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Abstract

This paper examines the effects of U.S. gasoline content regulations on ground-
level ozone concentrations. These policies are costly and have been shown to raise
gasoline prices by 3-5 cents per gallon. We provide the first comprehensive
empirical estimates of the regulations’ air quality benefits. We exploit the fact that
regulations vary by time and place of introduction, as well as by the specific
gasoline content restrictions prescribed. We show that early regulations that
targeted the evaporative emissions of volatile organic compounds (VOCs), one of
the two main precursors to ozone, did not have a statistically detectable effect on
air quality. For California, however, the targeted, more expensive removal of a
class of VOCs particularly prone to forming ozone resulted in a large, measurable
effect. Our findings suggest that allowing refineries the flexibility to remove the
least-cost VOCs from gasoline is ineffective in improving air quality. Further, we
show that the federal reformulated gasoline introduced in 1995 and 2000 reduced
summertime ozone concentrations by 3-6%. These results are robust to using either
a difference-in-difference method or a matching strategy.
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1. Introduction

Since the passage of the original Clean Air Act in 1963, U.S. state and federal
governments have undertaken numerous efforts to reduce human exposure to ground-level ozone
pollution. Ozone is an odorless, colorless gas that has been linked to several human health
problems, including aggravation of asthma, increased susceptibility to pneumonia and bronchitis,
and airway irritation and pain during physical exertion, particularly amongst children. Moreover,
ozone is destructive to crops and natural vegetation (EPA, 2006).

While ozone is not emitted directly by any source, the two classes of chemicals that react
in the atmosphere to produce ozone—volatile organic compounds (VOCs) and oxides of nitrogen
(NOx)—are pollutants produced in part through human activity. Ozone control programs have
targeted a wide array of VOC and NOy emissions sources, including motor vehicles, electricity
generators, and large industrial emitters such as cement plants. Despite more than 40 years of
regulatory effort, however, many areas of the U.S. continue to experience ambient air
concentrations of ozone that exceed standards set by the Environmental Protection Agency
(EPA).

This paper examines the effectiveness of one particular set of ozone-targeting
regulations: restrictions on the chemical composition of gasoline that are designed to reduce the
emissions of NOy and particularly VOCs from mobile sources. These regulations are of
particular interest because they have recently come under close scrutiny due to their adverse
effects on gasoline prices. Gasoline content standards are not uniform across the country: some
states and counties are more tightly regulated than others, and some areas have implemented
their own standards that are more stringent than those set by the EPA. The resulting “patchwork”
of regulation has segmented the U.S. gasoline market so that gasoline transporters cannot
arbitrage price differences across areas with different regulations. Several recent papers—Brown
et al. (2008), Chakravorty and Nauges (2008), and Muehlegger (2006)—have found that this
market segmentation has a significant impact on both gasoline price levels and price volatility.

Brown et al., for example, find that reformulated gasoline increases prices by an average of 3



cents per gallon, and that increases are larger in areas whose gasoline markets became
particularly isolated as a result of the regulations. The U.S. Congress, concerned about the price
effects of segmented gasoline markets, inserted language into the Energy Policy Act of 2005
(section 1541(b)) that placed constraints on the ability of the EPA to approve state fuel programs
that could exacerbate segmentation by introducing new fuels into a market.

Despite the considerable attention paid to the costs of gasoline content regulation, we are
not aware of any study that comprehensively assesses the extent to which regulation has created
benefits through reduced ozone pollution. While the EPA has conducted numerous road tests
demonstrating that use of “cleaner” gasoline does reduce VOC emissions, an ex-post evaluation
of whether these reductions actually translate to cleaner air has not been undertaken.

While we believe that our study is the first to comprehensively evaluate the effect of
gasoline content regulation on ambient ozone concentrations, our work does relate to a growing
literature that attempts to measure the air quality and health benefits of environmental
regulations. Henderson (1996) examines the response of ozone concentrations to the designation
of a county as being in nonattainment of the EPA’s ozone standard, which forces the county to
take abatement actions, including perhaps regulating gasoline content. He finds that a
nonattainment designation reduces summer daily maximum ozone concentrations by about 8%,
though this result is not statistically significant in some specifications. Davis (2008) investigates
license plate-based driving restrictions in Mexico City, and finds that they have no significant
effect on ozone or any other pollutant, as they led to increases in both the number of vehicles and
average vehicle emissions rates. Chay and Greenstone (2003, 2005) find a significant impact of
total suspended particulate (TSP) nonattainment designation on TSP concentrations, infant
mortality, and house prices. Greenstone (2004), however, finds no effect of sulfur dioxide (SO,)
nonattainment on SO, concentrations.

We examine the effectiveness of gasoline content regulation using detailed daily
measurements of ambient ozone concentrations from thousands of air quality monitors across the

United States for the period 1989-2006. Our identification strategy takes advantage of the rich



spatial and temporal variation with which gasoline regulations were applied, as well as the
discrete nature with which they phased-in. Unlike, say, standards for vehicular emissions control
equipment, which take effect only gradually through turnover in the vehicle fleet, the adoption of
a gasoline content standard instantly affects all vehicles at once. We therefore seek to identify
step changes in ozone concentrations at the times and locations in which gasoline regulations
came into effect. We use two methods: (1) a difference-in-difference (DD) estimator that also
controls for differential pollution trends in treated vs. non-treated areas as well as ozone
nonattainment designation; and (2) a matching estimator.

To preview our results, we find that the effectiveness of regulating gasoline content
varies considerably with the type of regulation imposed. We find that early federal gasoline
regulations that focus on limiting the total evaporation of VOCs from gasoline—regulations that
remain in place in many locations today—do not have a statistically detectable effect on ground
level ozone concentrations. However, we also show that California, by specifically targeting
highly reactive VOCs in its blending regulations, achieved significant improvements in air
quality: reductions in urban ozone concentrations of 8%. These results are consistent with a
failure of early federal regulation to force refiners to remove VOCs that are more reactive in
forming ozone yet more expensive to remove. Finally, we show that the second suite of federal
gasoline content regulations that targets both the evaporation of VOCs as well as NO, emissions
was effective at reducing ambient ozone concentrations. We estimate that these regulations
reduced summertime daily maximum concentrations by between 3% and 6%. This is a
substantial reduction of similar magnitude to the reductions found by Henderson (1997) in his
study of the effects of EPA ozone non-attainment status designations on ambient ozone
concentrations.

The remainder of the paper is organized as follows: Section 2 provides a detailed
description of the gasoline reformulation policies examined in this paper. Section 3 describes the
data we have collected, and our econometric identification strategy is given in section 4. Section

5 presents and discusses the estimation results, and section 6 concludes the paper.



2. Regulatory Background

2.1 Ground-level ozone formation

The primary goal of gasoline content regulation has been to reduce ambient
concentrations of ground-level ozone by targeting emissions of its chemical precursors: VOCs
and NOy. The chemical reactions through which VOCs and NOy form ozone are complex in
several ways that are important to gasoline regulation and this study. First, ozone formation
requires warm temperatures and sunlight; gasoline content regulations therefore tend to be
particularly stringent during the summer. Second, the ozone production process exhibits
Leontief-like properties in its inputs of VOCs and NOy. That is, in areas in which VOC
concentrations are relatively high, ozone formation is “NOy-limited” in that marginal reductions
in VOC emissions will not affect ozone concentrations, but marginal reductions to NOy
emissions will. Conversely, areas with relatively high NOy concentrations are said to be “VOC-
limited.” Third, and finally, “VOC” is a term that includes a large number of chemical
compounds, and the reactivity of each in forming ozone varies considerably—some compounds
may be nearly 80 times more reactive than others. The effectiveness of gasoline content
regulations may therefore hinge on whether they target VOCs or NOy in a way that matches the
VOC or NOy limitations of specific geographic areas, and whether they are effective in reducing

emissions of those VOCs that are particularly reactive in forming ozone.

2.2 Reid vapor pressure (RVP) regulations

Gasoline regulations first targeted ground-level ozone pollution with the introduction of
Reid vapor pressure (RVP) regulation in 1989. RVP, which is measured in pounds per square
inch (psi), gauges the intensity with which VOCs are released from gasoline through
evaporation. RVP regulation limits the RVP of gasoline sold during the summer months when

hot, sunny weather is conducive to ozone formation, and reduces both evaporative VOC



emissions that occur during vehicle fueling and on-road emissions from vehicle exhaust.
Refiners meet the RVP limits by reducing the concentration of light components—particularly
butane—in the gasoline they sell (Lidderdale 1999).

RVP regulation was introduced in two phases. Under phase I, which covered 1989
through 1991, each of the contiguous 48 states was assigned an RVP limit during the summer
months. The limit varied by state according to EPA modeling of where VOC emission reductions
were most needed, and took on a value of 10.5, 9.5, or 9.0 psi, with lower numbers indicating a
tighter standard. The summer compliance period was June 1 — September 15 for retail gasoline
stations and May 1 — September 15 for refiners and wholesale distribution terminals. RVP limits
in some states were more stringent in July and August than in June and September, and Texas
and Illinois had different limits in different parts of the state. Table 1 provides state-level detail
of the RVP phase | program.*

RVP Phase Il began in 1992 and mandated a stringent, 7.8 psi summertime RVP limit in
ozone nonattainment areas in southern states. All other counties in the United States were
required to achieve an RVP of 9.0 psi, which had been the most stringent limit under phase I. In
addition, some areas implemented tighter standards, as low as 7.0 psi, as part of their state
implementation plans. RVP phase Il regulations remain active today, though in some areas they
have been superceded by RFG standards, discussed below. RVP phase Il details are provided in
table 2, and a map of areas affected by RVP (as well as areas affected by RFG) is displayed in
figure 1.

2.3 Reformulated gasoline (RFG) regulations

RFG was mandated by the Clean Air Act Amendments (CAAAS) of 1990, and the EPA
began to enforce RFG regulations beginning in 1995. RFG is federally mandated in severe ozone

nonattainment areas. Other nonattainment areas may opt-in to federal RFG as part of their state

! Details of the RVP phase | program, as well as phase Il and the RFG program, were extracted from the Code of
Federal Regulations (40 CFR Part 80).



implementation plans. A detailed listing of where and when RFG has been required is provided
in table 3.

RFG was implemented in two phases: phase | came into force in 1995 and phase Il in
2000. Like RVP regulations, RFG targets ground-level ozone; however, RFG regulations are
tighter than those of RVP and involve both content criteria and performance standards. Under
phase I, RFG must contain no more than 1% benzene, a toxic carcinogen that is also a VOC, and
must contain at least 2% oxygen via use of an oxygenate such as MTBE or ethanol.” Phase |
RFG must also reduce both VOC and toxic air pollutant (TAP) emissions by 15% relative to
conventional gasoline. TAPs consist of five chemical compounds, including benzene, that are
known carcinogens and are also VOCs.? In addition, the NO emissions of phase | RFG must not
exceed those of conventional gasoline. The benzene, TAP, and NOy standards are year-round,
while the VOC standard applies only during the summer ozone season of June 1 — September 15.

Phase Il RFG tightened the seasonal VOC emission reduction standard to 25% while also
tightening the year-round TAP standard to 20%. In addition, phase Il introduced a NOy reduction
requirement of 5.5% that applies year-round. The EPA mandated the NOy reductions in response
to concern that some NOy-limited areas would not benefit appreciably from the VOC reductions.
Refiners were expected to improve their gasoline’s NOx emission performance by reducing its
sulfur content, as sulfur can inhibit vehicles” on-board NO, emission control equipment.

California and Arizona have implemented their own reformulated gasoline programs that
are more stringent than federal RFG. Beginning in March 1996, California Air Resources Board
(CARB) gasoline was required throughout the entire state of California, including northern parts
of the state that were in ozone attainment. Like federal RFG, CARB gasoline caps the benzene

content of gasoline at 1% by volume. CARB gasoline targets VOC emissions more stringently

2 Oxygenates are used to reduce carbon monoxide (CO) emissions, particularly in the winter. In addition to
oxygenate requirements through RFG, some non-RFG areas with CO pollution problems have their own oxygenate
programs. The effectiveness of oxygenates in reducing ambient CO concentrations is not examined in this study.

® The TAPs are benzene, 1,3-butadiene, polycyclic organic matter, formaldehyde, and acetaldehyde. Of these, only
benzene naturally occurs in gasoline; the others are combustion products. Benzene exhaust and nonexhaust
(evaporative) emissions are estimated by the EPA to comprise 70-75% of all toxics emissions from gasoline. All
five toxics are VOCs, though benzene is not strongly reactive in forming ozone.



than RFG, applying both a 7.0 psi RVP limit and content criteria that place maximum limits on
olefins (6% by volume) and aromatic hydrocarbons (25% by volume)—classes of VOCs that
tend to be highly reactive in forming ozone.* In addition, CARB gasoline targets NO, emissions
by mandating a steep reduction in sulfur content to 40 ppm, relative to greater than 200 ppm in
conventional gasoline. These standards are collectively more stringent than those of federal
phase Il RFG. Finally, Arizona’s Cleaner Burning Gasoline (AZCBG) specifies that gasoline
sold in the Phoenix area must meet federal RFG phase Il specifications in the summer and

CARB specifications in the winter.

3. Data and Graphical Results

3.1 Data description

Air quality monitor data

This paper’s focus is on ambient measured concentrations of ozone (Os3), which is the
pollutant with the largest monitoring network in the United States. The EPA maintains a
database of hourly readings for the network of permanent and temporary monitors for the entire
country back to the early 1970s. We obtained the population of hourly readings contained in this
Air Quality Standards (AQS) database for the years 1989 to 2006. For each state and year, we
processed the hourly data files and constructed a measure of daily maximum concentration as
well as daily average concentrations using all hours a monitor reported data for a given day. For
our analysis, we disqualify monitor/day observations for which fewer than 20 hourly
measurements were available.> We match each monitor location to characteristics of the monitor

and location. Table 4 describes the sample of monitors used in this study. We possess measured

* CARB (2007) shows that olefins are up to 10 times more reactive in forming ozone than is butane, the compound
that refiners remove from gasoline to meet both federal RVP standards and the VOC reduction standards of federal
RFG.

® Applying this criterion disqualifies less than 2% of the sample data and our results are robust to including these
observations. The EPA only requires the monitors to be on for 9 hours between the hours of 9am and 9pm. Our daily
maximum measure, which is the main focus of the analysis, is not affected by this definition, since concentrations
peak in the afternoon. We are currently working on reconstructing the dataset using the EPA definition to ensure that
the results for mean concentrations reflect the correct set of monitors.



concentrations for a total of 1,581,526 monitor days. The number of monitors increases over our
sample frame from 731 to 1155, which suggests that the monitoring network grows at a rate of
2.7% per year. Roughly 40% of the monitors are located in rural and suburban settings, with the
remaining 20% located in urban settings.® The reason for locating monitors in rural settings is
twofold. First, although most anthropogenic sources of NOy and VOCs are located in urban and
suburban areas, ozone can move downwind to affect rural areas. Second, the most prominent
sources of VOCs are actually plants, which are more likely to be found in suburban and rural
settings. The breakdown of monitors across urban, suburban, and rural areas has stayed almost
constant over our sample frame.

The seventh column of table 4 indicates that the set of monitored counties grew by 1.3%
per year, indicating that the growth in monitors came from both adding previously unmonitored
counties as well as increasing the number of monitors in previously monitored counties.

The EPA’s monitoring activities are partially designed to track human exposure to ozone.
The total population living in counties with at least a single monitor increased from 170 to 192
million, which is roughly 65% of the total US population.

Monitoring is costly and therefore many counties, both regulated and unregulated, do not
have monitors. The right-most four columns of table 4 display the number of monitored counties,
by year, for each of four types of content regulation: RVP (limits of 9.5 and 10.5 psi under phase
I, and limits of 7.8 psi and below under phase Il), federal RFG phase I, federal RFG phase Il, and
CARB. RVP phase Il is seen to begin in 1992 with the introduction of stringent RVP limits in
southern ozone nonattainment areas. In 1995, approximately 30 of the counties that had been
observing these strict limits adopted RFG. While these counties still technically participate in the
RVP program, the RVP requirements are met and exceeded by the RFG standards. In addition to
these ~30 counties that switched from RVP to RFG, nearly 80 additional counties that had been

observing an RVP standard of 9.0 psi also adopted RFG.

® We have spot checked 100 monitors based on their latitude and longitude data in Google Earth and confirmed this
location classification based on the authors’ judgment.



Also demonstrated in table 4 is the introduction of CARB reformulated gasoline
throughout the entire state of California in 1996. 6 counties in the Los Angeles-San Diego area
that had been observing RFG switched to the CARB formulation, and the remainder of the state
switched from the RVP standard to CARB. We observe monitors in 48 to 50 of these counties,
out of 58 California counties in total. The table also indicates the switchover from federal RFG
phase | to phase Il in 2000. The monitored counties during phase | are almost completely

identical to those monitored during phase II.

Weather data

Weather, in addition to NOx and VOCs, is an important input into the ozone production
function. Weather data at a fine scale are available from PRISM (PRISM Group, 2008), but only
at a monthly frequency. We therefore use the National Oceanographic and Atmospheric
Administration’s (NOAA, 2008) NCDC Cooperative Station Data, which provides daily
recorded minimum and maximum temperatures as well as snowfall and rain. There are over
20,000 stations in the United States reporting data back to the late 19" century. However, these
weather stations typically are not located adjacent to a pollution monitor, and many have missing
observations. To obtain an observation of daily weather for each pollution monitor, we construct
the following algorithm. First, we drop all weather observations prior to 1989. We then calculate
the Vincenty distance of each pollution monitor to all weather stations, which takes into account
the curvature of the earth. We then identify the ten closest weather stations to each pollution
monitor, provided that each is less than 50 miles from the monitor. For each pollution monitor
we then match the four climate variables for each station to the time series of ozone
measurements. Of the ten closest stations to a given monitor, we then identify the “primary
station” as the closest station for which 50% of the monitor’s daily air quality readings can be
matched to weather data.

In the case of temperature, after this step 8% of daily ozone measurements did not have a

matching set of temperature readings. In order to fill in the missing values for the primary



station, we first regress the relevant climate variable for the primary station, for observations in
which readings were observed, onto the remaining nine closest weather stations. We use the
predicted values from that regression to replace missing values. Following this step, primary
station observations are still missing whenever one of the remaining nine closest stations is also
missing an observation. To estimate the remaining missing values, we repeat the above step with
the 8 closest stations, then the 7 closest, etc. At the end of this procedure, roughly 1% of the
remaining ozone monitor observations are still missing a matching climate observation. We drop
these observations from our analysis.

When predicting missing values, a researcher should always worry about the ability of
the applied prediction algorithm to replicate the true data generating process. In order to check
the performance of our algorithm, we conduct the following experiment. First, we select the set
of data points for which the primary monitor has an observation. We then randomly set 10% of
the temperature data for this station to missing. After applying the algorithm described above to
this sample, we compare the predicted temperature data to the actually observed data points we
had set aside. Even for observations in which a single additional weather station is used to
predict a missing temperature, the correlation coefficient between actual and predicted
temperatures exceeds 0.95. Plotting the actual and predicted series against each other provides an
almost perfect fit. We therefore feel confident that our algorithm provides us with a close

representation of the true data generating process for missing weather observations.

Non-attainment status

Finally, one potential confounding factor in our analysis of gasoline content regulation is
the presence of other regulations influencing local air quality. The Clean Air Act established
National Ambient Air Quality Standards (NAAQS), which are set by the EPA and enforced and
implemented by state agencies (e.g. California’s Air Quality Management Districts). If a given
county exceeds the federal standard for a criteria pollutant (NOy, SO, 0zone, lead, particulate

matter and carbon monoxide), it can be designated as being out of attainment by the EPA. The
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state the county is located in then has to put forward a state implementation plan (SIP), which
outlines concrete steps for brining the county back into compliance with the federal standard.
Our concern with regards to this study is that these non-attainment regulations are thought to be
effective at reducing ozone concentrations (Henderson, 1997). If non-attainment status
designation drives non-gasoline-related regulatory actions that are correlated with the gasoline
content standards of interest to this study, we may overestimate the treatment effect of the fuel
standards. We therefore collected data on attainment status at the county level between 1989 and
2006 from the Code of Federal Regulations. For some criteria pollutants, CFR indicates that only
part of a county did not meet the primary standards. As is standard in this literature (e.g.
Greenstone, 2004; Henderson 1997) we assigned a county to be non-attainment if the whole
county or parts of it failed to meet the ~“primary" or "“secondary” national ambient air quality

standards.

3.2 Graphical results

Before we turn to the econometric analysis, looking at the raw data is instructive. Figure
2 plots the main outcome variable: maximum daily ozone concentrations that, for this figure, are
averaged across the months of June, July, and August. The graph breaks out the concentrations
by county type. The solid thin line plots concentrations for “non-treated” counties that have a
standard 9.0 psi summer RVP limit under RVP phase Il. Unsurprisingly, average maximum
concentrations are somewhat lower than concentrations for treated counties during most years.
The thin dashed line tracks mean concentrations for counties which adopted an RVP standard of
7.8 psi or lower under RVP phase Il, but were never treated with RFG or CARB. Movements in
these concentrations correlate almost perfectly with those in the untreated counties. Most
importantly, we do not see evidence of a break in RVP counties in 1992, the year that stringent
RVP requirements were first implemented.

The solid thick line indicates the mean maximum concentrations for the counties which

were subject to the RFG Phase | or Il regulation. The high level of these concentrations relative
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to those in non-treated and RVP counties indicates that these counties generally are the ones with
the worst air quality. This observation is reason enough to disqualify a cross sectional research
design a priori, since “treatment” is partially determined by historical air quality, potentially
resulting in a positive bias of the estimated treatment effect. If RFG regulation were effective, we
would expect the distance between the solid thick line and the other lines to shrink in 1995 and
2000, due to a drop in ozone concentrations in RFG counties. The existence of such an effect is
ambiguous in the figure.

California, which is depicted in the dashed thick line, also experiences ozone pollution
that is more severe than that in the rest of the country. If CARB regulation were effective at
reducing ambient ozone concentrations, one would expect a significant drop in concentrations
beginning in 1996. In the figure, California ozone concentrations do exhibit a sharp drop in 1997,
though not in 1996.

One potential reason that visual inspection of figure 2 vyields little evidence of the
regulations’ effectiveness is given in figure 3. In this figure, we plot the average daily maximum
temperature by year for the same summer months (June-August), broken out by the same types
of counties. Overlaying these two graphs shows the strong correlation between hot summers and
ambient ozone concentrations in each county type. The first summer subject to RFG Phase |
requirements also happened to be one of the hottest summers for the RFG counties during our
sample frame, which figure 2 shows is consistent with the highest ozone concentrations during
the 1989-2006 period. 1996, the first summer in which CARB gasoline was effective in
California, was the hottest California summer we observe in the sample. This fact may explain
why figure 2 shows a drop in California ozone concentrations from 1997 onwards, but not in
1996.

The strong confounding effect of weather, which can be regarded as a random shock,
makes it impossible to detect the potential effects of the policies of interest to this paper from
unconditional correlations alone. In the remainder of the paper we will propose and execute an

empirical strategy that flexibly estimates the treatment effect of gasoline content regulation by
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conditioning out the confounding effects of weather and other policies, as well as effects of

unobservables that vary across time, space and policy type.

4. Empirical Strategy

Our goal is to identify the extent to which each gasoline program affects ambient ozone
concentrations. Specifically, we aim to distinguish the effects of the following types of content
regulation:

1. Summer RVP of 9.0 psi (most attainment counties, 1992 onwards)
2. Summer RVP of 7.8 psi or below (primarily non-RFG nonattainment counties,
1992 onwards)
Summer RVP of 9.5 psi (many counties, 1989-1991)
Summer RVP of 10.5 psi (many counties, 1989-1991)
Phase | RFG (severe nonattainment and opt-in counties, 1995-1999)

Phase Il RFG (severe nonattainment and opt-in counties, 2000 onwards)

N o M w

CARB (all California counties, 1996 onwards)

Throughout our empirical discussion, we treat regulation #1, summer RVP of 9.0 psi, as a
“baseline” against which the other six regulations are compared. We assess the impacts of these
regulations using both a difference-in-difference (DD) method and propensity score matching. In
either case, identification of the regulations’ effects comes from the year-to-year change in air
quality following the introduction (or removal) of a particular regulation in treated areas, as
compared to year-to-year changes in control areas.’

In our application of both methods, we restrict our sample to the summer months of June
through August, when ozone levels are at their seasonal peak and the effectiveness gasoline
regulations most crucial. Moreover, in years and counties for which the regulations are in effect,

the VOC controls of each type of regulation are always active in each of these three months,

" In a future draft we will also incorporate a DDD design that uses the difference in ambient concentrations from
winter to summer as an additional source of identification.
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conferring the advantage that our analysis need not concern itself with the dynamics of
transitional periods such as May when refiners are typically bound by gasoline content

requirements but retailers are not.®

4.1 Difference-in-difference (DD)

The DD estimation approach compares the change in summer ambient ozone
concentration in the post-treatment vs. pre-treatment periods in treated counties against the
contemporaneous change in counties that are not treated. We apply the DD method using a
sample of observations at the monitor-day level, and focus on each monitor’s daily maximum
ozone reading as the dependent variable. Daily maximum measurements of ozone concentrations
were, until recently, the basis used by the EPA to set ozone attainment standards. Beginning in
2004, the EPA has based ozone attainment on the average measurement during the 8 hours of
each day for which ozone readings are highest. We will implement this measure as our
dependent variable in future work; for now however, we will address longer-term exposure by
estimating versions of our model using the daily mean ozone concentration as the dependent
variable.

Our most basic DD model is given by equation (1) below, in which y; denotes the
maximum ambient ozone concentration recorded at monitor i on date ¢. Treat; is a vector of six
indicator variables for whether monitor i is subject to one of the six possible regulatory

treatments at time ¢, and a is a vector of parameters whose estimation is of primary interest.
Inyi = a- Treaty + p; + 1y, + €t 1)

Specification (1) includes a full set of monitor fixed effects, denoted by x;, that control

for any unobservables that cause some locations to, on average, have higher ozone

® The EPA believes that gasoline supply chain lags are sufficiently short that the vast majority of retailers will begin
selling seasonally compliant gasoline shortly after the compliance date for refiners—typically May 1 (40 CFR, part
80). This implies that most vehicles will be consuming summer VOC-compliant gasoline by June 1.

14



concentrations than others. These effects preclude the estimates of the treatment effects, a, from
being upward biased by the fact that treated counties generally have higher levels of ozone
pollution, both before and after treatment, than do non-treated counties. Also included in (1) are
fixed effects #,, for the interaction of the four U.S. census regions » with each year y. These
interactions control for unobserved year-to-year shocks that are common to both treated and
untreated monitors within each census region. Finally, &; represents an unobserved disturbance.

The identification assumption underlying (1) is that there are no unobserved factors that
differentially affect treated areas before vs. after the gasoline regulations become effective.
Formally, identification of & requires that E[Treat-¢; | w;, n,,] = 0. This assumption may not hold,
however, particularly if air quality in treated counties has a long-term trend that differs from the
trend in non-treated counties. Treated counties are generally those that are in non-attainment for
ozone, and may be undertaking a series of pollution abatement actions that could result in a
gradual downward trend in ozone concentrations, relative to the trend in non-treated counties.
Thus, even if the introduction of gasoline regulation does not result in an air quality
improvement, the downward trend will cause ozone concentrations to be lower after treatment
than before treatment, yielding a spurious negative estimate of a.

We therefore augment (1) with several additional controls to form specification (2)

below:
Inyi = a- Treaty + f-Trend, + y-Aic + 0-Xie + 1t + 11y + €1t (2

In (2), the set of variables denoted by Trend, ., are linear time trends that are specific to
treated and non-treated counties within each census region. That is, counties that are treated with
RFG in census region 1 are given a trend that is distinct from region 1 counties that are treated

with RVP or not treated at all.” Specification (2) also includes indicators A4; for attainment status

° Moreover, counties that are initially treated with RVP and then subsequently treated with RFG receive their own
time trend. CARB counties, as well as counties is the Los Angeles area that had federal RFG in 1995 and CARB
from 1996 onwards, also receive their own trends.
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of each of the criteria pollutants to further control for non-gasoline-related regulatory actions.
Finally, (3) also includes variables X, that control for day-of-week and week-of-year (with
separate coefficients for each census region) and nine weather variables: daily maximum
temperature; maximum temperature squared; daily minimum temperature; minimum temperature
squared; rainfall, rainfall squared; snowfall; snowfall squared; and the interaction of rainfall with
maximum temperature.

The identification assumption of the augmented DD model (2) is that unobserved factors
are not correlated with treatment, conditional on the covariates; that is, E[Treat-c; | Trend,., A;,
X, wir 1] = 0. This identification assumption, while stronger than that of (1), may nonetheless
be invalid if unobserved factors exist that affect ozone concentrations in a way that is not smooth
over time. Moreover, the linear functional form in (2) constrains the manner in which the
orthogonality condition necessary for identification is conditioned on observables. To relax this
linearity assumption, we apply a matching estimator in our analysis, which we discuss in the next
section.

For statistical inference, we allow the unobserved disturbance &; to be correlated across
all observations within the same state and year. The standard errors we report therefore use a
robust variance estimator that is clustered on each state-year combination (Arellano 1987,
Wooldridge 2003). We have also run regressions in which we cluster on county; these result in
smaller standard errors than those reported here because they do not allow observations in nearby

counties to be correlated with one another.

4.2 Propensity score matching

The empirical approach outlined in the previous section employs a linear model to
control for confounding factors, which in our case take the form of weather, county attainment
status for other pollutants and the discussed fixed effects and trends. Any estimation problem

such as that presented here suffers from the lack of knowledge of the functional form of the true
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data generating process. A variety of non-parametric approaches have therefore been proposed in
the literature that step away from the rigid linearity assumption.

In its purest form, the goal of our estimation is to estimate a treatment effect, which for
each observation is the difference in outcome with and without the policy treatment. It would, for
example, be desirable to have two pollution measurements for each monitor in LA on a given
day: one in which all gasoline burned satisfies the CARB standard, and another in which all
gasoline is conventional. We can of course only observe either but never both. One approach,
which has been widely employed in other settings, is to compare the change in concentration
from pre- to post-regulation in a treated county to the change in concentration for the same
period in a control county, using counties that are identical, or nearly so, along observable
characteristics.

A rich literature on empirical matching methodologies has developed. There are
essentially two main “philosophies” to matching: nearest neighbor techniques, and matching on
the propensity score. In this paper we follow the propensity score matching approach proposed
by Rosenbaum and Rubin (1983) and implemented in Dehejia and Wahba (2002) and
Greenstone (2004). To implement this approach, one first estimates the probability of receiving
treatment conditional on a set of chosen covariates: the propensity score. This step has the
advantage that a multidimensional vector of covariates is collapsed into a single score for each
observation. Matching is then achieved by comparing outcomes for treated and control counties
that have similar propensity scores. The identifying assumption required for consistent
estimation of the treatment effect using the propensity score approach is similar to that of the DD
method from the previous section: the treatment status of each county at a point in time must
depend only on observable exogenous pre-treatment characteristics and not on confounders
unobservable to the econometrician. The advantage of the propensity score approach over the
DD method is that this dependence on observables is permitted to have a more flexible

functional form than that imposed by the linearity constraint of the DD model.
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We conduct the following three step estimation approach: First we estimate a logit model
of gasoline regulation at the county level on a set of covariates. We then generate the propensity
scores, which are the predicted values from this nonlinear regression. We then separate the
propensity scores into quintiles and test for equality of pre-treatment ozone concentrations across
quintiles. In addition, we test for equality of means of the covariates across treatment status by
quintile. If equality is satisfied, we proceed to the matching routine.

In our matching implementation, we follow Greenstone (2004) in comparing the change
in 0zone concentrations between a year after treatment and the year just prior to treatment for
treated and control monitors with the closest propensity score. The unit of observation is
therefore a monitor-year. The question arises of how many comparison units to match with each
treated unit. Here, we conduct a one-to-one nearest neighbor match without replacement, sorting
the propensity score in ascending order. Matching without replacement can be problematic if the
treatment and control groups are very different (Dehejia and Wahba, 2002), and we will show
that is not the case here. After estimating the treatment effect for each county, we average the
effects across all treated counties to obtain a consistent estimate for the average treatment effect
on the treated (ATT). We also provide standard errors for the estimated ATT via a non-

parametric bootstrap with 1000 replications.

5. Results

5.1 Difference-in-difference (DD) results

Our DD estimates of the effect of gasoline content regulation on summer ozone
concentrations are given in table 5. Column | displays the results of estimating a preliminary
version of specification (1) that includes monitor fixed effects ; but not the region-year effects
1. This regression is therefore not a true DD, and simply examines the mean change in ozone
concentrations in treated counties in the years subsequent to treatment, without controlling for

contemporaneous changes in non-treated counties. This regression indicates that ozone
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concentrations significantly increase following treatment with RFG phase | (typically in 1995),
and decrease following treatment with RFG phase 11 (in 2000) or CARB. No effect is found for
any of the RVP limits, relative to the baseline of 9.0 psi.

Column 11 presents a true DD estimate that includes the region-year fixed effects #,,, as
well as controls for day-of-week and week-of-year. Controlling for region-specific shifts in
ozone concentrations common to both treated and non-treated counties causes the estimate of
RFG phase I’s effect to become negative rather than positive. This sign change is consistent with
a positive shock (high temperatures, for example) to ozone concentrations in both RFG and non-
RFG counties following the introduction of RFG in 1995. RFG phase Il and CARB gasoline are
still estimated to have negative effects on ozone. The estimated effect of CARB gasoline in
particular is quite large: the point estimate of -0.102 implies that CARB gasoline is associated
with a reduction in ozone concentrations of 9.0%. Conversely, the results show no evidence of a
statistically significant impact of RVP on ozone; moreover, the point estimates are all very close
to zero with small confidence intervals. In particular, columns I and Il taken together indicate
that, when stringent RVP standards of 7.8 psi and lower were introduced beginning in 1992,
there was no significant change in ozone concentrations in either treated or non-treated counties.

Columns I11 through V sequentially add controls for weather, time trends specific to each
region and regulation type, and criteria pollutant attainment status. Adding controls for weather
does not substantially affect the estimated treatment effects, although the overall fit of the
regression improves significantly: the within-monitor R? increases from 0.05 to 0.24 going from
column Il to column I11. The addition of the time trends in column 1V decreases the magnitude of
the estimated effect of CARB gasoline from -0.097 to -0.065, suggesting that earlier results had
been downward biased by a long-run decline in ozone concentrations in California. This
downward time trend is evident to some extent in figure 1. Conversely, the estimated magnitudes
of RFG’s effects increase in column IV relative to column 111, driven by a slight positive trend in
RFG counties. Finally, the results in column V—representing specification (2) exactly as

written--indicate that the inclusion of attainment status in the regression do not substantially
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impact the treatment effect estimates.’® In both specifications IV and V, the effect of CARB
gasoline cannot be statistically distinguished from the effects of RFG phase | or phase Il. For
example, an F-test for equality of the CARB and RFG phase | coefficients in regression V yields
a p-value of 0.18.

Columns VI through VIII of table 5 repeat the specifications in columns 11l through V,
but use the daily mean ozone concentration as the dependent variable rather than the daily
maximum. These results do not substantially vary from those that use the daily maximum
concentration: the RFG and CARB programs are found to significantly reduce ozone
concentrations, while the RVP programs do not appear to have any effect.

Table 6 presents results that are broken out by whether each monitor is in an urban,
suburban, or rural area. The specification used in each column is exactly that given by (2), which
was also used in columns V and VIII of table 5. Again, very little evidence is found of an impact
of RVP regulations on ozone concentrations, with the exception of a weak, marginally
significant effect on daily maximum concentrations in suburban areas. The effects of RFG
appear to be relatively stronger in suburban areas than in urban or rural areas, and CARB
gasoline is found to not have a significant impact on ozone in rural areas—the point estimates
associated with CARB gasoline in both columns IlIl and VI are small in magnitude and not
statistically significant. In urban areas, however, the effect of CARB gasoline is quite strong, and
statistically distinct from that of RFG phase I, though not phase Il, at the 5% level.

The insignificant effect of CARB gasoline in rural areas may relate to the issue of VOC
limits vs. NOy limits in the ozone production function. Research has demonstrated that ozone
formation is VOC-limited in California within approximately 100km of urban centers, but is
otherwise NOy-limited (Blanchard 2001). Given that CARB gasoline requirements focus more

intensely on VOC emissions than on NOx emissions, the effectiveness of CARB gasoline in

19 One factor potentially affecting ambient concentrations of Ozone is economic activity. The most disaggregated
measure of economic activity available is county level annual personal income. We have augmented column V of
table 2 by including this year-round measure of economic activity and obtain virtually identical results. Due to the
mismatch of level of temporal aggregation (annual versus daily) and duration (year-round versus June-August) we
chose to omit these results and make them available by request.

20



urban and suburban areas, but not rural areas, fits with intuition that CARB’s effects should be
strongest when the ozone production process is VOC-limited.

Outside of California, urban areas are less reliably VOC-limited. Houston and Atlanta,
for instance, are large urban centers that are NOy-limited (40 CFR, part 80). Thus, the breakout
of the effects of federal RFG in urban, suburban, and rural areas does not exhibit the same
pattern found in California. In future work, we plan to investigate more directly the role of VOC

and NOy-limitations in determining the effectiveness of gasoline regulations.

5.2 Propensity score matching results

In this section, we relax the linearity assumption built into the DD framework of the
previous section and check for the robustness of the results of the 1995 RFG phase | regulations,
allowing for more flexible functional forms by matching based on the propensity score.'* In
order to provide a tractable matching process, we collapse our daily data into summer (June —
August) averages which results in a single observation for each monitor and year. Table 7
presents the estimation results. We calculate the propensity scores using two different logit
specifications. Logit specification 1 controls for pre-treatment (1994) maximum concentrations
for the summer season. Further, given the importance of weather in the ozone production
function, we also include in the logit the difference in maximum temperature, minimum
temperature and rainfall between 1994 and the treatment year in the logit. Logit specification 2
augments specification 1 by adding the preexisting regulation variables for RVP and CARB (for
years 1996-99 only). The table reports the estimated treatment effects based on a nearest
neighbor match on the propensity score, forcing common support and matching without
replacement. Bootstrapped standard errors are reported in brackets under the coefficient
estimates. For interpretability, the estimated treatment effects are translated into percentage

changes relative to mean maximum daily concentrations for the treated counties and listed in

1 In a future draft of the paper we will also examine the RVP and RFG 2000 standards via propensity score
matching.
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italics next to the estimated effects, which are measured in concentrations of parts per million
(Ppm).

The top row reports the test of whether pre-treatment ambient concentrations are different
in treated versus non-treated counties. We fail to reject the null of a zero treatment effect for this
pre-treatment value, thereby meeting the key identifying assumption. The point estimates are
positive in both logit specifications, yet not statistically different from zero. The estimated
difference for both specifications is 0.001, which is roughly one tenth of the unconditional
difference in the raw data, which is 0.011. This leads us to have good confidence in that the
matching achieves its purpose. The final check, before we are ready to interpret the results from
the matching exercise, is to examine the overlap in the propensity scores for treated versus
control counties. Figure 4 provides histograms of the propensity scores for the 1997-1994
estimation for logit specification 1 in the top panel and logit specification 2 in the bottom panel.
The overlap is very good with the exception of the tails. An examination by quintile (not
pictured) yields a satisfactory match. The propensity scores for the remaining models provide a
similarly encouraging picture.

The second set of estimates in table 7 provides the estimated treatment effect of the 1995
Phase | RFG regulations on ambient 1995 ozone concentrations relative to those in 1994 in
treated counties. The match based on logit specification 1 yields a marginally statistically
significant treatment effect that is on average equivalent to a 1.93% drop in concentrations in
treated versus control counties. Logit specification 2 yields a statistically insignificant yet still
negative 1.11% point estimate for the effect of the regulation. If we turn to 1996, we obtain a
strongly statistically significant and negative 6.77% estimated treatment effect from logit
specification 1 and a slightly larger negative treatment effect from logit specification 2. For the
years 1997 and 1999, the last year before phase Il of the RFG program began, we estimate
marginally statistically significant treatment effects of roughly 2%. The effect for 1998 is
strongly significant and negative ranging from 5.4% to 5.6% depending on the logit

specification.
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Overall, the propensity score methods provide a very good match to the estimates
obtained from the DD framework. The average estimated treatment effect across years is 3.70%
and 3.55% for logit specifications 1 and 2 respectively. This is slightly smaller than the effects
estimated by linear model. The marginally significant and smaller values in table 7 happen to
coincide with very hot years, suggesting yet again that weather is a powerful force offsetting
policy. This result also suggests that our weather measures may not capture all relevant
dimensions of climate, such as solar radiation and humidity, and only serve as proxies for some

of these relevant variables.

5.3 Discussion

The results above consistently fail to find a significant impact of federal RVP regulations
on ambient ozone concentrations, despite the examination of a wide range of RVP standards
from 10.5 to 7.0 psi. A likely explanation for this phenomenon has both a straightforward
chemical and economic component, centered on the granting of excess flexibility to gasoline
refiners in selecting the nature of the VOC emissions they reduce.

The EPA defines VOCs as “any compound of carbon, excluding carbon monoxide,
carbon dioxide, carbonic acid, metallic carbides or carbonates, and ammonium carbonate, which
participates in atmospheric photochemical reactions.” This definition includes a very large
number of compounds. The primary action by which refiners meet RVP requirements is the
removal of the VOC butane. Butane is a light, highly volatile compound that refiners typically
blend into conventional gasoline. Reducing the amount of butane that is blended is the most cost-
effective avenue available to refiners to meet RVP standards. In fact, it has been documented that
net refinery inputs of butane declined by almost 150,000 barrels per day following the start of the
RVP phase | program (Lidderdale, 1999).* This decrease in the gasoline’s butane content in the

summer gasoline is even observable in ambient air measurements (Lee et al, 2006).

12 Almost all of this withheld butane is blended into gasoline in the wintertime, when ozone concentrations are
generally low and RVP regulations do not apply.
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Butane, however, is not highly reactive in forming ozone (CARB, 2007). Thus, even
though gasoline that meets RVP standards does emit a substantially lower volume of VOCs than
does conventional gasoline, this emissions reduction does not translate into air quality
improvements.

Federal RFG and CARB gasoline, however, impose far more specific content restrictions
than does federal RVP. CARB gasoline imposes content limits on classes of compounds called
olefins and aromatic hydrocarbons that are three to eight times more reactive than butanes.
CARB therefore denies refiners the flexibility to choose which VOCs to remove from gasoline,
and forces them to target components that can significantly impact ozone formation, even though
these components are more expensive to remove. Thus, we observe substantial air quality
improvements following the imposition of CARB gasoline. Similarly, RFG imposes limits on the
emissions of toxic air pollutants—some of which are highly reactive VOCs—and also constrains
NOx emissions, particularly in RFG phase Il. Thus, we observe that RFG is associated with
reductions in ozone concentrations. Moreover, we observe a slightly larger effect for the RFG
phase Il program, though the point estimates are not statistically significantly different from the

phase | effect.

6. Conclusion

Gasoline content regulation has the potential to signficantly improve air quality, so long
as well-crafted policies are adopted. In this paper, we explore the effectiveness of federal Reid
Vapor Pressure (RVP) regulations designed to limit emissions of VOCs, as well as both the
EPA’s and California’s reformulated gasoline standards (RFG and CARB). These standards
augment the VOC emission limits of RVP with specific content criteria and limits on NOy
emissions. We show that none of the pure RVP regulations has a statistically detectable effect on

ground-level ozone concentrations. The absence of any evidence of air quality benefits
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associated with RVP should be of concern to policy-makers, since these policies are widely
applied across the U.S. and raise gasoline prices to consumers.

This result appears to be driven by the excess flexibility granted to refiners in meeting the
RVP requirements. Rather than focus RVP regulations on those compounds most likely to
contribute to ozone, refiners were permitted to achieve RVP standards by making low-cost
modifications to gasoline that did not translate to air quality improvements. This outcome relates
to other research that also highlights the danger of granting industries excess flexibility in how
they undertake pollution abatement. Fowlie (2007), for example, finds that the benefits of a
major U.S. NOy cap-and-trade program were significantly undercut by the flexibility inherent in
the program: permit trading led to abatement in relatively rural, low marginal damage areas
rather than densely urban areas in the Northeast.

In contrast to our findings for RVP gasoline, we find that imposition of federal RFG and
CARB gasoline both lead to air quality improvements. Notably, our results suggest that CARB
gasoline is responsible for an 8% decrease in urban ground level ozone concentrations during the
summer ozone season. We also show that the 1995 and 2000 RFG standards have lowered
summertime ozone concentrations by between 3% and 6%. These reductions are consistent with
the fact that CARB and RFG standards mandate gasoline content modifications that are more
precisely targeted than those of RVP.

We also break out the estimated effects by looking separately at urban, suburban, and
rural areas. We find that that CARB gasoline is highly effective in urban and suburban areas, but
not in rural counties. This result is consistent with a view in the scientific community that
reductions in VOC emissions, which CARB targets primarily, though not exclusively, are
unlikely to impact ozone concentrations outside of populated areas.

However, a policy implication that CARB gasoline should only be required in urban and
suburban counties does not immediately flow from this result. Such fine-tuned regulatory
targeting may drive further segmentation of the gasoline market, which other research suggests is

likely to increase both gasoline price levels and volatility. A full assessment the trade-offs
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involved in optimizing regional regulations is beyond the scope of this paper; however, the air
quality benefits that we estimate here should serve as useful inputs to future research in this

direction.
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Table 1: Reid vapor pressure (RVP) phase | regulatory details

RVP level (psi)” States

105 DE, DC, FL, ID, IL (northern), IN, 1A, KY, ME, MD, MI, MN, MT, NE, NH,
' ND, OH, OR, PA, SD, VT, WA, WA, WV, WI, WY
10.5 Jun/Sep; 9.5 Jul/Aug AL, AR, GA, IL (southern), KS, LA, MS, MO, NC, SC, TN

9.5 CA, CO, NV, OK, TX (eastern, except Dallas area), UT
9.5Sep, 9.0Jun-Aug  AZ, NM, TX (western)
9.02 CT, MA, NJ, NY, TX (Dallas area), RI

The RVP control season for retail gasoline distribution stations is June 1 - September 15. Refiners and wholesale terminals must
comply by May 1. RVP phase | covers the summers of 1989-1991.

These areas had been assigned higher RVP limits by the EPA's RVP rule, but elected to observe a tighter limit as part of their
State Implementation Plans to achieve the ozone air quality standard
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Table 2: Reid vapor pressure (RVP) phase 11 regulatory details

VOC Control Period*

Number of RVP First RVP Last Seasonal Seasonal RVP level
Area Counties Year Year Start Date End Date (psi)
Federally mandated
Birmingham, AL 2 countes 1992 1997° 01 Jun 15 Sep 7.8
Phoenix, AZ 1 county 1992 1997° 01 Jun 15 Sep 7.8
Denver, CO 6 counties 1992 01 Jun 15 Sep 7.8
Washington, DC-MD-VA 17 counties® 1992 1994° 01 Jun 15 Sep 7.8
Ft. Lauderdale-Miami, FL 6 counties 1992 01 Jun 15 Sep 7.8
Atlanta, GA 13 counties 1992 1998° 01 Jun 15 Sep 7.8
Kansas City, KS 2 counties 1992 1996° 01 Jun 15 Sep 7.8
Baton Rouge-New Orleans, LA 17 counties 1992 01 Jun 15 Sep 7.8
Baltimore, MD 6 counties® 1992 1994° 01 Jun 15 Sep 7.8
Kansas City, MO 3 counties 1992 1996 01 Jun 15 Sep 7.8
St. Louis, MO 5 counties® 1992 1998° 01 Jun 15 Sep 7.8
Greensboro-Raleigh, NC 9 counties 1992 01 Jun 15 Sep 7.8
Reno-Sparks, NV 1 county 1992 01 Jun 15 Sep 7.8
Portland, OR 5 counties 1992 01 Jun 15 Sep 7.8
Knoxville, TN 1 county 1992 1993° 01 Jun 15 Sep 7.8
Memphis & Nashville, TN 6 counties 1992 01 Jun 15 Sep 7.8
Beaumont, TX 3 counties 1992 01 Jun 15 Sep 7.8
Dallas & Houston, TX 12 counties 1992 1994° 01 Jun 15 Sep 7.8
El Paso, TX 1 county 1992 1995° 01 Jun 15 Sep 7.8
Victoria, TX 1 county 1992 1999 01 Jun 15 Sep 7.8
Salt Lake City, UT 2 counties 1992 01 Jun 15 Sep 7.8
Norfolk, VA 11 counties® 1992 1994° 01 Jun 15 Sep 7.8
Richmond, VA 7 counties® 1992 1994° 01 Jun 15 Sep 7.8
White Top Mountain, VA 1 county 1992 01 Jun 15 Sep 7.8
State Implementation Plans

Los Angeles-San Diego, CA 6 counties 1992 1994° 01 May 31 Oct 7.8
Rest of state, CA 52 counties 1992 1995’ varies® varies® 7.8
Atlanta plus 12 addl. counties, GA 25 counties 1999 2002 01 Jun 15 Sep 7.0°
Atlanta plus 32 addl. counties, GA 45 counties 2003 01 Jun 15 Sep 7.0°
East St. Louis-Wood River, IL 3 counties 1995 01 Jun 15 Sep 7.2
Jeffersonville, IN 2 counties 1996 01 Jun 15 Sep 7.8
Kansas City, KS 2 counties 1997 2000° 01 Jun 15 Sep 7.2
Kansas City, KS 2 counties 2001 01 Jun 15 Sep 7.0
Bangor-Portland, ME 7 counties 1999 01 May 15 Sep 7.8
Detroit, MI 7 counties 1996 01Jun®  15Sep 7.8
Kansas City, MO 3 counties 1997 2000° 01 Jun 15 Sep 7.2
Kansas City, MO 3 counties 2001 01 Jun 15 Sep 7.0
Pittsburgh, PA 7 counties 1998 01 Jun 15 Sep 7.8
Eastern TX (excl. Dallas & Houston) 95 counties 2000 01 May 01 Oct 7.8
El Paso, TX 1 county 1996 01 Jun 15 Sep 7.0

YIndicated control period represents compliance date for retail gasoline distribution stations. Refiners and wholesale terminals must comply one

month prior to indicated date.

2adopted more stringent RVP program in the following summer as part of a State Implementation Plan (also indicated further below in table).

3Phoenix adopted RFG on 4 August, 1997.

*Baltimore, Washington DC, St. Louis, and several cities in Virginia are not parts of counties, and are treated as if they are separate counties in this

table and the analysis.
®Adopted RFG in the following summer.

®Designated attainment following summer 1993
"Adopted CARB in the following summer.
85easonal start and end dates are county-specific.

°GA gasoline also restricts sulfur content
RVP did not begin until 1 July in 1996.
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Table 3: Reformulated gasoline (RFG) regulatory details

VOC Control Period*
Number of RFG First RFG Last Seasonal Seasonal

Area Counties Year Year Start Date End Date
Federally mandated
Los Angeles-San Diego, CA 6 counties 1995 1996° 01 Jun 15 Sep
Hartford, CT 6 counties 1995 01 Jun 15 Sep
Chicago-Gary, IL-IN* 10 counties 1995 01 Jun 15 Sep
Baltimore, MD 6 counties® 1995 01 Jun 15 Sep
New York, NY-CT-NJ 25 counties 1995 01 Jun 15 Sep
Philadelphia, PA-DE-MD-NJ 14 counties 1995 01 Jun 15 Sep
Houston, TX 8 counties 1995 01 Jun 15 Sep
Milwaukee, WI 6 counties 1995 01 Jun 15 Sep
Opt-in
Phoenix, AZ 1 county 1997° 1998° 01 Jun 30 Sep
Rest of state, CT 6 counties 1995 01 Jun 15 Sep
Washington, DC-MD-VA 17 counties” 1995 01 Jun 15 Sep
Rest of state, DE entire state 1995 01 Jun 15 Sep
Cincinnati-Hamilton, KY 3 counties 1995 01 Jun 15 Sep
Louisville, KY 3 counties 1995 01 Jun 15 Sep
Entire state, MA 14 counties 1995 01 Jun 15 Sep
Bangor-Portland, ME 7 counties 1995 1998° 01 Jun 15 Sep
St. Louis, MO 5 counties® 1999 01 Jun 15 Sep
Boston-Lawrence-Worcester, NH 4 counties 1995 01 Jun 15 Sep
Rest of state, NJ 3 counties 1995 01 Jun 15 Sep
Essex, NY 2 counties 1995 01 Jun 15 Sep
Entire state, RI 5 counties 1995 01 Jun 15 Sep
Dallas-Ft. Worth, TX 4 counties 1995 01 Jun 15 Sep
Norfolk, VA 11 counties® 1995 01 Jun 15 Sep
Richmond, VA 7 counties® 1995 01 Jun 15 Sep
State-specific reformulations
Phoenix, AZ (AZCBG) 1 county 1998 01 Jun 30 Sep
Entire state, CA (CARB) 58 counties 1996 varies’ varies’

YIndicated control period represents compliance date for gasoline distribution stations. Refiners and wholesale terminals must comply one
month prior to indicated date.

% A-San Diego area converted from federal RFG to CARB gasoline in March 1996 (concurrent with the conversion from federal RVP to
CARB in the rest of CA). CARB regulations exceed federal RFG requirements.

®Chicago-area RFG is blended with 100% ethanol. RFG blendstock has a very low RVP of 5.5 psi.

*Baltimore, Washington DC, St. Louis, and several cities in Virginia are not parts of counties, and are treated as if they are separate
counties in this table and the analysis.

®Phoenix (Maricopa County) adopted RFG on 04 Aug, 1997, and converted from federal RFG to Arizona Cleaner-Buring Gasoline
(AZCBG) on 10 June, 1998.

®ME opted-out of RFG in March 1999 and adopted an RVP of 7.8 psi.
"Seasonal start and end dates are county-specific.
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Table 6: Difference-in-Difference Estimation Results, Split by Urban/Suburban/Rural Counties

Dependent var: In(daily max concentration) Dependent var: In(daily mean concentration)
Urban Suburban Rural Urban Suburban Rural
Regressand I Il 11 v \ VI
RVP =7.8psi -0.003 -0.021 -0.014 -0.015 -0.018 -0.019
(0.016) (0.011)* (0.011) (0.020) (0.014) (0.014)
RVP 9.5psi 0.041 0.006 -0.007 0.075 0.004 -0.011
(0.037) (0.018) (0.021) (0.052) (0.024) (0.024)
RVP 10.5psi 0.010 -0.010 -0.005 0.031 -0.014 -0.005
(0.028) (0.016) (0.019) (0.039) (0.022) (0.021)
RFG phase | (1995) -0.032 -0.056 -0.033 -0.049 -0.061 -0.037
(0.015)** (0.013)*** (0.012)**>* (0.019)** (0.017)*** (0.015)**
RFG phase 11 (2000) -0.043 -0.064 -0.038 -0.060 -0.066 -0.050
(0.028) (0.021)*** (0.019)** (0.035)* (0.027)** (0.024)**
CARB Gasoline -0.082 -0.088 -0.027 -0.068 -0.089 -0.015
(0.025)*** (0.020)*** (0.020) (0.032)** (0.025)*** (0.023)
Monitor FEs Yes Yes Yes Yes Yes Yes
Region - Year FEs Yes Yes Yes Yes Yes Yes
Region - DOW FEs Yes Yes Yes Yes Yes Yes
Region - WOY FEs Yes Yes Yes Yes Yes Yes
Weather Controls Yes Yes Yes Yes Yes Yes
Regulation - Region Trends Yes Yes Yes Yes Yes Yes
Attainment Status Yes Yes Yes Yes Yes Yes
Observations 287471 631571 631266 287471 631571 631266
R-squared (within) 0.24 0.25 0.23 0.18 0.20 0.20

Sample uses data from June-August each year
Standard errors clustered by state-year are in parentheses
* significant at 10%; ** significant at 5%; *** significant at 1%
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Table 7: Propensity Score Matching Estimates for RFG Phase | (1995) Regulations

Logit Specification 1 Logit Specification 2
parts per million percentage impact parts per million percentage impact

1994 O (pre-treatment) 0.0012 1.81% 0.0010 1.43%

(0.0009) (0.0009) -1.31%

1995 O; - 1994 O; -0.0013 -1.93% -0.0008 -1.11%

(0.0007)* (0.0007) 0.99%

1996 O; - 1994 O, -0.0047 -6.77% -0.0048 -6.94%

(0.0006)*** (0.0007)*** 1.01%

1997 05 - 1994 O; -0.0015 -2.14% -0.0016 -2.35%

(0.0009) (0.0008)* 1.23%

1998 O; - 1994 O; -0.0039 -5.60% -0.0037 -5.39%

(0.0007)*** (0.0007)*** 1.00%

1999 O, - 1994 O, -0.0014 -2.06% -0.0013 -1.95%

(0.0008)* (0.0008)* 1.16%

Average treatment effect over 1995-1999 -3.70% -3.55%
# of Treated On Support (out of 192) 178 181
# of Controls On Support (out of 496) 496 496

Note: The entries are the estimated treatment effects and their standard errors based on a bootstrap of 1000 draws. Matching is
based on a propensity score forcing common support and without replacement. Logit Specification 1 controls lagged ozone
concentrations, and changes in minimum and maximum temperature and rain. Specification 2 adds prior regulation dummies.
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