UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
WASHINGTON D.C. 20460

OFFICE OF THE ADMINISTRATOR
SCIENCE ADVISORY BOARD

December 16, 2020

EPA-SAB-21-001
The Honorable Andrew Wheeler
U.S. Environmental Protection Agency
1200 Pennsylvania Avenue, N.W.
Washington, D.C. 20460
Subject: Transmittal of the Science Advisory Board Report titled, “Review of EPA’s Reduced
Form Tools Evaluation.”
Dear Administrator Wheeler,
Please find enclosed the Science Advisory Board (SAB) report titled “Review of EPA’s
Reduced Form Tools Evaluation.” The EPA’s Office of Air Quality Planning and
Standards (OAQPS) requested that the SAB review the EPA report titled, Evaluating
Reduced-Form Tools for Estimating Air Quality Benefits (October 2019). The report was
developed by a contractor on behalf of the EPA. The SAB was asked to assist the Agency in
judging the usefulness of its report and identifying how any weaknesses might be overcome
in the future. The SAB report is not a 'peer' review of an EPA product that might be
modified as a result of the review, and instead is intended to inform the Agency’s future
work. In response to the EPA’s request, the SAB selected subject matter experts from
the Science Advisory Board, Clean Air Scientific Advisory Committee and the SAB
Chemical Assessment Advisory Committee and assembled the SAB Reduced Form
Tools (RFT) Review Panel to conduct the review.
The SAB RFT Review Panel met using a virtual meeting platform on May 28 and 29,
2020, to deliberate on the EPA’s charge questions and held a second virtual meeting on
September 10, 2020, to discuss their draft report. Oral and written public comments were
considered throughout the advisory process. The enclosed report conveys the consensus
advice of the SAB.
The SAB recognizes the attractiveness of reduced-form tools (RFTs) to support the Agency’s
goal of conducting streamlined air quality benefits analyses when time or resources constrain the
ability to conduct full-form modeling. However, RFTs introduce downsides that need to be
considered when deciding whether to use them. The appropriate choice will likely differ with the
potential uses of RFTs, which range from regulatory impact analyses to pre-decisional analytic
applications. RFTs could also be useful for screening analyses prior to regulatory applications.

The SAB applauds the Agency’s efforts to examine the opportunities and challenges presented
by RFTs.
While the SAB provides a number of recommendations in the enclosed report, we would like to
highlight the following points. In general, the SAB agrees that the EPA’s evaluation approach is
organized in a reasonable fashion to derive certain initial insights about how RFTs perform in
comparison to each other and to two full-form models (FFMs) that EPA relies on when
estimating air quality inputs for benefits assessment. The SAB recommends the EPA consider
including the following activities in future work concerning RFTs:
•

•

•

•

•
•

•

•

Explicitly state the rationale for comparing all RFT results to the full-form Community
Multiscale Air Quality (CMAQ) model coupled with Benefits Mapping and Analysis
Program-Community Edition (BenMAP-CE) results. CMAQ and BenMap-CE are the
tools currently used by the EPA for regulatory analyses. While they provide a logical
benchmark for this evaluation exercise, they are imperfect, and their use can influence the
results of the evaluation.
Evaluate the sensitivity of projected benefits from various RFTs to alternative
concentration-response relationship shapes, assumptions for the relative potency of
different particulate matter constituents, and factors that could lead to spatially dependent
estimates for the value of a statistical life.
Assess why the RFT model estimates differ from each other and from the full-form
model, instead of merely demonstrating that they differ. For example, capitalize on
advances in data science to conduct analyses that provide a better understanding of the
differences between reduced and full-form estimates of the effects of emissions on air
quality.
Conduct studies using different meteorological inputs to the full-form model to
understand the variance in model estimates that can be attributed solely to the
meteorological inputs. Most RFTs do not have an explicit weather dependence and it is
important to understand the extent to which the full-form model results are sensitive to
meteorological inputs.
Provide more detailed results to clarify the performance of the RFT on regional scales
and to allow reviewers to reproduce the results of EPA’s evaluation.
Present concentrations fields (where possible) separate from estimated monetized
benefits. Also, clarify whether air quality projections generated by an RFT are used
directly or are altered/normalized (e.g., fused with monitoring data) before use in benefits
assessment.
Increase the number and diversity of policy scenarios such as area sources (e.g.,
residential wood combustion), marine/aircraft/rail (MAR) sources, additional industrial
point sources (e.g., iron/steel), and on-road diesel emission reductions, in addition to
examining PM2.5 (particulate matter) components (primary particulate matter (prPM2.5),
sulfate, nitrate, ammonium, secondary organic aerosol (SOA)).
Clarify how EPA envisions using RFTs in lieu of full form approaches including a
discussion of the usefulness of such tools in different parts of the regulatory decision
process. Develop performance benchmarks that an RFT must meet to be deemed
appropriate for use; these benchmarks likely will depend upon the application.

As the EPA moves forward with its evaluation of RFTs, the SAB encourages the EPA to address

the concerns raised in the enclosed report and to consider our advice and recommendations. The
SAB appreciates this opportunity to review EPA’s report titled, Evaluating Reduced-Form Tools
for Estimating Air Quality Benefits (October 2019) and look forward to the EPA’s response to
these recommendations.
Sincerely,

/s/
Dr. John D. Graham, Chair
EPA Science Advisory Board
Enclosures

/s/
Dr. Jay R. Turner, Chair
EPA SAB RFT Review Panel

NOTICE
This report has been written as part of the activities of the EPA Science Advisory Board, a public
advisory committee providing extramural scientific information and advice to the Administrator
and other officials of the Environmental Protection Agency. The Board is structured to provide
balanced, expert assessment of scientific matters related to problems facing the Agency. This
report has not been reviewed for approval by the Agency and, hence, the contents of this report
do not represent the views and policies of the Environmental Protection Agency, nor of other
agencies in the Executive Branch of the Federal government, nor does mention of trade names or
commercial products constitute a recommendation for use. Reports of the EPA Science Advisory
Board are posted on the EPA website at http://www.epa.gov/sab.
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1. INTRODUCTION
The EPA Office of Air Quality Planning and Standards (OAQPS) conducted a study of
reduced-form tools (RFTs) to develop and demonstrate a protocol for systematically comparing
PM2.5 monetized health benefits estimated using RFTs with those generated using full-form air
quality and health benefits models, in the specific context of using such tools to inform the
economic impacts of regulatory actions. The EPA’s report first describes the analytical approach
developed to compare the two types of approaches and then presents the evaluation results for
several RFTs across multiple policy scenarios. The tools evaluated include: (1) EPA's Source
Apportionment approach (called SA Direct), which produces benefit-per-ton (BPT) values based
on the 2005 National Emissions Inventory (NEI); (2) Air Pollution Emission Experiment and
Policy Analysis Model (APX); (3) Intervention Model for Air Pollution (InMAP); and (4)
Estimating Air Pollution Social Impacts Using Regression (EASIUR). The EPA’s report
concludes with a description of the limitations of the evaluation approach and findings, with
suggestions for future research. EPA representatives noted that they expect that RFTs will
continue to evolve in the future. EPA also stated that they have already begun to update the BPT
estimates derived from SA Direct to reflect more recent National Emissions Inventory (NEI) data
and plan to investigate other efficient modeling techniques that can also approximate full-form
modeling (FFM) approaches. As a result, EPA requested that the SAB assess whether the
evaluation framework developed in the report is appropriate, and to provide input regarding
future design improvements to enhance the capabilities of reduced form tools.
The EPA’s OAQPS requested that the SAB review EPA’s report prepared, with substantial
Agency participation, by Industrial Economics, Inc. and titled, Evaluating Reduced-Form Tools
for Estimating Air Quality Benefits (October 2019), hereafter referred to as EPA’s report. In
response to the EPA’s request, the SAB identified subject matter experts from the Science
Advisory Board (SAB), Clean Air Scientific Advisory Committee (CASAC) and the SAB
Chemical Assessment Advisory Committee and assembled the SAB Reduced Form Tools
(RFT) Review Panel to conduct the review. The SAB RFT Review Panel met using a virtual
video meeting platform on May 28 and 29, 2020 to deliberate on the Agency’s charge
questions and held one teleconference on September 10, 2020 to discuss the Panel’s draft
report. Oral and written public comments were encouraged throughout the advisory process.
The SAB identified numerous instances in which the analyses and presentation in EPA’s report
could be revised to be more useful. However, it is the SAB’s understanding that the EPA does
not intend to revise its report based on SAB comments, so a strictly backwards-focused review
may not be helpful. Further, EPA has indicated that work to improve the transparency,
reproducibility, and quality of RFTs is already underway. Therefore, the SAB’s
recommendations are, for the most part, focused on guiding these future Agency efforts.
The SAB also expressed concern with the possible inference that its efforts may be
inappropriately represented as a peer review of these RFTs (or RFTs in general), pursuant to the
Agency’s Peer Review Policy (U.S. EPA 2015, Section 1.3). This policy explicitly states that
EPA utilizes peer review for the purpose of complying with pre-dissemination review
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requirements 1 under applicable information quality guidelines. 2 The SAB charge does not
mention information quality, however, and the SAB is generally unfamiliar with the
requirements of applicable guidelines. Note that the key procedural information quality standard
is reproducibility, 3 but one Panel member who attempted to reproduce some of the EPA report’s
results was unable to do so. Therefore, the SAB cautions that its review should not be used to
satisfy the information quality pre-dissemination review requirements. 4 Thus, regardless of the
potential merits of the EPA’s report (even with limitations acknowledged), EPA should not
disseminate the report in a manner that conveys Agency endorsement. This limitation also should
have been acknowledged in the EPA’s report (Section 4.4).
This report is organized to state each charge question raised by the Agency followed by the
consensus response and recommendations. The SAB provided key recommendations that are
necessary to improve the critical scientific concepts, issues, and/or narrative within the EPA’s
report. The SAB deemed these recommendations as important for improving the understanding
of the suitability and reliability of RFTs as compared to FFMs for estimating air quality benefits.
A list of acronyms and abbreviations can be found at the front of this report to assist in orienting
the reader to the terms and model names used in the EPA’s report and throughout the SAB’s
responses to the Charge Questions. All editorial comments are presented within Appendix A. All
materials and comments related to this report are available at:
https://yosemite.epa.gov/sab/sabproduct.nsf//LookupWebProjectsCurrentBOARD/46C3F741097
CD634852585500048F4BA?OpenDocument

See U.S. Environmental Protection Agency (2015, p. 27), which says Agency pre-dissemination work products
undergoing peer review should contain the following disclaimer: “This information is distributed solely for the
purpose of pre-dissemination peer review under applicable information quality guidelines. It has not been formally
disseminated by EPA. It does not represent and should not be construed to represent any Agency determination or
policy.” Further: “In cases where the information is highly relevant to specific policy or regulatory deliberations, the
disclaimer should appear on each page of the work product.” Such disclaimers are presently missing from the
EPA’s report.
2
Office of Management and Budget (2002); U.S. Environmental Protection Agency (2002). For pre-dissemination
review requirements, see Office of Management and Budget (2002, p. 8459): “As a matter of good and effective
agency information resources management, agencies shall develop a process for reviewing the quality (including the
objectivity, utility, and integrity) of information before it is disseminated. Agencies shall treat information quality as
integral to every step of an agency’s development of information, including creation, collection, maintenance, and
dissemination. This process shall enable the agency to substantiate the quality of the information it has disseminated
through documentation or other means appropriate to the information.”
3
Office of Management and Budget (2002, p. 8460): “’Reproducibility’ means that the information is capable of
being substantially reproduced, subject to an acceptable degree of imprecision. For information judged to have more
(less) important impacts, the degree of imprecision that is tolerated is reduced (increased)… With respect to
analytic results, ‘capable of being substantially reproduced’ means that independent analysis of the original or
supporting data using identical methods would generate similar analytic results, subject to an acceptable degree of
imprecision or error.”
4
To be clear, for this (or any) Panel to conduct a pre-dissemination review of these RFTs, or RFTs in general,
requires a very different charge. That, in turn, would require full disclosure of model data, code, and output files,
and the panel would need much more review time.
1

2

2. RESPONSE TO CHARGE QUESTIONS
2.1. Charge Question 1. Evaluation Approach
2.1.1 Charge Question 1a. Please comment on the evaluation approach developed by EPA to
compare reduced-form models to full-form equivalents.
In general, the SAB agreed that the evaluation approach is organized in a reasonable fashion to
derive certain initial insights about how RFTs perform in comparison to each other and to two
FFMs that EPA relies on when estimating air quality inputs for benefits assessment (i.e.,
Community Multiscale Air Quality (CMAQ) and Comprehensive Air Quality Model with
Extensions (CAMx)). The evaluation approach described in the EPA’s report follows the
structure used in many other model comparison exercises, such as those of Stanford University’s
Energy Modeling Forums. That is, the evaluation establishes a set of scenarios to be run with
each model under shared key assumptions. Shared assumptions usually focus on defining the
baseline scenario against which policy alternatives are to be run, but they can also include
making other key input parameters constant. Differences in model structure then drive
differences in predicted outcomes. Results can be compared across models to understand which
structural elements caused results to differ.
Two parameters that are critical to the overall benefit estimates, but were not varied for this
exercise, are the value of a statistical life/life-year (VSL/VSLY) and the Concentration-Response
Relationship (CRR). The EPA’s report makes the argument that changing either of these would
not affect the comparisons between FFMs and RFTs, but matters are not so simple if the VSL 5
and/or CRR are dependent on location, age, and in the case of CRR, the level of PM2.5 (i.e., a
nonlinear response curve). For example, the plots in Chapter 2 of the EPA’s report show that
there are substantial variations in how different policy scenarios affect different regions of the
country, so if the CRR or realization of VSL/VSLY are spatially dependent as well, that could
materially affect the comparisons (see Appendix B for a further discussion of these issues).
For the CRR, the EPA’s report states that it uses an estimate from a report by Krewski et al.
(2009), a Health Effects Institute study based on the American Cancer Society dataset but does
not specify which of the numerous hazard rate estimates in that report is used. There is evidence
that the CRR varies regionally, and is a nonlinear function of PM2.5, both of which could affect
the comparisons in the EPA’s report. Moreover, the Krewski 2009 report did not address whether
the regression relations they derived were causal; if they were not, their translation into estimated
benefits would not be appropriate.
The interpretation of results from any model comparison, no matter how well structured, is
inherently limited by the range of scenarios considered and how the standardization of
assumptions narrowed the potential ways model results could differ. There are several attributes
of this evaluation that limit the generalizability of insights it can produce. They are listed here
5

For the VSL, EPA has taken the value $8.7 million (in 2015 dollars) but has made no attempt to assess the uncertainty of that
estimate. There is a substantial economics literature on this topic, which also addresses how the VSL varies by region, age, comorbidities, competing risks, and other factors, that have not been addressed.
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and discussed in more detail, where appropriate, in the additional Charge Question 1 subsections below.
o Although they do reflect a diverse range of policies, the set of five scenarios are not
representative of the array of regulatory applications for which EPA may apply RFTs.
Thus, no inferences can be made, based on observed differences in outputs across the
RFTs in the EPA’s report, with respect to the potential performance of these (or other)
RFTs for other policy scenarios.
o The report implies that EPA has standardized the key parameters that determine
mortality and benefits per unit of air quality change. The SAB notes, however, that this
standardization has failed in one or more key dimensions. For example, if the benefits
formulas were identical, results from AP3 Direct 6 would be insignificantly different
from results from AP3 BenMAP 7. But as Exhibit C-1 shows, in the nitrate component of
the Pulp & Paper policy scenario, results from AP3 Direct and AP3 BenMAP differ by
47-fold. Given that AP3 BenMAP and AP3 Direct are said to have used the same air
quality inputs, one must infer that this difference reflects divergent benefits-related
assumptions. This discrepancy needs to be explained and addressed.
o The decision to standardize key benefits-related assumptions, if successfully completed
(see previous bullet), would constrain evaluation of the relative performance of these
tools to differences in their air quality projections. This decision would have made sense
if the objective was to estimate differences among selected RFTs with respect to how
their air quality inputs would impact their benefits assessment, but not if the objective
was to compare differences in estimated benefits. Very little can be inferred about
performances of the selected RFTs with respect to the outputs of a benefits assessment.
o Contrary to assertions in the EPA’s report, uncertainties in a key benefits-related
assumption CRR are not simply proportional in their effects on RFT outputs (see
Appendix B for further discussion). 8 Unfortunately, the evaluation, by design, cannot be
informative on this matter even though it is critical for ascertaining how accurately RFTs
can estimate the health risk reductions and benefits of alternative regulatory policies.
o The evaluation focuses solely on how well RFT outputs match those of a single FFM,
i.e., CMAQ. This decision to compare RFTs in terms of how well they match CMAQ is
therefore biased in favor of RFTs that relied on runs of CMAQ as their original basis.
Although the EPA’s report is not clear on this point, the primary RFT that benefits from
this analytic structure is EPA’s own SA Direct.

AP3 Direct and AP 3 BenMAP is the 2008 update of the Air Pollution Emission Experiments and Policy (APEEP)
when Direct is added to the model name, this designation refers to RFTs applied directly to obtain monetized health
benefit results from emissions inputs
7
AP3 Ben MAP is the 2008 update of the Air Pollution Emission Experiments and Policy (APEEP); when BenMAP
is used as a suffix added to the model name, this designation refers to RFTs that produce their monetized health
benefits results using BenMAP code in place of their own original code or computational logic.
8
Besides the CRR’s slope, other important benefits-related assumptions include regional and sub-regional (e.g.,
county, grid) differences, CRR shape and the relative toxicity of different PM2.5 constituents. Further, the
assumption that emission reductions cause (and are not just associated with) modeled reductions in health effects
has obvious effects on benefits assessment; however, there is continuing disagreement over causality
6
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o The evaluation design can provide only point estimates of the output ratios for the
selected RFTs’ performance relative to CMAQ. Therefore, we cannot know whether
reported departures are materially or statistically distinguishable.
o An important analytic capability provided by FFMs is the flexibility to quickly conduct
many types of sensitivity analyses in the benefits estimation step, including analyses of
benefits under alternative benefits-related assumptions. Some RFTs (including SA
Direct) lack this capability. This results in lost analytic utility and transparency, both of
which regulatory impact analysis must have. The EPA’s report is silent concerning
which of the RFTs (if any) have this essential flexibility.
Finally, simplifications made by current RFTs in the physics and chemistry modeled in CMAQ
appear to be based upon intuition about the sensitivity of model results to different variables and
combinations of variables. Computational methods for testing these sensitivities fall within the
scope of data science and machine learning. The SAB recommends that EPA initiate research
projects using such approaches to develop a better understanding of the differences between
reduced and full form estimates of the effects of emissions on air quality. This would be a more
measured approach to the use of RFTs for air quality modeling than the direct comparison of
benefit estimates produced by different models described in the EPA report. It could
systematically identify key variables to include in RFT models.
RECOMMENDATIONS:
The SAB has identified many instances in which the EPA’s report lacks sufficient background
information or explanations concerning certain key aspects of the evaluation approach. 9 The
SAB recommends that the EPA address the following areas where more information is critical
to understanding the RFTs and their relationships with FFMs. Specifically, the SAB recommends
the EPA:
•

Provide details describing how CMAQ/CAMx and BenMAP-CE work independently
and together, including the purpose of each model, governing equations, input data
requirements, model outputs, and post-processing steps.

•

Provide descriptions of how each RFT works, including an overview of each model,
governing equations and algorithms, input data requirements, model outputs, and postprocessing steps. 10 As noted above, a particularly important item of missing information
is which, if any, RFTs provide users with the ability to conduct sensitivity analyses on
alternative benefits-related assumptions, such as non-linearities and/or spatial variability
in the CRR.

•

Provide for more information on the averaging times and forms of their concentration
metrics; their population and health incidence data (including when they were not

9
For example, slides presented by OAQPS staff during the May 28-29, 2020 public meeting (U.S. EPA 2020a)
contained information that should have been in the EPA’s draft report itself, particularly the information on slides 7
through 12.
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standardized for this study); and how each RFT accounts for the proximity of emissions
changes to population centers.
•

Provide information on how the air quality estimates of each RFT have been derived
from underlying FFMs. For example, APX uses source-receptor matrices produced by
the Climatological Regional Dispersion Model (CRDM); InMAP starts with sourcereceptor relationships from the Weather Research and Forecasting Model coupled with
Chemistry (WRF-Chem), and estimates air quality surfaces with variable grid resolutions
using its own dispersion-reaction algorithm; and EASIUR relies on statistical regression
for emissions and benefits based on air quality fields derived as “averaged plume” out of
randomly selected full-form modeling (i.e., CAMx PSAT) grid cells.

•

Provide information on which RFTs can produce air quality concentration surfaces and
whether those projections have been “fused” with monitored values in the manner EPA
does for its own full-form modeling (and apparently used for SA Direct). 11

•

Provide a clearer explanation of the methods and purpose of the primary PM2.5 scaling
(including when estimates are being presented that have been scaled up from EC-only,
and when the estimates are still unscaled). More discussion of the methods as well as
potential errors this introduces should be included.

•

Provide greater clarity regarding where and how ammonia (NH3) and volatile organic
compounds (VOCs) were accounted for, given that they are listed as RFT outputs in
Exhibit 2-9 but are not listed as “precursors of interest” in Appendix A, Section 4 of the
EPA’s report when discussing the BenMAP model and methods.

•

Provide a discussion of the differences between reduced surface models (RSMs) and
reduced form models (RFMs) and identify which models in the EPA’s report are RSMs
and which are RFMs. 12 This might provide insight when comparing the RFT results to
those of FFMs.

•

Provide additional details concerning the errors that EPA’s report surfaced: (1)
information on the baseline mortality rates in BenMAP-CE, (2) the basis for concluding
these errors would result in “the overestimation of benefits by less than three percent for
aggregate benefits values,” and finally, (3) information concerning regional variability of
this error.

•

Provide a more complete referencing of sources of assumptions, such as the precise
source for the BPT estimates from SA Direct that are used in this analysis, the precise
source for the Krewski CRR assumption, and the basis for the value of statistical life
(VSL) assumption.

11
See https://www.epa.gov/cmaq/cmaq-output for examples of air quality models that EPA states are: “... often
combined, or "fused", with observed air quality measurements to remove any consistent model biases prior to using
the model predictions for a particular application.
12
Reduced surface models (RSMs) estimate concentrations based on concentrations out of FFMs. Reduced form
models (RFMs) use unique algorithms to estimate concentrations.
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•

Examine how uncertainties in the CRR might affect comparisons among the different RFTs
or between RFTs and a FFMs.

•

Capitalize on advances in data science to conduct analyses that provide a better
understanding of the differences between RFT and FFM estimates of the effects of
emissions on air quality. This will provide insights into the performance of current RFT
models and inform the develop of new or revised RFT.

The SAB recommends that EPA provide details on the FFM runs that were used, including for
the clean power plan (CPP; which was apparently not used in that RIA) and for the three
“hypothetical” industrial sector scenarios (i.e., those applied to cement kilns, pulp and paper
facilities, and refineries). These appear to have been done solely for EPA’s study and thus
require more documentation.
2.1.2 Charge Question 1b. Please comment on whether the emissions reduction scenarios used
in the proposed evaluation approach provide enough diversity to adequately assess reducedform performance over a range of possible applications (e.g., magnitude, type, and spatial
variations of emissions reductions).
The EPA’s model comparison exercise covers five scenarios, a convenience sample intended to
compare selected RFTs under a variety of conditions. While these scenarios do reflect diversity
in the ways that EPA regulations may affect changes in ambient PM2.5 precursor emissions, there
is no evidence that they are representative of the range of possible policy scenarios. The EPA’s
report partially acknowledges this in the limitations section, 13 but it does not consistently reflect
this limitation when discussing results. 14
SAB members have noted that additional types of policies could produce very different RFT
performance patterns and reveal more insight concerning the robustness of RFT performance.
This would require additional consideration of other types of scenarios. Most notably, additional
mobile and area source scenarios should be considered, as the current five scenarios include just
one mobile source scenario, no area source scenarios, one electricity generating unit (EGU) point
source scenario, and three industrial point source scenarios. Other types of sources that might
produce materially different results are residential wood combustion, marine/aircraft/rail sources,
and on-road diesel emissions. Further, even for industrial point source scenarios, the range of
variation in RFT performance may have been greater if other sectors had been analyzed instead.
For example, the SAB notes that, as described in EPA’s overview presentation, of the 17
industrial sectors for which BPT estimates based on the SA Direct approach are available, the
three sectors selected for the EPA report’s “hypothetical” policies do not have as much variation
in their BPT values as other sectors (e.g., iron and steel). This suggests that greater diversity
The EPA report states (p. 4-4): “While the policies that were analyzed to demonstrate the abilities of each
reduced-form tool compared with full-form model results are a thorough subset of policy types, ranging from mobile
sources to industrial point sources to EGUs, it is not an exhaustive or fully representative set of policies.”
14
Compare the quote in footnote Error! Bookmark not defined. with the following quote from the EPA report (p.
4-2): “[T]he SA Direct and EASIUR Direct models … demonstrated consistent performance for total PM2.5 and its
components, which indicates that they would perform in a similarly reliable way for air quality policies beyond
those considered in this analysis”. These statements are inconsistent; they do not accurately capture the limitations
of the evaluation design; and they appear to impart a bias in favor of SA Direct and EASIUR Direct.
13
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might have been achieved had other sectors been selected. There is no evidence provided in the
EPA’s report that a structured approach was taken to maximize the diversity and
representativeness of possible situations affecting RFT performance among the five scenarios
analyzed.
Nevertheless, the five scenarios analyzed do reflect some of the diversity in the ways that EPA
regulations may affect ambient PM2.5 precursor emissions, including allowing for point estimates
of comparisons across regions, magnitude of different emissions species, temporal patterns of
emissions, and emission release heights. Given the extent to which critical benefits-related input
assumptions have been standardized, it is interesting to see as much variability in results as was
reported. The EPA report provides evidence that estimates of benefits from NOx emissions
reductions are subject to the greatest inconsistencies, and that use of RFTs to value benefits of
policies with such changes may be most questionable. However, there is also substantial
variability in RFT performance for the other PM2.5 constituents/precursors and for the point
sources scenarios. This evidence of variability among RFTs, and between RFTs and FFMs,
indicates that the choice of RFT for any particular future regulation could have a material effect
on outputs of the benefits analysis and may be a source of considerable controversy given the
absence of objective criteria for making such a choice. Finally, the SAB expressed concern that
any reductions in the analytic burden during regulatory development resulting from using an
RFT could be offset (or exceeded) by an increased burden to defend the validity of the results.
RECOMMENDATION:
•

The five scenarios chosen for this analysis may be insufficient to capture the diversity
that may be encountered in later use. A systematic approach to scenario selection is
recommended to ensure the diversity is more thoroughly represented. Other ways that the
selection of scenarios might have helped identify causes of differences in results across
RFTs include: (1) using a more generic set of equal reductions for each of the multiple
precursor emissions from each selected sector (while also avoiding the suggestion that the
“hypothetical” control scenarios are actually indicative of potential real policies); and (2)
comparing the Mercury and Air Toxics Standard (MATS) rule to the CPP rule, as they
both apply to one sector but may have had very different spatial patterns of projected
emissions changes. While the SAB has identified alternative ways that the five scenarios
might have been selected, the fundamental limitations of the EPA’s report are that it is a
convenience sample; even a stratified random sample of five scenarios would be too
small. Therefore, care must be taken not to generalize the EPA’s report findings.
Although this point is stated in the Limitations section, it is not always adhered to when
results are discussed in other sections of the EPA’s report. Convenience samples are
useful for pilot studies, and that is how EPA’s report should be understood and
characterized. No inferences can be made with respect to other scenarios based on
observed differences in outputs across RFTs in EPA’s report.

2.1.3. Charge Question 1c. Please discuss whether the specific assumptions that EPA made to
apply each tool as consistently as possible (e.g., emissions, meteorology, use of direct vs.
BenMAP estimates, etc.) are appropriate and clearly explained.
8

The following assumptions were standardized across all the RFT runs: (a) to report benefits for
all-cause mortality only, using specifically the Krewski et al. (2009) CRR point estimate that
BenMAP treats as one of its default values, 15 (b) to apply the same point estimate for VSL also
relied upon in BenMAP, 16 (c) various other demographic inputs to the health impact function
such as population and mortality rates, and (d) that the emissions reductions (quantity and
geographic location) associated with each scenario are the same for each alternative model. The
EPA’s report, however, does not clearly explain the extent to which this standardization affects
the scope of the model comparison. The EPA should clarify the descriptions of other
assumptions. For example, it is unclear why some RFTs were applied using different
meteorological-year assumptions than the other RFTs, and only in some scenarios. Also, it is
unclear why EASIUR used 36 km grids while the other models used 12 km grids. In addition, the
population and health incidence data for the EASIUR runs were not consistent with inputs to
other RFTs. A more detailed explanation and potential implications of these differences should
be provided.
RFTs modify model details in two ways. First, they condense complex, nonlinear fate and
transport models (i.e., FFMs) into a simpler summary format (such as a source-receptor matrix)
that is quicker to run but less accurate. Second, they apply an assumed CRR to the reduced-form
air quality outcomes. The assumptions for the second step depend more on subjective judgment
than scientifically-defined phenomena like air quality modeling, and the resulting benefits
estimates vary enormously as a result of alternative assumptions – perhaps more widely than the
variations in air quality changes that are associated with different choices of modeling and
model-summarizing for the first step. By standardizing the CRR and VSL assumptions, the
primary insights that can be extracted from this model comparison exercise are about the relative
performance of the various models in predicting how air quality changes in different locations as
a result of changes in emissions. Nonetheless, the EPA’s report compares RFT outputs not as
changes in air quality but in terms of benefits, as if the conversion of air quality variations to
benefits is merely formulaic.
The EPA’s report is not transparent about the use of a fixed CRR and VSL in the analysis; yet,
this approach places significant limitations on the proper interpretation of the study’s
comparisons. Furthermore, it is incorrect to assume that, because these unaddressed sources of
uncertainty are common across all the models compared, the inclusion of CRR uncertainty would
not change the relative performance of the RFTs. This would be true if the only uncertainty in
the CRR assumption were its slope, making differences across outputs simply multiplicative. 17
However, there is substantial evidence that the CRR is nonlinear in quantity, spatially variable
(perhaps due to behavioral differences), and different across PM species (because of differential
Missing from the EPA’s report is the source of this single CRR out of the hundreds that are in Krewski et al.
(2009). The Panel surmises that it comes from Commentary Table 4 (p. 126) and is the all causes random effects
model using the 1999-2000 PM2.5 exposure levels, because this is the CRR that BenMAP uses for its “default” CRR
assumption.
16
The source for this VSL value is also not referenced.
17
This multiplicative factor alone is large in the context of the other variations in RFT performance. For example,
the upper confidence interval in the single Krewski et al. (2009) CRR is twice the lower confidence interval. And
uncertainty about this CRR estimate is larger than this confidence interval implies, since this CRR is just one of a
larger number of CRR estimates produced in that one study under different statistical modeling assumptions without
any clear-cut criterion for choosing which CRR is “best.”
15
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toxicities) independent of spatial differences [a more thorough discussion of the effect of
uncertainties in CRR can be found in Appendix B of this report]. Each of the scenarios examined
in the EPA’s report has unequal regional and local emission changes, so these CRR uncertainties,
if they were to be considered, could result in distinctly different relative performance of each
RFT under any given scenario. 18
Thus, while standardizing the key benefits module assumptions enabled a comparative analysis
of the air quality performance of RFTs, it significantly limited the interpretability of results
beyond those related to the air quality outputs. That is, the EPA’s study by design cannot
illuminate the RFTs’ relative performance with respect to key parameters of the benefits module.
This limits the usefulness of the comparative analysis to evaluating RFTs’ performance with
respect to air quality inputs to a benefits assessment, but not outputs of a benefits assessment.
To elucidate this perspective on what this comparative analysis has accomplished, it would be
helpful to see the analysis conducted in two separate steps with the first part comparing
concentration fields generated by RFTs (when available as an intermediate product) and FFMs,
and the second part comparing monetized benefits estimated by each RFT and BenMAP using a
consistent concentration field. This would help readers better understand which component
(concentration fields or benefit estimation parameters) were responsible for differences between
the RFTs and FFMs.
An additional feature of the evaluation approach summarized in EPA’s report is that the
BenMAP model itself was substituted for the original RFTs’ internal (“direct”) benefits
calculations, where this was feasible to do. 19 Results from this step are labelled by the suffix
"BenMAP" rather than "Direct" after each respective model name. That this step was done to
create additional RFT variants is explained clearly enough, but the EPA’s report is less clear
about the purpose and merits of these variants, as well as, the implications of the observed
differences. Did the EPA substitute in the BenMAP model because the population and mortality
rate assumptions still differ from those of BenMAP in the RFT’s “Direct” benefits calculations,
even though the EPA’s report indicates they were standardized? Is it because the geographical
detail differs? Why would they be expected to differ at all? If differences were not expected, why
were these variants important, given the complexity they have added to the EPA’s report? The
EPA’s report is unclear on these points and, without clarification of the reasons for the
differences, it may be misleading that BenMAP’s computations of benefits per µg/m3 of change
in PM2.5 are inherently superior to benefits calculations of the other RFTs. 20
In its report the EPA chose to compare every RFT’s results to the benefits estimate predicted by
the full-form model CMAQ coupled with BenMAP; this was done because CMAQ with
BenMAP is the EPA’s current FFM approach. Nonetheless, this imposes an implicit assumption
There is evidence that the spatial nature of CRR uncertainties could strongly affect RFTs’ relative performance in
the Results section of the EPA’s draft report. This seems to suggest that RFTs produce results that differ at a
regional level more markedly than at the national level even when the CRR has been assumed to be linear.
19
This appears to have been feasible for all the RFTs evaluated except EASIUR.
20
One possible explanation is that the differences are because some benefits estimates are computed for the
locations in which the emissions reductions occur while others are computed for the locations where the air quality
changes occur. If so, however, how this may be affecting the comparisons among the models is insufficiently
explored. The Panel seeks a more thorough discussion of this point, and a transparent illustrative numerical example
could be very helpful.
18
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that CMAQ produces the “correct” air quality concentrations fields. The EPA’s report should
explain (with references) why CMAQ (and CAMx) are appropriate FFMs and thus used as the
benchmark for evaluating RFTs.
The EPA’s report includes a comparison of CMAQ and CAMx in addition to comparisons of
RFT results to those of CMAQ. This shows that CAMx produces results consistent to CMAQ for
the evaluation of point-source scenarios, which presumably is important because EPA’s SA
Direct BPT estimates are derived from CAMx, but other RFTs use different FFMs as their
starting points. Thus, the decision to compare RFTs in terms of how well they match CMAQ
outputs benefits estimates makes the analysis biased in favor of RFTs that are based on CMAQ
or CAMx. The RFTs advantaged by this decision are SA Direct and EASIUR (both of which
were based on CAMx using PSAT). Although there are differences in how the original full-form
air quality changes have been converted into a reduced-form estimate of air quality changes, it
should not be surprising that SA Direct and EASIUR tracked CMAQ-based full-form estimates
better than the other RFTs. In addition, the errors of the CMAQ-based RFTs may be
underestimated, because one is comparing a CMAQ-generated model directly to CMAQ.
Air quality modeling for regulatory applications typically involves modeling a base year and
then modeling one or more future years after implementing the regulation, using the base year
meteorology. Meteorological inputs vary depending on the base year chosen which differs across
regulatory analyses. A key issue with air quality models is how they account for spatial
dispersion of pollutants. CMAQ models the fate of pollutants due to advection, diffusion, and
chemical reactions, taking account of weather. In contrast, only one of the RFTs (InMap)
maintains a dependence on weather, doing so by using multi-level spatial grids that are coarser
except in regions of particular interest such as large cities and pollution sources. It is more
expensive to run than the other RFTs studied in the EPA report. However, the estimates of
pollutant concentrations produced by InMap were found to be farther from CMAQ estimates
than most of the other RFTs used in the study. This suggests that further study of how weather
inputs affect CMAQ predictions would give substantial insight into the usefulness of RFTs. A
simple (but time consuming) test would be to run CMAQ on an ensemble of weather inputs –
perhaps using historical data over the past 50 years. The variance of pollutant estimates and
resulting health effects in such a test would set a lower threshold for the uncertainty expected
from RFTs that do not take weather as an input.
RECOMMENDATIONS:
•

The SAB recommends that the decision to compare the RFTs in terms of how well they
match CMAQ/BenMAP benefits estimates, and its implications for output comparisons,
be explicitly acknowledged because it likely drives the EPA report’s results and
conclusions. Insights about the importance (or not) of the choice of foundational FFM
would be enhanced if the EPA’s report were to compare the air quality outputs of all the
RFTs for each scenario to those from the full-form runs (when available). 21 This would

21
Although SA Direct may appear to be a set of BPT estimates with an air quality projection, the fact that they were
updated for this study (EPA Report, p. 2-11) indicates that the underlying air quality grid to estimate the BPTs is
available. That grid could be used to estimate the µg/m3 per ton of each precursor that is implicit in its BPT
estimates, which could in turn be compared to the outputted air quality changes of all the other models (except,
apparently, EASIUR).
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further help clarify the extent to which this model comparison exercise has eliminated
differences in benefits estimation.
•

EPA should examine the extent to which FFM results depend on the input meteorology
because weather is not an input to most RFTs. This analysis would provide insights into
the extent to which differences between FFM and RFT results can be explained by the
meteorological inputs used for a given modeling scenario.

2.1.4. Charge Question 1d. Please assess whether the Report’s description of its limitations is
complete.
Section 4.4, which summarizes limitations of the analysis, is clearly written but materially
incomplete. It should include a more thorough discussion of limitations resulting from
uncertainties in the underlying CRR (and other benefits-related assumptions). The EPA’s report
incorrectly states that this uncertainty is simply multiplicative, which therefore would have no
effect on relative performance. As discussed above, however, CRR uncertainty has multiple
aspects (including a strong spatial dimension), and alternative CRR specifications could strongly
affect the relative performance of the RFTs.
Another limitation not mentioned in Section 4.4 concerns RFTs that do not allow users to
directly test the sensitivity of projected results to alternative economics-related parameters,
including the shape of the CRR and relative constituent potency assumptions. This limitation is
hinted at on page ES-1 of the EPA’s report, which states:
The study did not evaluate the ability of each approach to characterize the distribution of
PM2.5-related premature deaths according to the annual mean concentration at which they
occurred.
This statement suggests that the comparison of models in EPA’s report did not provide
information about the sensitivity of the estimated benefits to alternative CRR functional forms
and cut points. Evidence already exists in prior PM2.5 benefits studies that this is a major source
of uncertainty [as previously discussed in Charge Question 1c and in Appendix B], which may
be larger in magnitude than the uncertainty in projecting air quality changes resulting from
emissions changes. Therefore, choosing to rely on a benefits analysis method that eliminates the
ability to perform this type of sensitivity analysis implies a major limitation compared to FFMs
(and a serious deficiency under Circular A-4 guidelines for Regulatory Impact Analyses of major
rulemakings (OMB Circular, 2003)). If all RFTs are equally unable to perform such sensitivity
analyses, then using an RFT instead of an FFM represents a notable deficiency, with implications
for proposed or final benefit-cost analyses of important regulatory decisions. This is a significant
limitation that should be fully disclosed in Section 4.4, not just mentioned in passing.
One major limitation was mentioned multiple times in the EPA’s report but was not included in
the discussion. Specifically, the EPA should include the limitation that BPT approaches assign
health impacts to the county in which the emissions changes occur rather than where the health
impacts occur (often some of the health impacts are accrued in downwind regions).
12

RECOMMENDATION:
•

The SAB recommends that a more thorough discussion of limitations be provided
because none of the comparisons addressed uncertainties in the underlying CRR.

2.2. Charge Question 2. Evaluation Results
Charge Question 2- Please comment on the results of the reduced form tool evaluation in Section
3, considering both the quantitative and qualitative aspects of the model intercomparison.
2.2.1.

Charge Question 2a - Was the information clearly presented and informative?

In general, the information was clearly presented and informative, nevertheless modifications
would have improved the presentation clarity. It would have been beneficial to present results on
a log x-axis, ensure that the differences between models are highlighted rather than the
differences between scenarios, and include all study results for full transparency and to allow
results to be reproduced.
Y-Axis Scale on Section 3 Exhibits
Exhibits 3-2 to 3-4 of EPA’s report would be more easily interpreted (and less likely
misinterpreted) with a logarithmic x-axis. The linear x-axis gives much greater visual attention to
positive than negative biases of equal magnitude. That, in turn, reinforces the visual impression
that RFTs may be upwardly biased in a systematic manner. This problem is especially acute in
Exhibit 3-4 because the x-axis spans a range of zero to 10 instead of zero to 4.5. Exhibit 3-4 also
contains the biggest discrepancy between CMAQ and an RFT in the entire EPA’s report–for the
nitrate component AP3-BenMAP model and the “Pulp and Paper” policy–for which the ratio of
CMAQ to RFT costs was 130/7=18.6 according to the table in Exhibit C1. This ratio is much
greater than any of the RFT:CMAQ ratios, but the reader would miss this in a quick glance at
Exhibit 3-4.
Highlighting Model Differences
In Exhibit 3-1, the projected total benefits for each of the five scenarios are compared on a byscenario basis. EPA should provide proper context for including this chart so that readers are
clear that the focus of this study was the comparison of the RFTs and not the comparison of the
policy scenarios. The rest of the Results section uses comparisons relative to CMAQ’s results,
which avoids any sense of comparison of the five types of policy benefits.
Additionally, Exhibit 3-4 of EPA’s report (reports the results for the PM2.5 species) would be
better formatted to look like Exhibit 3-3, rather than Exhibit 3-2. Exhibit 3-2 presents the
comparisons of the RFTs within the different scenarios. Given that the purpose of this analysis is
to compare the RFTs to the FFMs, it makes more sense to compare models within scenarios,
rather than scenarios within models.
Present a Map of the Regions
Exhibit B-1 of EPA’s report contains the states in each National Climate Assessment (NCA)
region. The presumed source of these regional assignments is the 2017 report based on the
13

reference cited on page 2-18 of EPA’s report (https://www.epa.gov/cira). In the 2017 report,
there is a regional map on page 17 that is drastically different than the breakdown of states listed
in Exhibit B-1. The states in the different regions should be clarified, and the EPA’s report
should add a map to clearly show the groupings.
Transparency
A Panel member who attempted to reproduce some of the EPA report’s results was unable to do
so (described below). It is possible that, had additional details been included, this reproducibility
defect may have gone away. In any case, the SAB can evaluate the transparency (in this case
reproducibility) of only the information that was disclosed.
Similarly, the lack of presentation of regional results (also discussed more below) is especially
important because the overall tenor of the EPA’s report seems to be favoring the SA Direct and
EASIUR models – if either of these doesn’t work well in regions, it is important to know that.
Presentation of Results as Benefits Estimates
The results from the EPA’s report should be presented as differences in air quality projections
(when available), not only as differences of benefits, particularly for RFTs that utilize BenMAP,
because all relevant parameters for benefits estimation were held constant and are not part of the
review. Reported biases reside somewhere in the emissions/air quality interface for those models
and this should be discussed in addition to presenting the benefits results.
Complexity and Level of Effort
Exhibit 3-8 is informative and clearly written. This table describes the format of each of the
modeling tools and qualitatively evaluates each model according to its pre- and post-processing
requirements, time requirements, and level of skill and software required. The APX tools require
MATLAB, which (unlike R) is not a free package, but this should not deter an agency
responsible for national policy. MATLAB is a very well-established package and its
mathematical routines are widely applied across many scientific disciplines. In addition, Exhibit
3-8 should include a breakdown of the time requirement for “Pre-Processing,” “PostProcessing,” and “Model Run.” The “High” time requirement definition should include an upper
limit number of hours to help put these models into perspective compared to full-form models.
RECOMMENDATIONS:
The SAB recommends:
• presenting the results with a log x-axis to allow for easier interpretation of results across
different model comparisons;
•

ensuring that the differences between models be highlighted rather than the differences
between scenarios;

•

all study results be included for full transparency and to allow results to be reproduced;
and
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•

where feasible, differences in air quality projections of the alternative RFT models be
reported in addition to the differences in their benefits estimates.
2.2.2.

Charge Question 2b - Were EPA’s conclusions reasonable?

The EPA’s report did not offer many conclusions, but rather mostly provided descriptions of the
work and summarized key modeling outputs. As shown below, one Panel member
unsuccessfully attempted to reproduce the results presented for SA Direct, and found that the
origin of the CPP data (used for four of the five scenarios) is unclear. Furthermore, when
drawing conclusions from these analyses, it is important to caveat the benefits estimates with
considerations about the appropriateness of the underlying assumptions for the use of CRRs, and
the flexibility of the models to respond to changes in CRRs. In general, SAB members did not
find that the results could readily be generalized to other RFTs or to other policy scenarios.
Reproducibility of SA Direct Results
To confirm the reliability of the presented results, one Panel member conducted a rough
calculation of the benefits estimated using the SA Direct method (details provided in Appendix C
of this report). In general, this calculation could very closely recreate the SO2 and NOx benefits
estimates in the EPA Report, but the prPM2.5 estimates were substantially different, being lower
by a factor of 4 to 14 (depending on the scenario). This discrepancy could not be readily
explained by the scaling from EC-only to EC+OC+crustal PM2.5.
Similarly, there are inconsistencies in the ratios presented in Exhibits 3-2 and 3-3. Exhibits 3-2
and 3-3 are the same data in two different forms of display, presumably both derived from
Exhibit C-1 in Appendix C. However, there seem to be some minor inconsistencies in the way
the data in Exhibit C-1 were reduced to the two figures: for example, for the results of AP2Direct versus CMAQ-BenMAP under total PM2.5 for the Tier3 scenario, Exhibit C-1 shows a
benefit of $4,100 (millions) under CMAQ-BenMAP and $11,000 under AP2-Direct, a ratio of
2.68, not 2.8 as reported in Exhibits 3-2 and 3-3.
Modeling from Proposed CPP Rule (U.S. EPA 2014)
Page 2-3 of the EPA’s report states that the basis for the CPP scenario was the Option 1 State
estimates from the Proposed CPP Regulatory Impact Analysis (RIA; U.S. EPA 2014). Three
other scenarios (Pulp & Paper, Refineries, and Cement Kilns) used the CPP modeling as their
basis. The CPP SA Direct results and the benefits estimated in the Proposed CPP RIA should be
very similar, because they used the same estimation method, although slightly different BPT
estimates. However, when comparing the CPP scenario SA Direct results in Exhibit C-1 to the
PM2.5 benefits provided in the 2014 CPP RIA, the prPM2.5 estimates (and therefore the total
PM2.5 estimates) were quite different in the CPP RIA compared to Exhibit C-1 (details are
provided in Appendix C of this report). Therefore, the presented prPM2.5 and total PM2.5 benefits
in the EPA Report do not match the benefits presented in the Proposed CPP RIA (2014) upon
which the scenario is based. During the Panel’s public meeting, it became clear that an FFM run
was completed on the Proposed CPP RIA after the document was published in 2014.
Furthermore, the FFM run was used as the basis for the calculations in the EPA’s Report.
However, this basis for the evaluation was not presented in the report and the EPA needs to
clarify the data source as well as explain the discrepancies noted above.
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Interpretation of Results from BenMAP Analyses
Even though the focus of this analysis is on the inputs into the BenMAP-type tools, and not the
workings of those tools themselves, it is still important to note that all the reduced-form tools
treat the BenMAP statistical regression equations for health impacts (representing statistical
relationships with model specification errors, unmodeled errors in variables, omitted
confounders, omitted interaction terms, etc.) as if they were valid causal models (Exhibit 2-10,
note b, p. 2-16). As detailed in the CASAC’s comments on the PM2.5 NAAQS review (U.S. EPA,
2020b, EPA-CASAC-20-001, page 6), regression equations such as those in BenMap-CE do not
in general give correct answers to causal questions, such as how changing a predictor (e.g.,
pollutant levels) would change health effects (Pearl 2009, pages 99-101).
Similarly, the analysis has not discussed the ability of the various RFTs to allow for evaluation
of the sensitivity of their projected benefits to alternative CRR slope, shape and relative potency
assumptions. As noted earlier, evidence exists in prior PM2.5 benefits studies that this is a major
source of uncertainty in benefits estimates – likely larger in magnitude than the uncertainty in
projecting air quality changes from given emissions changes (Smith and Gans, 2015; Fraas and
Lutter, 2013). If all RFTs are equally unable to perform such sensitivity analyses, then this
represents an important trade-off when deciding to use a quicker RFT approach over a complex
full form benefits analysis and should be given serious consideration in the decision process.
However, if some of the RFTs under consideration do allow CRR sensitivity analyses to be
conducted, that would be an important positive attribute for those RFTs compared to more rigid
BPT-based approaches. Whether some of the RFTs have this greater flexibility is an important
qualitative consideration that is presently lacking in the comparison and would be useful to
include.
Extrapolation of Results
The small sample size of reduced-form models (N = 8 at most, and fewer if the AP models are
not counted as independent observations) and the small number of policies analyzed makes it
difficult to draw confident general conclusions from the results presented in the EPA’s report. It
is not possible to get a sense of the error surface for different policies from this small sample.
The SAB is uncomfortable with suggestion presented in Section 4.1 of the EPA’s report that
certain RFTs produce results sufficiently close to FFMs that their prior use in Regulatory Impact
Analyses (RIAs) could be reasonable. It would be inappropriate for EPA to rely upon this SAB
report as an external validation of such a conclusion. Looking backward, the SAB has not
reviewed prior RIAs. Looking forward, members of the SAB have concluded that the scenarios
considered in the EPA’s report should not be deemed representative, which makes extrapolation
to other scenarios a concern. The EPA’s report seems to concur, but that concurrence is not as
clear as it should be. 22 Elsewhere in the EPA’s report, RFT outputs are described as “a quicker
approach to generating ballpark estimates” (pp. ES-7, 5-1) – a much lower level of practical
utility than what is expected of an RIA. Members of the Panel concluded that none of the RFTs
examined produced results so obviously reliable that extrapolation to other scenarios is justified.
The EPA Report (2019, p. 4-4) describes the scenarios as “not an exhaustive or fully representative set of policies”
(italics added). A convenience sample is never representative; there is no such thing as a “partially representative set
of policies.” Further, no representative sample is exhaustive; if it were, it would be a census, not a sample.
22
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This is especially so for RFTs that predict benefits directly from emissions changes. The SAB
came to this conclusion because the EPA’s report seems to implicitly state that a 2:1 relative
error (in either direction) is acceptable when comparing RFT results to the full form model
results. However, many benefit-cost analyses result in costs and benefits estimates that are quite
close (less than a factor of 2 apart), so a 2-fold error in the benefits estimate could result in a
different conclusion about the benefit-cost comparison and therefore potentially a different
policy decision.
RECOMMENDATIONS:
•

The SAB reiterates its concern regarding the reproducibility of the results presented for
SA Direct, and recommends EPA clarify the origin of the CPP data used for four of the
five scenarios.

•

The SAB recommends the EPA investigate the ability of various RFTs to allow for
evaluation of the sensitivity of their projected benefits to alternative CRR slope and
shape, and to assumptions about the toxicological potency of PM constituents.
2.2.3.
Charge Question 2c - Are there other results which would be useful to include in
the comparison?

The SAB concluded that regional results would substantially improve the ability to interpret the
differences between the models and whether the RFTs can or should be used at the regional
level. Regional results deemed unreliable still would provide useful information for the
evaluation. Perhaps most importantly, comparisons of air quality surfaces (when available) may
get to the root of the differences between the models and would best inform the use of the
models for various scenarios. Additional model evaluation methods and summary statistics
would help to further evaluate the RFTs compared to the full form models.
Regional effects and other forms of disaggregation
In contrast to the national results, which were well explained, the regional results were not
thoroughly presented or explained. According to Appendix B of EPA’s report, the continental
U.S. was divided into seven regions defined by states. County-level results for each modeling
approach were aggregated into the seven regions, but instead of presenting separate results for all
seven regions, the report provides summary statistics (principally R2, normalized mean bias, and
normalized mean error). These summary statistics were hard to interpret. Presenting individual
results for the seven regions would have been preferred. Exhibits 2-3 through 2-7 show
substantial variability among the policy scenarios in terms of which parts of the country they
affect – it is therefore plausible that the results for different scenarios will be quite different in
different parts of the country. Also, given the different results that were obtained nationally for
total PM2.5 and for different components, it would be informative to show those regional results
as well. In principle, the authors could present results from nine models (the same ones as in
Exhibit C-1), eight regions (counting all-U.S. as the eighth region), four pollutants (total PM2.5,
prPM2.5, sulfate, nitrate) and five policy scenarios – a total of 1,440 numbers. It should have been
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possible to present that information in the EPA’s report without overwhelming the reader, and it
would allow others to make comparisons beyond those presented in the EPA’s report.
The distribution of regional benefits and costs is always important, as are distributional
differences across other measures, such as income (e.g., Fullerton, 2017). Air quality regulations
have highly variable regional and local impacts that the EPA is likely to consider when setting
and administering national policy. RFTs that cannot accurately identify the geography where
benefits are projected to be realized have limited practical utility for regulatory decision-making.
In general, the EPA should strongly prefer models and tools that estimate benefits and costs at
the lowest possible level of aggregation.
In addition, only some of the regional results were presented even as summary statistics
(Exhibits 3-5 to 3-7), but in other parts of the EPA’s report, it seems that summary statistics were
completed for the other RFTs, but not presented. For example, on page 4-2 the EPA’s report
states, “EASIUR Direct also did a reasonable job capturing variation in benefits across large
regions of the U.S. (0.88 R2 value on average).” This information is not present in the results
chapter or in the appendices. Similarly, on page 5-2 the EPA’s report states, “In our analysis we
saw differences in how the tools performed at different geographical scales and locations.” More
details should have been provided to support this statement.
Information about Speciation of PM2.5
The method and interpretation of scaling of prPM2.5 (EC) to PrM2.5 (EC+OC+crustal) is
inadequately described in the EPA’s report. One method for clarifying the prPM2.5 benefits
would be to include the raw and scaled versions of the prPM2.5 and total PM2.5 benefits, as well
as a better explanation for how and why they were generated. Exhibit 3-4 of the EPA’s report
shows the ratio of benefits from prPM2.5 (labeled as EC only) for the RFTs compared to CMAQ
BenMAP. The ratios are based on the values shown in Exhibit C-1, but Exhibit C-1 presents the
scaled estimates (defined on page ES-4 as prPM2.5 BPT based on EC multiplied by the total
amount of primary PM2.5 emissions EC scaled to OC + crustal). EPA should clarify if these
ratios are expected to be the same for EC only.
Another consideration for PM2.5 speciation is the contribution of ammonia (NH3) and volatile
organic compounds (VOCs). Some of the RFTs consider changes in NH3 and VOC emissions
(noted in Exhibit 2-9) whereas others do not. The authors should discuss how much these
emissions contribute to the total PM2.5 benefits (they are not included in EPA’s report Appendix
C Exhibits or discussed in the Appendix A methods) and how those may impact the relative
outputs of the RFTs versus the full form tools. For example, as shown in Exhibit 2-2 a
substantial portion of the reductions from the Tier 3 rule were from VOCs (33% of the change) –
the EPA should address whether those models that don’t capture VOCs (SA Direct, AP2
BenMAP, AP3 BenMAP, EASIUR Direct) will capture this aspect of the benefits.
In general, the EPA’s report does not indicate what fractions of total benefits were attributable to
each PM2.5 species. A small bias with respect to estimates from one species could translate into
greater effects than a large bias in estimating another species. Relative contributions could be
calculated if Exhibit 3-4 provided these proportions for CMAQ and CAMx.
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Comparisons of RFT Air Quality Surfaces
Insights about the importance (or not) of the choice of RFTs would be enhanced if the EPA’s
report compared the air quality outputs from the RFTs for each scenario (when available) to
those produced by the full-form runs. 23 This would help clarify the extent to which this model
comparison exercise has eliminated differences in the way benefits themselves are calculated,
once the air quality changes have been estimated. In addition, transparency requires maximum
disaggregation to fingerprint where RFTs lack accuracy and need to be revised.
Summary Statistics and Model Evaluation
Using model evaluation methods and additional summary statistics would improve the ability to
compare the RFTs to the full form models. While some of these methods can be used on the
existing data and models, others require more scenarios and many more model runs to fully
answer the question: for what kinds of policies and scenarios do the RFTs work relatively well or
badly? Therefore, which methods to use (from those discussed below) will depend on the EPA’s
time and the amount of additional work they are willing to do.
For model evaluation, Verification, Validation, and Uncertainty Quantification (VVUQ) methods
could be used (https://asmedigitalcollection.asme.org/verification,
https://www.nap.edu/catalog/13395/assessing-the-reliability-of-complex-models-mathematicaland-statistical-foundations). It would also be more informative to test whether distributions of
observed and model-predicted values (or full- and reduced-form analysis results) are
significantly different from each other; and to use visualizations such as regression diagnostics to
understand when and how the different reduced-form model predictions differ significantly from
each other and from full-form results. Using optimization to identify scenarios that maximize
error metrics, similar to Extreme Bounds Analysis (EBA) for regression models (https://cran.rproject.org/web/packages/ExtremeBounds/vignettes/ExtremeBounds.pdf) could help reveal how
large the errors from reduced form models could possibly be and under what conditions
relatively large errors occur. It would be helpful to use sensitivity analysis techniques (some of
which have also been discussed in connection with Info-Gap (Ben-Haim, 2006) robust design
methods) to understand the types of scenarios that lead to relatively large or small prediction
errors for some or all of the reduced form models.
For the summary statistics, mean squared error (MSE) is not reported (See Exhibit 2-11, p. 2-18),
but could add useful information to the mean absolute error metrics. In addition, the presented
statistics require careful interpretation: the coefficient of determination is insensitive to many
types of errors (e.g., if each predicted value is 1000 times greater than the observed value, r2 = 1,
the same as for a perfect fit). The mean bias and normalized mean bias likewise can have 0
values (the same as for a perfect model) even if all predicted values are extremely wrong (e.g.,
much too high for all small values and much too low for all high values). Also, it would be more
informative to show entire error distributions instead of just summary statistics.

23
Although SA Direct may appear to be a set of BPT estimates with an air quality projection, the fact that they were
updated for this study (per p. 2-11 of the EPA’S report) indicates that the underlying air quality grids to estimate the
BPTs is available. That grid could be used to estimate the µg/m3 per ton of each precursor that is implicit in its BPT
estimates, which could in turn be compared to the modeled air quality changes of all the other RFTs (except
apparently EASIUR).
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RECOMMENDATIONS:
The SAB recommends:
• the description of the method and interpretation of scaling of prPM2.5 (EC) to PrM2.5
(EC+OC+crustal) be enhanced in the EPA’s report;
•

entire error distributions be shown instead of just summary statistics when comparing
RFTs to FFMs; and

•

testing whether distributions of observed and model-predicted values (or full- and
reduced-form analysis results) are significantly different from each other; and using
visualizations such as regression diagnostics to understand when and how the different
reduced-form model predictions differ significantly from each other and from full-form
results.

2.3. Charge Question 3. Suitability of RFTs
2.3.1.
Charge Question 3a. Does the report provide a clear and thorough explanation
for why some tools under- or over-estimated PM2.5 health benefits as compared to the
full-scale air quality modeling? Please add any additional explanations for the pattern
of results observed.
Exhibit ES-3 of the EPA’s report and the corresponding Exhibits 3-3 and 3-2 (which present the
same data in different format) and C-1 (the raw data from which the figures are derived)
generally present a useful picture of how the different RFTs perform with respect to the five
specific emissions control scenarios evaluated in the EPA’s report. Exhibit 3-4 provides further
assistance in understanding how well the different components of PM2.5 (primary PM2.5 or
prPM2.5, sulfates and nitrates) are reproduced by the RFTs. Two specific suggestions to improve
the plots (also made in response to Charge Question 2) are to use a logarithmic scale on the
horizontal axis, and to use the same scale for all the plots. Those changes would make it easier to
compare cases where RFTs underestimate CMAQ outputs with cases where they overestimate
and would ensure that the ratios for different PM2.5 components are comparable. One specific
example is for the nitrate component of the AP3-BenMAP model on the Pulp and Paper policy
scenario, where the RFT underestimates the CMAQ estimate by a factor of 18 (the largest
relative error of any comparison in the EPA’s report) but this in no way stands out from Exhibit
3-4. The SAB also noted some minor discrepancies between the ratios plotted in Exhibits 3-2
through 3-4 and the raw numbers derived from Exhibit C-1 – these are not big enough to affect
any of the recommendations, but care should have been taken to ensure the results are internally
consistent.
Exhibit 3-4 demonstrates that for all scenarios the biggest discrepancies between benefits
calculations for FFMs and RFTs are for the nitrate components of the models. The problems are
less severe for the SA Direct and EASIUR models than for the APX class of models or for
InMAP, though even for SA Direct and EASIUR, the discrepancies are large enough to cause
concern. The discrepancies are less severe for the sulfate component, except for the APX models
applied to the Tier 3 scenario.
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While the report generally does a good job of explaining how the model results differ, it
generally fails to explain why. It is not clear whether this question was included in the scope of
the EPA’s report, since the authors explicitly noted that they were not expected to change any of
the basic model parameters (which would typically be needed to do a causal analysis).
Reasons why some models outperformed others could be better understood if the detailed
surfaces (of PM2.5 and its constituents) that are produced by some of the models were provided.
The SAB’s understanding is that this should be possible for each of the models whose
intermediate air quality outputs could be input to BenMAP, but it may not be possible for the
various “Direct” implementations of the RFTs.
The comparisons effectively treat the CMAQ-BenMAP approach as “ground truth” because
these are the tools currently used by EPA for regulatory analyses. The good agreement between
CMAQ and CAMx is further evidence that CMAQ is performing well in the cases where both
models were run, but the SAB notes that the one case for which CAMx was not run (Tier 3 – this
is the only scenario examined that involved mobile sources) is also the scenario that produced
the biggest overall discrepancies between the FFM and RFTs. 24
On page 3-8, the “Nitrate” chart shows a ratio of 0.0 (in fact 7/130=0.053) for AP3 BenMAP
with Pulp and Paper compared to a ratio of 1.8 for AP2 BenMAP with Pulp and Paper and a ratio
of 2.4 for AP3 Direct with Pulp and Paper. This large discrepancy between similar models
should have been examined and explained in the report.
Insights from atmospheric chemistry
Although the EPA’s report does not discuss the root causes of the discrepancies between CMAQ
and the RFTs, the SAB suggests that some explanation may be possible based on the
atmospheric chemistry involved.
The relatively minor differences observed in prPM2.5 concentration fields are likely because
prPM2.5 results are driven more by transport (advection and diffusion) rather than chemistry.
There are added complexities associated with secondary PM2.5 formation due to photochemistry
and aerosol dynamics. For example, production of sulfate and nitrate is related to ozone
formation and the presence of OH· radicals. When photochemical activity is diminished (e.g.,
during nights and winters) or under high NOx conditions (e.g., in inner cities with high vehicular
emissions), NOx can titrate ozone and slow the secondary formation of sulfate and nitrate. Under
certain atmospheric conditions, reductions in NOx emissions can actually increase nitrate and
sulfate formation. In addition, free ammonia in the atmosphere has a significant impact on the
formation of nitrate PM since the nitrate must be fully neutralized with ammonium (ammonium
nitrate, NH4NO3). However, the amount of free ammonia will have a smaller impact on the
formation of sulfate since sulfate can exist as ammonium sulfate ((NH4)2SO4 which is fully
neutralized), ammonium bisulfate ( (NH4)HSO4 which is half neutralized), or sulfuric acid mist
(H2SO4 which is not neutralized). If the EPA’s report had performed the analysis in two separate
steps with the first part comparing concentration fields generated by RFMs and FFMs and the
second part comparing monetized benefits estimated by each RFM and BenMAP using a
CAMx modeling could not be run for Tier 3 because the chemical speciation inputs used for that scenario did not
conform to CAMs input requirements.
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consistent concentration field, it would be much easier to distinguish estimated benefit
differences due to air quality concentration fields compared to the estimated monetized benefits
step.
The SAB was also uncertain whether the air quality surfaces generated by an RFT would be
altered/normalized (as discussed below) before use, or if they are directly applied to the benefits
assessment. In most regulatory applications, full-form model results are not used directly. EPA’s
“Modeling Guidance for Demonstrating Air Quality Goals for Ozone, PM2.5 and Regional Haze”
(U.S. EPA, 2018) recommends that when air quality models are used for regulatory application
to predict future year concentrations and future year control scenarios, the models be used in a
“relative” sense rather than an “absolute” sense, as noted below:
Air agencies should determine whether a control program scenario will
provide sufficient emission reductions to demonstrate attainment of the
NAAQS using the modeled attainment test. The modeled attainment test is a
technical procedure in which an air quality model is used to simulate base
year and future air pollutant concentrations for the purpose of
demonstrating attainment of the relevant NAAQS. The recommended test
uses model estimates in a “relative” rather than “absolute” sense to
estimate future year design values.
…this approach has the effect of anchoring the future concentrations to a
“real” measured ambient value, which is important given model bias and
error in the base year simulation(s). It is reasoned that factors causing bias
(either under or over-predictions) in the base case will also affect the
future case.
The EPA has developed the Software for Modeled Attainment TestCommunity Edition (SMAT-CE) tool to enable completion of the modeled
attainment tests for PM2.5 and ozone, as well as for calculating changes in
visibility in Class I areas.
The modeled attainment test is primarily a monitor-based test. As such, the
focus of the attainment test is whether attainment can be reached at
existing monitors. An additional “unmonitored area analysis” can also be
performed to examine ozone and/or PM2.5 concentrations in unmonitored
areas.
Many times, absolute modeled nitrate concentrations are significantly over-predicted by the fullform photochemical models. The approach described above reduces biases in future year
projections and policy scenarios by using the model in a “relative” sense rather than an
“absolute” sense. Therefore, the future nitrate concentrations calculated with SMAT-CE can be
significantly lower than the absolute nitrate concentrations directly from the model.
Based on verbal feedback from EPA, a similar “data fusion” approach was used for CMAQ,
CAMx, and SA Direct to reduce the impact of model biases. However, it is not clear if a similar
approach was applied to the other RFTs that were evaluated. This raises the issue of whether the
22

use of the RFTs in the relative sense could mitigate some of the discrepancies noted, especially
in the nitrate component.
RECOMMENDATIONS:
The SAB recommends:
• use a logarithmic scale on the horizontal axis of Exhibits 3-2 to 3-4, and to use the same
scale for all the plots; and
•

EPA clarify if the air quality surfaces generated by an RFT were altered/normalized
before use, or if they were directly applied to the benefits assessment. Also, the impact of
this choice should be discussed.
2.3.2.
Charge Question 3b. How do the results of this study inform our understanding
of the suitability of these tools for regulatory economic analyses in their current form?

In general, the results show that SA Direct and EASIUR provide better agreement with CMAQ
than InMAP or the APX class of models, with SA Direct generally overestimating and EASIUR
underestimating benefits (except for the Tier-3 scenario). However, the SAB does not support
replacement of CMAQ with RFTs based on the limited information provided in the EPA’s
report. Some of the concerns are outlined below:
o A wider range of policy scenarios is needed to assess the robustness of the RFTs under
realistic conditions. For example, only one of the scenarios considered (Tier 3) involved
mobile sources. Furthermore, policies that involved larger changes in emissions could
well imply worse behavior of the RFTs because of nonlinearities in the underlying
dynamics.
o The acceptability of a model could depend on what it is used for. It may be acceptable to
use an RFT in an initial scoping exercise, when EPA is considering several versions of a
new rule prior to recommending one for public consideration, but not for a Regulatory
Impact Analysis conducted pursuant to Executive Order 12866 and related requirements.
Measures that would assess the agreement between an RFT and the FFM with which it is
being compared need to be better defined. The EPA’s report used five measures of
agreement, including Normalized Mean Bias (NMB) and Normalized Mean Error
(NME). Instead of NMB and NME, Boylan and Russell (2006) suggested using Mean
Fractional Bias (MFB) and Mean Fractional Error (MFE). The difference among these
measures is in the denominator: for NMB and NME, the denominator is mean
observation, but for MFB and MFE, it is the average of mean observation and mean
model value. MFB and MFE are more symmetrical when comparing models that
overestimate or underestimate the true value by the same fraction. For example, consider
a case where the observation is 1 and the model value is 0.5. The NME is (1-0.5)/1=0.5
and the MFE is (1-0.5)/0.75=0.667. Now let the model value be 2 instead (still a 2:1 ratio
between the two values). The NME is now (2-1)/1=1 and the MFE is (2-1)/1.5=0.667.
The MFE is the same in both cases but the NME is different by a factor of two.
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Guidelines for what is an acceptable model error were proposed by Boylan and Russell
(2006) and Emery (2017) and could be considered by EPA as general criteria. Other
measures that could be considered include the distribution of the difference between RFT
and FFM results for a large set of randomly sampled scenarios, or the maximum possible
difference for a given set of scenarios.
o The SAB was critical of the EPA’s report relying entirely on point estimates and did not
give any consideration to the variability or uncertainty of those estimates. In principle,
testing the agreement of one model with another could be viewed as a hypothesis testing
problem with carefully defined null and alternative hypotheses, and type I and type II
error rates. In the climate modeling literature, ensembles (collections of model runs with
variations in initial conditions and model parameters) are increasingly used as a means of
assessing the natural variability of model predictions. Use of ensembles provides a more
rigorous separation of bias and variance and could be valuable in the context of air
quality models as well.
o All the comparisons were based on treating CMAQ + BenMAP as ground truth, though
in four of the five scenarios (the exception being Tier-3) there was also a comparison
with the CAMx model, with good but not perfect agreement. Some assessment should
have been made of the uncertainty in CMAQ + BenMAP as well.
o Exhibit 3-8 provides helpful information about the time requirements and ease of
implementation for each RFT. Given applicable information quality requirements (OMB,
2002; U.S. EPA, 2002) to ensure the transparency and reproducibility of information it
relies upon and/or disseminates (including data, models, and analyses thereof), this
should also be taken into account in assessing which RFT (if any) to use. In this exercise,
the two models that performed best on the benefit comparisons (SA Direct and EASIUR)
were also the ones that were judged quickest and easiest to run, but that may reflect
exogenous factors such as the analysts’ baseline familiarity.
o Finally, the SAB urges EPA to consider overall costs to the Agency and the public, and
not focus exclusively on the costs to EPA of producing the estimates themselves. While
the differences in running times of RFTs versus FFMs may be significant relative to the
total modeling effort, they are still relatively minor when compared with all the Agency
and social costs of introducing a new rule. Just within EPA, this includes the costs of
receiving and responding to public comments, and even the possibility of having to
respond to litigation should EPA’s modeling efforts be challenged by an outside group.
2.3.3.
Charge Question 3c. Can any of the reduced-form tools explored in this report
easily be modified to allow quantifying the extent to which the total health benefits
accrue to specific geographic areas (e.g., by state, or where ambient concentrations
are above or below the NAAQS)?
It should be straightforward to modify the SA Direct and EASIUR methods to produce results at
a regional/state/county level, and to use the APX and InMAP models without modification by
simply aggregating results at the desired spatial level. However, the SAB questioned the value of
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doing this, given spatial variability in emissions and human population characteristics.
Concerning the accuracy of RFTs on smaller scales than the national level, the SAB concluded
that the EPA’s report provides inadequate evidence in support of such applications.
In the EPA’s report, Exhibit C-2 covered results for seven regions that were defined in Appendix
B. No information was provided that would allow an assessment of the RFTs at a state or county
level. However, even Exhibit C-2 is extremely limited in its usefulness. Consider Table 1,
below, which shows a comparison (for the nitrate component only) of the national estimates for
three of the RFTs, computed by two different methods. The “National Estimates” are direct
quotes from Exhibit C-1. The “Regional Estimates” are computed by taking the mean biases
from Exhibit C-2, converted to millions of dollars, multiplying by 7 to convert from a mean bias
to a total bias, and adding the CMAQ + BenMAP benefit estimate. Ideally, the two ways of
calculating the national RFT benefit estimate should be the same. One might expect small
discrepancies because of rounding errors, possible missing values in some of the cells, and
similar features. Most of the discrepancies between national and regional estimates are within the
range that could plausibly be accounted for in this way.
Table 1. Comparison of the national estimates for three of the RFTs (for the nitrate
component only), computed by two different methods

CPP
CK
P&P
Ref.
T-3

NITRATE COMPONENT:
Comparison of National RFT Costs (millions $) by Exhibit C-1, C-2
National Estimate
Regional Estimate
CMAQ
AP2-B
AP3-B
InMAP
AP2-B
AP3-B
InMAP
1700
600
130
160
1900

3400
990
250
640
7300

720
350
7
470
4600

11000
3200
740
1500
11000

3463
987
243
639
7274

761
352
2
472
4627

10966
3232
740
1521
10602

The “Mean Error” values in Exhibit C-2 are generally similar to the Mean Bias values, but
sometimes larger when there is presumably cancellation among bias terms of opposite signs. The
“Normalized Mean Bias” and “Normalized Mean Error” terms are essentially calculated from the
Mean Bias and Mean Error by dividing by the total benefit, and the SAB has already argued in
response to Charge Question 3b that it would have been better to use Mean Fractional Bias or
Mean Fractional Error. However, none of these measures adds new information in the regional
results that was not already implicit in the national results. The only part of Exhibit C-2 that
contains new information is the R2 values, but for the sulfate and nitrate components, nearly all
of the R2 values are less than 0.9, in some cases very much less, so they don’t provide
reassurance about the performance of the RFTs at the regional level. In addition, a high R2 does
not guarantee good performance, as the estimates may still be biased by location or scale without
affecting R2.
It would be better if the EPA’s report had provided regional results directly, rather than as
summary statistics in Exhibit C-2. There could be regions where the RFTs do much better than
others, and this might be associated with the different regional impacts of the policy scenarios, as
documented in Chapter 2. However, the information provided in the EPA’s report does not allow
the review SAB to make that assessment.
25

Another aspect that the EPA’s report does not explain is why the regional results were only
presented for the models that use BenMAP, though it appears that some evaluation was also done
for the DIRECT models (e.g., line 12, page 4-2, reports an R2 value for EASIUR, but this does
not correspond to anything in Exhibit C-2).
Without having better information about the regional results, it is impossible to assess
performance on smaller scales such as states or counties. (The Charge Question does not ask
directly about county level estimates, but it does ask about comparing sites that were or were not
in compliance with the NAAQS; compliance is typically assessed at county level, so one would
need county-level estimates in order to answer this question.) The EPA’s report does make the
important point that for each of the “Direct” RFTs, the benefit attributed to an emission reduction
is associated with the location where the emission reduction occurs, and not where benefits
presumably would be realized (and after what lag), which is typically different because of
transport of pollutants through the atmosphere. This could create a bias in the results even at
regional level, and almost certainly at a state or county level.
Some RFTs develop fixed estimates of benefits-per-ton which are then used to estimate total
benefits of an emissions reduction scenario by multiplying those benefit-per-ton values by the
total emissions reduction of the scenario. SA Direct is an RFT that works in this manner,
although it is not clear from the EPA’s draft report which other RFTs produce benefit-per-ton
values that cannot be altered without returning to more runs of the original full-form model. The
report should be clearer on this matter because of how much the reliance on benefit-per-ton
estimates constrains the ability of an RFT to disaggregate total benefits to states, counties or
areas with certain air pollutant levels. The problem with such an RFT is that its benefit-per-ton
estimates are invariant to where the tons of reduction occur. For example, if such an RFT has
been developed with national benefit-per-ton estimates for each pollutant, that RFT would
produce the same national benefit estimate for a 1,000 ton reduction of pollutant A from Sector
X occurring entirely in Maine as it would for a 1,000 ton reduction of pollutant A from Sector X
occurring uniformly across the U.S. Clearly the location of those benefits would differ
significantly, but the RFT would not be able to inform this question at all. Because emissions do
produce different impacts depending on their source/location, the two national total estimates
will have different unknowable degrees of error. Since the EPA report used only one type of
emissions reduction scenario for each of the sector-specific comparisons, the report does not
clearly show this fact, and the extent to which such variance may differ among RFTs that use
fixed benefit-per-ton values versus those that do not (if any). As mentioned elsewhere in the
SAB’s report, the lack of evidence of the variance in errors for different types of sector-specific
reduction scenarios makes it impossible to assess whether the report’s point estimates of
differences in RFT performance are indicative of systematic differences in performance or
merely one random set of outcomes. While such an RFT could be enhanced to produce benefitper-ton estimates that differ for discrete regions, errors in both regional and total RFT benefit
estimates will still depend on the spatial match between the emissions reductions assumed in the
original full-form model run and those of the policy scenario being evaluated using the
regionally-disaggregated RFT.
This problem is exacerbated by the benefit-per-ton estimates being based on specific
assumptions about a single CRR and, for whatever form assumed, this CRR assumption makes
26

the benefits estimates invariant to the concentration of pollutants in each location. Thus, a
benefit-per-ton RFT approach will not be able to provide information on how much of its
estimated benefits occur in areas above or below the NAAQS (or in areas with other
concentration ranges). This is an important issue for understanding the sensitivity of regional
(and hence also total) benefits to potential alternative slopes of the CRR, given that a number of
recent epidemiology papers have argued for a nonlinear CRR, and this could affect the results
differentially in different regions. This is another uncertainty in the estimates of RFTs at finer
spatial scales that is of concern for RFTs that are characterized by their benefit-per-ton estimates.
Whether any of the RFTs could be modified to produce better results seems impossible to answer
based on the information provided in the EPA’s report. The SAB understands that EPA is in the
process of updating the SA Direct model to incorporate more up to date weather and emission
scenarios. The SAB encourages this update and recommends EPA continue to work with other
model developers to address the discrepancies between RFTs and the FFMs revealed by the
EPA’s report. The SAB advises against making some simple adjustment, such as an overall
rescaling of results from any of the RFTs; the range of policy scenarios is too limited, and the
performance of the RFTs on regional scales is too unclear, to recommend any such adjustment
with confidence.
RECOMMENDATIONS:
The SAB recommends that the EPA:
• provide regional results directly, rather than as summary statistics;
•

address concerns related to RFTs that develop fixed benefits-per-ton estimates which
constrain their ability to disaggregate total benefits to states, counties or areas with
certain air pollutant levels; and

•

increase the range of policy scenarios and provide more information to clarify the
performance of the RFTs on regional scales.

2.4. Charge Question 4. BPT approaches
Question 4. Since 2008 EPA has used SA-BPT to estimate the health impacts of numerous
regulations. Under the scenarios examined in this report, EPA’s SA-BPT approach overestimated PM2.5-related health benefits by between 10 and 30 percent, depending on the sector.
To ensure BPT estimates correspond to full-form results as closely as possible, the report
recommends updating the underlying emissions inventories and air quality modeling used to
inform the EPA SA-BPT approach over time.
2.4.1.
Charge Question 4a- In the interim, how might EPA improve its characterization
of results derived from the 2005 SA-BPT approach, specifically the potential degree of
over- or underestimation in BPT-based results for a particular regulatory scenario?
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The SAB supports the recommendation that the SA model should be updated to reflect more
recent emissions inventories and air quality modeling. There are several areas in which
additional modeling and evaluation is extremely important.
o Additional policy scenarios should be run for one or more select RFTs, and the results
compared against the full form models to refine understanding about the degree of overor under-estimation of the RFTs.
o Additional sensitivity analyses are needed to discern which inputs are playing the largest
roles with respect to divergence of the RFT results from the full form models, and under
what conditions or policy scenarios these divergences are greatest. The EPA’s report’s
disaggregation of differences for the national benefits ratios (Exhibit 3-4), suggests that
for all RFTs, SA-BPT included, the greatest divergence is for nitrate. This raises a
question as to whether nitrate is playing an outsized role in overestimation of total PM2.5,
and if so, additional explanation is warranted.
o Additional uncertainty analysis is needed – aimed at characterizing and representing all
the key forms of uncertainty in the estimate, and not limited to those that have been
quantified in the EPA’s report. Examples of assumptions that should be examined in such
an analysis include the following:
Assumptions about the CRR and VSL/VSLY have been incorporated in this set of
model comparisons. These assumptions may be more influenced by analyst or
policy judgment than scientifically defined phenomena. The benefits estimates
vary much more widely with changes in these assumptions than with variation in
air quality changes associated with different choices of models.
Assumptions about the (uncertain) shape of the CRR and relative toxicities of
PM2.5 constituents. These assumptions affect the relative performance of each
model at the regional level, which is the level at which the RFTs differ most
markedly, as opposed to the national level. The claim in the Limitations section of
the EPA’s report that changing assumptions about CRR is not expected to change
the relative performance of the models is almost certainly incorrect. This might be
true if the only uncertainty in the CRR assumption were related to slope – but this
is not the case, as non-linearity, differential toxicities, and issues about causality
are more important and unexplored forms of CRR uncertainty.
Overall, the SAB notes that the EPA’s report should reference earlier work constituting critical
reviews of CMAQ and/or CAMx – with respect to how well they represent reality. The EPA’s
report is concerned solely with how closely CAMx and the selected RFTs approximate CMAQ.
The EPA’s report does not analyze how closely each model would be expected to align with
observations.
The Agency should be clearer with respect to how it intends to use RFT results – i.e., as
screening tools to produce “ballpark” estimates (see EPA’s report at ES-7 and 5-1), or as
substitutes for FFMs like CMAQ and CAMx (implied by Question 3(b) of the Charge). The SAB
does not believe any of the RFTs are appropriate replacements for FFMs at this time, although
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they may be useful for pre-decisional applications that do not substitute for or displace FFMs in
regulatory impact analysis.
Finally, it would be misleading for EPA to rely solely on the results of this comparative analysis
to “improve its characterization” of potential over- or underestimation of benefits using the SABPT (or SA Direct) approach because that characterization would presume that all relevant
potential sources of uncertainty in those estimates were evaluated in the EPA’s report. As
explained above, this range of uncertainty would be misleading because it would lack
representation of the additional uncertainties not explored in the EPA’s report, such as potential
CRR non-linearities and the potential for PM2.5 constituents to have non-equal toxicities. Further,
an additional unexplored source of uncertainty relates to the choice of policy scenarios, as the
five scenarios evaluated here are too narrow a group to allow analysts to make general
statements.
RECOMMENDATIONS:
The SAB recommends that the EPA conduct:
• additional policy scenarios for one or more select RFTs and compare the results against
the full form models to refine understanding about the degree of over- or underestimation of the RFTs;
•

additional sensitivity analyses to discern which inputs are playing the largest roles with
respect to divergence of the RFT results from the full form models, and under what
conditions or policy scenarios these divergences are greatest; and

•

additional uncertainty analysis to characterize the key forms of uncertainty in the model
estimates.
2.4.2.
Charge Question 4b- What criteria (e.g., geographical scale, regulated sector,
pollutants/precursors) should EPA examine to determine the potential for divergence
between SA-BPT results versus full-form air quality modeling results (resulting in overor under-estimation)?

The SAB sees an opportunity to use criteria such as those outlined in the charge question to gain
insight. Additional analyses based on geographical scale, demographics, regulated sector, and
different pollutants/precursors could be evaluated to further test the agreement between the SA
and CMAQ models. If EPA wishes to understand what contributes to differences across models,
it can compare air quality changes in the underlying air quality grid to those of CMAQ and
identify where such air quality projections appear to have the largest error, rather than focusing
on dollar value or mortality differences. Substantial insight could be gained by comparison of air
quality surfaces.
Regarding geographic scale - a separate set of BPT values should be generated for several
geographic area subsets, and for each regulated sector, to allow additional sensitivity analyses.
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There is currently only one set of BPT values for each sector, originally derived from a BenMAP
analysis using full form air quality projections from assumed emissions changes in that sector
within the contiguous US.
On pages 4-3 and 4-4, the authors discuss “the exceptionally poor performance for Tier 3” and
note that “the fact that the Tier 3 scenario is exclusively comprised of ground-level emissions
may be a secondary contributing factor, as may the use of a different base year emissions
inventory (2005) than the other policies.” The EPA should assess performance for a more recent
mobile source scenario to be consistent with the other policy scenarios and remove base year
choice as a possible reason for the differences. Also, EPA should look at more than one groundlevel emissions scenario since analysis of just one ground-level emissions scenario is not
sufficient to draw general conclusions about performance.
RECOMMENDATION:
•

The SAB recommends that EPA examine model performance for more scenarios such as
area sources (e.g., residential wood combustion), marine/aircraft/rail (MAR) sources,
additional industrial point sources (e.g., iron/steel), and on-road diesel emission
reductions, in addition to examining PM2.5 components (prPM2.5, sulfate, nitrate,
ammonium, SOA).
2.4.3.
Charge Question 4c. Based on the results of this study, does the panel have any
additional recommendations about BPT-based approaches?

Overall, the question of the “suitability” of using RFTs must be tied to the question, “For what
purpose would they be used?” The charge question appears to mean “for use in final regulatory
impact analyses,” but elsewhere the EPA’s report suggests using them only to produce
“ballpark” estimates (e.g., see pp. ES-7 and 5-1). These alternative uses are not compatible.
While RFT estimates might a useful role in screening analyses, the EPA’s report does not
provide insight concerning how well RFT-based benefit estimates can meet the appropriate
degrees of accuracy and precision needed for various types of purposes.
BPT-based approaches face challenges with handling non-linear atmospheric processes that
affect the spatial patterns of secondary forms of PM2.5. Because these spatial uncertainties may
average out over larger regions, errors in BPT-based benefits estimates might be less pronounced
when aggregated over very large geographic scales (e.g., national scale). However even this may
not be the case because population densities can differ substantially over the same geographic
scale as the PM2.5 change uncertainty. Also, BPT-based approaches that focus on aggregate
national values by design diminish the policy relevance of variability across space, time, age, and
a host of other important factors. Given these concerns, the EPA should clarify where and under
what conditions it envisions using RFTs in lieu of full form approaches.
More exploration should target whether selection and/or use of RFTs should depend on the
specific characteristics of the policy scenario of interest or on other factors. For example, the
EPA’s report suggests that point source emissions are generally better approximated by RFTs
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than are mobile source emissions, although this finding is based on only one policy scenario for
EGU, and only one for mobile sources thus far. Additional policy scenario modeling will be
needed before the suitability of RFTs can be fully understood.
A limitation in using BPTs (such as the SA Direct approach produces) is that they do not allow
users to test the sensitivity of projected benefits to possible nonlinearities in the CRR. Because
nonlinearity in the CRR is a key issue for interpreting risk estimates, especially at low doses and
for co-pollutant models (U.SEPA, 2020b), it is important to retain the capability to evaluate how
they may affect an analysis’s benefit-cost results. This is a serious deficiency for any RFT that
lacks the capacity for sensitivity analysis compared to an FFM-based benefits analysis. Similarly,
if any of the available RFTs does provide this specific type of sensitivity analysis capability, it
would be an important advantage over the more rigid BPT-based RFTs and could affect the
appropriateness of using that RFT in place of a full-form analysis. EPA’s report has not
evaluated the RFTs’ capabilities for such sensitivity analyses but, for the reasons expressed
above, EPA should do so.
Any BPT and/or RFT approach that utilizes a source apportionment approach to underlying
source-receptor relationships may suffer performance issues when direct/indirect NH3 effects are
involved in secondary inorganic PM2.5 formation. For policy applications, it might be more
appropriate to use a sensitivity approach, i.e., associating change in concentrations with change
in specific emissions such as with the Brute Force method (Hwang et al., 1997 and Clappier et
al., 2017) or High-Order Decoupled Direct Method in Three Dimensions (Zhang et al., 2012 and
Huang et al., 2017). For an area where nitrate formation is limited by available NH3, source
apportionment may indicate that NOx emissions from the EGU sector contribute 50% of the
nitrate concentration. This implies that the removal of all EGU NOx would result in a 50%
reduction of nitrate in the area; however, a brute force sensitivity analysis may show by contrast
that the nitrate concentration is unchanged when all EGU NOx is removed. Specifically, EPA
should review Clappier et al., 2017 and discuss the potential impacts of excluding brute-force
runs when accounting for complex PM chemistry. Finally, EPA should discuss the computation
benefits of source apportionment approaches, which can generate multiple scenario contribution
tags in a single model run versus brute force approaches which require a new full-form model
run for each sensitivity scenario.
Treatment of uncertainty should be augmented as the RFTs are assessed and their results are
compared to full form models. Although uncertainty in some factors is found to be fairly
consistent across the board for all RFTs, there are particular sources of uncertainty that make
highly variable contributions to overall outputs depending on both model particulars and policy
scenario. With the limited set of policy scenarios available in the EPA’s report, it is difficult to
gauge uncertainty structure and contribution related to scenario context.
Finally, the absence of CAMx-based full form Tier 3 results for comparison with CMAQ raises
questions about how to interpret comparisons between full form models and reduced-form
models. Whether CMAQ and CAMx align well with each other for point source scenarios does
not contribute insight into how comparisons across mobile source scenarios might align.
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RECOMMENDATIONS:
The SAB recommends that the EPA:
• clarify where and under what conditions it envisions using RFTs in lieu of full form
approaches;
•

investigate which of the RFTs under consideration allow CRR sensitivity analyses to be
conducted as this would be an important positive attribute for those RFTs compared to
more rigid BPT-based approaches and preference given to incorporate RFTs displaying
greater flexibility in a BPT-based approach when a full-form analysis is not feasible;

•

provide a fuller discussion of uncertainties associated with the use of RFTs when
compared to FFMs.

2.5. Charge Question 5. Reliability of RFTs
Charge Question 5. How do the results of this study inform the future development of reducedform tools that are capable of providing reliable estimates of impacts associated with different
sectors, across a variety of spatial scales, and for different portions of the air quality
distribution? Are there other, less resource intensive approaches than full-scale air quality
modeling for informing the public about the size and distribution of PM health benefits
associated with alternative regulatory scenarios?
The results of the EPA’s report suggest that none of the RFTs that were evaluated consistently
reproduce the FFM. However, some RFTs might be useful for some pre-decisional applications.
For example, SA Direct and EASIUR reduced-form models, which require less time and
technical expertise than the other RFTs, can produce results that are within a factor of two of the
FFMs. The EPA’s report highlights several reasons for the deviations between the RFTs and the
FFMs. Addressing the reasons for these differences by evaluating concentration fields and
benefits estimates separately can inform the future development of new RFTs. Specifically,
ground-level emissions and non-linear nitrate formation are not well characterized by the RFTs
and should be further investigated.
It is important to understand when RFT estimates can be helpful to guide decisions in the policy
development process and when they are too uncertain to be used to inform a decision. BPT
estimates may be useful for screening out or refining potential regulatory options before reaching
the proposed rule stage, even if they are deemed too unreliable to be used to inform the public
about the benefits of a proposed or final regulatory option. The EPA’s report should have
included a discussion on the usefulness of RFTs in different parts of the regulatory decision
process. In the future, the concept of data quality objectives and performance criteria may be
useful to determine when and where these models should be used (U.S. EPA, 2006).
Since the performance of the RFTs varies with policy scenario, additional policy scenarios will
need to be modeled in order to better understand the differences. Along with additional
scenarios, model performance should also be evaluated for different levels of emissions changes
(e.g., 20%, 40%, 60%) within the same type of scenario since regulatory analyses many times
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use the differences between modeled alternative scenarios rather than the absolute numbers from
the benefits analysis. Model results from additional scenarios with different levels of emission
changes could be used to help provide guidance on when it might be appropriate to apply
specific RFTs.
In some situations, using multiple models to produce an average result can lead to better
performance compared to the individual models. Also, ensemble modeling can sometimes be
used to produce a general range of benefits, noting that the actual benefit may be outside the
upper/lower bounds of the range. However, additional research involving more models and more
scenarios is required before it would be appropriate to combine RFTs in these ways. The
development of performance guidelines for acceptable model performance would also help to
guide model choice and improvement. In order to obtain reliable RFTs that are tailored to a
variety of emission reduction scenarios, many FFM and RFT runs would have to be performed.
Nevertheless, even this approach would leave important sources of uncertainty in the RFTs
uncharacterized.
The SAB recommends that the RFTs be updated each time updates are made to CMAQ or
BenMAP. In addition, RFTs that rely on concentration fields from FFMs other than
CMAQ/CAMx might benefit by switching to CMAQ/CAMx. A discussion of additional RFTs
and less resource intensive approaches than full-scale air quality modeling should have been
included in the EPA’s report. On page 2-9, the EPA’s report states, “We conducted an extensive
literature review to identify reduced-form approaches for predicting policy-related air quality
changes and associated benefits.10 Based on this review, we selected four reduced-form tools for
this analysis.” The detailed literature review to identify all reduced-form approaches and the
selection of the four reduced-form tools are a critical part of this report. Footnote “10” refers to a
personal communication memorandum (November 17, 2017). The reference to a single personal
communication memorandum does not capture the scope of “an extensive literature review.”
The EPA’s report should include a copy of the personal communication memorandum in the
Appendix. Also, the EPA’s report should list all references that were reviewed and list all the
RFTs that were considered for selection, including but not limited to ABaCAS
(http://www.abacas-dss.com/abacas/Default.aspx). Finally, the EPA’s report should explain why
the four RFTs were ultimately selected for this report while others were not selected.
RECOMMENDATIONS:
The SAB recommends:
• ground-level emissions and non-linear nitrate formation be better characterized by the
RFTs and be further investigated;
•

model performance also be evaluated for different levels of emissions changes (e.g.,
20%, 40%, 60%) within the same type of scenario;

•

EPA provide a discussion on the usefulness of RFTs in different parts of the regulatory
decision process; and

•

RFTs be updated each time updates are made to CMAQ or BenMAP.
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APPENDIX A: EDITIORIAL CORRECTIONS
On pages ES-3 and 1-2, the report refers to “nitrous oxides” rather than “nitrogen oxides”.
“Nitrous oxide” is N2O while “nitrogen oxides” is NOX (NO + NO2).
On page 3-2, the report states “Some reduced-form tools tend to consistently underestimate
CMAQ benefits, while others tend to overestimate.” The report should list the tools that fit into
each category. It looks like SA Direct and InMAP consistently overestimate benefits; however,
none of the tools considered seems to consistently underestimate benefits.
On page 3-4, the report states “AP2 BenMAP, AP2 Direct, and EASIUR Direct all underestimate
CMAQ benefits except for Tier 3, while SA Direct, AP3 BenMAP, AP3 Direct, and InMAP
BenMAP all overestimate CMAQ results to varying degrees.” AP3 BenMAP and AP3 Direct do
not overestimate CMAQ results for Pulp and Paper.
On page 3-4, the report states “Of all the models, AP3 BenMAP and AP3 Direct estimates of
health benefits are within 10% of CMAQ benefits estimates for more scenarios (3: CPP
Proposal, Cement Kilns, and Pulp and Paper) than any of the other reduced form tools.” AP3
Direct is within 10% for two scenarios, not three.
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APPENDIX B: EFFECT OF UNCERTAINTIES IN THE
CONCENTRATION-RESPONSE RELATIONSHIP (CRR)
A major component of benefit-cost analyses for air pollution is the Concentration-Response
Relationship (CRR) that describes how changes in an air pollutant (for this discussion, equated
with PM2.5) are associated with increases in mortality. The EPA’s report (Industrial Economics,
2019) does not include any discussion of how uncertainties in the CRR might affect comparisons
among the different RFTs or between a RFT and a FFM. Possibly, the authors reasoned that if
the CRR is reduced to a single number (most commonly expressed as the hazard ratio – HR – for
the one-year probability of death associated with a 10 µg/m3 rise in PM2.5), then a change in that
number would not affect the comparison among different full-form or reduced-form models for
air pollution.
However, when the proportional uncertainty in the HR is equal to or greater than that in the
PM2.5 projections, that should certainly affect the way differences in model projections are
interpreted, and when other uncertainties are taken into account as well, such as differences in
the shape or functional form of the CRR, or variations in the CRR from one location to another,
that could also affect which air pollution model comes out on top in a model to model
comparison. There is plenty of evidence of such uncertainties in the literature on mortality-based
risk assessment.
The EPA report does not explicitly state which CRR it uses, but it appears they are taking the
default value in BenMAP (BenMAP, 2018, page E-25), which quotes an HR of 1.06 with a 95%
confidence interval (1.04,1.08), based on Commentary Table 4 of Krewski et al. (2009).
However, sensitivity analyses of all-cause mortality from Tables 7 through 11 of the same report
suggest a range of HRs within 95% confidence intervals of 0.989 to 1.183, corresponding to
different subpopulations, different treatments of ecological covariates, or in one case a change of
shape (from linear to logarithmic) of the CRR function. Other parts of the same report show
substantially different estimates in separate analyses for the New York and Los Angeles regions,
suggesting the possibility of a wider regional variation in the CRR. This could be relevant in
comparing RFTs if different RFTs have different performance characteristics in different regions
of the US.
Subsequent studies have confirmed and if anything broadened the range of HRs associated with
different data sources and statistical modeling assumptions. Fraas and Lutter (2013) discussed a
number of uncertainties in calculating benefits analyses of air pollution regulations. Smith and
Gans (2015) performed a literature review that showed a range of HRs of 0.845 to 1.255 in
existing literature, much wider than the range of alternatives provided by BenMAP of 1.058 to
1.148. More recent studies have gone into more details about the effects of variations in the
functional form of the CRR. Nasari et al. (2016) discussed several different approaches to nonlinear CRR models which they applied to both US and Canadian cohorts, but with substantial
variability between different approaches, e.g., a greater than 2:1 ratio between smallest and
largest estimates of excess mortality for both US and Canada. Di et al. (2017) used mortality data
from Medicare and air pollution data from a combination of monitors, remote sensing and air
quality models to derive estimates with much narrower confidence intervals than most earlier
estimates, but they got different results in a “low-exposure analysis” (PM2.5 below 12 µg/m3), in
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analysis based on monitors alone, and in a single-pollutant analysis (not including ozone as a copollutant, as their other analyses did) that show greater variability among different analyses than
the uncertainty expressed by the widths of the confidence intervals. This, incidentally, serves as a
warning not to rely solely on confidence intervals as an expression of uncertainty in
epidemiological models. Another cohort study by Pope et al. (2019) again showed an overall
increase in mortality risk with PM2.5, but also looked at variations with numerous socioeconomic and demographic factors which show clearly that it is not a uniform effect – for
example, Table S3 of that paper shows an estimated mortality risk increase in the Midwest which
is almost three times that in other regions of the United States.
EPA risk analyses since 2010 have discussed shape and relative toxicity uncertainties only in
qualitative terms, but do not refute the basic understanding that these are also highly sensitive
assumptions in a risk analysis, as is demonstrated quantitatively in Fraas & Lutter (2013) and
Smith & Gans (2015). The most recent PM2.5 risk analysis by EPA (2020) did quantify the effect
of slope uncertainties, with a resulting range (for all-cause mortality across 47 US cities when
meeting the current PM2.5 standard) that spans a factor of 26. (This is inferred from Table 3-5, p.
3-87, in which 2,360 deaths per year is the lower 95th percentile estimate from one CRR study
and 62,300 is the upper 95th percentile from another CRR study). The document then
summarized needs for future research on uncertainties that were addressed only qualitatively,
which includes the following (from pp. 3-121 to 122):
“Important areas for future research include the following:
• Improving our understanding of the PM2.5 concentration-response relationships near the
lower end of the PM2.5 air quality distribution, including the shapes of concentrationresponse functions and the uncertainties around estimated functions for various health
outcomes and populations (e.g., older adults, people with pre-existing diseases, children).
• Understanding of the potential for particle characteristics, other than size-fractionated
mass, to influence PM toxicity (e.g., composition, oxidative potential, etc.) and the PM
health effect associations observed in epidemiologic studies.
. . .”
None of these issues related to uncertainties in the CRR is discussed in the EPA’s report under
review, and it appears they were never part of the remit for that review. Nevertheless, this review
takes place in the context of EPA wanting to produce more precise benefit-cost analyses for
future air pollution regulations, and uncertainties in the CRR are a major component of that. The
SAB recommends that any future reviews of this nature incorporate these uncertainties.
References for Appendix B:
BenMAP (2018). BenMap User Manual, July 2018, US Environmental Protection Agency.
https://www.epa.gov/sites/production/files/2015-04/documents/benmapce_user_manual_march_2015.pdf
Di, Q, Wang, Y, Zanobetti, A, Wang, Y, Koutrakis, P, Choirat, C, Dominici, F and Schwartz, JD
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APPENDIX C: EVALUATION OF SA DIRECT MODEL RESULTS
Reproducibility of SA Direct Results
To confirm the reliability of the presented results, one Panel member conducted a rough
calculation of the benefits estimated using the SA Direct method. This calculation used the
emissions changes for policy scenarios in tons from Exhibit 2-2 and the benefits per ton (BPT)
for each PM2.5 species from U.S. EPA (2018), using the Krewski et al. estimates with a 3%
discount rate for the year 2025 for the different sections (Tables 69 (cement kilns), 71 (pulp &
paper), 73 (refineries), 100 (EGUs), and 131 (2030, on-road mobile)). The emissions change for
SO2, NOx, or prPM2.5 were multiplied by the matched BPT (and by the appropriate mortalityonly adjustment factor in Exhibit A-3) and compared to the data provided in Exhibit C-1. The
full tables of data for these calculations are shown below in Tables C-1 through C-5. In general,
this calculation could very closely recreate the SO2 and NOx benefits estimates, but the prPM2.5
estimates were substantially different, being lower by a factor of 4 to 14 (depending on the
scenario).
One possible source of the discrepancy in prPM2.5 values is the “scaling” of elemental carbon
(EC)-only prPM2.5 to include organic carbon (OC) and crustal prPM2.5. This was investigated for
the Clean Power Plan (CPP) scenario by comparing the PM2.5 emission reduction estimates from
the 2014 U.S. EPA Proposed CPP Regulatory Impact Analysis (U.S. EPA, 2014), which was the
basis of the CPP emissions reductions (as stated on page 2-3), specifically Option 1 State
estimates. Table 4-11 from the CPP RIA shows that nationally for 2025, 49,000 tons of crustal
PM2.5 and 6,000 tons of EC+OC PM2.5 were projected to be reduced. So, as per the calculation
specified on pp 2-16 to 2-17 (“We scaled the results by multiplying the prPM2.5 benefit-per-ton
based on EC only by the total amount of primary PM2.5 emissions to generate an estimate of
impacts for total primary PM2.5 emissions.”), we multiplied the prPM2.5 BPT ($170,000 x 0.973
mortality-only factor) by 55,000 tons (49,000+6,000) = $9,097 M, which does not match the
value in Exhibit C-1 for SA Direct, prPM2.5, CPP ($5,800 M, also shown in Table C-1 below).
Therefore, the scaling from EC-only to EC+OC+crustal PM2.5 does not readily explain the
discrepancy shown in Table C-1.
Table C-1. Calculation of benefits for CPP Rule via SA Direct method (using EGUs Benefits per
Ton estimates and a mortality-only adjustment factor of 0.973 from Exhibit A-3).
Data Source:

Exhibit 2-2

Pollutant

Ton Reductions

Pri-PM2.5
NOx
SO2
Total PM2.5

2,481
414, 479
422,670

USEPA 2018 Table
100
Benefits per ton ($)

Calculated

Exhibit C-1

Total Benefit
($ Mill) 1

Total Benefit
($ Mill) 2

$410
$5,800
$2,702
$2,700
$18,918
$19,000
$22,030
$28,000
Note: estimates marked in bold type show substantial differences between calculated and presented total benefits
1
Calculated Total Benefit ($ Millions) = Ton Reductions x Benefits per Ton x 0.973 mortality-only factor
2
Exhibit C-1 Total Benefits taken directly from the appropriate row of Exhibit C-1 in the SA Direct column
$170,000
$6,700
$46,000

C-1

1
2
3

Table C-2. Calculation of benefits for the Tier 3 Rule via SA Direct method (using on-road
vehicles Benefits per Ton estimates and a mortality-only adjustment factor of 0.972 from Exhibit
A-3).
Data Source:

Exhibit 2-2

Pollutant

Ton Reductions

Pri-PM2.5
NOx
SO2
Total PM2.5

1,322
345,333
13,002

USEPA 2018 Table
131 (year 2030)
Benefits per ton ($)

Calculated

Exhibit C-1

Total Benefit
($ Mill)

Total Benefit ($ Mill)

4

$642
$3,000
$3,357
$3,500
$354
$360
$4,353
$6,800
Note: estimates marked in bold type show substantial differences between calculated and presented total benefits

5
6
7

Table C-3. Calculation of benefits for the cement kilns scenario via SA Direct method (using
cement kiln Benefits per Ton estimates and a mortality-only adjustment factor of 0.977 from
Exhibit A-3).

8
9
10
11

Data Source:
Pollutant

Exhibit 2-2
Ton Reductions

Pri-PM2.5
NOx
SO2
Total PM2.5

557
96,468
55,398

$500,000
$10,000
$28,000

USEPA 2018 Table 69
Benefits per ton ($)

Calculated
Total Benefit
($ Mill)

Exhibit C-1
Total Benefit ($ Mill)

$250
$2,600
$669
$670
$2,977
$3,000
$3,896
$6,300
Note: estimates marked in bold type show substantial differences between calculated and presented total benefits
$460,000
$7,100
$55,000

Table C-4. Calculation of benefits for the refineries scenario via SA Direct method (using
refineries Benefits per Ton estimates and a mortality-only adjustment factor of 0.971 from
Exhibit A-3).
Data Source:
Pollutant

Exhibit 2-2
Ton Reductions

Pri-PM2.5
NOx
SO2
Total PM2.5

424
34,967
16,421

USEPA 2018 Table 73
Benefits per ton ($)

Calculated
Total Benefit
($ Mill)

Exhibit C-1
Total Benefit ($ Mill)

12

$165
$610
$285
$290
$1,355
$1,400
$1,805
$2,300
Note: estimates marked in bold type show substantial differences between calculated and presented total benefits

13
14
15

Table C-5. Calculation of benefits for the pulp and paper scenario via SA Direct method (using
pulp and paper Benefits per Ton estimates and a mortality-only adjustment factor of 0.973 from
Exhibit A-3).

16

Data Source:
Pollutant

Exhibit 2-2
Ton Reductions

Pri-PM2.5
NOx
SO2
Total PM2.5

278
34,616
36,464

$400,000
$8,400
$85,000

USEPA 2018 Table 71
Benefits per ton ($)

Calculated
Total Benefit
($ Mill)

Exhibit C-1
Total Benefit ($ Mill)

$51
$520
$158
$160
$2,058
$2,100
$2,267
$2,800
Note: estimates marked in bold type show substantial differences between calculated and presented total benefits
$190,000
$4,700
$58,000

C-2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Modeling from Proposed CPP Rule (U.S. EPA 2014)
Page 2-3 of the EPA’s report states that the basis for the CPP scenario was the Option 1 State
estimates from the Proposed CPP Regulatory Impact Analysis (RIA; U.S. EPA 2014). Three
other scenarios (Pulp & Paper, Refineries, and Cement Kilns) used the CPP modeling as their
basis. The CPP SA Direct results and the benefits estimated in the Proposed CPP RIA should be
very similar, because they used the same estimation method, although slightly different BPT
estimates. Therefore, we compared the CPP scenario SA Direct results in Exhibit C-1 to the
PM2.5 benefits provided in the 2014 CPP RIA. Table 4-14 of the Proposed CPP RIA presents the
Summary of Estimated Monetized Health Co-Benefits for the Proposed EGU GHG Existing
Source Guidelines in 2025 (millions of 2011$). Using Option 1 – State, 3% Discount Rate, the
lower end of the range provided (which represents the results from Krewski et al. 2009) and
multiplying by 0.973 for mortality-only and by 1.05 to roughly convert to 2015$, the results in
Table A-6 were generated. The benefits presented in the CPP RIA could be largely recreated
using the inputs from that document (emissions reductions tons and BPT) and these were
converted to a comparable number for the current analysis (conversion to 2015$, mortality-only
benefits). This generally produced estimates that were similar to SA Direct calculations of SO2
and NOx benefits and would be comparable for the prPM2.5 if the same PM2.5 source were used
(EC for SA Direct, EC+OC and crustal separately for the CPP RIA).
Table C-6. Estimates of benefits for CPP emissions changes based on data from the CPP RIA
(2014) and the SA Direct benefits calculated based on the RFT analysis in EPA’s report
Pollutant
SO2
NOx

24
25
26
27
28
29
30
31
32
33
34
35
36
37

prPM2.5
(EC+OC)
prPM2.5
(Crustal)
prPM2.5 (EC)
Total PM2.5

CPP RIA (2014) (2015$)
BPT (2011$)
Tons
Calculated Benefits
(millions) 1

SA Direct Benefits (IEC, 2019) (2015$)
BPT (2015$)
Tons
Calculated Benefits
(millions) 2

$41,000
(for NOx as
PM2.5) – $6,000
$150,000

425,000
436,000

$17,800
$2,670

$46,000
$6,700

6,000

$920

$170,000

$17,000

49,000

$850

Not provided

Not provided

Not provided

Not provided

422,670
414,479

$18,900
$2,700

2,481

$410 3
$22,200

$22,500
Benefits = BPT x tons x 0.973 (mortality-only adjustment factor) x 1.05 (2011$ to 2015$ adjustment)
2
Benefits = BPT x tons x 0.973 (mortality-only adjustment factor)
3
Benefits for prPM2.5 (EC) calculated using the BPT estimate for EC+OC
1

Table C-7 shows the results presented from the CPP RIA or from the EPA’s Report versus
calculated benefits for the CPP RIA (2014) and for the SA Direct model. The prPM2.5 estimates,
and therefore the total PM2.5 estimates, were very different in the CPP RIA compared to Exhibit
C-1. For comparison, the CMAQ-BenMAP estimate for total PM2.5 was quite similar to the CPP
RIA estimate, but this was generated in the CPP RIA by higher estimates of SO2 and NOx
benefits and lower estimates of prPM2.5.
Table C-7. Estimates of benefits for CPP emissions changes based on the presented benefits
from the CPP RIA (2014) and calculated from the inputs of the CPP RIA, and the SA Direct
C-3

1
2

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

benefits presented in the analysis in EPA’s Report and calculated based on the inputs in EPA’s
Report, and the CMAQ-BenMAP benefits presented in the EPA’s Report analysis.
Pollutant

SO2
NOx
prPM2.5 (EC+OC)
prPM2.5 (Crustal)
prPM2.5 (EC)
prPM2.5
(EC+OC+crustal)
Total PM2.5

CPP RIA (2014) (Millions
2015$)

Presented
(Table 4-14) 1
$18,400
$3,000
$920
$850

Calculated in
Table 2
$17,800
$2,670
$920
$850

SA Direct Benefits (2019)
(Millions 2015$)

Presented
(Exhibit C-1)
$19,000
$2,700

$5,800 3
22,500 2

$22,200

$28,000

Calculated
in Table 2
$18,920
$2,700

CMAQ-BenMAP
Benefits (2019)
(Millions 2015$)
Presented (Exhibit C1)
$15,000
$1,700

$410
$22,000

$3,500 3
$21,000

Note: estimates marked in bold type show substantial differences between calculated and presented total benefits
1
Benefits = Benefits value for CPP RIA 2014 Table 4-14 Option 1-State, 3% Discount Rate, lower end of presented
range x 0.973 (mortality-only adjustment factor) x 1.05 (2011$ to 2015$ adjustment)
2
Total PM2.5 Benefits = Total – NOx (as Ozone) from Table 4-14, then calculated as in footnote 1
3
Assumed to be the benefits from total primary PM2.5 (EC+ OC+ crustal) based on language about scaling on pages
2-16 to 2-17
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