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A Methodology for Counting References

To count the number of economics journal articles that investigate the cost and benefits of air pollution,
we use the advanced search function on Google Scholar. We find articles that contains the exact
phrase “air pollution,” limit to articles published in American Economic Review (excluding Papers
and Proceedings issues), Econometrica, Journal of Political Economy, Quarterly Journal of Economics,
Review of Economic Studies, and limit to articles published in years 2000-2020. We then tag whether
each article investigates the marginal cost of air pollution, the marginal benefit of air pollution, or both.
An article is counted as estimating marginal costs if the article provides estimates of the economic
cost to reduce a given unit of emission or ambient air pollution. Articles that estimate total economic
costs of regulation (e.g., Greenstone 2002; Walker 2013) are not counted as estimating marginal costs.
Similarly, an article is counted as estimating marginal benefits if the article estimates the benefits of
reducing a given unit of emissions or ambient air pollution. Articles that estimate total effects of a
regulation or large change (e.g., Currie et al. 2015) are not counted as estimating marginal benefits. We
perform a similar exercise on the set of articles presented in the NBER Summer Institute session on
environmental and energy economics for years 2000-2020 (see https://www.nber.org/summer-institute/;
accessed 08/07/2020)

B Additional Institutional Details

The 1970 Clean Air Act (CAA) Amendments prohibit net increases in pollution emissions from station-
ary sources in nonattainment areas. The CAA initially forbid increases in pollution emissions from any
large sources in these areas, which essentially prevented large polluting plants from opening in cities.
Critics argued that this requirement was inhibiting economic development. In response, a 1976 EPA pol-
icy and the 1977 CAA Amendments began allowing large polluting firms to enter nonattainment areas
only if their increase in pollution emissions was offset by decreases in emissions of the same pollutants
from incumbent sources in the same areas.

Offset trading before 1990 was limited due in part to fairly strict rules (Foster and Hahn 1995).
In the 1980s, regulators rejected some proposals to generate offsets due to inadequate documentation,
inadequate abatement, or other reasons (General Accounting Office 1982). Also in the 1980s, regulators
changed rules governing offsets in ways affecting their value. After 1990, these practices became less
common.

The 1990 Clean Air Act Amendments liberalized these markets, and rules encouraged states and air
districts to create “offset banks,” so that a firm which generates an offset could sell it in subsequent
years to other firms. The 1990 rules also encouraged states to organize formal certification programs
which would make offsets simpler to use, and allowed shutdowns to generate a complete set of offsets
(DuPuis 2000). Spurred by this increased flexibility, offset markets grew after 1990.

Offset markets differ from cap-and-trade markets in several ways (Fort and Faur 1997; Ellerman
et al. 2003). Cap-and-trade markets regulate actual emissions; offset markets instead regulate emissions
limits as written into a source’s air quality permit. Cap-and-trade markets require regulated sources to
submit allowances to regulators at the end of each year covering the year’s emissions; offsets are instead
a one-time purchase, and the right to emit is guaranteed in perpetuity. Creating an offset to sell typically
requires installation of abatement technology and certification of reductions by a regulator. Cap-and-
trade markets allow some types of abatement that many offset markets do not, including temporary
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process changes, management or productivity improvements, input substitution, and others. Most
cap-and-trade policies have a centralized market, whereas offset markets are decentralized and involve
bilateral exchanges, sometimes via broker. Cap-and-trade markets typically replace other pollution
standards (i.e., command and control requirements), while offset markets still require all sources to
comply with prevailing command-and-control regulations. Offset policies are fragmented, with hundreds
of separate markets, whereas the U.S. has only a few cap-and-trade markets, which are typically large
and each cover many sources and states.

Ozone nonattainment requires two separate markets (one for NOx, one for VOCs, though some
markets allow trading between these two pollutants under stringent restrictions). We consider PM10

and PM2.5 to be a single market for particulate matter.

C Additional Data Details

C.1 Offset Markets

We use two types of offset transaction data—market-average data for 14 states plus Washington, DC,
obtained from the firm Emission Advisors; and transaction-level data from California and Texas, ob-
tained from state regulators. In all these data, the main analysis sample excludes temporary offsets and
transactions between subsidiaries of the same firm or that in other respects are not at arm’s length.

The market-average data describe transactions in which Emission Advisors staff directly participated,
transactions where Emission Advisors staff learned of prices due to interactions with market participants,
and in a limited number of cases, prices where Emission Advisors staff knew sellers were ready to transact
at a given price in a market × year but no trades occurred in that market × year. In part to maintain
some confidentiality of individual transactions, many of these data are rounded to the nearest hundred
or five hundred.

In the market-level data, in some cases the data separate a single offset market into multiple ob-
servations when the market spans more than one state. For example, the data contain three separate
data points per year for the New York-New New Jersey-Connecticut offset market, one for each of the
three states, even though the three states together represent a single integrated market. Similarly, the
data separate New York from Pennsylvania offset transactions in the Ozone Transport Region offset
market. Two of the states covered in these data, Delaware and Wisconsin, do not have directly reported
transactions, but these states are part of a multi-state offset market for which we have transaction prices
in other parts of the market For Wisconsin, we have transaction prices from Illinois for the Chicago-
Naperville, IL-IN-WI market; for Delaware, we have data transaction prices from Pennsylvania for the
Philadelphia-Wilmington-Atlantic City PA-NJ-MD-DE market.

Most particulate matter offset markets regulate particulate matter smaller than 10 micrometers
(PM10), but most health damages and damage estimates involve the smallest component of that pol-
lution, PM2.5. To accurately compare offset prices to the marginal benefits of abatement, we therefore
convert PM10 offset prices to what the corresponding PM2.5 offset prices would be, using the best avail-
able estimates as to compliance cost differences between PM10 and PM2.5.

Our results for particulates increase PM10 offset prices by a third in order to compare them with PM2.5

marginal benefits of abatement. We focus on this one-third comparison because common abatement
technologies and fuel switching achieve broadly similar percentage reductions of PM10 and PM2.5 (ECR
Incorporated 1998; van Harmelen et al. 2001). Hence, determining the abatement cost for PM10 versus
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PM2.5 can be simplified to obtaining data on baseline PM2.5 emissions as a share of baseline PM10

emissions.
Evidence indicates that industrial PM2.5 emissions are around a third less than industrial PM10

emissions. The EPA’s National Emissions Inventory indicates that the ratio of PM2.5 to PM10 emissions
for industrial sources is 0.69. Across California offset markets, this ratio is 0.50 (South Coast), 0.68
(San Joaquin Valley), and 0.82 (Bay Area). Across some of the dirtiest industries, this ratio varies
from 0.42 (nonmetallic mineral manufacturing, including cement) to 0.90 (utilities including electricity
generation). In Europe and China, the ratio of PM2.5 to PM10 is about 0.61 (Klimont et al. 2002;
Zhou et al. 2016, p. 10).1 Research in environmental engineering calculates that the global ratio of
anthropogenic PM2.5 to PM10 emissions is 0.72 (Huang et al. 2014, p. 13836).

C.2 Marginal Benefits of Abatement

We calculate county-level marginal benefits of pollution abatement from the AP3 model (Holland et al.
2020). Most applications of AP3 calculate the social cost of a one-ton increase in pollution emissions.
Because the marginal effects of pollution in the AP3 model turn out to be fairly linear for small changes
in emissions, the effects of a one-ton increase or decrease in emissions in AP3 are practically identical.

AP3 begins with emissions of all criteria pollutants from all sources, measured from the National
Emissions Inventory. AP3 then inputs these emission rates into the Climatological Regional Dispersion
Model (CRDM), an air pollution transport model, to calculate ambient concentrations of each pollutant
in each county. AP3 then applies concentration-response functions for each outcome it considers. AP3
calculates mortality in each of 19 different age groups used in the US census (0 years old, 1-4 years old,
5-9 years old, ..., 80-84 years old, 85+ years old). AP3 uses separate adult and infant concentration-
response functions. AP3 then monetizes the change in mortality using an estimate of the value of a
statistical life (VSL).

To calculate the marginal benefits of abatement using AP3, we start from the raw data files and
programs that constitute AP3, which Nick Muller generously shared. To calculate the marginal benefits
of abating a pollutant in a given county, we decrease emissions of that pollutant by one ton in that
county and calculate the change in monetized damages.

C.2.1 Mortality Concentration-Response Function

The PM2.5 concentration-adult mortality relationship accounts for a large majority of air pollution
damages. Because we report several alternative versions of this relationship and fix a discrepancy in
how AP measures it, we discuss it in detail.

Epidemiological studies typically report the relative risk of a health incident (e.g., death) for a given
change in pollution exposure. This is commonly implemented as a Cox proportional hazard regression,
i.e., a log-linear model of the relative risk. This assumes the relationship between the mortality rate
for the treated population r, the mortality rate in the baseline, r0, depends on the change in exposure

1Some regulators analyze PM10 and PM2.5 abatement interchangeably. In an interview, a California regulator said
that they use PM10 offset markets to comply with PM2.5 nonattainment since engineering estimates of PM10 abatement
are more widely available. Some EU analyses assume that PM10 and PM2.5 abatement are interchangeable (Smeets et al.
2007, p. 3-4). A report for UK regulators assumes that PM2.5 has an identical marginal abatement cost curve to PM10,
except that PM2.5 levels are half of PM10 levels (AEA 2001).
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∆E = E1 − E0, and the concentration-response parameter, β:

r1

r0

= exp(β × ∆E) (1)

The change in the number of deaths relates to changes in the mortality rate by

r1 − r0 = r0 ×
[

exp(β × ∆E) − 1

]
(2)

The change in incident rate relates to changes in mortality or morbidity cases by

∆Deaths = Population × (r1 − r0) (3)

Substituting (2) into (3) gives the following response function:

∆Deaths = Population × r0 ×
[

exp(β × ∆E) − 1

]
(4)

Each epidemiological study reports the relative risk r1
r0

and the change in concentration ∆E ; we
substitute these into equation (1) to recover the coefficient β. Given β, we can then use equation (4)
and data on the baseline incidence rate r0 and population to compute the additional deaths due to a
change in pollution.

We report results from six different published estimates of the PM2.5 concentration-adult mortality
response function. AP3’s baseline uses the estimate of r1

r0
= 1.06 per ∆E = 10µg/m3 of PM2.5 exposure,

from Krewski et al. (2009, p. 126, Commentary Table 4). For sensitivity analyses, we report estimates
based on the 5th percentile of Krewski et al. (parameter estimate 1.04) and the 95th percentile (1.08).
A separate sensitivity analysis uses an epidemiological estimate of r1

r0
= 1.14 per ∆E = 10µg/m3,

from Lepeule et al. (2012, p. 968, Table 2). We also report a sensitivity analysis using the spatial
regression discontinuity instrumental variable regression of mortality on PM10 from Ebenstein et al.
(2017, p. 10388, Table 3), which estimates a ratio of r1

r0
= 1.08 per ∆E = 10µg/m3 of PM10 exposure in

China. To translate PM10 to PM2.5, we use estimates from Zhou et al. (2016), which suggests a ratio of
0.61 unit of PM2.5 per unit of PM10 in China. The final sensitivity analysis uses a mortality estimate
for the population aged over 65, from an instrumental variable regression of mortality on PM2.5 from
Sanders et al. (2020, p. 164, Table 3), who estimate a change of 0.006 in over-65 log mortality per
∆E = 1µg/m3 of PM2.5 exposure. The Sanders et al. study uses nonattainment as an instrumental
variable for pollution.

To calculate infant mortality, we use an infant mortality hazard ratio of r1
r0

= 1.07 per ∆E = 10µg/m3

of PM2.5 from Woodruff et al. (2006, p. 788), Table 3. In the 5th and 95th percentile sensitivity analyses,
we pair the 5th and 95th percentile adult mortality concentration response (described above) with the
5th percentile (0.93) and 95th percentile (1.24) infant mortality concentration response. We report
fewer sensitivity analyses for infant mortality since it is estimated to be a much smaller share than adult
mortality of total damages.

None of these elasticity estimates is perfect. The epidemiological estimates have high-quality pol-
lution measurement and control for other determinants of cardiorespiratory health, but represent es-
sentially an observational comparison with potential for omitted variable bias. One quasi-experimental
estimate uses a more credible research design to deal with spatially correlated unobservables, but is set
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in China, where the pollution-mortality elasticity might differ substantially from the U.S., and is mea-
sured in terms of PM10, so requires translation to PM2.5. Another quasi-experimental estimate focuses
on the U.S., but is limited to the population aged over 65.

The main AP3 model computes only monetized damage from PM2.5 mortality. In an additional
sensitivity analysis, we compute damages from other channels not included in AP3 but that are included
in the precursor of AP3, APEEP (Muller and Mendelsohn 2009). The additional sources of pollution
damages include crop yields, timber yields, forest-system ecology, chronic bronchitis, acute mortality
from ozone, respiratory illness hospital admissions from ozone, asthma emergency visits from ozone,
chronic asthma morbidity from ozone, chronic obstructive pulmonary disease hospital admissions from
NOx and ischemic heart diseases hospital admissions from NOx. Although this sensitivity analysis
incorporates many additional channels of damages, it only slightly increases AP3’s estimate of the
marginal benefits of abatement.

C.2.2 Addressing One Discrepancy

The original AP3 programs compute damages as follows. First, it computes the baseline number of
deaths D0 using the concentration response function β, baseline population, and baseline mortality rate
r0 at ambient level E0:

D0 = Population × r0 ×
[
1 − 1

exp(βE0)

]
(5)

AP3 monetizes D0 by summing over all counties and multiplying by willingness to pay (WTP) to get
baseline damage D0 ×WTP .

The original programs then compute the new number of deaths with the ambient level E1 obtained
from the air transport model after increasing emissions by one ton in a specified county:

D1 = Population × r0 ×
[
1 − 1

exp(βE1)

]
(6)

The new damage is D1 ×WTP .
Equations (5) and (6) imply that in the original version of AP3, the change in deaths is calculated

as

∆Deaths = D1 −D0

= Population × r0 ×
[

1

exp(βE0)
− 1

exp(βE1)

]
= Population × r0 ×

[
exp(βE1)

exp(βE0) exp(βE1)
− 1

exp(βE1)

]
= Population × r0 ×

[
1

exp(βE1)
× exp(β (E1 − E0)︸ ︷︷ ︸

∆E

−1)

]
(7)

Comparing equations (7) and (4) highlights the discrepancy. The original version of AP3 multiplies
damages by the term 1

exp(βE1)
. In our California and Texas sample, this would make it understate

damages by about 7.5 percent. We correct this discrepancy and modify AP3 to apply equation (4)
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everywhere, rather than equation (7), to calculate pollution damages.

C.2.3 Value of Statistical Life

Our baseline estimates use the USEPA (2010b)’s preferred VSL of $8.8 million (in 2017 dollars). This
estimate primarily reflects hedonic models of the labor market which assess how a worker’s wage increases
as the worker’s occupational fatality risk increases. An alternative specification is a VSL of $3.7 million,
which reflects a similar study covering all countries in the Organization for Economic Cooperation and
Development (OECD 2012). The OECD includes many countries with lower GDP per capita than the
U.S., such as Mexico and Turkey, so it is perhaps unsurprising than a VSL estimate for the OECD is
lower than a VSL estimate for the U.S.

One potential criticism of standard VSL estimates is that they monetize all mortality equally re-
gardless of the age of death. The EPA’s VSL estimate is the same for all individuals, but the VSL for a
prime-aged worker may differ from the VSL for a 100-year old person. If air pollution causes premature
mortality primarily for older populations, monetizing mortality equally or differently across ages can
affect benefit estimates. We therefore conduct a sensitivity analysis where we adjust the monetary value
of mortality according to expected life years remaining.

We implement this in a similar way as described in Appendix H.1 of Carleton et al. (2019), which in
turn is based on Murphy and Topel (2006). First, we take the VSL and divide by the expected life-years
remaining of a median-age U.S. person to obtain the value of life year. Then, for each death in each
age group estimated from the AP3 model, we calculate age-adjusted VSL by multiplying the value of
life-years by the expected life years remaining for a person in that age group.

C.2.4 Other Inputs to Estimate Marginal Benefits of Abatement

AP3’s estimates use data on the baseline population and mortality rates in each county. We use popu-
lation data from the U.S. Census and mortality data from National Center for Health Statistics. AP3
distinguishes between marginal benefits of abatement from non-point and point sources, and between
point sources with different stack heights. Stack heights matter because the altitude at which a pollu-
tant is emitted influences the pollutant’s ambient level and spatial distribution. Our analysis of offset
markets focuses on point sources in California and Texas. The source-level emission data from National
Emissions Inventory (NEI) shows that less than 0.01% of emissions come from stack heights over 250
meters. We apply AP3 assuming stack heights are lower than 250 meters.

C.2.5 Alternative Models for the Marginal Benefits of Abatement

We also show sensitivity analyses using the three main other integrated assessment models besides AP3
which estimate the marginal damages of emitting a ton of each pollutant in each U.S. county. The mod-
els are the Intervention Model for Air Pollution (InMAP; Tessum et al. 2017), Estimating Air Pollution
Social Impact Using Regression (EASIUR; Heo et al. 2016); and the Air Pollution Emission Experiments
and Policy Analysis Model, 2 (AP2; Muller 2014), which is the precursor of AP3. Atmospheric chemists
have developed extraordinarily detailed and computationally-intensive chemical transport models that
assess how one specific change in emissions, such as closing a specific power plant, affects air quality
everywhere. The models we use (AP3, AP2, InMAP, EASIUR) simplify the richer chemical transport
models models to instead assess how emissions from any source in a county affect air quality and dam-
ages everywhere. The journal articles cited above which described the simplified integrated assessment
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models, in addition to Gilmore et al. (2019), compare the integrated assessment models against the more
detailed chemical transport models, and find strong though imperfect correspondence.

C.3 Engineering Estimates of Marginal Abatement Costs

The U.S. EPA uses a software system called Control Strategy Tool (CoST) to estimate engineering costs
of counterfactual emission scenarios. The EPA uses this software to perform benefit-cost analyses of
ambient pollutant standards (e.g., USEPA 2012, 2015).

CoST was created in 2006 but replaced earlier programs, AirControlNet and the Alternative Control
Techniques Documents, which go back to at least the early 1990s.

CoST has two main data inputs—a baseline emission inventory for emission sources (e.g. USEPA
2019), and a database of pollution abatement measures, collected by the EPA through various federal,
regional and local environmental agencies (USEPA 2010a). The software matches pollution sources
with applicable abatement technologies and finds the lowest cost-per-abatement result. The software
calculates the effectiveness of abatement technology based on source attributes such as flow rate and
combustion efficiency. The software also distinguishes capital, operating, and maintenance cost of abate-
ment investments.

We obtain the engineering estimates from CoST for each nonattainment area × pollutant where we
have offset permit data, for the years 2011, 2014 and 2017. We use EPA’s national emissions inventory
for years 2011, 2014, 2017, and restrict the emission sources that are eligible for offset permits that we
analyze. These typically includes electricity generation units, oil and gas facilities, and other industrial
and nonindustrial point sources.

The CoST model requires users to pre-specify several choices about the characteristics of eligible
abatement technologies. We make these choices to resemble those used in existing regulatory impact
analyses that apply the CoST model (USEPA 2012, 2015), but adapted to reflect the setting of offset
markets. We limit CoST to sources that exceed 5 tons of emissions, which is a typical range for firms
trading offsets and is also the range at which the more stringent regulatory requirements under the Clean
Air Act become binding. We require additional abatement technologies in CoST to reduce emissions
by at least 0.1 tons (the minimum size CoST allows), since some offset transactions represent small
quantities. We require additional abatement technologies to exceed existing abatement technologies by
at least 10 percent, which is the standard setting in the CoST model; while we do not have detailed
data on the relevant quantities of this measure for most offset transactions, we believe it accurately
characterizes a reasonable share of offset transactions. To ensure that the control devices we analyze are
comparable to the devices mandated by up-to-date air pollution regulation, we also restrict the menu
of control devices selected by CoST to those used by EPA in their most recent benefit-cost analyses
of ambient pollutant standards (USEPA 2012, 2015). Finally, we analyze CoST assuming a 10 percent
discount rate, which corresponds with the discount rate used in the rest of the paper. In CoST, which
outputs annualized costs, the discount rate affects the share of expenditures due to operating versus
capital costs, but does not change the total annual cost.

D Additional Policy Discussion

The main text describes policy reforms that would decrease pollution emissions for incumbents and
thereby bring marginal abatement costs and benefits closer. Here we discuss other reforms to offset
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markets that may provide welfare gains by increasing the flexibility of offset markets.
Regulations currently require offsets to come from other stationary sources within the same air

region, but there may be cheaper abatement opportunities available in other sectors. Some air quality
management districts are exploring the possibility of allowing offsets to come from mobile rather than
stationary sources (e.g., city buses converting from diesel to natural gas), marine sources (e.g., boats
arriving to a port being required to use ultra low-sulfur diesel), or agriculture. These reforms might
increase the pool of low-cost offsets, lowering the equilibrium price. To the extent that marginal benefits
of abatement vary across regions, trades between regions could also impose a trading ratio that is
proportional to marginal damages (Tietenberg 1980). While lower offset prices would likely be welcome
by producers, it also has implications for the optimal level of regulation and ambient pollution more
generally; namely, the efficient level of pollution emissions should fall further to the point where the
marginal benefits of emissions reductions are equal to the marginal cost of abatement.

Another type of reform would increase the flexibility of offset requirements. Most market-based
instruments like taxes and cap-and-trade markets replace prevailing prescriptive standards. In offset
markets, by contrast, sources must continue following command-and-control standards while also com-
plying with offset requirements. Allowing sources to use offsets for achieving some of their regulatory
requirements, even if in excess of emissions that prescriptive standards would allow, could improve liq-
uidity and decrease prices in these markets. For example, a new source could emit more than prevailing
requirements would allow if it purchases additional offsets for the extra emissions (Abbott and Brady
1990; Swift 2001).

A few air quality districts are experimenting with trades across pollutants, primarily between NOx

and VOCs. Trades between these two pollutants are complex, because they depend on the contribution
of each pollutant to ground-level ozone. But streamlining procedures to analyze and allow trades between
pollutants would also increase market liquidity.

An additional possible reform would allow trading between nonattainment areas. Because the
marginal benefits of pollution abatement differ across markets, these inter-market trades would need
to respect trading ratios, in which one ton of a pollutant from a given market is treated as equal to
more than one ton of the pollutant from another market (Montgomery 1972). This may also generate
potential equity concerns.
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NOx VOCs

(1) (2)

Arizona (Phoenix-Mesa) — —

California (Imperial County) 0.14 —

California (Los Angeles-South Coast) 0.05 4.96

California (San Francisco Bay Area) 1.04 12.77

California (San Joaquin Valley) 0.07 13.58

Connecticut (Greater Connecticut) 5.01 —

Connecticut (NY-NJ-Long Island) 1.32 —

District of Columbia (DC-MD-VA) 1.26 2.91

Illinois (Chicago-Naperville, IL-IN-WI) 1.01 2.58

Indiana (Chicago-Naperville, IL-IN-WI) 1.30 3.29

Maryland (Baltimore) 0.76 19.47

Maryland (Washington, DC-MD-VA) 1.26 2.91

Missouri (St. Louis-St. Charles-Farmington, MO-IL) — 33.02

New Jersey (NY-NJ-CT-Long Island) 0.90 14.62

New Jersey (Philadelphia-Wilmington-Atlantic City PA-NJ-MD-DE) 1.79 9.18

New York (NY-NJ-CT-Long Island) 1.37 21.16

Ohio (Cleveland-Akron-Lorain) 1.71 12.54

Pennsylvania (Philadelphia-Wilmington-Atlantic City PA-NJ-MD-DE 1.04 8.22

Pennsylvania (Pittsburgh-Beaver Valley) 5.60 47.60

Texas (Houston-Galveston-Brazoria) 0.05 0.63

Virginia (Washington DC-MD-VA) 1.34 3.09

Wyoming (Upper Green River Basin) 0.52 —

Notes:  The left-most column lists the state that the data represent then, in 
parentheses, the market. The numbers in the table represent the ratio of offset prices 
to the engineering estimates of abatement in each market, averaged over the years 
2010-2019. Engineering estimates come from the EPA's Control Strategy Tool (CoST), 
which we apply using EPA's National Emissions Inventory for point sources for years 
2011, 2014, and 2017. Table entries refer to quantity-weighted mean offset prices and 
estimated per-short ton abatement costs. All currency are in 2017$, deflated using the 
GDP deflator.

Appendix Table 1—Offset Prices Versus Engineering Estimates of Marginal Abatement 
Costs, by Market
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Appendix Figure 1—Example of a Pollution Offset
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Appendix Figure 2—Marginal Benefits of Pollution Abatement, by Pollutant and County

Note: Data shows the average marginal benefits over the years 2011, 2014 and 2017. Marginal 
benefits of abatement are the marginal external cost avoided per ton abated for the indicated 
nonattainment area and pollutant, as estimated by the AP3 model. Dollars are deflated to real 2017 
values using the GDP deflator.
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Appendix Figure 3—Pollution Offset Prices Versus Marginal Benefits of Abatement in

Houston-Galveston-Brazoria, Texas

Notes:  This figure graphs pollution offset prices and the marginal benefits of pollution abatement by year for the 
markets in Houston-Galveston-Brazoria, Texas. Blue solid line shows mean offset price in each 
market×pollutant×year, and red dashed line shows marginal benefits of abatement. Offset prices are the mean 
price of pollution offsets per ton for the indicated nonattainment area, pollutant, and time period, weighted by 
transaction amount in short tons, and annualized using the obsered price ratio between permanent and temporary 
offsets. Marginal benefits of abatement are the marginal external cost avoided per short ton abated for the 
indicated nonattainment area and pollutant for years 1990, 1996, 1999, 2002, 2005, 2008, 2011, 2014, and 2017, 
and linearly interpolated between years. Marginal benefits of abatement are weighted across counties within an 
offset market according to county population in 2010 Census. All currency are in 2017$, deflated by Federal 
Reserve’s US GDP deflator. 
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Note: This figure shows the relationship between offset prices and the time that 
an air region has been designated as nonattainment. Each dot represents the 
mean for all transactions occuring in areas that have been in nonattainment for 
the cumulative number of years indicated on the x-axis. Y-axis shows the real 
offset price per short ton. The figure averages across nonattainment areas, 
pollutants, and years. 

Appendix Figure 4—Offset Prices, by Years in Nonattainment
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