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EXECUTI VE SUMMARY

Quantifying and valuing the health impacts banges in air quality can be a tinaad
resourceintensive endeavor that oftergréres large, detailed datasets and sophisticated
computer modelsThe US Environmental Protection Agency &Routinely undertakes
these analyses as part of Regulatory lehpanalyses (RIAs) for major air pollution
regulationsEPA strivesto estimate tk health benefits of air quality changes using a
stateof-the-sciencefull-formd a p pr o a c h phdochemical airqualityenodel
such aghe Community Multiscale Ai Quality (CMAQ) model or the Comprehensive

Air Quality Model with Extensions (CAM), with its Environmental Benefits Mapping
and Analysis Prografin Community Edition (BenMARCE) health benéfs tool.
However, there ar e teducedfamowdbis whicteemployhas us e
simpler models to approximate these more complex analytes Vower computational
burden. This can occuvhentime and resources are constrained, such as when rule
development timelines aoompressedyr air quality policy detas required for fuliform
photochemical modeling are rexailable until very latin the rulemaking process

The number of reduced fortools that quantify air quality benefits hggownover the
last several years, giving EPA and other analysts of &gig@®more options to consider
To date EPAhas not formally explored thability of these alternativet® estimate
reliably full -form-basedoenefits of reducing emissioasross a range of policiebhe
study described in this report demonstrates anoaghto systematially comparing
monetized health benefits estimated usigducel-form tools against those generated
using fulkform ar quality modelsThe goal of this comparison was not to make any
determinations as to whether any specific reddoet tools are bettesuited for use in
regulatory applications than others, but eatto: 1)learn more abouhereducedform
approacheavailable to regulatory analysts at EPA and elsewlagek2) provide an
exampleof how one couldconductan evaluatiorof multiple approachethatcould
provide insights into relevant factors for cksom@ among alternative toolshe study did
not evaluate the ability of each approach to characterize the distribution of-RNé2es
premature deaths according to the annual mean concentration at which they occurred.
The need for the evaluati of redued form techniques as described in this report was
identified in the 2017 proposed rule to repeal the CRmamer Plan (FR 82 48035).

MODEIAND POLI CY SCENARI O

We compare results across four redufmdh tools using each to quantiftheimpacts @
five air quality policies The tools we evaluated and associai@uplereferencesf
model applicationare listedm Exhibit ES1.

INDUSTRIAL ECONOMICS, INCORPORATED ES1



EXHI EIST. REDUCEDRM TOBVYASLUATED

REDUCEEFORMTOOL

SAMPLE REFERNCE(S)

Source Apportionment (SA) Benefit Per Ton (BPT)

Air Pollution Emission Experiment and Policy
Analysis Model (APX)

Intervention Model for Air Pollution (INMAP)
Estimating Air Pollution Social Impacts Using

Fann, Baker, & Fulcher, 2012; Fann, Fulcher, &
Baker, 2013; United States Environmental Protection
Agency, 2013

Muller & Mendelsohn, 2006

Tessum, Hill, et al., 2017
Heo et al., 2016

Regression (EASIUR)

These tools vary in design, implementation, and-e&sise. To ensure a reasbhafair
comparison, we followed two guiding principles when gjg these tools in this
analysis:

1. Key model inputs should be standardized across redocertools to the etent
allowable by each tool to ensure that results are as comparable as possible.

2. The underlying model architecture should not be substantiadigedl so that the
results still reflect the unique properties of each reddmed tool.

The first principle asured that differences would not be attributable to, for instance, use
of an alernative concentratieresponse function aralue of statisticdife (VSL) value

The second principle helped ensure that the modes/aleaéd would be substantially
similar to that downloaded or accessed by an analyst.

In some cases, we applied maddirectly to obtain monetized health benefit results from

emssons inputs; in those cases, we append i
Di rect 0) wh e nol; ih etlseccaseshwie achievitdhfiestprinaple by
coupling the reducetborma r qual ity modeling aspect of

CE tool This approach allowed us to specifically evaluate the air quality modeling aspect
of some of thetoolsihnthose cases, we append ABenMAPO
refer to the results (e,gAP2BenMAP).For theAPEEP (versions 2 and 3PX) models

we gplied them both directly and coupled with BenMAP.

We generated benefits estimates using the reduced forenftodhe five example
policies shown in Exhibit ER.

INDUSTRIAL ECONOMICS, INCORPORATED ES2



EXHI EIST Al RUALI TY POLILCVMZEESD ANA

POLICY YEARS
POLICY SCENARIO (BASE/FUTURE) SQURCE SECTOR

Clean Power Plan (CPP) Electricity generating units (EGUS)

Proposal 2011/2025

Tier 3 Rule 2005/2030 On-road vehicles

Cement Kilns* 2011/2025 Cement kilns

Refineries* 2011/2025 Oil refineries

Pulp and Paper* 2011/2025 Pulp and paper processng

*These policies apply hypothetical across-the-board emissions reductions rather than a detailed
policy re presentation with spatially - and temporally -varying emissions impacts

Theseexampleair quality policiesvary in the magnitude and compositiditheeir
emissions changesd in the emissions source affected (enghile, industrial pointor
electricitygenerating ung[EGUs]). They also differ in the spatial distribution of
emissions and concentration changes and in their impacts on primiégecylps matter
(prPMz5) emissions and seconddPi. s precursors (e.g., hitrous oxides and sulfur
dioxide) Finally, they differ n complexity, with some representing unifoemissions
changes tall facilities ina particularsector while others reprastemore realistic cases
where the policy results in emissions changes that vary both spatially and temporally.

We compared all reded form tool resultfor the scenarios in Exhibit ESagainst fult
form resultsghat weregenerated using a combinationtiké CMAQ air quality model and
BenMAP-CE. For four of the five scenarios (all except Tier 3) we also hadtsesul
generated using ambination of CAMx and BenMAP. We compared the CMB&sed
results against CAMx where available to identify any potentiadsiassociated with
using CMAQ alone as our fulbrm comparator.

ANALYSI S

We evaluated the reducéorm toolsacross twalimensions:

1 A quantitative analysis at the national and regional level to explore the deviation
of reduceeform tool results from fulfform BenMAP results (this comparison was
performed for total benefits as well as the fraction of benefiiatitd to @ach
PM; s component), and

1 A qualitative comparison of the computational complexity of each reefaced
tool and level of technical pertise needed to operate it.

The SA Direct, APX Direct, and EASIUR Direct resultswak the tool itself tdirectly
quantify the benefits of each air quality policy scenario. Results for théduth models
as well as the APX BenMAP and INMAP BenMARIueedform tools were generated

INDUSTRIAL ECONOMICS, INCORPORATED ES3
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by using the tools/models to create air quality surfaces that were themaughth
BenMAP-CE version 1.5.0.41sing the parameters in Exhibit B8S

B 1-3. BEESN M ACPE

PARARETEY

POLI CY

BENMARCE INPUT

2025 POLICIES: CPP PROPOSAL,
CEMENT KILNS, REFINBHES,
PULP AND PAPER

2030 POLICY: TIER 3

Population”

Health Incidence?

Concentration-Response
Relationship®

County-level USCensts
population estimate for 2025
County-level death rates
projected to 2025

All-cause mortality, ages 30 -99
(Krewski et al., 2009)

County-level USCensus
population estimate for 2030
County-level death rates
projected to 2030

All-cause mortality, ages 30-99
(Krewski et al., 2009)

INDUSTRIAL ECONOMICS, INCORPORATED

VSL based on 26 valueof-life
studies with an inflation
adjustment to $2015 and an
income growth adjustme nt to
2026 (the latest value provided
in BenMARCE). A 3% discount
rate and a 20-year cessation lag
were applied to all estimated
benefits.

A These population and incidence datasets are also reflected in the SA Direct and APX Direct
BPT values. The only model that does not reflect these inputs is the EASIUR Direct reduced -form
tool.

B This is the same concentrati on-response function and VSL estimate usedto estimate the
economic value of avoided premature deaths across all reduced -form tools. See
https://www.epa.gov/e nvironmental -economics/mortality -risk-valuation for more info rmation.

VSL based on 26 valueof-life
studies with an inflatio n
adjustment to $2015 and an
income growth adjustment to
2025. A 3% discount rate and a
20-year cessation lag were
applied to all estimated
benefits.

Valuation®

We generated results for each {fidim model and reducefdrm tool expressed in terms
of monetized benefits of avoided premature mortality ($2015). Resaittscompared at
the natimal and regionalevel for pimary PM. s (prPM; 5, defined as the results
attributed to changes #lemental carborHC] emissions only), NeXresults attribted to
changes in N@emissions), SQ(results attributed to changes in Snissions), and
PM; s (results attributed to EC, NQand S@emissions as well as Nldnd VOC
emissions, where applicable).

For comparisons d?M. s at the national level, we upePM: s benefits that have been
scakd up to better represent the fractioPdf, s benefits thaiwould be attributed to total
prPM..s emissionsi(e., EC, crustal and prOCWe multiplied the prPMs benefit per ton
based on E®@y the total amount of priary PM s emissions to estimate beitefrelated
to all primary PM.s emissionsModel comparisomat the nationalevel is limited to a)an
overall comparison of total estimated benefits aywtios of total reducetbrm tool
benefits to CMAQderived lenefits.At the regioml-level, we compared fliland
reducedform tool results using a wider set of stttial metrics including:

1 Total estimated benefits

ES4
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1 Meanbias (MB)
1 Meanerror (ME)
1 Normalizedmean bias (NMB)
1 Normalizedmean error (NME)
1 Coefficient d determinatior(r?)

This set of statistics isoth widely reported in the literature and is consistertt thié
recommendations provided in Simon et al. (202%. important to note thathile this
document sometimasses a factor dfvo to differentide relativeperformane against the
full-form modelsthe factor oftwo delineation is not a measure of acceptability for any
particular type of assessment.

RESULTS AND OQ@SCLUSI

Our quantitative analysis led to several observations relevant for anadystidering
using reduced form tools

1 Across all comparators examined in this analysis, CMAQ and CAMXx produce
very similar estimates of both totaM. s benefits and benefits related to specific
components oPM;s. They arealso in agreement on the sphtlistribution of
those benefits dhe regionlevel. This finding, which was consistent across all
policies for which both results were available, gives us confidence that we are not
introducing significant uncertainty intmur analysis of reducei@rm tools by
relying on a singléull-form model as our sole comparator.

1 The difference between reduettm and fullform models can vary substantially
across different policy scenarid®or example, in Exhibit E8, which groups
national results by policyye can see thdhe two policies thatesulted in the best
alignment between CMAQ results and redut@t tool results were the CPP
Proposal and Pulp and Paper scenarios. On the otherdiff@einces between
the two model tges were largest for the midbsource Tier 3 scenaritn
generalpoint source scenarios with ngnoundlevel emissions showed much
better agreement with CMA®Qased estimates across redufmrd tools.

1 We also observed differences in tools when carimg nationalevel benefits by
precursorAcross components, wabservedhat reducedorm tools generally
matched CMAQ more closely f@rimary PM; s (estimated using EC onlgnd
for sulfate than for nitrat@Vith just a few exceptions, most estimaf@sthe first
two components felithin a factor of two of the CM@ estimatesHowever,
estimates for nitrate were much more variable, with only SA Direct and EASIUR
Direct having estimates within a factor of two of the CMAQ estimates for all
scenarios.rf general, estimates of nitratere much higher for the reducedrfo
tools than for CMAQThis appears to be a significant contributor to the large
variances seen for Tier 3.
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1 A drawback of the benefjterton (BPT) based reducddrm tools (SA Direct,

EASIUR Direct, and APX Direct) ihait because they assign benefits to looatio

with emissions changes rathiban air quality changes, they are not able to

provide estimates that could substitute for-fdhle modeling at fine spatial scales

such as countievel. We conducted an analysitsaregional scale to see if this
effectwas less pronounced when resutes aggregated to larger are@sir initial

analysis of regional estimates is somewhat inconclusive as to which model types

INDUSTRIAL ECONOMICS, INCORPORATED
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might perform better at this scale at matching CMAQ, wiéttying results by
policy and type of stestic. Additional research is weanted to further explore
variances at subational levels and assédbthere are consistent biases in
particular locationshat may affect these results.

1 As far as ease of use, $Arect and EASIUR Direct had the loweshe
requirements and require mimal special skills or software. All AHEPmodels
run directly have a moderate timeguirement butequireMATLAB expertise
and aMATLAB license. INMAP and any model paired withrB&AP-CE would
have a highrtime requiremat than APX Direct, EASIURDirect, or SA Direct

1 Overall, we believe there continues to be valuevialuating howeducedform
toolscompare tdull-form air quality modeg&stimates in emission reduction
scenariosSeveral of the reducddrm tools considred in this analysis produced
results that wereeasonably comparable to those derived fromfautin models
and offer a quicker approach to generating ballpark estimates of the redaiiul
benefits or costs aeciated with an air quality policy. Howey none of the
reducedform toolsin the formevaluated hershould be considered a substitute
for a full-form analysisparticularlyin situations with large changes in precursor
emissions an@here anonlinear respose is anticipated (e.g., N@®o PM:s
nitrate)

INDUSTRIAL ECONOMICS, INCORPORATED ES7
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Chapter1| | NTRODUCTI ON

Quantifyingandvaluingthe health impacts of changes in air quality can be a am#
resourceintensive endeavor thaftenrequiredarge, detailedlatasets and sophisticated
computemodelsthat predictheformation andransport of air pollutant§he US
Environmental Praiction Agency (EPA) routinely undertakes these analyses as part of
Regulatory Impacfnalyses(RIAs) for major ar pollution regulationsEPA often
employsat r a d i t i-f oonramalysis finking lensision inventories, photochemical
transport models aralbenefits toolThis approacltaptures the complexities of
environmental processes.g, atmosphericeactions chemical processes, diffusion and
dispersion of pollutantgnd associated health outoesrin the last decadepth EPA

and independent regehers have developaimpler model®rfi r e d-forenéodIsd to
approximate theemore complex analysedgth a lower computational burdefhe

primary purpose of this assessment was to 1) learn mou iadatuceeform approaches
and 2)providean intercorparison of currently available tools, including discussing how
they perform relative to one another as welleafuli-form modelslt is anticipated that

the evaluation frameworland model input andubput datagenerated as part of this
project could be used to testdgtes to these models and other similar tdgigen these
broad objectives, a decision was made to apply emdtlas consistently as possible in
terms of emissions, meteorology (whemssible), and domain structufiéhis report
presents aeview and evaation of several of these publicly available redufmrdh

tools Both full-form and reducedorm approaches are in a continual cycle of evaluation
and updatdt is important to notehiat the purpose of this comparison was not to make
anydeterminationss to wiether anyspecific reducedorm toolsare fetter-suited for use

in regulatory applicationthan others

BACKGROUNDS TANDDY MOTI VATI ON

EPA strivesto estimatehehealth baefits of airpdlutant emissionghanges using a
stateof-the-science fullform photochemical air quality modebupled withits
Environmental Benefits Mapping and Analysis ProgiaBommunity Edition
(BenMAP-CE) health benefitsool. Air quality models sch as th&€ommunity
Multiscale Air Quality (CMA(j) model or the Comprehensive Axuality Model with
Extensions (CAM>2<) simulatethe emissionproduction, decay, deposition, andrtsport
of gas and particle phase pollutainishe atmospher® produce & pollutant

1 https://www.epa.gov/cmaq

2 http://www.camx.com

INDUSTRIAL ECONOMICS, INCORPORATED 1-1
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concentratiorsurfacegypically at a spatial resolutioof 12kmby 12kmfor national
assessments in the USurfaces generated for different polggenarios can then be input
into BenMAP-CE to quantify and monetize changes in mortality arathidity incidence
resulting from the modeled changes ingotiution.

However, here are times whdBPA hasusel reducedform tools. This can occuwhen

time and resources are constrained, such as when rule development timelines are
compressedhe air gality policy details required for fufiorm photochemical modeling

are notavailable until very late in the rulemakimocessor when public health benefits
related to changbenehiasd qliat heyfrant ecfico
redwcing the pollutant targeted by the policy

EPA hasemployedreduceeform toolsin support of RIAs by calculating the valof
reducingone ton ofemissions from individuaémissionsectorsMore recently EPA
estimatedibenefitpertond (BPT) valuesusingCAMXx source apportionment modeling
Several recent national rules, including hercury and Air ToxicsStandardaindthe
Ozone Crosstate Air Pollution RuléJpdate have used BPT values to quantify the
healthbenefits of reducinfine particulate mattezoncentration$PM.s) (US EPA,

2011a; USEPA 2011h. However, to datezPA has noformally explored thebility of

the BPT values tastimate reliably the benefits of reducing emissions across all sectors
In addition, he proliferation of other reducddrm toolsthatquantifyair quality benefits
over the last several years mmediwcedmore choices for E/#and other analysts to
consider The multi-scenario comparisome conducteaf various analytical approaches
will helpEPA tobetter understanidow health benefit estimates from reduefm tools
candiffer from their fullform countepartsacross an array of policies and spatial scales

1.2 STUDY OBJECTI VE

The objective of this study te demonstrate an approachsystematially compae
monetizechealth benefitestimated usinfull-form air quality modelagainsthose
generatedisingreducedform tools We compare results acrofsur reduceeform tools,
usng eachto quantify impacts ofive air quality policiesTheseexampleair quality
policies vary inthe magnitude and cgusition of theiremissions changesd in the
emissiors sourcaffected(e.g.,mobile, industrial pointor electricity generating urst
[EGUs]). They also differ in the spatidistribution of emissions and concentration
changesand in their impacts on primaparticulate matter emissions Bil..s) and
secomary PM; s precursorge.g., nitrous oxides and sulfur dioxid€)nally, they differ in
complexity, with some representingniform changes to entire sectorkilg others
represent more realistic caseherethe policy results irmissions changes that ydroth
spatially and temporally.

Specifically, we statistically evaluate the deviation of redtfoech tool estimated
benefts from fullform model derived benefits foaeh of the five policy scenarios.
Performancetatistics argquantified at the regiohacalefor total PM2 s andfor each
major component dPM. s (i.e., prPM.s represented by elemental carl{&c) only,

INDUSTRIAL ECONOMICS, INCORPORATED 1-2
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nitrate and sulfatg The goal of the analysistis comparedifferences in model results
andnotethe conditions under whidtiifferentreduceeform toolsperformsimilarly to the
full-form approachin addition, weprovide a sense tfie overallcomplexity of each
modelformulation such as whether ihvolves straightforward mathematics or an
understanding of and experience with spediibls and modelsnd the level of effort
required to operate it.

1.3 ORGANI ZAOFONHI S DOCUMENT

The remander of thisreportis organized into four chapters. Chep2 describesur
analytical approach to performingetbomparative analysisncluding descriptions athe
reducedform tools andair quality policies, the methods used to run each of the reduced
form tools, and the statistical comparisused to quarfly modeldifferences Chapter 3
presents the results of the comparative anafgsieach reducedorm tool bypolicy
scenario ané®M, s componentChapter 4liscusses and compares thiative
performance of each reducéarm tool Finally, Chapter Spreentsbroadconclusions as
well aslimitations of the analysis argliggestion$or future researchn addition, there
arethreeAppendices to thidocumentAppendix A providesadditionaldetailon our
approach t@enerating results for each of tteglucedform tools we evaluatedppendix
B provides a table of statesogiped byNational Climate AssessmemCA) region in the
continentalUS. Appendix C provids tables of national benefits estimatesdach model
as well as the calculated regional statsstic

INDUSTRIAL ECONOMICS, INCORPORATED 1-3
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Chapter2 | ANALYTIA®PALROACH

This chapter describes thealytical approactve used tacomparaeducedform tool

results againdull-form model results. The goal wasassessow well each reduced

form tool replicated the air quality changeslassociated health benefits derivexrfr

full-form photochemicamod el s ( hereafter-BeaMAPreesuodtas
across five different policy scenaridde evaluatedhe reducedorm tools acrossvo

dimensions:

1 A gquantitativeanalysisat the nationalandregionallevel to explorethe deviation
of reduceeform tool results from futform BenMAP results (this compariseras
performed for total benefits as well as the fraction of benefits attributed to each
PM_ s component)and

1 A qualitative @omparisorof the computationatomplexity of each reducefibrm
todl and level of technical expertise needed to operate it

The goal of these comparisomasto assess whether there wéypes of questionthat

each modeinay bebettersuited to answesindthe conditions under which it ght serve

as apossiblesurrogateor full-form analysiof a policy assessmertppendix A at the

end of this report supplements this chapter and provides more detailed information on
how each tol was used in this analgsi

2.1 Al RUALIRAQLI CY SICESIAR

We usel a set of five policyscenarios to compare redueedm tools to fullform
BenMAP resultsaacross the contiguous UExhibit 2-1). These policy scenarios were
chosen as illustrative exampliesended tacaptue an array of spatial and sectoral
differences. Importantly, these meexamples for which EPA had conducted-fatim
modeling, so that we had a target against which to comesués from reduced form
tools. Thesepolicieswere projected to impa&tM. s emissionsfrom sourceghathave
varyinggeographic distributiawithin the US(and consequently proximity to
population centersps well as variations in thielative magnitudes qitPMzs andPM: s
preairsor species emissigriemporal patterns of emissis, and effectivetack heights
These differencesnable us to explore model performaacessa range of plicy
characteristicand examinghe impact oSpecific model differencesuch as the
emissims species included #ach reducefbrm tool.

We focused our analysis on thre#&l, s componentsprPM. s derived fromEC emissions
only, PM; s sulfate particlesderived from S@emissions, an&M; s nitrateparticles
derived from NQ emissionsWhile there aréhreemain components of PM. s (EC,

INDUSTRIAL ECONOMICS, INCORPORATED 2-1
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organiccarbon and crustal materialpetprPM. s resultsin this analysigocus onEC for
multiple reasons1) CAMx was not configured tmcorporate the same crustal emissions
speciesas AMMAQ for these simulationgnd 2)organic aerosol iICAMx andCMAQ
includessome components of secondary organic aerosols that are not attributable solely
to piPM; s emissions.Since the major physical processes that impact the variBbd pr
components are the same (i.e. dispersion and deposiEiGmasusedas surrogate fo

all prPM; s emissionsThe EASIUR tooklso represents all prBlimpacts with the EC
compament In addition,some of the tools estimate changes in PM2.5 thanges in
ammona (NHs) and volatile organic compound (VOC) emissiofise tools that predict
benefits associated with these precursors are notexhibit 2-9 and scenarios with
changeghese pecursors are shown in Exhibit22 Each policy scenario is describied
more detaibelow.

Because EPA generally evaluates impacts of policies théargieted to take effect in the
future, modeling is generally carried out fmtha base yeaand a futire year The base

year is the most recent year with detailed emissions and meteorological inputs available
The future year represents a year in whiolicy impacts are expected to occiihe
future-year modelingaptures two scenarios: a baselscenao using emissions thate
projected to occur without any policy in plaead a policy case or control scenario using
emission that would occur if theolicy in question were implementethe impact of the
policy in the future yeais calculatedas thedifference between the future year policy

case air pollution levels drihe future year baseline pollution levels.

BR41T Al R QUALI TY MAPNAIZEDES

POLICY YEARS
POLICY SCENARIO (BASE/FUTURE) SOURCE SECTOR

Clean Power Plan (CPP) Electricity generating units (EGUSs)

Proposal 2011/2025

Tier 3 Rule 2005/2030 On-road vehicles

Cement Kilns* 2011/2025 Cement kilns

Refineries* 2011/2025 Oll refineries

Pulp and Paper* 2011/2025 Pulp and paper processing

*These policies apply hypothetical acros s-the-board emissions reductions rather than a detailed policy
representation with spatially - and temporally -varying emissions impacts
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EXHI Ri2T Al R QUAROITIYCY EMI SSNOES BMW PRECIURNSSOR % OF TOTAL
CHANGE])

POLICY SCENARIO | PRIMARYPM s NO SO NH; VOCS

CPPProposal 2,481 414,479 422,670 3,318 9,992
(0.29%) (48.59%) (49.55%) (0.39%) (1.17%)

Tior 3 Rule 1,322 345,333 13,002 ) 179,531
(0.25%) (64.05%) (2.41%) (33.30%)

Cement Kilns 557 96,468 55,398 ) .
(0.37%) (63.29%) (36.34%)

Refineries 424 34,967 16,421 ) .
(0.82%) (67.49%) (31.69%)

Pulp and Paper 278 34,616 36,464 ) .
(0.39%) (48.51%) (51.10%)

A For all scenarios Primary PM:s is represented by ECemissions only.

21. 1 CPPPROPOSAL

The Standards of Performance for Greenhous® E3nissions from New, Modified, and
Reconstructed Stationary Sources: EGUs, more commonly known as the Clean Power
Plan (CPP) wapublished in the Federal Regisin Octoler 2015 It established

standards for emissions of carbon dioxide £f0r newly ®nstructed, modified, and
reconstructed fossflel-fired EGUs.The CPP proposal included several potential policy
options and was published in tRederalRegiser onJunels, 2014.° The final rule went

into effect on October 23, 20145Repeal of the P was subsequently proposed by EPA
on October 10, 2017he CPP was eventually replaced with the Affordable Clean Energy
(ACE) rule that was gned onJuly 8, 209.° While the CPRvasaimed at reducing
emissions of C@specifically, itwasexpected to alsgield significant cebenefits in the

form of PM. s reductions We specificallyanalyze the PM. s changesssociated with
proposedCPPOption 1State(Exhibit 2-3; blue shading represents an emissions decrease
and orange an emissions incrgaskose enssions were modeled using titegrated
PlanningModel (IPM) versiorb.13,asdescribediChapt er 3 of EPAOGSs
impact analysis documeht

® Federal Register, Vol. 79, No. 117, Wednesday, June 18, 2014. https://www.govinfo.gov/content/pkg/FR  -2014-06-
18/pdf/2014 -13726.pdf

¢ Federal Register, Vol. 80, No. 205, Friday, October 23, 2015. https://www.gpo. gov/fdsys/pk g/FR-2015-10-23/pdf/2015 -
22837.pdf.

° Federal Register, Vol. 84, No. 130, Monday, July 8, 2019. https://www.govinfo.gov/content/pkg/FR  -2019-07-08/pdf/2019 -
13507.pdf.

° USEPA (2014). Regulatory Impact Analysis for the Proposed Carbon Pollut ion Guideline s for Existing Power Plants and
Emission Standards for Modified and Reconstiucted Power Plants. https://www.epa.gov/sites/production/f iles/2014 -

06/documents/20140602ria -clean-power-plan.pdf .
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EXHI Ri3T CPP PROPOGWBWNILYEVELOTAHEMI SSI ONS CHANGES

Emissions Change
(tons)
| . i

R P
U = J..U Ul

The CPP Proposacenario targednon-ground stationary point sources distributed

across the US. Relative to other policy scenarios included in this angtgstPP
Proposabkcenario hd the largestdtal emissions change and includes emissions increases
as well as reductiond.is also theonly scenario to includammona (NHs) emissions
changes and one of two scenarios to incltliBnges in emissions wblatile organic
compounds (VOCsEmissions hangesoccur at locations of large power plants which
may either be situated in rural mearhighly populated areas. Emissions increases and
reductions are distributed across the country.

21. 2TI ER 3

The Tier 3 Emission and Fuel Standards established stongent vehicle emission
standards and reduced the sulfur content of gasoline. It visdishpd in the Federal
Register in April 2014 and took effelseginningin 2017 The action took a holistic
approach to addressing the impacts of both motor etéchnologies and their fuels on
air quality and public health. This approach enabled éomsseductions that are both
technologically feasible and cost effective beyond what would be possible through
addressing vehicle and fuel standards in isolafitwe. Tier 3 vehicle standards reddce
tailpipe and evaporative emissions from passenger@ndtseavyduty vehicles, and the
lower gasoline sulfur standardducedsulfur dioxide emissions andadevehicular
emissions control systems mafective.

7Federal Register, Vol. 79 No. 81, Monday, April 28, 2014 https://www.gpo.gov/fdsys/pka/FR  -2014-04-28/pdf/2014 -
06954.pdf
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EXHBI 4. 2T1 ERCGUNILYEVEL TEMAISSI ONS CHANGES

| 2}&

Emissions Change
(tons)
E : -
<-1,000 21,000
The Tier 3 scenario targaton-roadmobile sources that are widalistributedacross the
US (Exhibit 2-4; blue shading represents an emissions decrease and orange an emissions
increalse.8 Emissionshanges from this scenario were modeled uammternal
regulatory version of MOVE®MOtor Vehicle Emissions Simulatp? Relative to other
policy scenarios included in this analysis, Ther 3 scenariavasdominated by N
emissions reductions, ahddVOC emissions reductiortBat account for a third of total
emissions reductiongll emissians reductions in California are solely attributed to VOC
changes. Most reductions occur in highly populated areas with a lot ofevirhftic.

21. 3CEMENTNERI L

Cement is the binding agent that holds together the ingredtieciscrete, avidely used
construction material in buildings and roads. Cememtasufacturedn kilns, which
produce large amounts of carbon dioxédewellasparticulate mattemNOx ard SQ.
This policy scenariavasbased on aypothetical policythat substantially reduse
emissions from cement kilng'his does not reflect an actuPA policy, but rather is
meant to reflect how a hypothetical reductiommissions based on availabtmtrol
technology would affect air quality across the (BRhibit 2-5). This hypothetical
scenarioassumediniform emissions reductioriiom the 2025emissiondaseline that
was developed as part of thralysis for th&CPP poposal:40% reduction in baseke

8us EPA, (2014b) Emissions Modeling Technical Support Document: Tier 3 Motor VehicleEmission and Fuel Standards, EPA
454/R-14-003.

9us EPA, 2014MOVES and Nonroad Code and Databases Used to Generate Inventories for Air Quality Modeling and Nationla
Inventories for the Tier 3 FRM. (EPA-HQ-OAR2011-0135).
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NOx emissions, 50% reduction in baseline;®@issions, and 40% reduction in baseline
prPM, s emissions.

Relative tathe CPP Proposand Tier 3 scenariptheCement Kilnsscenaridocusel on
smaller emissions reductions, primarily of N@nd SQ, in diffuse locations across the
country.Two thirds of the emissions reductions are attribtwedOx and one third of the
emissions reductiorareattributed to S@ Emissions reductions are faad in
industrialized areas of the continental US, particyldre rust belt region, Texas, and the
desert Southwest.

EXHI B5T QEMENT KGQWMNILYWY EIEMI SSI ONS CHANGES

issions Cha
Emissions Change
(tons)

21. 4REFI NERI ES

The petroleum refining industry performs the process disging crude oil into a range
of petroleum productssingphysical and chemical separation techniques. Petroleum
refineries are a major source of airlptdnts, includingorPMz s, NOx, carbon monoxide,
hydrogen sulfideandSG;. This policy scenarigvasbased on a hypothetical policy that
substantially reduckemissions from refineries. This does not reflect an actual EPA
policy, but rather is meant toflect how a hypothetical reduction in emissions based on
available control tehnology would affect air quality across the US (Exhib&)2This
hypothetical scem@ assumd uniform emissions reductiorfisom the 2025missions
baseline that was developas part of th@nalysis for th&CPP proposak0% reduction

in baseline N@ emissions, 1% reduction in baseline S@missionsand 186 reduction
in baselingprPM, s emissions.

TheRefingies scenariovasquite similar to th&€Cement Kilnsscenario, anfbcusel on
smaller emissions reductions, primarily of Nénd SQ, in diffuselocations across the
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country.Two thirds of the emissions reductionsreattributed NQ and one third of the
emissions reductionsereattributed to S@ Emissions reductions oar primarily along
the Gulf Coast and in loywopulated areas of tididwest.

EXHI B416T REFI| NERIOBESIILYEV EELMI SSI ONS CHANGES

Emissions Change
(tons)
| . R |

<-1,000 = 1,000

21. 5PULP AND PAPER

ThePulp and Papeindustryincludescompanies thatrocessvoodinto paper and other
cellulosebased productsFacilities involved in this process produce emissions of
nitrogen dioxide, sulfur dioxide, and carbon dioxitlbis analysiexamined a
hypothetical pticy scenario based on available control technology in wRidhs
precursoremissions fronPulp and Pgerproduction facilitiesvereredued. This does
not reflect an actual EPA policy, but rather is meant to reflect how a hypothetical
reduction in emissins based on available control technology would affect air quality
across the US (Exhibit-2). This hypothetical scenario assucheniform emissions
reductiondrom the 2025emissiondaseline that was developed as part ogihedysis for
the CPP proposal0% reduction in baseline N@missions, 35% reduction in baseline
SO emissions, and 25%&duction n baselingprPM, s emissions.

ThePulp and Papescenariovasalso similar to the other industrial point source
scenarios, antbcusal on smaller emissits reductions, primarily of NKGand SQ, in
diffuse locations across the countriowever for this scenario, the reductions®Ox
and SQeach account for about half of the total emissions reduconssions
reductions are concentrated in forestedsu@ the continental US, including the
Southeast, northern Midwest, Pacific Northwest, ramdl Maine.
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EXHI B{7T RULP AND E@BERYEVEIMI SSI ONS CHANGES

2.

2

Emissions Change
(tons)
| . -

1 AN 1 A0ON
<-1,000 21,000

FUL-EORMODEL S

For each of the policy scenarios outlined abew@comparededucel-form tool results

to full-form BenMAPresultscalculatedby running thefuture-yearbaseine andpolicy
emissions scenarios througlfull-form chemical transport model and then running the
full-form modelgeneratedPM; s air quality surfaces through BEW#\P-CE. We evaluated
both CMAQ and CAMxbased results for each scenaexcep for Tier 3, for which

only the CMAQ output was available€AMx modeling was not available for Tier 3
because the chemical speciation used for that scenario do not confaputto i
requirements for the cumdy available version of CAMX.

We usedlie CMAQ BenMAP reslts as the primargoint of comparison foeach of the
reducedform tools. However, while fulform models represent the current stait¢he-
science, they are thesmlves representations of adtpeocesses arthe results of

different full-form modelscan vary to somealegreeFor example, they can differ with
respect to how they treat secondBiy. s formation.Therefore we also compartkthe
CMAQ BenMAP results t€AMx BenMAP results in order tassesghe congruence
between these two models and bettatarstand the potential limitations of our analysis.
Both full-form models produakair quality estimates @12 km resolution.
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23 REDUCEDRMOOL S

We condutedan extensivditerature reviewo identify reduceeform approaches for
predicting policyrelated air quality changes and associated beneBesed on this
review, we selectedour reducedform toolsfor this analysisAll four tools are both
publicly available and gblished in the peereviewed scientific literature (Exhibit—&.11
They al® comprisea range of complexity, geograplicope and usability.

EXHI R8T REDUCEDRM TOOLS

REDUCEEFORMTOOL SAVIPLE REFERNCE(S)

Fann, Baker, & Fulcher, 2012; Fann, Fulcher, &
Source Apportionment (SA) BPT Baker, 2013; United States Environmental Protection
Agency, 2013

Air Pollution Emission Experiment and Policy
Analysis Model (APX) Muller & Mendelsohn, 2006

Intervention Model for Air Pollution (INMAP) Tessum, Hill, et al., 2017

Estimating Air Pollution Social Impacts Using

Regression (EASIUR) Heoetal., 2016

We followed two guidingprincipleswhenapplying these toolin this analysis

1. Key model inputs should be standardized across reefacadtools to the extent
allowableto ensure that results are as comparable as possible.

2. The underlyig model architecture should not be substantially altered so that the
results still reflecthe unique properties of eaducedform tool.

Adjustments made to asmmodate the first principle typically involvediatively
straightforward input changes taah modelFor example, because not all mod=ds
producemorbidity benefitswe estimatedbenefits fomortality impacts onlyln addition,
we standardiztthe @ncentration response functiand value of statistical life (VSL)
appliedin each tool or mdel. Thesecond principle dictated that some differerues
preserved in order tavoid substantively changing the modekign For example, the
reducedform tooks differedin the PM2 s precursorshey modeledExhibit 2-9). We did
not attempt tstandardze that component across modéldditional detail on the models
are provided below, as well apecificadjustmentsnade to each modeahd/or itsinputs

1 Bankert J, Amend M, Penn S, Foman H, personal communication memorandum, November 17, 2017.

- The AP3 model is not yet publicly available but can be obtained by contacting the developer  dNicholas Muller at Carnegie
Mellon University. When available, it will be posted at:  https://public.tepper.cmu.edu/nmuller/APModel.aspx
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EXHITRI9. | NPUT AND
FORM TOOL

OUTPEBD B8RP GEOKGRACPHUTI ON FBGEDELED

GEOGRAPHIC
RESOLUTIONDF
INPUTS AND
TOOL INPUTS OUTPUTS OUTPUTS
prPMs, NOs, SQi, and
SA Direct prP_MZ'_S' SC, and NO National Totgl PMs bengﬁts
emissions (ultimate ly applied to
emissions deltas)
prPMs, SO;, NOy, NHs,
Direct prPM s, SOZ NOy, NHs, and US courties ano! VOCBPT gstlmates
VOC emissions (ultimately applied to
AP3 emissions deltas)
prPMs, NOs, NHs4, SQ, prPMs, NOs, NH4, SOy,
BenMAP | SOA,and Total PM:s UScounties SOA, and Total PM.s
concentrations benefits
prPMs, SOz, NOx, NHs,
Direct prPMs, SOZ NOy, NHz, and US counties anq VOCBPT estimates
VOC emissions (ultimately applied to
AP2 emissions deltas)
prPM:s, NOs, NHs, SQ, prPMs, NOz, NH;, SQy,
BenMAP | SOA and Total PMs US counties SOA, and Total PM 5
concentrations benefits
prPMs, NOz, NH;, SQ,
inMAPBenMAP | PrPMes, SO NGO, NHg, and | 12 km X 12km | o )"0 Total P
VOC emissions grid :
benefits
EASIUR Direct prP_Mz__s, SO, NOy, and NH;3 36_ km x 36 km prPM.s, NOsz, NH,, SQ,
emissions grid and Total PM s benefits
Note: all models were adjusted to use an underlying all -cause mortality concentration -
response function for ages 30-99 derived from Krewski et al., 2009. In addition, all benefits
were quantified using a VSLof $8.7M in ($2015) derived from a distribution based on 26 value-
of-life studies .

23.1SA DI RECT

The SADirect BPTsreport the economic value of reducing a ton of directly emitted
PM_ s or PM, s precursor fran a given class of area, industrial and mobile seciche
BPT estimatesvereoriginally deiived from full-form BenMAP resultsfor sectorspecific
air quality scenariothatweredividedby thetotal emissions changes underlying the air
quaity surfacesEPA hashistorically calculatedBPT estimates across various source
sectors to understamifferentproposed air quality policies.

WhenusingaBPT, one assumes that tkey attributes of theolicy scenario match the
i s o umodediny and ssumptios (eg., the policy scenario and source modeling share
the samemissions profile, affected poptitan, etc.)(Fann et al., 2012)The SA BPT

INDUSTRIAL ECONOMICS, INCORPORATED 2-10



|EE

values used in this analysis are publicly availabRnere is one set of BPT valufes
each sectothatareapplicable to emissiorchanges within the contiguous US.
Specifically, the SA BPT estimates sgecalculatedisingCAMXx version 5.30 with
Particulate Matter Source Apportionment Technology (PSAT) to &g precursor
emissions, including directlgmited prPM.s, SG, NOx, and volatile organic compounds
(VOCs), from individual source sectons the continental US.

The Fann et al. (2012) BPT reflect emissions levels and facility operation from the 2005
National Emission Inventory. Air quality impactere estimatd using 2005meteorology
input to the CAMx model. The BPT values reflect any deficiencies in the chazattan

of sources in different sectors as part of the 2005 NEI and may not reflect the more
contemporary state of these sectors. It igdrtant that the SA BPbe updated

periodically so that estimated results reflect a current realization of faciligs®ns and
locations

For this analysis, the origingann et al.Z012 SA BPT values were updated in
December 201 7TheFann et al.Z012)BPT values weressdwith a newer version of
BenMAP-CEv. 1.3.7.1which included updategopulation, baselinmcidence rates, and
income growth, in currency year 2015

SA BPT valuesiescribed aboveeflect perton benefits related tchanges in mortality

and morbidity ncidenceor prPM..s, NOx, andSG,. We applied adjustment factors tioe
SA BPT valueso tha theyaccounedfor mortality benefits onlyWe multiplied these
mortality-only SA BPT valies by théNOx, SQ, andPMz s emissions changes associated
with each pbcy scenariao producenationatlevel results for each scenariBPT
estimatesvere availake for the followingsource sector® match our five policy
scenarios

1 Electricity generating unitai6ed to estimate the benefits of @ie@PProposal),
1 On-roadvehicles (sed to estimate the benefitsTaér 3),

1 Cement kilns §sed to estimate the bensfof theCementilns sectorspecific
policy),

1 Refineries (sed to estimte the benefits of tHeefineriessectorspecific policy,
and

1 Pulp and paper facilitiq@@ised to estimate the benefits of Bdp and Paper
sectorspecific policy.

1 US EPA. Technical Support Document: Estimating the benefit per ton of reducing PMzs precursors from 17 sectors.

Retrieved from: https://www.epa.gov /sites/production/files/2018 -02/documents/sourceapportionmentbpttsd 2018.pdf

* After the December 2017 update of the SA BPT values, |Ec discovered an error in baseline mortality rates in the BenMAP-CE
version used for the update of these values. This error may result in the overestimation of benefits by less than three
percent for aggregate benefits values. This difference is unlikely to alter the relative comparison of SA BT values to full -
form modeling or to other reduced -form tools.
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Additional information on the calculation &A Directresults including the mortality
only adjustment factorss included in Appendix ARelative to other BPT reducddrm
tools included in this analysis, the SA BPT valuesapplied weravailable for a smaller
numker of PM, s precursors and do not contain different values for diffezarission
heights.

23. 2 AP X

AP2 ard AP3(elsavhere referredajointly as APX)aremorerecentupdats ofthe Air
Pollution Emission Experiments and Policy Analysi®&ZEP model™* Thesemodelsare
comprised of severiascripts that run in thilathWorksprogramMATLAB andcalculate
marginaldamageper-ton values, othesocialcost of increasg emissions aboveaseline
by one ton. These values can alternatively be viewed as thfitbehfavoiding or
reducing one ton of emissions and are therefore similar to other BPT estisiz2eand
AP3 estimate the margal cost of emissions by quantifg the total health burdeand
monetized costs associated with a baseline emissions sc¢esyatematically increasing
the baseline emissions by one ton, recalculating the total health burden and monetized
costs, and taking the difference between thedstomatesBPT values areemerated for
five PMzs precursos (prPM..5, S, NOx, NHs, and MOCs),eachcountyin the
contiguous USand four different stack heightground sourcedow stacks, medium
stacks, and tall stacks).

The APX models can estimatemaged$rom both healtkrelated and nohealthrelated

(e.g, materials damage) impacisseiated withchangesin emissions and associated
changesn air quality. Theycan also be tailored to estimate costs associated with
different combinations ofpecific impads under each of those broad categories. For this
analysiswe configuredthe malels to quantifyonly thedamagesssociated with all

cause mortality for ageg-99 as estimated by the Krewski et al., 2009 concentration
response function. Theodel VSL edtnates were also updateduse a valuegonsistent

with the other reducefbrm toolswe evaluatedUsing an approach detailed in the
BenMAP-CE user manualJS EPA, 2018), we adjusted the base VSL to account both for
inflation and future growtin personalncome.

We comparedwo types of AKX results to fubform model results: one gerated by
applying the AKX BPT values to changes in emissi¢A®3 DirectandAP2 Direct), and
one generated by running the Xeneratedir quality surfaces themh BenMARCE
(AP3BenMAPandAP2 BenMAP). We calculatedAPX Direct values by multiplying the
precursor and countyspecific BPT values for eadtack heighby the corresponding
change in emissiona each countyor each policy. For example, if the $@w stack
height emissions for county 1001 decreased by five tons, the associated bemefits
calculated as five times the SIOw stack heighAPX BPT valie for that county This

" Muller, Nicholas. AP3 (AP2, APEEP) Model. Retrieved from:ttps://public.tepper.cmu.edu/nmuller/APModel.aspx . Note,
currently only the AP2 model is available on this site.
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resulted in policyspecific benefitattributedat the countylevel based a the change in
emissions in that county

| t aflsgpossible to export the underlyimguntylevel air quality surfaces from APX by
slightly modifying the mdelsourcecode.Although this is not a feature of the standard
mode] this change enabledto test the reducetbrm air quality modeklementof the
APX toolsseparately from the benefiissessmemhodule We extractedbaseline and
controlpolicy scerario air qualitysurfacedrom AP3 and AR2 runsandfed into
BenMAP-CE to assess the avoided moitiabenefitsassociated with the change in air
guality between the baseline and control sdesaWe refer to these results @8P3
BenMAPO andfiAP2 BenMAPO results because they represent a hylmiidhPX air
guality modeling witrBenMAP health benefits odeling

We analyzed boti\P2 and AP3ecausehese two versions of the model uliéerent
approacheso quantifythe marginal costs MOx emissiongelative to the baselindPX

is distributed so that users can obtain estimates of benefits to theesouinérehe
emissionghanges occur whereas the fidifm and other BenMAP results lifdenefits to
the counties wherair quality changes occur. APX was modified to also output where air
guality changes occur, and those air quality surfaces were mpantMAPfor more
direct comparison to the modeling systems that estimate health imgearts tivey occur
(e.g., INMAP) rather than the county in which the emissions change occurs (e.g.,
EASIUR). The APX Direct resultsvere includedn this analysisbecaus some users may
not have the technical expertise to modify skendard APXnodekto exract the air
guality surfacess well ago understand the magnitude of these potential effects.

Additional detail on the calculation of APX results as welhaw he AP2 and AP3
models were modified for this analysis is provided in AppendiRéativeto other BPT
reducedform tools included in this analysis, tA®X Direct model utilizes policy
specific BPT estimates forlarger numbeof PM; s precursorsas wellas different
emissions stack heights.

23. 31 NMAP

The INMAP modekstimatetheannualaverage primary and second&l, s related to
changes in emissions. The modeling system can prawdginal health damages based
on sourcereceptor relatiortsips caculated by the WRFEhem fullform chemical
transport modelising 2005 emissions and mermzlogy.15 For consistency in comparison
with CMAQ and GAMx we applied InMAPversion 1.4.with emissions and
meteorology consistent with eaehissionsscenario. The i€r 3 simulation used 2007
emissions and meteoroldghemistry/depositioand the other gmarios used 2011
emissions and meteorolaghemistry/deposition

Inputs to the model olude precursor emissions (i.BHs, SO, prPM.s[not speciateld
NOx, andVOCs) as well as 3D annual average meteorology, air quality, and deposition

*InMAP Intervention Model for Air Pollution. Retrieved from: http://spatialmodel.com/inmap/
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information.Emission inputs include annugtiddedsurface emissions and point sources
that include sickparameter infonation (e.g., stack heighthputs are fed into the model
as shapefiles and therefdrAP canbe applied witha range of geographic resolutions.
For this analysisye appliedhe same 12m grid used by the fulform models to ensure
maximumcompatibility. Gridded model predictionserelater aggregated for ogparison
to the other tools

The INMAP model generates air qualdiyrfaces related toehamissions input to the
modeling system. The tbpasses through population and health incidence dataaha
be used to estimate health impacts fmstlel simulatn. For this analysishe air quality
surfaces from the modelere used as input #enMAP-CE to ensure consistency across
toolsfor the realth impact analysis

Relative to other air quality reducéorm tools, InMAPrequired the most commtional
time to completeeach simulationAdditionally, generatingiew sourcaeceptor
relationships teeflect the 2007 and 20Tteteorology and air @lity required the
application ofa prognosticmeteorological and photochemical madel

23.4 EASI UR DI RECT

EASIURIs a webbased model that calculates thenetizechealthimpactsof emissions
changesn thecontiguousUS.16 The model consists ofiultiple sets ofBPT estimateghat
can be applied tannual orseasonal emissions changes for EC;, 8@k, and NH (20
sek = 4 speciex 5 seasons)The elemental caon BPT waghe only prPM s BPT
provided agart of the tool anevasused to estimate benefits associated with aRWipe
emission specgfor this analysisBPT estimates are available at both the 36 km
resolition and the countievel resolution. Benefits weestimatedvith EASIUR version
0.2atthe 36 km resolutioand therinterpolatedo countylevel. As with the APX BPT
values, the EASIUR BPT values are attributed toctinties withemissions change
rather than the&ountiesn which the mortality effects accrue.

EASI URG6G s B Pvierelmaset onmtatistiearegression analysis of tagged
simulations o2005National Emissions Inventory (NEI) emissions run through CAMXx
with PSAT.Becausé&ASIUR conssts of BPT valuethis reducedorm tool is most
comparable to th8A Directand APX Diret results.’

While theEASIUR BPT values werdevelopedising a slightly different VSL and
concentratiorresponse function, the authors provide equations that casebeto adjust
the standard BPT valuesrteflectconcentratiorresponse and VSinputsconsistent with
the other modeld-or this analysisye adjustedhe standar€ ASIUR BPT values to

10 EASIUR: Marginal social costs of emissions in the United States. Retrieved from:
https://barney.ce.cmu.edu/~jinhyok/easiur/ . We used version 0.2 for this analysis.

175 separate reduced-form tool dAir Pollution Social Cost Accounting (APSCA;
http s:// barney.ce.cmu.edu/~jinhyok/apsca/ ), was released after this study began that estimat es air quality related to

changes in emissions, but was not used as part of this analysis.
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reflect theKrewski et al., 2009 altause mortality function for @g30-99 and the8.7M
VSL estimate.

EPA developed aimple toolto matchthe BPT for eactprecursomland grid cell in the 36
km domain with the emissions change in each grid cell of that doftdigywas done to
efficiently estinate benefits for these cofeg emissions scenarios that impacted many
different grid cells.

Additional cetail on thecalculation ofEASIUR Directresults as well as hote apply the
BPT values can be found in Appendix A of this docunzest we | | amlinE AS|T URGE
User 0s Gsutii/ew.lg, resp

2 4 APPROACH EINMMACPEDERI VED RESULTS

TheSA Direct APX Direct, andEASIUR Directresultsall directly quantify the benefits
of each air quality policy scenaramd can be normalized per ton of emissidgesults for
the ful-form modelsas well as the APX BenMAP and InMARenMAP reducedform
tools were generated lising thetools/models to creawr quality surfacethat were
then runthrough BenMAPCE. This section provides additional detailtbea BenMAP
analyss.

BenMAP-CE wersionl1.5.0.4was used for all analysédle ran he baseline and control
PM s air quality surfaesfrom each model and scenario through the program to generate
the totalavoidedmortality-relatedbenefits estimated by each model. To run an analysis
in BenMAP-CE the user must select a population datdsateline incidence dataset,
concentratiorrespase function, and valuation function. For eaabdel run we relied

on datasetfom theUnited States Setupat is preloaded in BenMARFCE (Exhibit 2-

10). Weran eech BenMARCE analysis at the resolutionachingeachmodel's air

quality surface resolun (i.e., 1Zm for the fullform models and INMAP and county

level for APX).

i https://barney.ce.cmu.edu/~jinhyok/easiur/EASIUR _ -UsersGuide-200505 Jinhyok.pdf
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EXHI

B11T BRE N MACPE

PARARETEY

POLI CY

BENMARCE INPUT

2025 POLICIES: CPP PR®OSAL,
CEMENT KILNSREFINERIES, PULP
AND PAPER

2030 POLICY: TIER 3

Population”

Health Incidence?

Concentration-Response
Relationship®

Valuation®

tool.

tools.

County-level USCensus
population estimate for 2025

County-level death rates
projected to 2025

All-cause mortalit y, ages 30-99
(Krewski et al., 2009)

VSL based on 26 valueof-life
studies with an inflation
adjustment to $2015 and an
income growth adjustment to
2025. A 3%discount rate and a
20-year cessation lag was applied
to all estimated benefits.

AThese population and incidence datasets are also reflected in the SA Directand APX Direct
BPT values. The only model that does not reflect these inputs is the EASIUR Directeduced-form

B This is the same concentration -response function and VSL estimate used for all reduced -form

County-level USCensus
population estimate for 2030

County-level death rates
projected to 2030

All-cause mortality, ages 30-99
(Krewski et al., 2009)

VSL based on 26 valueof-life
studies with an inflation
adjustment to $2015 and an
income growth adjustment to
2026 (the latest value

provided in BenMARCE). A 3%
discount rate and a 20-year
cessation lag was applied to

all estimated benefits.

We derived pecursorspecific benefits by apportioning the total bendbitseach
scenario to eacBAM; s componenbased on its fractional contribution to the change in
oveall PMz s concentrations. For example, if the changsulfateconcentrations
accounted for 70% of the change in td&d. s concentrations, then 70% of the total
benefits would be attributed tolfate We summarizedotal benefits andll component
speific benefitsoutputat the countylevelinitially and aggregated as necesdary
comparison to other tools.

25 MODECOMPARI

SONS

We generatedaunty-level resuls for each fulform model andeducedform tooland
expressethesen terms of monetiz benefits of avoided premature mortality ($2015).
Resultswerecompared athe nationat andregioral-level for pPM; s (defined as the
results attributed to changesEC emissions only), Ngresults attributed to changes in
NOx emissions), S@(resultsattributed to changes in $@missions), an&M s (results
attributed to EC, N&@ and SG@emissionsas well as NEandVOC emissiors, where

applicable).

For compaisons ofPM. s at the national level, we useRM, s benefits that have been
scaledupto better represent the fraction P, s benefits that would be attributed to total
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prPM. s emissions (EC, crustal apdOC). We scaled the results loyultiplying the
prPMz s benefitperton based on EC only by the total amount of primary Pémissions
to generate an estimate of impacts for total primary PdmissionsModel comparison
at the nationalevel is limited toan overall comparison of total estimated basefind
ratios of total reducetbrm tool benefits to CMAQerivedbenefits.

At theregional-level, we compaedfull - and reducedorm tool results using a subset of
the statistical metrics defined Exhibit 2-11, which have been publish@deviouslyin

the peefreviewed literature (Boylan and Russel, 2006 and Simon et al., 2068).
studieshat have employed these metrics have used th@mmpare observed pollutant
concentrations ((Pto modeled results from futbrm air quality models (M, such as
CMAQ or CAMx. However, for this analysi§MAQ BenMAPresultstook the place of
observed putant concentrations and are compared to éiselts of the reduceidrm
tools.In this context, the relativeerformance ofeducedform took compares more
closey to the fullform modelwhenbias and error metrics approactzero andvhenthe
coefficient of determination approachene.

We focusedonthe following statistics for this analysis:
1 Total estimated benefits

Meanbias (MB)

1 Meanerror (ME)

=

1 Normalizedmean bias (NMB)
1 Normalizedmean error (NME)
1 Coefficient ofdeterminatior(r?)

This set ofstdisticsis both widely reported in the literawiands consistent with the
recommendations provided in Simon et al. (20t2yas necessary to examiseveral
metiicsto comprehensively characterize performancesdficedform toolsbecause the
resultsof differentstatisticsare not alwaysorrelated. For example, not all models with
low bias estimates have high coefficient of determinati§re@timates. Includip
multiple metricgprovideda fuller picture of modatdiifferences

Where this document ascertain bounds to differentiate me# closer to the predictions

made by photochemical grid models (e.qg., factanol), this document does not intend

thatdiffe enti ati on to be a threshold indicatir
indicator of modehcceptability for particular assessrgen
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BI1T. REFI NI TI ONS ORREMAMER METBILES 2( DA S| MON 2BT 2AL

Abbreviation Term Definition
MB Mean bias 1—
N}__{M,- - 0)
ME Mean error 1
NZ M; — 0;
NMB Normalized mean bias S (M; —0;)
100% =<
NME Normalized mean error 100% SOIM; — O;
2 2.0
Coefficient of determination i — -
( >N ((M; — M) x (0; — 0)) )
VY - Y0, - 0)°

We compared adel results at theegionlevel, where regional results are simply the sum

of county results within each séven NCA areas. As noted above, BPT estimates

allocate benefits to the counties where emissions changes occur rather than the counties
where airquality changes occuBy aggregating the results to the regional swede,
minimizedthedistinction between ermssions locations and receptor locationsseaby
emissions transport.

In addition to thesquantitativemetrics, ve alsoqualitativelycompaed the strengths and
weaknesses of eachducedform tool as well agthe amount of time and level of
expertise rquired to rurit.

0 https://www.epa.gov/cira . A table identifying which states are included in each NCA region is provided in  Appendix B.
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Chapter 3 | RESULTS

This chapter presents the resultst@fcomparisorbetweerreduceeform tool mortality
andvaluationestimatesand fullform modelmortality andvaluationestimatesFirst, for

each policy scenarioye compare the totaltionallevel PM; s benefits calculated by

each reducetbrm tool againstthe full -form benefits calculatedsing the combination of
CMAQ and BenMAPRCE. We also exaine these results B§M. s component. We then
present regiotevel results for a subset die statistics comdered in this analysis,

focusing on ¥ values, normalized mean bi@¢MB) and normalized mean err(MME)
results for totaPM s benefits. Findl, we present a qualitative comparison of the level of
effort needed to operate each rediifigm toolbasedn our experience conductitigs
analysis.

In discussing these results, we focus on distinctions that can be identifiedfaaross
primaryaxes

1. Ability to predict benefits from PM concentrations from all constituent
species/precsors versus indidiual component species/precursors.

2. How model typeaaffectsmodel performancé highlighting similarities and
differences between BPT reduekdm tools (.e., SA Direct EASIURDirect,
and APX Direc}t and air quality modébasededucedform toolprojected
concentration changesupled with BenMARi.e., APX BenMAP andnMAP
BenMAP);

3. How geographic scakgffectsmodelcomparison$ nationalversusregion and
4. How scenaridype affectsmodelcomparisons

A table of nationalevel results ér eachreducedform tool as well as all regional
statistics are provided in Appendix C.

31 COMPARI SON OEDREPM CTOOLS MATITOMENEL

31. 1 TOTALNBEI TS

The policies considered in this analysieduceawide range of benefits estimates,
reflectingboththe range in emissiom®ntrolscenarios underlying each poliagd the
number and location of affected faciliti@e benefits estimated for theéPP Proposal
were by far the largest among the policiesceasideredfollowed by Tier 3 andhe
industrial point source scenarid¢ationally aggregated monetized benefits were
compaedbetweerfull -form andreducedform took. Predictionsof total PM. s benefits
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vary substantiallyacross the policies considdréExhibit 31). For example, theris not a
consistent pattern in the redueidm tool results across policy scenarios (tlee,
relative size of the benefits estimated among the tools wamrsistent acrosthe
scenariok

However, someverallpatternsare clear Some reducedorm tools tend to consistently
underestimate CMAQ benefits, while others tend to overestinmgaldition almostall
reducedform toolsfail to reproduceghe CMAQPM. s-relatedbenefits estimated fdlier
3.

EXHI BH1T MBATI ONAVOI DED PREHMRTARBEWEFFR® WM REDUCTI ONS,
AS ESTI MATEDCBSA NRCE DRAFLOLRMOAQL S FOR E ACH CPEQNLAIRG YO
(BI'LLI ONS OF 2015%)

$40B 3.8K

$35B 3.3K

$30B 29K 5

(1}

o

°

>

<

$25B 2.4K =

+ z

L ]

$208 < 19k =

£

+ ]

©

14K @

. o & @ CMAQBenMAP
$10B 1.0K
$5B P 3 0.5K
B s
$0B v 0.0K
CPP Proposal Tier 3 CementKilns PulpandPaper Refineries

Presenting the same results as ratio€ AQ benefitsallows for a clarer depiction of
similarities and differences in performanacross reducedrm tools (Exhibit 32). First,
there is significant agreement betweentthe full-form modetderived benefits. All
CAMx-basedestimatesare withn 5% of the CMAQ estimatezgln addition, theoverall
predictionsmade by theseeducedform toolswereoften fairly similar, with a few
exceptions

20 . . .
Note that there are no CAMx full -form model results for the Tier 3 policy scenar io.
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First, INMAP BenMAP benefitstend to be further from CMAQ benefjielative to other
reduceeform tools. INMAP BenMAP results were betwe#h310% higher thn the
CMAQ BenMAP benefits In addition,AP3 Direct s
the mostwith relativebiasof the fulk-form benefitsanging from-10% Pulp and Papgr
to 430% (Tier 3)EASIUR Direct was the most consistémits performancecross
policies,underestimating b80-40%for all scenariogxceptTier 3. All other reduced

p e r fvariedaceossaicies
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form tools produced benefits that were typically withirdD@%6 of CMAQ benefits
(excluding estimates fdrier 3).

Exhibit 3-2 alsodemonstratethat mosibf thereducedform tools tenddto consistently
over or underestimate the CMAGQerived benefitsAP2 BenMAP, AP2 Direct, and
EASIUR Directall underestimate CMAQ®enefitsexcept for Tier 3while SA Direct
AP3 BenMAP, AP3 Direct, and INMABenMAP all overestimate CMAQ resultse
varying degreesThere is no apparent consistelifterence between theerformance of
BPT reducedorm tools andhe reducedorm air quality tmls coupled with BenMAP
i.e.,, one type of modeadoes notend to overor underestimate CMAQ benefits.

The APX models perform more similarly based on the versiah@imodel (AP2 versus
AP3) rather than the approach used to generate the benefits esfiDiedet versus
BenMAP). The AP2 results across all policy scenarioseararkably similar. Likewise,
the AP3 results across policy scenarios show a consistestrpatithough the AP3
Direct results tend to overestimate CMAQ benefits by a larger amount

Of all the models, AP3 BenMAP and APBrect estimates of health benefiare witlin
10% of CMAQ benefitsestimatedor more scenarios (3: CPP Proposal, CememtsKil
and Pulp and Paper) than any of the other reduced form &oBirect, AP2 BenMAP
and AP2 Direct eaclperform within 10% of CMAQ estimates for a single scemari

Showing the same comparison by policy scenaiadies it easier to compare how
reducedform tools performed for specific types of policies. Exhib& Bighlights how
each reducetbrm tool poorly replicatedCMAQ-based estimies for the Tier 3 policy.
The SA DirectandEASIUR Directreducedform toolsperformbestwith this scenarip
but evernthose models overestimate CMAQ benefits by 60% and 30%, respectively.

In general, the point source scenarios with-goyundlevel emissions showed much
better ageemenwith CMAQ-based estimatexrosseducedform tools The two

policies that resultenh the best alignment between CMAQ results and redtoed tool
results were the CPP Proposal and Pulp and Paper scenarios. For the CPP Proposal
scenario, the reded-form tools produced benefits within -BD% of CMAQ (except for
INMAP BenMAP, which overgtimates by 200%). This is particularly interesting given
that the CPP Proposal has the largest emissions change of any policy scenario considered
andit is the ony policy scenario that includes both emissionseasesas well as
emissiongeductions For Pulp and Papeall reducedform tools including INMAP
BenMAP, produced benefits within 280% of CMAQ benefits. This scenario ttag
second lowesatmount of enssions reductions relative to the other scenamwbalong

with the CPP Proposal, is onéthe two scenarios wheMOx and SQ emissions
reductions are relatively equal
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Separating totadPM, s benefits into the fraction contributed byPdi. s, sulfate and
nitrate dows us to examine how well each redudedn tool predicts these individual
componentgExhibit 3-4). It also reveals how much of the results for tBdh s are due
to potentially offsetting errors. Tools that perform similarly for individual precui@®rs
well as totalPM, s are more likely® havepredictableperformance for additional paly

scenarios.
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