrated manner.
The PICCA program not only announced a set of policies to be implemented
immediately, but also set forth a wide spectrum of actions and research projects to be

completed within the following 4 years.

Tools and policies for mitigating air pollution in Mexico City

Tools used to derive Policies Policies

Econometric analysis for gasoline consumption “"Day without a car" program
Econometric analysis for car purchases Fuel quality initiatives

Mobility / trip analysis (1994) Public transport infrastructure additions
Emission inventories Private industry and services
Photochemical model Research and communication
Meteorological model Reforestation

Multi-attribute decision analysis for control
Strategies



Since October 1993, the use of Diesel Sin, with a sulfur content c;f 0.05%, was made
mandatory in the metropolitan area. Additionally, heavy fuel oil was eliminated and
replaced by industrial gas oil with a maximum sulfur content of 2%. Similarly, vehicles
sold after 1991 are required to use unleaded gasoline (Magna Sin). Furthermore, the lead
content of Nova gasoline was reduced by 92%. Finally, LP gas was introduced in more
than 25,000 public transport and haulage vehicles thereby reducing their emissions by
90%.

There has also been considerable investment in infrastructure projects that can be grouped

into two categories:

-Road and Transport improvement, which includes the resurfacing of 1,750,000m2 of
road, the expansion of the Metro and the substitution of the collective transport
systems (peseros, which are Volkswagen vans) for Microbuses with emission control
systems

- Investments to eliminate or reduce emissions, which included the closing of the /8
de Marzo oil refinery, total shift to natural gas as a burning fuel in the two
thermoelectric plants that operate in the Metropolitan area and in 365 large industrial

plants

In the transportation sector, one of the most visible policies proposed in the PICCA was
the “Hoy No Circula” Program or “Day without a Car”. The program banned each car
from driving a specific day per week. It was presented as a temporary regulatory measure
aimed to alleviate congestion and pollution problems and counted on people to use public
transportation systems or to resort to car pooling in order to compensate for their mobility

supply reduction.
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The regulation hus been controversial to say the least. It has been criticized for being
inefficient and unfair. Inefficient in the way most rationing devices and/or command-
and-control regulation mechanisms are inefficient. Unfair because it will be particularly

costly to some and easily avoided or circumvented by others.

But an even stronger issue brought up against this measure is that substantial evidence
(Eskeland 1995) [12] supports the view that the regulation is actually counterproductive.
Some have circumvented the ban by purchasing additional cars, many times older and
with lower technical standards, and might have ended up increasing their driving. Even if
the conclusion that aggregate car usage was increased is rejected, one may see the small
reductions as evidence that the rationing scheme resulted in high compliance costs for

many households.

Finally and more importantly, if that compliance strategy involved acquiring a used car
with lower technical standards it would result on increased pollution. There would be
increased NOx and HC emissions resulting from less efficient combustion (even if the car
usage remains constant), but HC emissions would also augment as a consequence of an

enlarged vehicle fleet. This dynamic is explored in greater detail in chapter 3.

The failure of the Day without a car program suggests that the problem of air pollution in
Mexico is dynamic in nature, more so if policies aim to affect users’ preferences. In fact,
the observed behavior after the implementation of the program fitted the classic definition
of policy resistance almost perfectly. In light of this finding, we believe that one of the
areas of opportunity to enhance the understanding of the problem lies in the field of

system dynamics.
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Results of the "No Circula Program"

Gasoline Consumption in Mexico City
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Gasoline consumption stayed constant
Private car fleet augmented by 500 000 used vehicles ( 20%
of the fleet) in one year.
On average this vehicles are 10 times more poliluting than
a new car (in HC's) Source: [6]

Current status: ProAire

In 1995, the government presented its new 4-year plan to fight air pollution in the Mexico
City metropolitan area. This plan was given the name of Pro-Aire. In it, the government
follow through some of the studies it had proposed in the PICCA and proposed new

policies geared towards mitigating air pollution.

This Policies were grouped into the following four objectives:
o (Clean Industry: Emission reductions by added value unit in industry and services
o Clean vehicles: Emission reductions per Km

o Efficient Public Transport and new urban order
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e Ecological recovery

In order to reach these goals, the program has defined seven strategies:

e Addition and upgrade of new technologies in services and industries
e Addition and upgrade of new technologies in vehicles

e Fuel upgrade and substitution

o Upgrade of Public transport system

e Economic incentives |

¢ Industrial and vehicular inspection controls

e Environmental information and education

e Social participation

On a lower level of aggregation, there are more than 80 instruments and policies planned
to be implemented. However, even if in some of the strategies and individual projects the
economic incentives approach is mentioned and sometimes analyzed, there is still a
concentration on attempting a “technological” solution and an insistent confidence on

command and control instruments.

As mentioned above, environmental administration in Mexico has principally used
command and control instruments in air pollution. This strategy has left many gaps in
terms of environmental legislation, particularly in the definition and enforceability of an
environmental economic instrument. Furthermore even if it is a government
responsibility to maintain environmental standards, it is not always clear which
government agency is in charge. All of this makes the implementation of economic

instruments a difficult issue.
Finally, the policy-designing tools are limited in capturing dynamic interactions between

public policies and the urban system. These limitations translate into two major policy

shortcomings: staticity and isolation.
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Tools and limitations in the fight against air pollution

Limitations

Tools Static Isolated
Econometric analysis for gasoline consumption X
Econometric analysis for car purchases X
Mobility / trip analysis (1994) X
Emission inventories X

Photochemical model X
Meteorological model X
Multi-attribute decision analysis X X

Policies that have static limitations assume their effects will take place in an environment
which is constant over time. Thus, their effectiveness is limited to the extent other
variables in the system remain constant. For example, banning 20% of the private cars
from the streets every day will reduce private vehicle emissions by 20% only if no more
cars are introduced into the current fleet and no additional trips are made by the original
fleet. As more cars enter the fleet, the absolute effect of the policy is diluted, even though

the relative effect remains constant and 20% of the cars are always at home.

On the other hand, policies that are assumed isolated ignore the effects of other policies
implemented simultaneously. This fact makes the evaluation of their cost effectiveness
extremely difficult. Additionally, the second order effects of certain policies might

counter the desired effects of others.

Some progress has been made in understanding the problem, not only through the
different tools that have been developed, but of equal importance, by the recognition of
the city as a complex dynamic system which has dimensions that have still not been

explored. The ProAire program recognizes explicitly that the urban space is an open and
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dynamic system which includes and inter-relates its environment, its markets and with the
underlying organization of its most basic activities. The former include; public and
private transportation, infrastructure capacity, spatial organization, land use legislation
and other similar variables. Additionally, the city’s system structure merges with the state
of technologies, with its information systems, its rules of decision and with the culture

and customs of its inhabitants.

Any attempt to design a policy that incorporates at least some of these levels of dynamic
complexity requires a tool that rigorously analyzes the structure of the system. We
believe that a systems thinking approach and, more specifically, systems dynamics
modeling, can be helpful in understanding some of the relations between the structure of

urban systems and their behavior.
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System dynamics as an alternative approach to policy evaluation

SYSTEM DYNAMICS

Background And Overview

System dynamics is a relatively recent methodology developed in MIT by Professor Jay
Forrester in the 1950°s [13]. It attempts to describe the behavior of complex systems as a
function of their structure. By structure we understand the elements related to the flow of
materials and information as well as the ones (tangible and intangible) that dominate the
decision making process within a social system.. The area of focus of systems dynamics
is the behavior of systems that contain feedback loops. A feedback loop is a cause and
effect relationship between at least two variables related in such a way that both are

affected by each other’s behavior. [14]

One of the fundamental notions behind system dynamics is that a rigorous systems
thinking can be of great help when shaping our mental models. These mental models can
be translated into a mathematical version and simulated in a computer program. This
proves to be more reliable than an intuitive approach to evaluate the system’s behavior.
The sort model that is generated can easily have over 100 variables that are relevant to the
problem, many of them related to one another in a non linear way. Human cognitive

capabilities are not able to follow the implications of such systems.

Feedback loops have two possible polarities: positive, or reinforcing feedback loops and
negative, or balancing feedback loops. A positive feedback loop feeds on itself to
produce a change in every iteration that has the same direction as the change in the
previous iteration. Hence, a positive feedback loop represents a system that is always
growing or always shrinking. A typical example is a vicious cycle like smoking.
Smokers are known to smoke more heavily when under stress. However, since nicotine
generates anxiety, the more s/he smokes the more stress the person will feel and the more

he or she will smoke.
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This dynamic is graphically captured in the figure below in which the arrows represent a
cause effect relationship. The icon in the middle of the loop is a snowball rolling
downhill and becoming bigger on its way, which is another example of a positive
feedback loop. The plus or minus signs on the sides of the arrows represent the effect of
the preceding variable on the next. A plus sign indicates that an increase in the cause
variable produces an increase in the effect variable and, similarly, a decrease in the cause

produces a decrease in the effect variable.

The opposite is true for the minus signs. An increase in one variable produces a decrease
in the cause variable while reductions in one variable translate into increases for the next.

A positive feedback loop

£

Need for smoking Nicotine intake by smoker

\trcss level of smoker/

A negative feedback loop illustrates the limits by which the system stops or balances its
apparent limitless growth or decline. For instance, suppose the person above only had

one pack of cigarettes available.
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As the available cigarettes run out, the person will have to smoke less, namely zero when
there are no more. This is a balanc