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Executive Summary

This report presents new estimates of the social cost of carboi€(@Csocial cost of methane ($H),

and social cost of nitrous oxide (8ED), collectivelyeferred tol & §( KS &aia 220M I INBRY K 2 dza S
(SCGHG) Theseestimatesreflect recentadvances in thecientificliterature on climate changand its
economic impactsand incorporate recommendations made by the National Academies of Science,
Engineering, and Medicir{®ationalAcademie®017). The SEGHG allowanalysts to incorporate theet

social benefits of reducing emissions of greenhouse g&&d§) or thenet social costs of increasitgHG
emissions, itbenefit-costanalysis andwhen appropriate, in decisiemaking and other contexts. The-SC
GHGis the monetary value of the net harm to socidétgm emitting a metric ton of that GHGnto the
atmosphere in a given yedn principle, the SGHG is a comprehensive metric that inédadhe value of

all future climate change impactéboth negative and positive)including changes in net agricultural
productivity, human health effects, property damage from increased flood risk, changes in the frequency
and severityof natural disastersglisruption of energy systems, risk of conflict, environmental migration,
and the value of ecosystem servicd$ie SESHG, thereforealso reflects the societalnet benefit of
reducing emissions of th@HGby a metricton. The S&GHG ighe theoretically gpropriate value to use
when conducting benefitost analyses of policies that affect GHG emissitmsractice, data and
modeling limitations restrain the ability dBCGHGestimatesto include all physical, ecological, and
economic impacts of climate ahge,implicitly assigning a value of zero ttoe omitted climate damages.

The estimates argherefore, a partial accounting of climate change impacts and likely underestimate the
marginal benefits of abatement

Since 2008he EPA has used estimates of the@&EG in analyses of actiotigt affect GHG emissions.
The values used bthe EPAfrom 2009 to 2a6, and since 202lhave been consistent with those
developed and recommended by theteragency Working Group on the -8EIG (IWG]and the values
used from 20172020 were consistent with thosequired by Kecutive OrderE.O) 13783. During that
time, the National Academies conducted a comprehensive review o8@@Q and issued a final report
in 2017 recommenithg specific criteria for future updates to the &0 estimates, a modeling framework
to satisfy the specified criteria, and both ngarm updates and longeterm research needs pertaining
to various components of the estimation process. The IWG was reconstituted ina2@2H.O. 13990
directed it to develgp a comprehensive update of its 8EG estimates, recommendations regarding
areas of decisioimaking to which SGHG should be applied, and a standardized review and updating
process to ensure that the recommended estimates continue to be based on thavastble economics
and science going forward.

The9t! A& | YSYOSNI 2F (GKS L2 Dworkyhder EAGi 13090. Nihife @hatL G A y -
process continues, this EPA report presents a set 669G estimates that incorporaenumerous
methodologcal updateghat address the neaterm recommendations of the National Academies. The

report takes a modular approaciihemethodology underlying each of the four components, or modules,

of the SGGHG estimation procegssocioeconomics and emissions, @i, damages, and discounting

is developedby drawing on the latest research and expertise from the scientific disciplines relevant to

that component. The socioeconomic and emissions module relies on a new set of probabilistic projections

for population,income, and GHG emissions developed under the Resources for the fREfFSocial

Cost of Carbon Initiative (Rennert et al. 28R he climate module relies on the Finite Amplitude Impulse



Response (FalR) mod@illar et al. 2017; Smith et al. 201BRC2021b), a widely used Earth system
model recommended by the National Academiggjich captures the relationships betweenGHG
emissions, atmospheri@HGconcentrations, and global mean surface temperature. The socioeconomic
projections and outputs of th climate modulereinputsinto the damage module to estimate monetized
future damages frontlimate change. Based on a review of available studies and approaches to damage
function estimation, the report uses three separate damage functions to form theage module. They

are:

1. a subnationakcale, sectoral damage functiobpaged on theDatadriven SpatiaClimate Impact
Model (DSCIM) developed by the Climate Impact IGlh @03, Carleton et al. 2022, Rode et al.
2021),

2. a mountry-scale, sectoralamage functionl{ased on the Greenhouse Gas Impact Value Estimator

ODL+90 Y2RStf RS@St 2LISR dzy RS NRen@Cea. 22H@ndr f / 2 &

3. ametaanalysishaseddamage functiontfased orHoward and Sterner (201)7)

The discountig module discounts the stream of futunet climate damages back to the year of emissions
using aset of dynamicdiscount ratesthat have been calibratedollowing the Newell et al. (2022)
approachas applied in Rennert et al. (20220220. This approah uses the Ramsey (1928) discounting
formula in which e parameters are calibrated such thét) the decline in the certaintgquivalent
discount ratematches the latest empirical evidence on interestie uncertainty estimated by Bauer and
Rudebusch (280, 2023 and(2) the average of the certaintgquivalent discount rate over the first decade
matches a neaterm consumption rate of interestncertaintyin the startingrate is addressed by using
three nearterm targetrates(1.5% 2.0 and 2.89 based on multiple lines of evidence on observedl
market interest rates. This approach results iflynamicdiscount ratepaths and is consistent with the
National Academies (2017) recommendation to use three sets of Ramsey parameters that reflect a range
of nearterm certainty-equivalentdiscount ratesand areconsistent withtheory andempirical evidence
on consumption rate uncertaintykinally the value ofaversion torisk associated withet damages from
GHG emissions is explicitly incorporated ifte modelingramework following theeconomic literature

Taken together the methodologies adopted in this repodilow for a more holistidreatment of
uncertainty than in past estimates by the ERAe updates incorporata quantitative consideration of
uncertainty into all modules and asa Monte Carlo approachhat capturesthe compounding
uncertainties acrossodules The estimation process generateisie separatedistributionsof discounted
marginal damages per metric tanthe product of usingthree damage modules anthree nearterm
target discount rates; for each gasn eachemissions yearThese distributiondave long right tails
reflecting the extensive evidence in the scientific and economic literatuag #hows thepotential for
lower-probability but higherimpact outcomes from climate change, which would be particularly harmful
to society The uncertaintygrows over the modeled time horizon. Therefore, under cases with a lower
nearterm target discount rate that give relatively more wight to impacts in the future the distribution

of resultsis wider. To produce aange ofestimates that reflects the uncertainty in the estimation exercise
while also providing a manageable number of estimaties policy analysisthis report combinesthe
multiple lines of evidence on damage modules by averaging the results across the three damage module
specifications. Tabl&S.1summarizeghe averagedcertainty-equivalent SEGHG estimates that can be
used to value GHG emissions changdsemefit-costanalysisThe table presentthe SCCQ, SGCH, and
SCN0 estimatesinder each neaterm discount ratgfor emissions years 2028rough 2080.

lj



Themethodological updatesmplemented in this reportepresent a mgr stepforward in bringingSCG
GHG estimates closer to the frontier of climate science and economicadaitdssnearterm updating
recommendationdromi KS bl GA 2yl f INOverRée¥sihd SQBHR astimatas présented
in this report still have several limitations, as would be expected for any modeling exercise that covers
such a broad scope of scientific and economic issues across a complex global landscapeeBhi#re
many categories of climate impactnd associated daagesthat are only partiallyy or not at all
reflected in these estimatesnd sources of uncertainty that have not been fully characterizezito data
and modeling limitationsFor examplethe modeling inthis reportomits most ofthe consequences of
changes in precimtion, damages from extreme weather eventhge potential for nongradual damages
from passing critical thresholdg.g., tipping elementsi natural or socioeconomic systeneand non-
climate mediated effects of GHG emissiarther than CQfertilization (e.g., ocean acidification due to
CQ emissions, tropospheric ozone formation due to.@hhissions)Importantly, this update does not
yet reflectinteraction effects and feedback effects withjrand acrosspaturaland human systemsg:or
example, i does notexplicitly reflect potential interactions among damage categormsch as those
stemming from the interdependencies of energy, water, and lasel Thesenteradions and feedbacks
and others,were highlightedby the National Acasinies as an important area dé@iture researchfor
longerterm enhancements in th8€ GGHGestimation framework.

Givenboth the methodologicakhoices and thenodelng limitations, primarly the numerous categories

of damages thaare currently unrepresented the resulting SGHG estimategresented in this report
likely underestimate the marginal damages froBHG pollution. The EPA will continue to review
developments in the literature, aluding more robust methodologies for estimating the magnitude of the
various direct and indirect damages from GHG emissions, and look for opportunities to further improve
SCGHG estimation going forward

To ensure that the methodological updatadopted in this report are consistent with economic theory
and reflect the latest science, the EPA initiatedexternalpeer review panel to conduct a higjuality
technical review, completed in May 2023. The peer reviewers commended the agency oritgdeant

of this update, calling ia muchneeded improvement in estimating the &G and a significant step
towards addressing the National Academisscommerdationswith defensible modeling choices based
on current sciene. The peer reviewers providednumerous recommendations for refiningthe
presentationand for future modeling improvementgspecially with respect to climate change impacts
and associated damages that aret currently included irthe analysisAdditional discussion of omitted
impacts and other updates have been incorporated to addrepser reviewer recommendations
Complete mformation about theexternalpeer review, including the peer reviewer selection process, the
final report with individual recommendations from peer reviewerandii KS 9t ! Q& edkBa LRy a S
recommendation is available athttps://www.epa.gov/environmentaleconomics/scghdsd-peer
review!

11n addition, theEPA solicited public comment on thee of the updated SGHGestimatesand the external review
draft of this reportin the docket fold t !D@c@mber nH H  { dzLJLIX SYSy Gl f b20A0S 27F t NBLJR
of Performance for New, Reconstructed, and Modified Sources and Emissions Guidelines for &istiag: Oil



Table ES.Estimates of the Social Cost of Greenhouse G&&SKIG, 20202080(2020 dollars)

SCGHG and Neaerm RamseDiscount Rate

SCCQ SCCH, SCNO
(2020 dollars per metric ton of @O (2020 dollars per metric ton of QH (2020 dollars per metric ton of,N)
Emission Nearterm rate Nearterm rate Nearterm rate

Year 2.5% 2.0% 1.5% 2.5% 2.0% 1.5% 2.5% 2.0% 1.5%
2020 120 190 340 1,300 1,600 2,300 35,000 54,000 87,000
2030 140 230 380 1,900 2,400 3,200 45,000 66,000 100,000
2040 170 270 430 2,700 3,300 4,200 55,000 79,000 120,000
2050 200 310 480 3,500 4,200 5,300 66,000 93,000 140,000
2060 230 350 530 4,300 5,100 6,300 76,000 110,000 150,000
2070 260 380 570 5,000 5,900 7,200 85,000 120,000 170,000
2080 280 410 600 5,800 6,800 8,200 95,000 130,000 180,000

Values of SCQ, SEGCH, and SE\;O are rounded to two significant figures. The annual unrounded estimates are available in
AppendixA.5and at:https://www.epa.gov/environmentakconomics/scghg

and Natural Gas Sector Climate Revigwt f (G KS Lzt A0 O02YYSyida yR 9t! Q&
in the rule docket: https://www.regulations.gov/docket/PAHQOAR2021-0317.


https://www.regulations.gov/docket/EPA-HQ-OAR-2021-0317

1 Background

A robust and scientifically founded assessment of the positive and negative impacts that an action can be
expected to have on society facilitates evide#ii@sed policy makingsstimates of the social cost of
carbon (S€CQ), social cost of methane ($F4), and social cost of nitrous oxide (ND) allow analysts

to incorporate thenet social benefits of reducing emissions of each of these greenhouse gasesnet the
social costs of increasing such emissionshdnefit-cost analysis, and when appropriat@ decision
making and other contextsCollectively, these values areferredto & (G KS aa2O0Alf 0O24ai
3 & S aGHG)dn{this document. The-SEIG is the monetamalue of thefuture stream ofetdamages
associated with adding one ton of that GHG to the atmosphere in a given year. -Bid&Cherefore,
alsoreflects the societahet benefitof reducing emissions of the gas by one tdhe ®cial benefitsof
abatementare anaggregated measuref the affeded A y R A @ Wilkndzieds do(pay to avoithose
damagesThe SE5HG ishe marginakocialbenefit of GHG abatemeiindis, therefore, the theoretically
appropriate value to use when conducting benefitst analyses of policies that affect GHG emissions

The marginal social cost will differ by the type ®HG(such asCQ, CH, andNO)* and by the year in

which the emissions change occurs.

In principle, the SGHGis acomprehensivanetric thatincludes the value of all climate change impacts
(both negative and positive), including (but not limited to) changes in net agricultural productivity, human
health effects, property damage from increased flood ,riskanges in the frequency and severitly
natural disasters, disruption of energy systemisk of conflict, environmental migration, and the value of
ecosystem servicesln practice, because of data and modeling limitationghich prevent full
representation of harmful climate impacts, estimates of the@4G-including the updated values
presented in this reportare a partial accounting of climate change impacts and, as such, lead to
underestimates of the marginal benefits of abatement

2Note, for example, that EPA has recommendedafsS$GGHG estimates in environmental impact statements under
NEPA when appropriate. Seeg., Letter from EPA to USPS, on the Final EnvironmergattrStatement for Next
Generation Delivery Vehicle Acquisitions, Feb. 2, 2022.
3 These estimates of social damages should not be confused with the estimated costs of attaining a predetermined
emissions or warming limit. Specifically, there is anotherratraf research that investigates the costs of setting a
specific climate target (e.g., capping emissions or temperature increases to a certain level). The expected marginal
cost of GHG abatement associated with meeting a specific climate target can e insefaluating policy cost
effectiveness but is not an alternative way to value damages from GHG emissions in-bestedibalysis. For more
on how these concepts (e.g., a predetermined targased approach and a damage {8EG) based approach) can
be used when designing climate policy and in policy evaluation, see, for example, Hansel et al. (202@}; Stern
(2022); Aldy et al. (2021); and Gundlach and Livermore (2022).
4 SGGHG estimates are gas specific because metric ton ofCQ, CH, NeO, orother GH iffer in the temporal
pathway of their impact on societyhrough both climate mediated effects of emissions (temperature, sea level rise,
etc.) and norclimate mediated effects of emissions (e.g., carbon fertilization effects and oceancatidifidue to
CQ emissions, tropospheric ozone formation due tos@hhissions)SeeMarten and Newbold2012), Waldhoff et
al. (2014), and IWG (2016b) for more discussion.
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1.1 Overviewof SGGHG Estimates Used in EPA AnalytseBate

The academic literaturéas published gtimates of the social cost of carbon and otl&HGsince at least

the early 1990sAs early as 2002 researchers began conduegrgewsthat combined lines of evidence
across early SCQ estimates(Clarkson and Deyes 200Zhe EPAbeganregularlyincorporathg SECQ
estimates in regulatorympactanaly®s following a2008court ruling in which an agency was ordered to
consider the SCQ in the rulemaking processSpecifically, e U.S. Ninth Circuit Court of Appeals
remanded a fuel economy rule the Department of Transportatiofor failing toconsider the value of
reducingCQ emissionswvhen determining the appropriate level of the fuel economy standatdting

0KIF G & adedrd sBowsitKaSthere is a range of values, the value of carbon emissions reduction is
certainly not zer@*¢The SECQ estimates initiallypresented inEPAanalysesn 2008 and early 2008ere
derived fromthe academic literaturé

Beginning in Se@Y0 SNJ HnndE 9t! Q& NBIdzA I €S Ndimatesythdt iete | y' I £ &
developed through a U.S. Governmémiieragencyworking group (IWG&)rocess The IWG was launched

in early 2009 under the leadership of the Office of Management and BudgetBpahd the Council of
Economic Advisers (CE#),ensure thatFederalagencies had access to the best availabfermation

when quantifying the benefits of reducin@Q emissions irbenefitcost analyses The IWG included
technical experts fronthe EPA and other federal agencidhelWG first developed an interim set of -SC

CQ estimatesbased on an average of estimates publishethepeer revewedacademic literatur€. The
EPAchose touse tese interim estimates inmultiple regulatory impact analyses and sougtblic
comments to inform theestimates for future usé.In 201Q the IWGpublisheda Technical Support
Document (8D with a set of fourupdated SCCQ estimatesrecommendedor use in regulatory analyses

in addition toguidance on using the estimates (IWG 2010). Three of these values were based on the
average SC€Q from three widely citedintegrated assessment models (IAMB)the peerreviewed
literature ¢ DICE, PAGE, andND ¢ at constantdiscount rates of 2%, 3% and 34 The fourth value

5 Ctr. for Biological Diversity v. Nat'l Highway Traffic Safety Ad&s&8F.3d 1172, 1200 (9th Cir. 2008).

6 C2NJ Y2NB Ay T Zrakhhical ASEppdtt DécBn®nt an Benefits of Reducing GHG Emissions
(https://iwww.regulations.gov/document/EPAQOAR2008-03180078) = LINB LI NBR F2NJ 9t ! Qa Wdz
Notice of Proposed Rulemaking for Regulating Greenhouse Gas Emissions Under the Clean AIER&D and a | &

2009 Regulatory Impact Analysis for fRenewable Fuel Stdard Program (RFBProposed RuléEPA 2008)

" The IWG used a metnalysis of SCQ estimates (Tol 2008) as the starting point for the development of the

interim estimates recommended in 2009. With that starting point, the IWG filtered the existi@fB{Stimates in

the metaanalysis by using those that (1) were derived from pesitewed studies; (2) did not weight the monetized
RFEYF3Sa G2 2yS O2dzy iNE Y2NB G(KIy (K2a$8S Ay 20G§KSNI O2dzy i NX
climate scenario; and (4) were based on the most recent published version of each of the three major integrated
assessment models (IAMs): FUND, PAGE, and DICE. See EPA and DOT (2009) for more discussion of how the filtered
estimates were combined to form a sef five recommended interim values.

8{ 8§83 F2NJ SEI YLloidtSepemHer 200¢ Rropbsed: Ruemaking to Establish -Digtyt Vehicle

Greenhouse Gas Emission Standards and Corporate Average Fuel Economy Standards (EPA and DOT 2009).

® TheDICE (Dynamic Integrated Climate and Economy) model by William Nordhaus evolved from a series of energy
models and was first presented in 1990 (Nordhaus and Boyer 2000, Nordhaus 2008). The PAGE (Policy Analysis of

the Greenhouse Effect) model was developad Chris Hope in 1991 for use by European decisiakers in
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was included to representhe potential for lowerprobability, highefimpact outcomes from climate

change that would be particularly harmful to society and thus relevant to the mubhd policymakers.

For this purpose, iselectedthe SGCQ value for the 9% percentile at a 3odiscount rate Absent formal

inclusion of risk aversion in the modeling, considering values above the mean in a right skewed
distribution with long tailsacgk2 6t SR3ISa ad420ASGe&Qa LINBFSNBYyOS F2NJ |

TheEPAchose toupdate the set of SCQ estimates used in regulatory analyses following a May 2013
update of the IWG SCQ estimates(IWG 2013)The 2013WG SECQ updateincorporated new versions

of the IAMs used in the peeeviewed literaturebut did not revisit other IWG modeling decisions (i.e.,
the discount rates or harmonized inputs for socioeconomic and emission scenarios and equilibrium
climate sensitivity). Improvements ingtway damages are modeled were confined to those that had been
incorporated into the latest versions of the models by the developers themselves in thegaewed
literature 1°

In June 2015he EPA began usirgstimates of SCCH and SEN,O from Marten et al. (2015)whichwere
consistent with the methodology underlying the2 D Q& S & G ASECQieStitnate® FheNiaked et

al. estimates werefirst applied in sensitivity analyss in regulatory impact analysesf proposed
rulemakings with CHand NO emission impact8.Following the completion of an external peer review

of the application of these estimates to federal regulatory analysis, the estimates were used in the main
analysis of other proposed rulemakimwith Cllemissions impacts (EPA 2@1201%).12In August 2016,

the Marten et al. SGCH and SA\;O estimatesvere adopted by the W&y |y | RRSyYy Rdzy (2
TSD(IWG 2016a, 2016Bf The IWG recommended these estimates as a method for improviag th
analyses of regulatory actions that are projected to influenced€MNO emissions in a manner consistent

with how CQemission changesere beingvalued.

Over the course of developing and updating the@@G estimatethat have beerused in EPA analyse
there were exensive opportunities for public input ahe estimates and underlying methodologidhere

assessing the marginal impact of carbon emissions (Hope 2006, Hope 2008). The FUND (Climate Framework for
Uncertainty, Negotiation, and Distribution) model, developed by Richard Tol in thel®®0s, was originally used
to study international capital transfers in climate policy and was subsequently widely used to study climate impacts
(e.g., Tol 2002a, Tol 2002b, Anthoff et al. 2009, Tol 2009).
0 The IWG subsequently provided additional minechnical revisions in November of 2013 and July of 2015, as
explained in Appendix B of the 2016 TBNG 2016a)
11 The SE€H and SE@\0 estimates were first used in sensitivity analysis for Breposed Rulemaking for
Greenhouse Gas Emissions and Fudi&iffiity Standards for Mediunand HeavyDuty Engines and Vehict#hase
2 (EPA and DOT 2015).
12 For a discussion of public comments received on the valuation of0@1GHG impacts in general and the use of
the Marten et al. (2015) estimates, see, e.g AEP012a, 2012b, 2016a, 2016b), EPA and DOT (2016).
B 1n 2021, the EPA developed analogous estimates of the social cost of hydrofluorocarbétsQ§CGhat are
consistent with the methodology underlying the-8Q@, SGCH, and SA\;0 estimates. See, f&§E YLI ST 9t ! Q&
Regulatory Impact Analysis for Phasing Down Production and Consumption of Hydrofluorocarbons (HFCs) for more
information (EPA 2021afimilarly, Tan et al. (202%yovidesa thorough documentation othe estimation as
developed in EP&021a)in addition to presentingstimates of the SEIFCaising arupdatedversion of theGIVE
framework.
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was a piblic comment procesassociated with each proposdfPArulemaking that used the estimates
and OMB initiated a separate comment process on the IWG TSD in 2oh3nenters offered a wide
range of perspectives on all aspectstioé process, methodology, and final estimatesd submitted
diverse suggestions for improvementbhe U.SGovernment Accontability Office (A0 reviewed the
development of thdWGSCQO; estimates anatoncludedthat the IWG processes and methods reflected
three principlesconsensusbased decision makingelianceon existing academic literature and models
and disclosure adimitations and incorporabn of new information(GAO 2014).

In 2015, as part of the IWf@sponse tahe public comments received ime 2013 solicitationthe IWG

announced aNational Academieseview of the IWG estimates (IWG 201Specifically, the I\8 asked

the National Academiet® conduct a multidiscipline two-phaseassessmenbf the IWG estimates and

offer adviceon approachingfuture updates to ensure that the estimates continue to reflect the best
available science and methodologieBhe Natioh t ! OF RSYASaQ AYyUSNRAY o6t KI &
Academies 2016agcommended against a netgrm update of the SC€CQ estimates within the existing

modeling frameworkFor future revisions, th&lational Academiesecommended a broader update of

the climate system module consistent with the most recent, best available sciandeofered
recommendations for how to enhance the discussion and presentation of uncertainty in HxSC

estimates In addition to publising estimates of SCH and S@\:h = { K S2016 2TSMr&@vision

responcéd to the National! OF RSYASAQ t K &S m NB L2 M presdat@iano¥ Sy R { A
uncertainty.The revisions includedin expanded presentation of the &HGestimates that higlights a

symmetric range of uncertainty around estimates for each discount ra¢e/ sections that provide a

unified discussion of the methodology used to incorporate sources of uncertaidstailed explanation

of the uncertain parameters ithe FUND ad PAGEnodels;and makinghe full set of S€Q estimates

easily accessibletothe pubficy ha. Qa 6So0aAiAdiSo

In January 2017, thhationalAcademies released their final repo¥taluing Climate Damages: Updating
Estimation of the Social Cost of Carborxidi@and recommended specific criteria for future updates to

the SEGCQ estimates, a modeling framework to satisfy the specified criteria, and bothteear updates

and longerterm research needs pertaining to various components of the estimation prdtegional

Academies 2017). RS&AONALIGA2Y 2F GKS bl GA2y I fterm updatBsSsy A S&a Q
provided in Sectiori.2 below. Shortlythereafter, n March 2017 President Trump issued E.03783,

which called for the rescission and review of several climel&ted Presidential and regulatory actions

as well as for a review of the &HG estimates used for regulatory impact aredyBuither, E.O. 13783

disbanded the IWG, withdrew the previous TSDs, dinected agencies tdensuré€ SCGHG estimates

used in regulatory analyséare consistent with the guidance contained in OMB Circuldé>A & A y Of dzRA Y
with respect to the consideration adomestic versus international impacts and the consideration of
FLILINBLINRF GS RA&AO2dzy i NI Th8EPL benhfiebsthanalyses fplloviing £.8.0G A 2 v
13783 used SGHGestimatesthat attempted to focus on the specific share m@fysicalclimate change

impacts occurringn the U.Sascapturedby then-available models (which did not reflect many pathways

by which climate impacts affect the welfare of U.S. citizens and residemisyvere calculated using two

default discount rates recommendeldy OMB Circular -4 (2003) 3% and P2 ¢ KS 9t ! Qa NXB 3 dz
analyses under E.O. 13783 included sensitivity analyses based on glaildzS¢lues and using a lower



discount rate of 2.5%' All other methodological decisions and model versions used HGISG
calculations under E.O. 13783 remainéhe same as those used by the IWG in 2010 and 2013,
respectively

On January 20, 2021, President Biden isda£0113990which re-establishedan IWG and directedhe
group to developan update of theSCGHG estimateshat reflect the best available saiee and the
recommendations of the National Academies (201R).February 2021, the IW&commended the
interim use of themost recentSCGHGestimates developed by the IWG prior to the group being
disbanded in 201,7adjusted for inflation(IWG 2021) As dscussed in the February 2021 TSD, the IWG
concluded that these interim estimates reflected the immediate need to hav83G estimates available

for agencies to use in regulatory benefibst analyses and other applications that were developed using

a transparent process, peer reviewed methodologies, and the science available at the time of that process.
The February 2021 update alsecognized the limitations of the interim estimates amdcouraged
agencies to use their best judgment in, for example, considering sensitivity analyses using lower discount
rates.The IWG published a Federal Register notice on May 7, 80Rditing comment on the February

2021 TSndon how best to incorpate the latest peereviewed scientific literature in order to develop

an updated set of SGHG estimatesThe9 t ! | LILJX A SR { K-GHGLestim&es in Analfs8sNA Y {
publishedfollowingthe release of the February 2021 TSD (see, ERA (2024, 20219).

¥OMB Circular 4 (2003) recognizes that special considerations arise when applying discount rates if
intergenerational effects are important. Ingh L 2 D ORespensemgpCommentdMB as a cechair of the IWG@
YIRS Ot SIN GKIFAa&adalANAZAYN R2 OdzY%Ssyndtcénsidéréd: approgriat& Br dza S 2
AYGSNHSYSNI GA2ylf RA&AO2dzy Ay I ¢ |y R adadémidilitedataré, & NS A& ¢
recognized in Circular-d A G1aSf ¥dé ha.> & LINIL 2F (G4KS L2DX &aAYAf I NI
(/1 SadAayYriSa Ay wNBIdz I i§2NBE AYLI OG FylfeaSaéheha | LILIN
discussion on both issuds. 2023, OMB revised CirculadAafter the publication of the draft version of this report.
Circular A4 (2023) likewise recognizes that special considerations arise when applying discount rates
intergenerationally includngthat uncertainty in the future path of the discount raseiggest a focus on lower rates

9



To ensure that the methodological updates adopted in tkigort are consistent with economic theory

and reflect the latest science, the EPA initiated an external peer review panel to conductgualf

technical review, completed in May 2023 elfeer reviewers commended the agency on its development

of this update, calling it a mueteeded improvement in estimating the 8HG and a significant step

G261 NRa | RRNBaaAy3d GKS bliAaz2ylf 1 OFRSYASaQ NBO2YY
on current sciencé> The peer reviewers provided numerous recommendations for refining the
presentation and for future modeling improvements, especially with respect to climate change impacts
feedbacksand associated damages that aret currently inclded inthe analysis. Additional discussion

of omitted impacts and other updates have been incorporated to address peer reviewer
recommendations. Complete information about the external peer review, including the peer reviewer
selection process, the finagport with individual recommendations from peer revievieEZ | YR G KS 9t
response to each recommendation is available ahttps://www.epa.gov/environmental
economics/scghgsd-peerreview.'®

15 Examples of supportive statements from each of the seven peer reviewers included:
w ¢ KS mf8ekaatdldihuge advance in estimating the US Social Cost of Carbon (SCC). The estimates reported
have successfully incorporated all of the skiertm recommadations of the National Research Council (NRC)
Committee on Valuing Climate Damages, and some of the ldagarrecommendations. The report represents the
state-of-the-art in executing the four steps of SCC calculation: (1) calculating probabilithudistis over future
paths of population, GDP and emissions; (2) translating future emissions into future climate impacts; (3) estimating
net damages associated with changes in climate; (4) discounting future damages to the ¢présent
w The approach taketo generate SGHG estimates is walksigned and executed and the document is-wetken
and easy to follow, although missing key details (as | describe below in my detailed cordngents)
weKS dzLIRIFGSXA& | AA3IYATFAOL yil Adadediesd rdp@tdn 28IR and coRtiRKG tba A y 3 (
improve the ability to assess the impact on the United States
wThe documentprovides the basis for both an improved estimate to be used in rulemaking in the near term, as well
as providing the core foundati for continuing refinements and improvements in the fukifiehe overall structure
of the report is clear and the development of the modular approach as recommended by NASEM is well articulated.
By establishing a modular platform, the Agency is well fwost] to both improve the current set of estimates and
allow for updates over time as the scientific and economic basis for the estimates evolve anddmiprove
w¢t&KS R20dzYSyidXxXaasz & FIEIN Fd GKA&a NBI RSNenQitediturdR Ae OS Ny = I
presentation is exceptionally clear and would be accessible to a knowledgeabdxpenh working in the climate
L2t AOE R2YFAYy® ¢KS R2O0dzYSy i QéonsDangddEodeiohitsd ahdlydig NE a2 dzy R 4 A
w It éhould be oted that severalpublic] 02 YYSy (ia 6SNBE OSNE O2YLIX AYSYydl NB F2NJ
concurg EPA is advancing our state of knowledge. There are specific suggestions for improvements | will discuss in
more detail below, but | believe the proposetkris an important step forwarb €
w ¢ KS re@dsihiNd reakstep change in the formal calculation of the U.S. Social Cost of Cafbo2) 30t
least because of its explicit calculation of the Social Cost of Methar@H&Cand Nitrous OxidSEN20). It is
generally welwritten, technically sound, responsive to a host of comments and inputs (e.g., National Academy of
Sciences 2017; Carleton and Greenstone 2021; Wagner et al. 2021) since the prior updates under the Obama
administratioriXand gererally represents well the emerging consensus in the literature (e.g., Moore et alhp2023)
161n addition, theEPA solicited public comment on thse of the updated SGHG estimateand the external review
draft of this reportin the docket fod t !'D@c@mber nH H { dzLJLIX SYSy Gl f b20A0S 27F t NBLJR
of Performance for New, Reconstructed, and Modified Sources and Emissions Guidelines for Existing Sources: Oil
and Natural Gas Sector Climate RevisMithepud A O O2YYSyida FyR 9t! Qad NBalLkRyaSa
in the rule docket: https://www.regulations.gov/docket/EPAIQOAR2021-0317.
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1.2 Recommendationsfrom the National Academies of Sciences, Engrg, and
Medicine

As previously mentioned,ni 2015, the IWG requested that the National Academies review and
recommend potential approaches for improving its@&Q estimation methodology. In response, the

National Academies convened a multidisciplin@mgmmittee, called the Committee on Assessing

I LILINR F OKS& G2 !'LRFGAY3I GKS {20AFt /2ad 2F [/ FNb2yd
to SCCQ estimation, the committee reviewed its choices of IAMs and damage functions, climate science
assumptions, future baseline socioeconomic and emission projections, presentation of uncertainty, and
discount rates.

In its final report (National Academies 20Q1the National Academies committee recommended that the
IWG pursue an integrated modular approach to the key components - @G €stimation to allow for
independent updating and review and to draw more readily on expertise from the wide range offgrienti
disciplines relevant to SCQ estimation. Under this approach, each step in-@g estimation is
developed as a modutesocioeconomic projections, climate science, economic damages, and
discounting that reflects the state of scientific knowledge in th@rrent peerreviewed literature. In the
longer term, it recommended that the IWG communicate research needs and priorities to its member
agencies to stimulate research on waysingprove accounting ointeractions and feedbacks between
these componentsln addition, the committee noted that, while the IWG harmonized key inputs across
three IAMs, shifting to the use of a single climate module in the netaren (2-3 years) and eventually
transitioning to a single framework for all modules will enhance gp@mency, improve consistency with

the underlying science, and allow for more explicit representation of uncertainty. It recommended these
three criteria also be used to judge the value of other updates to the methodology. It also recommended
that the IWGupdate SECQ estimates at regular intervals, suggesting a-frear cycle.

Regarding the key components of the SQ, the committee recommended the following improvements

Socioeconomic and emissions projectioridse accepted statistical methods andcil expert
judgment to project probability distributions of future annual growth rates of-papitagross
domestic product GDP and population, bearing in mind the potential correlation between
economic and population projections. Use expert elicitatignided by information on historical
trends and emissions consistent with different climate outcomes, to project emissions for each
forcing agent of interest, conditional on population and income scenarios. Additional
recommendations were offered pertaimg to the time horizon,inclusion offuture policies,
disaggregationof scenarios and feedbackgrom the damage module to the socioeconomic
module.

Climate scienceAdopt or develop a simple Earth system model (such as the Finite Amplitude
Impulse Respase (FalR) model) to capture the relationships betweepafitdssions, atmospheric

CQ concentrations, and global mean surface temperature change over time while accounting for
non-CQ forcing and allowing for the evaluation of uncertainty. Adopt or develgea level rise
component in the climate module that: (1) accounts for uncertainty in the translation of global
mean temperature to global mean sea level rise and (2) is consistent with sea level rise projections
available in the literature for similar foing and temperature pathways. The committee also
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noted the importance of generating spatially and temporally disaggregated climate information
as inputs into damage estimation. It recommended the use of linear pattern scaling (which
estimates linear retkionships between global mean temperature and local climate variables) to
achieve this goal in the neserm.

Economic damagedmprove and update existing formulations of individual sectoral damage
functionsasfeasible; characterize damage function cadifions quantitatively and transparently;
presenta summary of disaggregatémcremental and totaljlamage projectionand discuss how
they scale with temperature, income, and population; and recognize any correlations between
formulations when multiple dmage functions are used.

Discounting:Account for the relationship between economic growth and discounting; explicitly
recognize uncertainty surrounding discount rates over long time horizons using a Rémsey
approach; select parameters to implementighapproach that are consistent with theory and
evidence to produce certaintgquivalent discount rates consistent with nearm consumption

rates of interest; use three sets of Ramsey parameters to generate a low, central, and high
certainty-equivalent rearterm discount rate, and three means and ranges oC&Eestimates;
discuss how the SCQ estimates should be combined with other cost and benefit estimates that
may use different discount rates in regulatory analysis.

Additional details on the Natidnf ! O R S¥einSrécemmygngdtiowd are provided in Secti@n
0St26d ¢KS blraGAz2ylt | OF RSYA-Bin@cominghtlationsNiBriaiginglio | f & 2
each module and identified research priorities for addressing these recommendations.

In focusing on the four categories above, the National Academiesgdsdfius topics for future research.
For example, the report pointed to future research that might enable more robust methods of capturing
the benefits of reducing climate riskgvhile the National Academie®port did not explicitly address
methods to acount for the disproportionate climate damages that may accrue to lewweome
individuals in SGHG estimates, itid outline ways to present evidence on the possible distributional
effects of climate change. The National Academies point to the importafigeresenting spatially
disaggregated results that could, in turn, enable methods that would better identify vulnerable
populations and those most at risk. Additional discussion of these dimensions can be found in&&ction
of thisreport.

1.3 Accounting for Global Damages

Benefitcost analyses of U.S. Federal regulatioargetraditionally focugd on the benefits and costs that

accrue to individuals that reside withthe O 2 dzy’ i NB Qa vy | (akdethat atcrué 1 cayulRtedNA S &
industries, rgardless of the nationality of the owners of affected physical asé@tsis approach reflects

the fact that for most regulations, those are the two groups primarily affected. It does not reflect any

other scientific, legal, or other rational€hedefaut recommendationilh a . Qa /[ A QQBI)EE thatNJ !

andal yrfeaAra akKz2dzZ R F20dza 2y o0SySFTAiita FyR Ozada af

7t is customary in the benefitost analyses of U.S. Federal regulations to include the full compliance costs that
accrue to entities operating in the U,%ven if those costs are fully or partially borne by owners, employees, or
consumers that reside dside of the U.S.
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Statesé!® However, OMB Circular#(2003)states that when a regulation is likely to have interoatl
STTSOUaszr aGaiKSasS STT &0 ihaughattie2gdadaite @cdmmidsid it HeSderie

aSLI NI GStex (KS 3 dfuRerentdefulaticnsingay calEdrdifferenty @mphiages i thed
analysis, depending on the nature and complexify oii K S NXB 3 d2f Thél IRadidhal AcadanueS & & ¢
FROAASR GKIFIG awABG A& AYLRNIFYyd (G2 O2yaAiARSNI gKI
L2t tdzi yd GKIFIG O2dzAZ R KFE@S AYGSNYFdGA2yFf AYLId A0l GA
2017, p. 13)There are many reasons, as summarized inddiiong and as articulated by OMB and in
IWGassessmentdWG 2010, 2013, 2046201®, 2021 and the 2015 Response to Comments (IWG 2015)

¢ why the EPAuses the global value of climate change impacts when analyzing policies that affect GHG
emissions. Courts have upheld the use of global estimates oc3@&@HG partially in recognition of the

diverse ways in which U.S. interests, businesses, and residents are impacted by global climaté’change.

Bha. Qa [/ *N20aRiprovies!guidance to Federal agencies on the development of regulatory analysis
conducted pursuant to Executive Ord&.0.)12866.CircularA1 6 HnHOU y23GSa AAYAfFNI & GKIG
your primaryanalysis should focus on the effects of a regulation that are experienced by citizens and residents of
GKS ' yYAGSR {dlFIGSa 06KAOK gAft 2F0G§Sy 0SS GKS LINARYINE STT:
19Circular M4 (2003)F f a2 SELJX I Aya & armhozcoadudt 4 godd xeguRatory &nhlysis acéaiingQo a
formula. Conducting high dzI t AG& |yl feaira NBldANBa O02YLISISyid LINRPTFSas
above, benefitcost analyses have historically often included compliance costs that ameatdty borne by owners,
employees, or customers that reside outside of the U.S. It may therefore also be relevant that Citgjandyally
NEO2YYSyRa O2yaAiradSyoe Ay GKS IylFrtedAaolt GNBFGYSyld 27T (
analysis quality that apply to direct benefits and costs should be applied to ancillary benefits and countervailing
NR &1 &¢ O ICacular mn Moutndo 0 &G+ GSa GKIFG aLy OSNIFAYy O2yGSEG&acZ
effects experiencedby noncitizens residing abroad in your primary analysis. Such contexts include, for example,
when:
9 assessing effects on noncitizens residing abroad provides a useful proxy for effects on U.S. citizens and
residents that are difficult to otherwise estimate
9 assessing effects on noncitizens residing abroad provides a useful proxy for effects on U.S. national interests
that are not otherwise fully captured by effects experienced by particular U.S. citizens and residents (e.g.,
national security interests, diomatic interests, etc.);
1 regulating an externality on the basis of its global effects supports a cooperative international approach to
the regulation of the externality by potentially inducing other countries to follow suit or maintain existing
efforts; or
T AYUGSNYFGA2y L+t 2NJ R2YSaGAO t€S3rt 206t A3FdA2ya NBI dzA NE
(OMB 2023)As noted in Circular-A 6 HnHOUO X dha. RSGSNYA KR heInteragensy> Ay A
Working Group on the Sociab§ of Greenhouse Gases (IWG), that the effects of changes in greenhouse gas
emissions experienced by U.S. citizens and residents could not be separated from the global effects of changes in
greenhouse gas emissions in a practical or reasonably accurateemaAt the time, OMB and the IWG noted
available models could produce only an unreasonably incomplete underestimate of damages accruing to U.S. citizens
FYyR NBAARSYGA® ha. FyR GKS L2D NBO2YYSYRSR twainég2F GKS
other reasons regulating greenhouse gas emissions on the basis of their global effects supports a cooperative
international approach to the regulation of greenhouse gas emissions by potentially inducing other countries to
follow suit or maintain existingfforts, and the global estimates were a useful proxy for effects on U.S. citizens and
residents that were difficult to estimate and for effects on U.S. national interests that were not otherwise fully
OF LJWGdzZNBRE Oha. HAHOO®
0HSNR %2y ST Lefof 882 Bl 654 BB 021FI KO Y7 AN HAamMcO O6NB2SOGAy3a
use of a global social cost of carbon in setting an efficiency standard under the Energy Policy and Conservation Act,
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Unlike many environmental problems where the causes and impacts are distributed more locally, GHG
emissionsare a global externality making climate clgma true global challenge. GHG emissions
contribute to damages around the world regardless of where they are emitted global nature cBHG

pollution and its impactsmeans that U.S. interests are affected by climate change impacts through a
multitude of pathways and these need to be considered when evaluating the benefits of GHG mitigation

to the U.S. populationf-or example, climate change will directly impact U.S. interests that are located

abroad guch as U.Kitizens, investments, military baseadaother assets, and resources in the global
O02YY2ya 0So®3Idr GKNRBAdAK OKIy3aSa Ay TFTAAKSNARASAQ LINZ
citizens lived abroad as of 20@DOS2020) and the U.S. direct investment abroad position totaled $6.15

trillion at the end of 202QBEA2021) U.S. taxpayerseport a substantial amant of income coming from

foreign sourcegtandnearly 40% of U.S. pensiasset SljdzA & K2t RAYy JBAI20296 Ay T3
Climate impacts occurring outside bfS. borders have a direct impact on these U.S. citizens and the
investment returns on those assets owned by U.S. citizens and residents. In addition, the U.S. has over

500 military sites abroad across 45 foreign coigst(see Figure 1 iDoD 2018)Climate change impacts

(such as sea level risegcurring in these locationalready affect U.S. military infrastructure amdll

continuetof SI R 2 AYONBI&a4SR SELISYRAGdZNG & (USGCRROA&A).Y (i | Ay 0
Failure to do so can lead to impacts on mission execution and increased securithsiske example

GXGKS ' yAGSR { (I GSa KI a MXihedarsbal IglandsRaBdPalatizabof whicth S G a
are vulnerable to these [climate] hamls. Additionally, competitors such as China may try to take
FRGFYGF3S 2F OfAYIGS OKI ¢gDPRB21)ATHe fimiddiand séveritydt chiméte A y F £ d
events are already affecting missions in some casédghese risks are expected to increaBer example,

in the Marshall Islandsj KS w2yl f R wSIF3ty . FtftAaGAO aAraartsS 5S7F
I 2 YY | yisedfor detecting foreign missile launche¥ I @ 06S dadzyAyKFoAlGlIofS Ay
FOO2NRAY3 (2 | NBOSyid addzRe O2yRdzOGSR o6& @@®S / Sy
2018)

The U.S. economy is also inextricably linked to the rest of the world. The U.S. exports over $2 trillion worth
of goods and services a year angports around $3 trillion(BEA 2023a)According to recent data, over
HES: 2F TYSNRAOIY FANNAQ LINPTAGA (BBABO2REINKMSIRpadsy | OG A
that occur outside U.S. borders will impact the welfare of individuals angbiits of firms that reside

in theU.Sbecause of their connection to the global economy. This will occur through the effect of climate
change on international markets, trade, tourism, and other activities. Supply chain disruptions are a
prominent pathwa through which U.S. business and consumers are, and will continue to be, affected by
climate change impacts abroad. The impact of international supply chain disruptions can be severe. For
example, severe flooding in Thailand in 2011 disrupted producti@omponents for global companies
including computer disk drives and cars (USGCRPa20@B 2021)As a result, U.S. consumers faced
higher prices for many electronic goods. The de&&ed firm Western Digital alone posted $199 million in
losses and a 51%rop in hard drive shipments, and U.S. vehicle production had to be temporarily halted

holding that DOE had reasonably identified carthdg f £ dzi A 2 y |
Gyridiazylrt SySNHe& O2yaSNBFiA2y KI
f221Ay3 4G | ylraAzylt LR2tAORDED D
21For example, in 201@pproximately$2167 billion, or 2.1%of total worldwide income for all U.S. taxpaygeveere
reported to come from foreign sourcdfRS 2016)For 2018, over 9,800 corporations reported almost $768 billion
of foreignsource taxable incom@RS 2018)

G 3Jt2o6lf SEGSNYLEAQ

a
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or reduced considerably by at least two manufacturers (USGCRR)28%&limate change increases the
severity and frequency of extreme weather events, it increasesisheof supply chain disruptions. Recent
NB a S| NI Kprobdbiftyrod a hiiric8ne 6f sufficient intensity to disrupt semiconductor supply chains
may grow two to four times by 2040 | y Rroliakilif h&avy rare eartimetals] production is severgl
disrupted from extreme rainfall may increase 2 to 3 times by 2@Q@etzel et al. 2020).

Additional climate changaduced international spillovers can occur through pathways sudaamges

across transboundary resources, econoard political destaitization, and global migration that can lead

to adverse impacts on U.S. national security, public health, and humanitarian concerns (DoD 2014, CCS
2018).Numerous tudieshave called attention to howstressors leading tthese spillovers are already
occurring and are expectedto worsenwith increasing climate change. For example, theted Nations

High Commissioner for Refugees (UNHCR) reports that an average of 21.5 million people were forcibly
displaced each year by sudden ongedatherrelated hazards between 2008 and 2016, and thousands
more from slowonset hazards linked to climate change impa@NHCR 2016As articulated in a
landmark 2007 study by retired threeand fourstar Generals and Admiralsand echoed in the

Depafi YSy & 2 F 50§ 7034/ GQuédeeanialiDefense Reviewhe projected effects of climate

changeact & | GG KNBI G YdzZ (A L} ’stBedsbrs andidtabilities that BlreadiyEexish S ND | |
in some of the most volatile regions of the world (C2097, DoD 2014). A follewp study emphasized

GKIFIG o0Se2yR o0SAy3a I GKNBIFG YdzZf GALX ASNE Of AYFGS OK
YR O2yFtA0ié¢ o/ b! H sSaharand®Afric2réglons EehvivonifieStal strésgors { dzo

exacerb#ed by climate change can help to transform resource competition into ethnopolitical conflict

and enable the involvement of transnational terrorist groups (such as Al Qaeda in the Islamic Maghreb
(AQIM) in Mali in 2012) (CNA 2014). More recent DoD repeitisrate these concerns, concluding that

0KS AYLI Oda 2F OfAYIGS OKFy3aS aO2dA R adiNBaa SO2y
migration events or political crises, civil unrest, shifts in the regional balance of power, or even state
failure £ with results that affect the national interests of théS.(DoD 2021)Thekey takeavay from the

National Intelligence Coun@IENIC)H nHm bl GA2yFf LyGStftA3aSyOoS 9adGdAyYl
increasingly exacerbate risks to US national sectumitgrests as the physical impacts increase and
3S21LRtAGAO!I GSyairzya Y2dzyd |o62dzi &KEB8 BB/ NBAYRKR
increasing physical effects of climate change are likely to exacerbatelwoder geopolitical flashpoints

aa aiulasSa aGr1S adsSLia G2 aSOdNB GKSANI AYyUuGSNBadassz
will be most acutely felt in developing countries, which we assess are also the least able to adapt to such
OKIy3aSaxXwnieKSaS nulasednhk adteritial ®rfinEt&bdity and pbdsibly inteknal conflict in

these countries, in some cases creating additional demands on US diplomatic, economic, humanitarian,
FYR YAfAOGFNE NB&a2dZ2NOS&aé¢ O6bL/ HAHMOD

As described by the National Academies (20tkrgorrectly assess the total damages to U.S. citizaeds
residents one mustaccount for these spillover effects on theS For more discussion and examples of
international spillover effects, including the ways that climate change spilloveexamebating existing
risks and creating new securjtigealth, and humanitarianhallenges for U.S. interestsee for example,
NIC (2021)DoD (2021), USGCRP (281 8reeman and Guzman (2009), Howard and Livermore (2021),
Schwartz (2021gnd IPCC (2022)

The global models used BCGHG estimationlo not lend themselves tdisaggregationn a way thatcan
provideacomprehensiveestimate of climate change damages to U.S. citizens and resithentsccounts
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for the myriad of ways that global climate charrgduces the net welfare of U.S. populatioAs present,

the only quantitative characterizatios of U.S.damages from GHG emissioa® based orthe share of
modeleddamagedhat physicallyoccur within U.S. national borders as represented in current |t

estimates providean underestimate ofthe climate changelamagedo the citizens and residents of the
U.S.because these models do not fully capture the range of climate change impacts and exclude
important regional interactions and spillovers dissad aboveln addition, 2020 GAO study observed

GKFIG aolF 8O002NRAY3 (2 GKS blidAazylf ! OFRSYASAX GKS
calibrated to provide estimates of the social cost of carbon based on domestic damages, and more
researchd 2 dzZf R 0SS NBIjdzA NBR G2 dzLIJRI (iFirthérkhs Naticha Acadeémigs2 R2 2
observed thatexisting modelsifocus primarily on global estimates and do not aeb all relevant

interactions among regiodsMore thoroughly estimating a domest@CCQ would therefore need to

consider the potential implications of climate impacts on, and actions by, other countries, which also have
AYLI OGa 2y GKS ! yAGSR {GlrGSa¢ obrdAaz2ylf ! OFRSYASa

In addition to accounting for the ways that climateange impacts occurring outside of Lb8rdersaffect

U.S. populations, it is also important to consider how changes in U.S. emissions affect the GHG emissions

of other countries. This is relevant because ttebal nature ofgreenhouse gasemeans that a torof
GHGs==mitted in any other country harms those in the Uit as much as a ton emitted within the
territorial US¢ KA & Aada | OflaaArld LWzfAO I22Ra LINRoftSY oSOl
else and no country can beleOf dzZRSR FNRBY Sy22éAy3d (KS o6S¥STAlGa
discussedy EPA and other members of the IWGhe 2015 response to commenfBVG 2015)in this

situation, the only way toachieve an efficient allocation of resources for emissimuakiction on a global

basig and so benefit the U.S. and its citizearsl residents is for all countries t@onsiderestimates of

global marginaldamages If each country were to design paés to equate marginal damages with

marginal abatement costs usiranly the damages inflied by that countryon their own citizensand

residents the world would not achieve the socially optimal level of emissieash country would be

relatively worse off from the impact of foreign emissidAsn addition international GHG mitigation

activities taken in response to U.S. policies that reduce emissions witirakdde abenefitto U.S. citizens

and residentsilt is, therefore, consistent with best analytical practicesaccount for the global marginal

damages of GHG emissiogisen thér role as a global externality

Several studies havexaminedthe evidence orinternational GHG mitigatiorreciprocity, throughboth
policy diffusionand technology diffusioneffects For exampleusing panel data on national and
subnational carbon pricing policiesplaceover 1988 to 2021Linsenmedr et al. (203) estimatethat the
adoption of carbon pricing policies in®countryincreaseshe probability of carbon pricing adoptidan
other countries.Based ortheir empiricalresults they find that the indirect GHG emissiongeductions
attributable to international reciprocity may exceeddomestic emission reductionfsom the policy In
anaher recentstudy, Larsen et al. (2028)vestigatehow U.S. climate policganlead toreductionsin the
cost of GHG mitigation technologigkoballyandthus resultingn foreignemissiongeductions Larsen et

22 AsMorgenstern et al(2023) explaind X! { INBSyK2dzaS Il a SyYraaarzya | 002dzyi
total. If all countries considered only the domestic effects of their greenhouse gas emissions, about 88 percent of
climate change impacts on US citizens woulddmred. An analytic focus solely on direct impacts to the United
{drdisSa 2F ! { Syraarzyazr gKSy 3ASYySNIfAl SRE GKSNBT2NBE 2VY)
(Morgenstern et al. 2023, p. 5).
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al. (2023) refer to this as technology difon effects and they are expected to occur independent of
reciprocalpolicy adoptionin other countries.Focusing orthe tax incentives for three key emerging

climate technologies in the Inflation Reduction Attiey estimatethat in the long run the incentiveswill

reduce 2.4 to 2.9 tons of GHGs outside the U.S. for evergeatucedwithin the U.SIn addition Houser

et al. (2023)present anew analysis quantifying the extetd which other countries have made GHG

emission reduction commitmentand progressd towards meeting those commitments alongside the

U.S. undeR015 Paris Agreement.The authors highlighttow the agreed structure of the proceggor

O2dzy iNASa (2 RS@OSt2L) FyR O02YYdzyAOIFI GS GKEBBPCE) aAydS
GoaStt Ay | ROIFIyOSe 2F UG(KSLINER MARSRO2YFBHNBYONE G2 dnyCi MW S
GKSNB gl a adzFFAOASY:d NBOALINROFE FFOGA2Yy (G2 2dzAadATE
al. 2023). One result of this formafas that the U.S. and China ended up jointly announcing their INDCs,
FFGSNI yAYS Y2yiGKa 2F oO0AfIGSNIE yS3zdadAalrdAiazya o[l YR
by announcing these targets now, they can inject momentum into the global eimegotiations and
AYALIANB 20KSNJ O2dzy iNAS& G2 22Ay Ay O2YAy3d FT2NFI NR
House, 2014). By the start of the Paris conference, 151 countries had announced INDCs (UNFCCC 2023)
with emission reduction commitents almost evenly distributed among developed and developing
countries(Houser et al. 2023By comparing 2 dzy (sibdited enission reduction commitments and
plans(NDC}over timeto an independent Prfaris Agreement emissions projection baseliHeuseret

al. (2023)calculatea N} G A2 2F GKS NBad 2F (KS ¢2cbmatad O2 YYA (
reduction,ord / £ A Yl S wS CORRING® GstimiadeCRREafigh@féom 9.4 td.0.8 The authors

note thatthe upper end of the rangappliesto the middle of the century when the .8 share of global

emissions has decline®Relatedly, Schmidt et al. (2022) find that the fiider hypothesis cannot be

supported in the context of climate policy. Using data on emisgieighted carbon priceswhile

controlling for a variety of other potential explanatory variables, the authors find that the evidence does

not support the presence of free riding.

A wide range of scientific and economic experts have emphasized the issuernftional cooperabn
andreciprocity as support for assessing global damages of GHG emisgimnsestic policy analysis.g.,

Kopp and Mignone 201 ®izer et al. 2014Howard and Schwar2017,Pindyck 20172021, Revesz et al.

2017, Carleton and Greenstone 2)Mousert al. 2023.Y2 § OKSY oHnamMy 0 RSY2yaid NI G
decision to internalize global damages in domestic policymaking can be individually rational (i.e., in the

O 2 dzy (i NE Qiaterédtpbécauds&df the reciprocally induced emissions reductionsriaegtin other

countries?* Carleton and Greenstone (2BRdiscuss examples of how accounting for global damages in

past U.S. regulatory analysesy have contributed tadditionalinternational action.

23Houser et al. (2023) is an update amgansion of amssessment afumulative emissions reduction pledgasder
the Paris Agreement by Houser and Larsen 2021.

#Y200KSY o6Hnmyo y2i 2yfteée RSGIFIAfa (K
social cost oDl NBD 2y 8 F2NJ R2YS&aGAO L2t AOesé
GLINBTFSNNBRéE a20Alf Ozaid 2F OINb2y ot /

the marginal damages to its own popiild 2y a® ¢KS t{// Aa akKlFILSR o0& I O2dzyil
O2dzy UNASaQ SYAaaAizy NBRddzOIA2yad Y200KSyQa aiddzRé akKz2ga
of global marginal damages (e.g., in small island nations for whom thefiteenf stringent worldwide abatement

based on a high PSCC would exceed the increase in its own abatement costs due to a high PSCC). Kotchen offers

ASy O& I NBdzY!
0§ OKSY O0HnmMyoO
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Assessing global margindhmages of GH@®missions in U.S. analyses of regulatory and other actions
allows the U.S. to continue to actively encourage other nations, including emerging economies, to also
assess global climate damages of their policies and to take steps to reduce emidsiopsaintries and
AYOSNYFGA2y Lt AyadAaddzianzya KIFgS SAGKSNI I £t NBFRe SE
their domestic analyses (e.g., Can&disraet®), developed their own estimates of global damages (e.g.,
Germany’), orhave takemote of the IWG estimateim their assessments of climate policies (eJgpar’®
Trinidad and Tobag®,Australid®, LY RA I Q& b I (i A 2 ¥ ltdly*?, NéwSZealantt axdk thedzy |
International Monetary Furid). In 2016, Mexico announced sy (i Sy laligd gppréaghepdith the

U.S. and Canad&) account for the social cost of carbon and other greenhouse gas emissions when
assessing the benefits of emissieneslucing policy measuré®, and references to global estimates of
climate damags can be found in Mexican regulatory analyses in 20Hawever, the bilateral technical
discussions to help implement the announced plan did not occur over-202Z during the time U.S.
federal regulatory analyses stopped focusing orGHG estimates #t reflect global damages.

Recentlythere has been renewed interest by other countries to update their estimates sincerfie

release othe updated estimates presented in this repoh.Januan2023 at the North American Leaders

Summit, the United States, Canada, and Meréadfirmed their commitmenti 2 a 02 Y S (23S0 KSNJ
F LILINBF OKSa 2y SadAYlFdAy3a (GKS HEE@DA)Sind zhanjiMegicd IANB Sy
has reengagedin discussions regarding S3HG estimabn. In April 2023, the government of Canada
announced the publication of an interim update to their-SBG guidance, recommending-S8G
SaldAYlIGSa ARSYGAOIt G2 GKS 9t ! QIECEARANhSCCanasiagni A Y I G S

illustrative estimates of the PSCC for several countries and regions based on research using a regiersatineof
the DICE model (Nordhaus 2015). In this analysis Kotchen finds the U.S. PSCC to be nearly 75% of the value of global
YIENBAYIFf RFEYF3ISad ! YR a Y2U30KSY KIF& FdzZNIKSNJ Of I NAFASR:
its expectatons of international reciprocity, and the international distribution of costs, it can be rational for the
United States to adopt the full global SCC values for use inpolicy A y 3¢ 6 Y 2otn@datdymber OMBmM =
202100060018 available athttps://www.regulations.gov/comment/OMB021-0006:0018. Such arguments for
accounting foithe global value of climate change impattsanalysis opoliciesaffecting U.SGHGemissions, based
on the U.S. derived benefits from reciprocally induced emission reductions elsewhere, are distinct from and
additional to arguments above based on spillover effects and U.S. interests beyond our geographic borders.
25SeeECCC (2016)
26 Seelsrael Ministry of Environmental Protection (2020)
274 SS D!'h O0HnHANO F2N | -GRG\Al(GedzdedlsdaBA (2820, 2RHNN I y & Qa { /
BWI LIFyQa aAyAadNB 2F LYGSNyrt ' FFLANR FYR /2YYdzyAOl GA2)
evaluations that Japan has no official value for the social cost of carbon but cites the IWG values as a reference.
SeeMIC (2017, 2021).
2 Trinidad and Tobago used the IWG values in their 2021 Third National Communication to the United Nations
Framework Convention on Climate Chanlgiénfstry of Planning and Developmep®21).
30 See for example ACT (2019) andutley(2021).
31 SeePatelet al. 020).
32 A research institut@stablishedoy the Italian government uses the IWG estima@selSPRA2016a, 2016b).
33 SeeMinistry of Transprt (2018)
34 SeeClements et al(2013).
35 SeeWhite House (2016) for a joint statement from Canada,th®., and Mexico
36 SeeSecretaria del Medio Ambiete y Recursos Natui2(46).
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interim guidancewill be used across all federal departments and agencies, with the values expected to be
finalized by the end of the year.

EPA and other members dfd IWG found previously amdstated in their February 2021 TSBDat because

of the distinctive global &ure of climate change that analysis of Federal regulations and other actions

should center on a global measure of-GBG (IWG 2021) This is the same approach that was
recommended by OMB and other members of the IWG and bgdePA and other agenciesegulatory

analyses from 2009 to 2018.is also consistent with guidance@MB Circular 4 (2003)i K & &« ©R8A F TS
regulations may call for different emphases in the analysis, depending on the nature and complexity of
0KS NB3IdzZ FlaBd\NSah AVEIEATdzZSEOE RSYASAQ 3AdzZA R YOS GKIG aAd
constitutes a domestic impact in the case of a global pollutant that could have international implications
GKFG AYLI Ol G K $e casehfittisRlobgal ipdllutaBtafop all theasons articulated in this

section, the assessment of global net damages of GHG emisdions analystdo fully disclose and
contextualize the net climate benefits of domestic policies that reduce GHG emissions. The extent that
analysis relying othese SE5HG estimatess considered in setting the stringency ffture regulatory

actions and other policy decisiomgould be guided by the statutes under which those decisions are
promulgated33® The EPAwiIll continue to review developments in theditature, including more robust
methodologies for estimating the magnitude of the various direct and indirect damages to U.S.
populations from climate impacts occurring abroad and reciprocal international mitigation activities.

2 Methodological Updates

The £GHG is commonly estimated with the use of integrated assessment models (IAM). In the broadest
aSyasS L'!'aa FTNB al LIINRBIFOKSa GKFG AydS3aINIGS (1y26ft:
FNI YSg2N] £2018d PNRKKS dzA A (i S NI G dzM@ns@afiysdetiificaisciplindség., O a G |
Earth sciences, biological sciences, environmental engineering, econamitsyciology. IAMs have been

used to study environmental problems and their connection to economic systems for nearly 40 years (e.g.,
Freemanl979, 1982Mendelsohn 1980Nordhaus 1998, 1993h). The National Academies defined IAMs

dzZaSR G2 &aiddzReé OfAYFGS OKIFy3aS a a02YLMzil GA2y L f
representation of the global economy and greenhouse gas emissions, thensespf the climate system

37 The same guidance is in OMB Circukdr (R023).
38 For example, as the Supreme Court statedid 1 2 NJ + SKA Of S al ydzFI OGdzNENE ! aaQy @
Ca,463U.S.29,4mh0 O6MpyoOY dab2NXIffex Fy F3SyOeé N¥zZ S ¢2dzZ R 68
on factors which Congress has not intended it to consider, entirely failed to consider an important aspect of the
problem, offered an explanatiofor its decision that runs counter to the evidence before the agency, or is so
AYLX dzaAaotS GKIG AdG O2dzZ R y2G 6S FaONAROSR (2 I RAFFSNB
38y OASa (2 aSEFYAyYS (KS anihabegringttion betweeh the fattR foundNand tiedzt | G S
OK2A0S YI RS®¢
3% Public comments received on the February 2021 TSD argue that key U.S. statutes explicitly require or allow
consideration of global climate damages in decision making. Seethe.discussion within comments submitted by
the Institute for Policy Integrity and the attachments and literature cited therkistifute for Policy Integrit2021)
The commentR A 8 Odza a2 F2NJ SEIl YL ST K26 GKS bl A Aiglaws of thgg A NR Y Y
United Stateshall be interpreted and administered in accordance with the policies set forth in this chapter, and all
I35y OASa 2F (KS CSRENIt D2 @SNy YS fange aHatadtet of BIBi@EmEnfah 1 & (i K &
LINPOEf SYa¢ o
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02 KdzYl'y AYyGSNBSyiGA2YyS YR AYLIOGa 2F OfAYIFGS OKI
These IAMs vary significantly in structure, geographic resolution, the degree to which they capture
feedbackswithin and between natural and economic systems and include valuation, and application.
Those that are used to estimate the-SEIG are reducetbrm in nature and combine climate processes,
economic growth, and feedback between the climate and the global economy into a simagleling
framework, providing a holistic view of the system, and include a valuation of clichategedamages

Other climate change IAMs, often called detaiktducture IAMs, include structural representations of

the global economy with a higlevel of regional and sectoral detail, and were originally developed for
analyzing the impact of policy and technology on greenhouse gas emissions (e.g., Edmonds and Reilly,
1983). These types of IAMs are increasingly beind tasexamine different climat change impact sectors

and interactions between sectors and regions but do not yet comprehensively link physical impacts to
monetized economic damages as nheeded foiGHI estimation (National Academies 2017)

As illustrated irFigue 2.1, and as mentioned abovéhe steps necessary to estimate the-GHG with a
climatechangelAM can generally be grouped into four modules: socioeconsamd emissions, climate,
damages, and discounting. The emissions trajectories from the socioeconomic module are used to project
future temperatures in the climate module. The damage module then translates the temperature and
other climate endpoints (along with the projections of s@donomic variables) into physical impacts and
associated monetized economic damagehlere thedamages are calculated as the amount of money the
individuals experiencing thelimate changémpacts would be willing to pay to avoid thefo calculate

the mamginal effect of emissions, i.e., the 8EIG in yeap, the entire model is run twice first as a
baseline and second with an additional pulse of emissions indyesfter recalculating the temperature
effects and damages expected in all years beydonesulting from the adjusted path of emissions, the
losses are discounted to a present value in the discounting mohliwieh of theuncertainty in themodels

can be incorporated using Monte Carlo techniques by taking draws from probability distribtiiains
reflectthe uncertainty inparametes.

The SE&HG estimates used lige EPA and many other federal agencies since 2009 have relied on an
ensemble of three widely used IAMs: Dynamic Integrated Climate and Economy (DICE) (Nordhaus 2010);
Climate Frameworfor Uncertainty, Negotiation, and Distribution (FUND) (Anthoff and Tol 2013a, 2013b);

and Policy Analysis of the Greenhouse Gas Effect (PAGE) (Hope 2013). In 2010, the IWG harmonized key
inputs across the IAMs, but all other model features were left unged, relying on the model
RSOSt2LISNEQ 06Sad SadAyYrdiSa IyR 2dzRIYSyiGad ¢KIFG Aa
functions included in the default version of each IAM as used in the published literature was retained.

The SEGHGestimates in this reporho longer relyon the threelAMs(i.e,, DICE, FUN@Nhd PAGEused

in previousSGGHGestimates.Instead,this reportuses a modular approach &stimatingthe SGGHG
O2yaAraidusSyid sAGK (KS -t tedotiyidndatind. OHatRi§ Yhe Srietfodolfdy | NJ
underlying each component, or module, of the-GBG estimation process drawn expertise from the

scientific disciplines relevant to that component. Under this approach, each step in-tBelG@stimation

improves consistencywith the current state of scientific knowledge, enhastgnsparency, and allosv

for more explicit representation of uncertainty. This section discussemethological updaten each

2T GKS F2dz2NJ bl A2yt | OF RSYAS »fler ipBa@e i WSnfoRedirg Y 2 R dzt
framework, such as the expligiicorporationof risk aversionThe discussion is intended to provide an
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overview of themethods used in each modulAdditional details okach underlying study are available
in the sources oitd throughout the report

Figure2.1: The Four Components of-SEIG Estimation
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SourceAdapted fromNational Academies of Scienc&xgineering, and Medicine (2017)
2.1 Socioeconomic an@missionsModule

The first step in the SGHG estimation process is the development of projections of socioeconomic
variables andsHGemissionsat the spatial and temporal resolution required by ttlenate anddamage
modules. Socioeconomic trajectories are closely tied to climate damages because, holding all else equal,
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increases in population and incoMavill increase GHG emissions and lead to a greater willingness to pay
to avoid climatechangeimpacts.Within the SEGHG estimation process, projections of GHG emissions
serve as inputs to the climate module, and projections of GDP and population serve as infhés to
damage function and discounting modsl®isaggregation of these inputs is required whepaterspatial
andor temporal resolutionis required fothe damage modulerinally, because GHG emissions and their
effects are long lived, it is necessary to project these variables far into the future and atidresany
complexuncertaintiesassociated with sucprojections

SCGHG estimates used the EPA analyses to date have relied on the socioeconomic and emissions
projections selected by the IWG in 2010. The IWG elected to use socioeconomic and emissions projections
basel on deterministic scenarios that, at the time, were recently updated, grounded in multiple well
recognized models, used in climate policy simulations, and spanned a plausible range of outcomes for
these variables. Theocioeconomic and emission project®nncluded five deterministic reference
scenarios based on the Stanford Energy Modeling ForumZMRodeling exercise (Clarke et al. 2009;
Fawcett, et al. 2009Four of these scenarios represented busirassisual (BAU) trajectories, while the

fifth scenario assumed that substantive actionmuld be adopted taeduce future emissions. THeCG

GHG estimategave equal weight to each scenaridhe IWG also elected to use a time horieatending

to 2300 to try to capture the vast majority of discounted @i damagesRunningthe IAMs through

2300 requirel extrapolations of the projectionafter 2100, the last yeavailablefor projections from the
EMF22 models*

The National Academie®017 final report included severabécommendations forhow to approach
updating the socioeconomic modul® reflect newer information The National Academies (2017)
recommended thasocioeconomic scenarios used to estimate theGH{Ishould dextend far enough in

the future to provide inputs for estimation of the vast majority of discounted climate damgigesa G I 1 S
account of the likelihood of future emissions mitigation policies and technological developients

G LINZ @ jséetdral arid Ggional detail in population and Qizeessary for damage calculatighsind,

oo the extent possibl¥incorporate feedbacks from the climate and damages modules that have a
AAAYATFAOLI YOG AYLIOG 2y LRLMAFGA2YS D5t 2NJ SYAaaAa:
Academies acknowledgetthat it would not be possible to meet all these criteria in the near term.
However, the report suggested initial steps for how to achieve these goals and overcome several
limitations in the methodologysedto date. Specifically, they recommend:

40This reportusesgrossincomeand gross production interchangeably. Groasional incomgGNI)is grosslomestic
production(GDP)lus net receipts abroad=or most countries GNI and GDP sirailar.

4 These inputs were extrapolated from 2100 to 2300 as follows: ¢pulation growth rate declines linearly,
reaching zero in the year 2200; (2) GDP/ per capita growth rate declines linearly, reaching zero in the year 2300; (3)
the decline in the fossil anihdustrial carbon intensity (G DP) growth rate over 2099100 is maintained from

2100 through 2300; (4) net land use £&Missions decline linearly, reaching zero in the year 2200; and (5¢@pn
radiative forcing remains constant after 2100. See I{#@.0) for more discussion of each of these assumptions. In
2016, the IWG addethore specificity to the assumptions regarding p@400 baseline CHand NO emissions in

order to calculate SCH and SEN:0. See IWG (2016b) for more details.
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(1) workingwith demographers to extend existing probadfilc population projections beyond 2100,
validated and adjustedy expert judgment

(2) generaingprobabilistic projections adinnual growth rates of pecapita GDP with an appropriate
statistical technique, informe by expert judgment

(3) usng a set of emissions projections generated byexpert elicitation, conditioned by the set of
scenarios of future population and incorrend

(4) developng projections of sectoral and regional GDP and regional population usingrgcena
libraries, published projections, detailetructure economic models, or other sources.

Resources for the Future Socioeconomic and Emissions ProjectionsSERBased ona review of
available sources of loagin projections forthe socioeconomic w@ables and GHG emissionscessary

for damage calculationghe socioeconomic and emissions projections recently developed under the
Resources for the Future Social Cost of Carbon Initiative (Rennert et ah) 2681 out as being most
consistent with he National Academi€drecommendatiols. These projections (hereafter collectively
referred to as the RFEPsjare aninternally consistent set of probabilistic projectioofspopulation, GDP,

and GHG emissiongCQ, CH, and NO) to 2300 Consistent with the National Academi«3
recommendationthe RFFSPs were developed using a mix of statistical and expert elicitation technigues
to capture uncertainty in a single probabilistic approadaking into account the likelihood of future
emissiors mitigation policies and technological developmeraad provide thelevel of disaggregation
necessary for damage calculatfordnlike other sources of projections, thapvide inputs for estimation

out to 2300 without further extrapolation assumptiorBhis isa suitable time horizorwonsistent with the

bl GA2Y Il récAmmirifiafidreid @MB Circular-A guidancé, sincein the modeling conducted

for this report2300is far enough in the future to capturde majority of discounted climate damages
(see discussion in Secti@). Including damages beyond 2300 would increase the estimates of the SC
GHG. As discussed in Secfdp) the use of the RFEPs Bowsfor capturing economic growth uncertainty
within a calibrated utility approach to discountirithe RFHSPs were developed as follows.

The countrylevel population projections are based on Raftery andS @6 A R@® extemsion to the
Bayesian methodology that the United NatiofiiN)has used since 2015 for population forecasting (UN
2015).The UN populationforecastsare rooted ina standardcohort-component meéhod of population
projection (CCMPPR)The projectionsrely on the demographic balancing equatioNet changes ira
O 2 dzy [joNBatiba areequal tobirths minusdeaths plus nemnigration.Births are forecasted using age
specificfertility rates anda fertility transition. Deaths are forecasted using agpecific death ratebased
on life expectancy facasts Net migrationis forecastedusingshort-term projections(i.e, first few five
year period¥and then are assumed to be consta@enerally, components in CCMIP aredeterministic
but the Bayesian method used by the UN for population forecasting tteatfertility rate and life
expectancy as uncertaitNetmigrationrates followshort-term deterministicforecasts andhen are held
constantbeyond thefirst few fiveyear periods

42 Regarding lte analytictime horizon for regulatory benefitost analysis, OMB CirculadX2003) RGAEBW& & &

ending point should be far enough in the future to encompass all the significant benefits and costs likely to result

fromtherulé o ha. OMBIGireulasn OHnHOUO AAYAEINI& FR@OAASA a¢KS SyRA

far enough in the future to encompass, to the extent feasible, all the important benefits and costs likely to result

FNRY Fff NBIdzE F G2NE £ GSNYIFiA@PSa o0SAy3 raaSaaSRé oha. |
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wl FdSNE | (AR23yedndiie hé Enifed Nationsstatistical approach with expert review and
elicitationto extend the projectionso 230Q The projections were extended using the same standixd
approachby setting the end year to 2300 instead of@. Gven the verylongterm nature of these
forecass, the resultsof the statistical model extensionere evaluated byan RFFsponsored panel of 10
leading demographersThe review panel generallgupported the approach takenwith a few
recommendations for revisiofRennert et al. 222a8> wl T i SNE | y)RFirst, 3@ ekiewersdt  H n H
foundthe 95% confidence intervédr the global fertility raten 2300 (1.662.23) toonarrow because the
lower bound was too highFurther elicitation resulted in a recommended lower bound of 1.RD
respons& wl F i SNE (ROZRadjusedihe tofalFedility rate by adding variancecomponent
(i.e. a random walkjo broadenuncertaintyfrom 2100 to 22500 better representthe range offertility
rates from the historic recordThis random walk component was chosen so that 95%confidence
interval for the world averagetotal fertility rate from 2250 onwardsvas 1.2-2.23 Secondthe panel
recommended replacing the UN approach of deterministic migratioth stochastic migrationlIn
respons& wl TG SNE | y Rreate@rdtonteinaidfial migratiomratesas uncetain, forecasted
using an agadjustednet migration rate and rebalanced so that global net migration is zero in each time
period(Azose, Sevcikoyand Rafter2016). Third, ypper limits on population weradjustedso that upper
limits onpopulation densitydepended on geographic are@his was donim response t& E LIS diEefha
that populations wereao largefor some countriesThesethree adjustments mosthaffected population
projectionsbeyond2100 Population projections out to 21Giyreecloselyg A G K G KS | b(a LINB2S
Figuremn Ay wl T S NER023) 7ThRsmall ifteéeicksard Hue to the minor methodical
differencesin net migration described above armbuntry-levelmortality due toHIV/AIDS epidemics

The economic growth projeicins extend research by Mullet al. (2022, who refined a foundational
statistical methodology for generating internally consistent loign probabilisticgrowth projections at
the country level Specifically, Mulleet al. were the first taextend theapproach provided in Muller and
Watson (2016¥or estimating globaéconomic growthIn the raw dataMuller et al.(2022)obsened a
common growth factofor all OECD countriesgconomic growthhat tends to be correlatedver timefor
groups ofcountries wide dispersionin the levelsof economic productionandthat the relative position
of countriesexhibitspersistene. Toincorporatethese observatioaMuller et al. (2022)ncludedistinct
sources of uncertainconomic growththrough aclustered hierarchical structurerhefour distinct sources
are: (1) a @mmon global growth factor (22 groupof-countriesspecific factor (3) a groupf-groups-
specific factor (4and a growth factomunique to each countryCountries are assigned togroup and
group-of-group by the modeland it is estimated probabilistically The groups and groupgs-groups
estimated by the model generally align with familiar country groupifezg, Australia, Canada, New
Zealand, the Unité States, and the United Kingdom fell into one grpjhe factors argparametrizedo
accountfor the speed of convergengeonvergencgroups (i.e., clubsand persistencelhese parameters
are treated asuncertain,and distributions are estimated usirggBayesian modeind historical datdor
113 countries over 118 year$he model is then used to estimate 2,000 economic projectionsgon of
the 113 countries from 2018 to 2300.

Theseprobabilistic economic growth projections are combined with the results of a formal expert
elicitation of10 leadingnacroeconomics angrowth economists, conducted individually. As part of the
elicitation, the experts first quantified their uncertainty for a set ofilwation questions, the results of
which were used to performaneseight the experts in the final combinatioExperts demonstrated a
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high level of statisticahccuracyon the calibration questionsThe elicitation focused on guantifying
uncertainty for aepresentative frontier of economic growth in OECD counfoe$our years (2050, 2100,
2200, 2300)In general the expertsended to agreavith each other thamedianeconomic growth would
slow between 2050 and 2300/Vhere experts tended to disagree wan theamount of uncertainty in
future projections However 9 out of 100f the expertsstimated aruncertaintyrangethat was narrower
than theMuller et al. (2022) projections.

The performanceweighted combined results from the experts were then ds® inform econometric
projectionsbasedon the Miiller et al. 2022 model of an evolving frontier (also based on the OECD), in
turn providing countrylevel, longrun probabilistic projectionsThe first step in this pr@edurewas totrim

the Muller et al. (2022) projectionsased on thehistoricaldataand the results of the survey of experts
This was don@ consultation withone of the authorg¢James Stocldf Muller et al. (2022)The remaining
projectionswerethen reweightedo fit the target quantilesrom the performanceweightedcombination

of the experts.The expert judgement was given increasing weigivertime in the final RFFSP
projections.Thisaligns withthe National Academief017) recommendationfor combining stéistical
estimates with expert elicitation. Before 2030the RFFSP economic growth projections match the
trimmed Miiller et al. (2022) projection3.he vweight given to the expert judgement was increased linearly
from 0%in 2030to 100%in 2200 In 2200 and 2300, theeweightedMililler et al. (2022) projectionmatch

the quantilesof the performanceweightedexpertjudgement.

Global GHG emissions are pegied using expert elicitation techniqué&ennert et al. 20224§. A
separatepanel of 10 experté having expertise in, and hamng undertaken, longerm projections of the
energyeconomic system under a substantial range of climate change mitigatioarsoswere asked to
providefuture emissiongrojections.Like the economic growth survey these experts were asked a set of
guestions with known answers, for calibration and performance weightigperts perforrad well on

the calibration questionsExperts werethen asked to provide uncertainty quantilgésinimum, %", 50",

95"y Yl EAYdzyz | a 6Stft & | RRAGA 2 yor four aiSadsSgriables S &
(i.e.fossil fuel and proces®lated CQ@emissions changes in natural@ stocks and negative emissions
technologies CH, N:O) in five benchmark year050, 2100, 2150, 2200, and 23@0) to indicate the
sensitivity of the C®emissions responses to fivaconomic growth (i.e.GDP per capidetrajectories.
Responses werequested under a cadabekd ¢Evolving Poligythat incorporakesviews about changes

in technology, fuel use, and other conditions, includingekpectedevolution of future policy?®

To better understanavhat factors experts were considering when pabug their answersexpertswere
asked to describe their ratiora{Rennert et al. 2022aExperts hadlifferent rationales for fossil fuel and
processrelated CQemissiongstimates in loweconomic growtlscenariosLoweconomicgrowth should
reduce emissiondut may reducepolicy ambitions andechnological progress. This resulted in a wide

43 For greenhouse gases other thanZ"OH, and NO that are needed as inputs to FalR (634, GFs, HFCs, CFCs,
HCFQs emissions are projected using S8 from AR6. This scenario is also used to calibrate FalR1.6.2 and is
nearest to the RFBEP median emissions for carbon dioxide and meth&®mA is investigating the potential to use
an emissions infillingool such & Siliconelamboll et al. 2020to extend the RFSP uncertainty analysis tiher
gases and aerosols.
44 More information about the experts is provided in Rennert et al. (2022d)the accompanying online appendix
4 See Rennert et al2022a)and the accompanying online appendior a detailed discussion of the survey
methodology and the full elicitation protocol.
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uncertainty range for these scenaribgt on averagehey expected emissions to declin€o support the
high-end emissionsijt was common for expert® state that low economigrowth couldlead countries

to revisitemission reductiorpledges In support of emissiongstimatesfor averageeconomic growth
experts primarilynentioned policy as the driver of emissioSpecificallyemissions were dependent on
the likelihood that countries would meeheir pledgesunder the Paris Agreement or even enhance their
ambitions.Secondarilytechnological evolution was also stated aprimary driver Experts stated that
high economic growth shouldcrease emissions in threediumterm (20500r 2100)but could allow for
rapid decarbonizationlt was felt thathigh economic growtttould allow for an enhancement gfobal
climate policygoals.Several of theexperts feltthat given the nature of policy goals (g.gbsolute or
percentage reductionsjhat emissions would be decoupled from economic growlor additional
information on expertQationale for changes in natural G@tocks and negative emissions technologies,
CH, andNxO please se¢he Rennert et al. (2022a) Appendix.

The projections from the RFFPs represent a statef-the-art set of probabilistic socioeconomic and

emissions scenarios bed on highquality data, robust statistical techniques, and expert elicitation. In

addition, theycover a sufficient time horizon for estimating the-GBG and incorporate uncertainty over

future background policies. As such, the fIFE are consistent Wit G KS bl GA2Yy I € I Ol
recommendations on socioeconomic and emissions scenarios.

Other Sources of Socioeconomic and Emissions Projectibhs. RFSPs represent a significant
advancemenbver the now outdated and deterministic ENE scenarios and offemprovements over

other recently developed socioeconomic and emissions projections. The other probabilistic projections
identified in this revieware a library of scenarios generated usind. ¢EEssions Prediction and Policy
Analysis (EPPA) Modaelouded with expert elicitation(Abt Associates 2012, Marten 2014)hese
projectionshavethe advantage that they rely on a comprehensive computable general equilibrium (CGE)
modelthat captureskey feedbacks and interdependencies across the sources of aitgrtHowever,

they were generated in 2012 and do not incorporate changes in the economy, emissions trends, and
policies adopted over the past decatfe.

Other socioeconomic and emissions projections developed since the2BMkercise are deterministic
and do not provide global projections over a time horizon sufficient foGEIG estimation. The most
prominent deterministic projections come from the databaseSbfared Socioeconomic Pathwd$SPs)
and Representative Concentration Pathways (REFS)e SPs and RCPs are the result otenario

46 Recently, Morris et al. (2022) built on this work by updating a broad range of input probability distributions and
using updated versionsf EPPA and other underlying models to explore uncertainty in smxoomic conditions
out to 2100 This paper utilizes four emissions ensemble scenarios: (1) busisessial (2)National Determined
Contribution pledges. (3) 2 degreesa@id (4) 1.5 degees CDue to the reliance on scenarios for emissions the
distribution of annual GHG emissions does not coverftitierange of possible outcomes (see Figure 4 in Morris et
al., 2022)In addition, these emissions ensemble scenaai@snot assigned probability and thereforassumptiors
would be required for sampling acrogsem.
47 Some organizations also regularly produce forecasts of key socioeconomic variables and emissions, temdthese
to be only for a few decades or some countrigsegions(e.g., IEA, EIAyome IAM researchers have constructed
deterministic projections usinglisparatesources For example, the inputs used in the latest version of the DICE
model, DICE 2016, inclugeonomic growthprojectionsbased ora survey byChristenseret al.(2018) population
data from the United Nations, and €@missions projectionom Carbon Dioxide Information Analysis Centeith
simple assumptions foextending each serigzost2100(Nordhaus 2017).

26



development effort that started in the late 2000s to replace the Special Report on Emission Scenarios
(SRES) from the 199Gssédin the IPCC Third Assessment Repdite two componentsSSPs andCPs

were designed to be complementarRCPs set pathways for GHG concentrations and, effectively, the
amount of warming that could occur by the end of the centtirylanypossibled 2 OA 2 1SO02y2YA O ¥
may leadto the same RE, so the SSPs amesarios of pojected socioeconomic global changes through
2100, based on potential future changes in quantitative elements, inclyzbipglation, education,
urbanization, GDP, and technolodyere are five SSPs, each consisting of a set of quantified measures of
devdopment and an associated narrative storyline. The storylines provide a qualitative description of
plausible future conditions that drive the quantitative elements. Pairings of these illustrative SSP scenarios
with RCPs have been widely used g tPC(he global scientific communitygnd researchers spanning

a wide range of disciplineBor modeling exercises requiring emissions projections beyond 2100, such as
for SEGGHG estimation, researchers commonly use emissions extensions provided by the Reduced
GComplexity Model Intercomparison Project (Nicholls et al. 2020). When population and economic growth
projections beyond 2100 are necessamsearcherdave used various methods to extend the SSPs to
2300, ranging from simple extrapolation assumptions (eQjL 2023, Benveniste et al. 20289)to
empirically derived projection methods (e.g., Kikstra et al. 2621%e of deterministic scenarios, such as

the SSHRCP pairings, would prevent the-GBG estimates from capturing important aspects of climate
risk, including its relationship to broader socioeconomic uncertainty, and from valuing that risk in a way
that isconsistent with economic theory and observed human behavior related to risk aversion.

Figure2.1.1 andFigure2.1.2 present the RFSP projections of population and economic growth through
2300. These figures also include a comparison to the feEjears 2020 to 2100. TH&SB have been
usedin IPCQ@eports andother application$! The SSP projectiopsesented in the figure for yealeyond

2100 are based otiree extrapolation methodrecently used in the literature Berveniste et al. (2020)

for SSB, SSP2, and SSP3 (dashed lines), Kikstrg2021) for SB1, SSP2, SSP3, and SSP5 (dotted lines),
and CIL (2023) for SSP2, $3ind SSP5 (dashedtted lines) illustrating the sensitivity tovarious
extrapolationassumptiors.

The mean (black solid line) and median (black dotted line) of theSRFFopulation mjections follow an
increasing trajectory through 2100, slightly higher than 8&P1SSP2 and SSP5 projections, peaking at

48 Four RCPs were used in the IPCC Fiftes&ssent Report (2014a) thapan a range of radiative forcing (watts per

m?) in 2100 and are named for that forcing above the-prgustrial levelRCP2.6, RCP4.5, RCP6.0 and admidh

no-mitigation RCP8)5The SSPs took longer to develop. The SSPwhklished in 2016 and updated in 2018. The

are available athttps://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=Ibe SSPs and some adadtitl

RCPs are being used in the IPCC Sixth Assessment Report (PB21hjee additional RCPs includ€P1.9which

focuses on limiting warming to below 1. F®CP3.4an intermediate pathway between RCP2.6 and RQP4rki

RCP7.Whichrepresents medim-to-high end of emissions range and is a baseline outcome rather than a mitigation

target.

4 n the components of their modeling that require extrapolation of GDP and population beyond 2100, when using

SSPs, Climate Impact Lab (CIL3R0O@odeling asumel GDP per capita growth anthe level of global

populationremain constant at 2100 levels thrgh 2300Benveniste et al. (202@eneratescountry level extensions

to 300Q based on the assumption that populatigmowth declines linearlyto 0 in 2200,and is held constant

thereafter; GDP per capita growtls assumed to decline lineamgaching 0 ir2300

50 Kikstra et al. (2021)levelopregional extensions based on the assumption that regional GDP per capita and

population growth rates (in PAGE model regions) converge toward the global mean

S1Figures 2.1.1 and 2.1.2 contain all Tier 1 SSPs fromAIRETier 2 scenarios, such as SSP4, were not considered.
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11.2 billion peoplg(Figure2.1.1). Thisis followed by a slow decline to under 10 billion by 2388P3
follows the upper tail of the RF&Ps through 2100 and, depending on the extrapolation metfuidws

the upper tail or drops within the 99and 95" percentile of theRFFSPdistribution by 2300.While the
SShhased projections shown in Figugll generally fall within or near the range of the REIF
probabilistic distribution for global populatiothey are limited in providing a comparison to thal RFF

SP digibution. The SSPwere intentionally developed to reflect a range of reasondtdely scenarios
corresponding to different storylinemther than amore comprehensiveange of plausible scenaritike

the RFFSPsFurthermore, the SSIPased projections are sensitive to the extrapolation method used. For
example, the SSP3 projections digg@d in Figure 2.1.1 show global population in 2300 rising to about 13
billion under the CIL (2023) extrapolation, 17 billion under the Benveniste et al. (2020) extrapolation, and
YSENI & on oAfftA2Yy dzaAy3d YAladNr SiG FfdQa OHAHMO

Figure2.11: Global PopulatiomnderRFFSPs and SSPs, 19500
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RFFSP projections based on R¥s (Rennert et al. 20892Black lines represetite mean (solid) and median (dotted) along with

the 5" to 95" (dark shade) andsito 99" (light shade) percentile rangedistorical data from Benveniste et al. (2028)ng UN

World Population Prospects 20189N 2019) SSB, SSP2, and SS@&a through 2100 fronBenveniste et al. (202@)sing
population growth rées fromthe International Institute for Applied Systems Analysis (IIASA) SSP Database (Riahi et.al. 2017)
SSP5 data through 21@0e from the 1IASA databasgRiahi et al. 2017)SSPs beyond 2100 (dashed) are baseithree recent
extrapolation methods: &hveniste et al. (2020Kikstra et al. (2021and QL (2023).

28



Figure2.1.2 presents the economic growth projections from the FFHS along with comparisons to the

SSPs in ARBThe mean (black solid line) economic growth ratst at1.4%in 2021, are relativelyflat

between 2030 and 2100 at 1.6% and then decline throught the next century. The mean economic
growth rate levels off again after 2200 at 1.1%. The-&FlEconomic growth projections are lower but
Y2aid O2yaradSyid oAGK { {ItR£€X AAGIBS/DINARK S\ ya YWAKRIRIKS S20R
historical patterns. Athe SShhasedprojections displayed in Figure 2.1i@ within thelongrun RFFSP
distribution. One notable difference between the REPs and the SSPs is the high #iean growth rates

in the SSPs. Published in 2017, the SPPs economic growth projections are based on historical data through
2010. Between 2005 and 2010 the historical average annual growth rate was nearly 3%. The SSPs
predicted an average annual growth rate between @@hd 2019 of 2.89%2.96% (Riahi et al. 201)7

whereas in the past decade average global per capita growth rates have been closer to 2% (World Bank
2021). The estimated growdtates in the RFBPs are longun growth rates, built to eliminatshort-run
fluctuations.

52 The growth ratefand the uncertainty boundaround the RFRSPsshown in Figure 2.1.2re plotted in a time
averaged manner to accurately present the underlying ymayear correlationsthat exist within each
scenario/storyline.
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Figure2.1.2: Projections of Growth in Global Income per CapitderRFFSPs and SSPs, 262800
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RFFSP projections based on R¥#s (Rennert et al. 2082 Black lines represent meésolid) and median (dottedjrowth rates
along with 3 to 95" (dark shade) andsito 99" (light shade)percentileranges.Historical data from Benveniste et al. (2020)
using WorldBank WD({World Bank019. SSP data through 2100 from Internationadtitute for Applied Systems Analysis (IIASA)
{{t 5 d}l ol &@&dvh mbdel/(FRSahi 8ty¥ilZR017). SSPs beyond 2100 (dashed) are based on thrextrepatation
methods:Benveniste et al. (2020), Kikstra et al. (2021), and CIL (ZB23)rowth rates (and the uncertainty bounds around the
RFFSPs) are plotted in a tireveraged manner to accurately present the underlying yeayear correlations that exist within
each scenario/storyline.

Although the RFSPdlisplayed in the figures abeware mostly consistent with the SSPs, there are notable
advantages to the RFFPs. First, the economic growth and population projections are based on recent
peerreviewed statistical methodologies for generating legrgn projections. These statistical
projections represent advancements in the literature since the publication of the SSPs in 2017 and
incorporate additional historical data beyond those used to calibrate the SSPs. Second, 4BBsRFF
formally characterize the uncertainty in economic growthd guopulation over time (less is known about

the farfuture than is known about the neduture). The SSPs are a set of deterministic scenarios and
intentionally developed without probabilities attached to them, making them less suitable for addressing
uncetainty. SSFhased economic growth projectioffor example vary depending on whbh of the three
available alternative interpretations of the SS&sir{g thellASA, OECD, or Rgbnomic growth modglis
selected from the SSP databasbeTSSP developeexplicitly notedl K I i ( K SWAINE @& iRISIRG 4D S
should not be interpreted as the central or representative ¢a#feis recommended to use the GDP
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projections by all teams to test the sensitivity of the results due to different GDP assumgfidrad,

the RFFSPs provide projections over a much longer time horizon (out to 2300), which is relevant for
capturing more of the discounted damages from climate change, whereas the SSPs provide projections
out to 2100and bng term extrapolations of the SS&eveloped by researchers to daéee sensitive to

the method used Each of these advantages were highlighted by the National Academies (2017) as
important elements in developing improved projections of socioeconomic variables and emissions. Thus
the RFFSPamore closely implement the neailerm recommendations fronthe National Academiesn
economic growth and population projections than do the SSPs

In both the RFHSPs and the SSPs, projections of global GDP are calculated using purchasing power parity
(PPP). This represents a shift from the ERBprojectionsused to date, in whiclglobal GDP asbased

on combining regional GDPs using market exchange rates (MBR).RA & Odza 8 SR AyPPRKS L2 D
takes into accounthe different price levels and different baskets of goods consumed across countries, so

it more accurately describes relative standards of living across counBieBadjusted measures are
increasinghavailable andised in climate economics resear@ur example, Nordhaus has argued since

HnnT RPRIndasues are superior to MER measures for representing relative incomes andéoutputs
(Nordhaus 2007), and the update to his DICE model in 2016 included a shift from MER to PPP exchange
rates(Nordhaus 201,720189. Similarly Anthoff and Emmerlin2019 maintainthatt X dza Ay 3 y 2 YA Y | §
marketexchange ratesvould oversate the (current) degree of inequality between countries compared

to the measurements using PP#Ehe shift to PPBased projections in the REPs, therefore, represents

another advancement in the science underlying theG3€S framework presented in ghieport.

In the SSPs and the mean FHS, global emissions of gf@ak at some point this century and decline

toward zero emissions (in some cases negative emissions). These emission peaks for the SSPs are based
on simplistic assumptions abonet emissons reaching zerm 2250 The RFSP projections are based

on expert elicitation, where the experts were asked to incorporate their views on the evolution of future
policy. This is consistent with thel G A 2 y I £ | O NSORAYSYaXY Ro- Himieniet of the & G I
fA1StAK22R 27F 7Fdzi dzZNB S YA & & A 2SPs areYpiobahilBtic thayzeffectlti2 t A OA
uncertainty in future policy and when this peak would occur. In the mearIRBFojection the peak

occurs this decade. In some of thigher emissions scenarios this peak in emissions does not occur until

near the end of the century.

S
S

Figure2.13 presents the RFEP projections for@ emissions through 2300 along with a comparison to

arange of SSRCPs from ARBifure A6.1 andFigure A6.2in the Appendix present the same information

for CH and NO emissios through 230Q) For SSFRCP pairirggpresented in the figure, emissions
projections beyond 2100 are based on the commonly used extensions provided by the Reduced
Complexity Model Intercomparison Project (Nicholls et al. 202@ post2100 SSP projectigrare based

on simplistic assumptions about when global emissions reach zero (2055 fet 9SPU75 for SSPA.6,

2250 for SSP2.5, SSR3.0, and SSP%.5) and how global emissions reach this point after 2100. In the

mean RFSPs (blackolidline) glotal CQemissions continue to rise in timearterm but peak at 42 GtGO

before 2030 Both the RFHSP median and the mean track closely with S8§82which is often described

4 I aYARRES 2F GKS NISlpRjéctiof is the anly SFREP{painAGWith K S  { { t

53 SeeSSP Database (Shared Socioeconomic Pathwdgssion 2.Cavailable at:
https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10
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emissions projections outside thé'fo 99" percentile range of RFEPs. The RCP8.5 emissions scenario is

a high emissions scenario in absence of climate change policies (Riahi e7at! 28Imentioned above,

the RFFSPs explicitly account for the likelihood of future climate politi&¥hile the SSIRCP scenarios

offer plausible storylines that imbed these assumptions within their trajectories, theSREFhave a
significant advantage ithat they assign probabilities to these future policies and their outcomes, account
for adoption of cleaner technologies and fuel sources, and explicitly link socioeconomic growth scenarios
to emissions$®

54 While all the RCP emissions scenarios peak and begin to decline by, or shortly after, the end of the century, it is
important to note that C@concentrations, and therefore temperatures, will not stabilize untit @®issions decline
to zero (Matthews and Caldeira 2008).
% Specifically, Rennertetal (2082 a Gl 6 S&ayY GXSELISNIA&A OAS6SR t26 SO02y2YAO
overall but also lead to reduced global ambition in climate policy and slower pragrdesarbonization. For median
economic growth conditions, experts generally viewed policy and technology evolution as the primary driver of their
emissions distributions, often offering a median estimate indicating reductions from current levels bt witte
range of uncertainty. Several experts said high economic growth would increase emissions through at least 2050,
most likely followed by rapid and complete decarbonization, but with a small chance of substantial continued
AYONBIFraSa Ay SYAaarzyaodé
%6 Throughout all stages of the $KHG modeling process, we compared the intermediate and final outputs across
the SSHRCP socioeconomic and emissions storylines and theSRR#obabilistic scenarios. For each of these
outputs (global mean surface tempera®y sea level rise, and even the final-SBG estimates) the'Sand 93"
percentiles of the RFEPs lie within the full range of the SBEP storylines and are most consistent with the SSP2
RCP4.5 pairing. In additioncamparison of the RFEP emissiongrojections with the EMR22 trajectories used in
the IWGrecommendedSCGHG estimates to dais displayed ilppendixA.6. FigureA.6.3 illustratesthat the RFF
SP based G@missions range lie within the low end of the range of the selected-EM$cenarios, likely reflecting
the impact of GHG mitigatiorpoliciesand other factorghat haveoccurredsince the development of the EMIE2
trajectories and that the RFEPs reflecthe possibility of future policies whereas omdge of the five selected EMF
22 scenarios did so.
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Figure2.1.3: Net Annual Global Emissions of Carbon Didxid® underRFFSPs and SSPs, 198D0
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RFFSP projections based on REs (Rennert et al. 2092 Black lines represent the mean (solid) and median (dotted) CO
emissions projections along with §o 95" (dark shade) andstito 99" (light shade) percentile ranges. SSP data through 2100 are

from the International Institute for Applied Systems Analysis (IIASA) SSP Database (Riahi et al. 2017). SSPs bdsshd®100 (
lines) are based on the commonly used extensions provided by the Reduced Complexity Model Intercomparison Project (Nicholls

et al. 2020).
2.2 ClimateModule

The next step in the SGHG estimation process is to estimé#te effectof emission®n physical climate
variables, such as temperature, and to ensure that the outputs from the climate model are at the spatial
and temporal resolution required by the daneagnodule. This means the climate matk must:

(1) translate GHG and other forcing agemmissionprojectiors into atmospheric concentrations,
accounting for the uptake a£Q by the land biosphere and the oceand the removal of other
greenhouse gasdhroughatmospheric reactions, deposition, and/or other mechanisms

(2) translate concentrations ajreenhouse gaseand other forcing agentsito radiative forcing;

(3) translate forcing into global mean surface temperature response, accounting for heat uptake by
the ocean and

(4) generate other climatic variablesuch as sea level rise (SitR)t may be needed by the damage
module®’

57 This module could in future iterations also generate estimates of other climatic variables (e.g., precipitation
changes) as well as nafimate mediatedmpacts ofGHGemissiors if needed as inputs to future damage functions.
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Together, with the projections of associated socioeconomic variables, the results from the climate module
serve as inputs to the damageodule.

As discussed in sectidnl, the methodology underlying SEBHG estimates used the EPA dnalyses to

date has included a representation of climate aher Earth system dynamics as provided in the default

version of the DICE, FUND, and PAGE IAMs. The only climate variable that was harmonized across these
three previous models was equilibrium climate sensitivity (ECS)neasure of the globally averaged
temperature response to increased radiative forctgach IAM was run using a probability distribution

F2NJ GKS 9/ {2 OFtAONIGSR (2 (G4KS LYGSNH2OSNYYSyidlf
Report (AR4)IPCQ007a) findings using th&oe and Baker (2007) distributi®hAll other aspects of the
modelingg such as the representation of the carbon cycle and its parameterizatiotessaise, regional
downscaling of temperature, and treatment of n@Q greenhouse gasesvaried acrosshe three IAMs

and were used as the model developers had designed them.

Toimplement a modular approach to updating the representation of climate and diaeh system

dynamics in SGHG estimationit is helpful to reviewthe available climate modelsapable of meeting

the climate module requirements outlined above, the conclusions of resemntific assessments

LJdzof AAKSR &aAyOS GKS Lt/ / Qa ! wn IN®idIBINGPA prapés&d LJdzo f
rulemakings andthe L 2 D Rebruary 2021 TSEPWG 2021) and the National Academies (2017)
recommendations related to the climate module.

The conclusions of recent scientific assessments (e.g., IPC& 2018, 2019a, 2019b, 2021USGCRP
2016, 2018; and the National Academies 2016b, 2019) bolsiter $cience underlying the modeling of
climate dynamics. Recently, in August 2021, the IPCC releas®¢bitkeng GrougWG) Icontribution to
the IPCC Sixth Assessment Report (AR&C 2021). The IPCC (20&@)1report brings togethethe most
up-to-date physical understanding of the climate system and climate chafige report includes updated
IPCC ARG consensus statements on key climate parameters that are relevant@GbiGS€stimation,
including equilibrium climate sensitivity and transient climate ms®e. FOrECSthe AR6 assessment
finds, with high confidence, that the best estimate is 3°C with a likely range of 2.5°C $ARE.also

As discussed in Section 3.Betonly nonclimate mediated effect included in SEHG estimads used by the EPA to
date areplant fertilization effects from elevated G@oncentrations.Other nonclimate mediated effects of GHG
emissions that have not yet been incorporated inte@@G estimation are discussed in Section 4.2.
%9/ { Aad RSTAYSR Id adKS SljdAt AONARdzY 0adGdSFRe adlkdiSo OKlI
atmospheric carbon dioxide (@@oncentration frompréh Y Rdza G NA I f O2yRAGA 2y &¢ oLt/ /] HIJ
¥¢KS Lt/ / Qa C2dzNIK !d3aSaavySyid wSLRNL oLt/ / HannToO &I &
when the IWG calibrated the ECS distribution.
©The! we | daSaavySyild FTAYR& dwo8l aSR 2y YdzZ GALX S tAySa 27
sensitivity is between 2°C (high confidence) and 5°C (medium confidence). The AR6 assessed best estimate is 3°C
with a likely range of 2.5°C to 4°Ggtinconfidence), compared to 1.5°C to 4.5°C in AR5, which did not provide a best
SadAYF{S¢a oyt Lt/ hnaml 6SYSyiaz GKS GSN¥a afA{Steés a@SN
correspond toprobabilities of at least 66%16.683.3 percentile), 90% {85 percentile), and 99% (6%.5
percentile), respectively (IPCC 2007c). In IPCC repdeeel of confidence is expressed using five qualiffeesy
low, low, medium, highand very highbased on the typeamount, qualiy, and consistency of evidence (e.g.,
mechanisticunderstanding, theory, data, models, expert judgement) and on degree of agreement across
multiple lines of evidenceStatements in the AR6 WG1 repditat A y Of dzZRS G¢o6Sad SadAvwkdiSé | N
definition.
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concludesi K & aAd A& @ANLdzZ fte OSNILFAY GKFEG 9/ { Aa €1
out ECS values above §°C 0 L t A)/As cited inNMPCC (20218perwood et al(2020) present several

lines of evidence supporting these assessmenegioflibrium climate sensitivityror thetransientclimate

response (TORARGfinds that the best eimate of TCR is 1.8°C, artdis very likely between 1.2 and

2.4°C% Additional discussion of scientific updates in ARG is provided in the Appendix. In particular, Section
A1O2y Gl Aya | adzyYlI NE 27F QDK®E, dnd MO giednhods¢ BaS KaHiativey RA y 3
efficiency, atmosphericlifetimes, and chemistryn ARG relative to AR4, which was the basighef

simplified lifetime and forcing equationsderlying the IWG estimatesed bythe EPA and other federal

agenciedo date.

Reducedcomplexity climate models (RC modetsffer meaningful improvemers over the current
representation of climate dynamici existing IAMs (Nicholls et al. 2020). RC models are highly
parameterized, computational emulators of the climate system. RC madeldifferent from the highly
complex and computationally demandirigarth system models (ESMs)hich are the state-of-the-art

tools for climateprojections However,the use of RC models may be preferred over ESMs for certain
applications for at least three reasons: (1) the computational efficiency of the RC models allows for
hundreds or thousands of simulations in a relalyv short timeframe, (2) the adjustability of model
parameters allows for the exploration of uncertainty, and (3) because RC models do not moelel-year
year variability they allow for the estimation of the difference between emission scenarios that iveuld
smaller than that variability (Sarofim et al. 2@2IROmodelshave a long history of use in climate science
assessmentdAM modelingapplications, and analyses of climatic proces3égyare ubiquitouslyused

to support model intefcomparisons and idgnostics because of their ability to emulate different ESM
componentsandvariables, explore uncertainties in key climate parametanslyze scenarios to provide
concentration and temperature inputs to IAMs and other models, and estimate climate sépsithen
coupled with historical climate observations (Nicholls et al. 2020, Nicholls et al. 2021, Sarofim et al.
2021a).

Oneof the most widely used RC modéddhe Finite amplitude Impulse ResponfealR climate model
(Millar et al. 2017 Smith et al2019§ to generate projections of global mean surface temperature (GMST)
change. The FalR model wagymally developed by Richard Millar, Zeb Nichalsl Myles Allen at Oxford
University, as a modification of thapproachused inIPCCAR5 to assess the Gvéad GTP (Global
Temperature Potentialpf different gaseslt is opensource, widely used (e.gRCC 2018, IPCC 2bp1
and was Ighlighted by the National Academies(2017) as an RCmodel that satisfies their
recommendationdor a nearterm update of the climate module in SEHG estimation. Specifically, it
translates GHG emissions into mean surface temperature response following the steps outlaved a
and representsthe current understanding of the climate an@HGcycle systems and associated
uncertaintieswithin a probabilistic framework¢ KS ClF Lw Y2 RSt Qa LINP2SOGA2Yya
consistent with more complex, state of the art ESMs and wath high confidence, be used to accurately

¢/ w A& RSFAYSR a4 aiGKS &adzaNFI OS GSYLISNI GdzNS NBalLkRyasS 7
dioxide (CQ increases at 1% IrfrompreA Y RdzA G NA € (2 GKS GAYS 2F | R2dzf Ay3
(IPCC 2021abhereby being a measure of the speed as well as the magnitude of the climate response. AR6 states
GKFd a.FaSR 2y LINRPOSaa dzyRSNEGOlI YRAY3IZ 4 N¥AYy3a 20SN) (KS
estimate TCR is 1.8°C, itis likely 1.4 to 2a2fCvery likely 1.2t02.4¢6C oLt // HAHMI 0O
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characterize current best understanding of uncertainty, is easily implemented, and is transparently
documented.

The updated SGGHG estimates presented in this repoety onFalR version 1.6.2s usedoy the IPCC
(2021a, 2021b). An alternative version of the model, FalR 2.0, was recently published (Leach et al. 2021)
that offers some advantages with respect to simplicity and the inclusion of a flexible;detpemndent
methane lifetime, but is less preferablerfSCGHG estimation at this timeecause it is not yet able to

track ocean heat uptake (which is used as an input to help project future sea level rise in some models
such asthe Building Blocks for Relevant Ice and Climate KnowleBBéCKmodel discused below;
importantly the calibrationof its uncertain parameters is based on historical data but has not yet been
adjusted to be consistent with the AR6 evaluation of climate characteristics such as the IPCC assessed
likely range of 2.5 to 4°C for tharohte sensitivityFalR 1.6.2Iso has advantages ovire latest versions

of other RC modelsincludingthe Model for the Assessment of Greenhouse Gas Induced Climate Change
(MAGICCMeinshausen et al. 201Bndthe Hector model, a 1% Governmentdeveloped mode({Hartin

et al. 2015f2 MAGICC iwvidely used in science research, polanyalysis IPCC reporfsand the latest
version, MAGICC 7.5.1, has been calibrated to ARG findings. However, the model itself is not open source
and, therebre, less preferable to FalR in terms of transparency and reproducibility. The Hector model has
some additional complexity and features that could be helpful in futur&s85G updated-or example, it

can emulate ocean acidification, permafrpand land cebon cyclegWoodard et al. 2021)}However,

Hector has not yet been calibrated to the AR6 assessed climate characteristic ranges, and the current
version of Hector has no suggested parameter sets for use in uncertainty an@ibisis2.2.1 shows
summary statistics for the ECS from the FalR 1.6.2 model used nepbi$ and other RC modeksnd
comparesthemto IPCC statements. For referentefde 2.2.1 also includes the assumed distribution used

in IWGSCGHG estimates to datdable2.2.2 shows similar information for the TCRalR, MAGICC, and
Hector haveall been tested againsthe Earthsystem models used by the IP&@Epart of the Reduced
Complexity Model Intercomparison Project (RCMIP) (Nicholls et al. Z08@holls et alcomparethe
globatmean temperature response across a range of perturbations. The aulborenstrate the success

of all three models irstimating the global mean temperaturéor applications in integrated assessment
modeling

Taken together, FalR 1.8=2afitting RC model to serve as the basisdarupdatedclimate modulen SE

GHG estimationit provides, with high confidence, an accurate representation of the |&RB&scientific
consensus on the relationship between global emissions and global mean serfguerature under the
wide range of socioeconomic emissions scenarios discussed in Skdtitiralso offers a code base that

is fully transparent and availabteline (unlike MAGICC), and the uncertainty capabilities in FalR 1.6.2

52FalR and MAGICC were among the four RC models examined in IPCC (2021a), dbsugii@hsser et al. 2020),
and CicereéSCM(Skeie et al. 2021ach of thesavere calibrated based on agreement with obsengsis such as
historical temperatures, ocean heat uptake, ZOncentrationsand airborne fraction The WG1 reportompares
distributions fromthe calibrated models to assessed values of metrics such aarflTER The latter two RC models
are droppedfrom detailed considerationin this report because CicelSCM does not have a carbon cycle
representation, and Oscar did not match projected future temperatures ftloeCoupled Model Intercomparison
Project (CMIPand other projections Thompson (2018) also identified FalR, MAGICC, and Hector as being good fits
G2 GKS DbridAz2ylf 1 OFRSYASEAQ NBEO2YYSYRSR ONRUGOSNRI F2NJ GK!
63 See alsohttps://www.rcmip.org/ .
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have been calibrated to the most recent assessment of the IPCC (which importantly narrowed the range
of likely climate sensitivities relative to prior assessments) (unlike FalR2extr ldt the present time).

Table2.21: Summary Statistics for Equilibrium Climate Sensitivity uRdducedComplexity Climate
Models and IPCC statements

Percentiles and Other Summary Statistics

5% 16.6%| Mode? 'V('ggc';;;‘ Mean| 83.3% 95%

FalR 1.62 2.05 2.37 2.78 2.95 3.18| 3.87 5.03

FalR 2.0.0 (Leach et al. 202 1.94 2.36 3.24 474 6.59

MAGICCY7 (IPCC 2621 1.93 2.97 4.83

Hector2.5 (Nicholls et al. 2021) 1.84 2.16 2.85 390 545

ARG6statement (PCQ021b) 200 250 3.00 4.00 5.00

AR5 statementlPCQ013) >1.00 1.50 450 <6.00

IWG to date (Roe & Bak&007)

calibrated to ARAYWG2010) 1.72 2.00 2.34 3.00 350 | 450 7.14

AR4 statementlPCQ007) 2.00 3.0 4.50
aMode calculatedAafter rounding to g de(,:imal plages. o ; ) o 3 3 )
blwe 2FFSNB F aoSald SadAYriaSé odzi A& y20 d4LISOAFAO 2y GKAOK &d
clwn 2FFSNE | aYyz2ad A1 Sfticty sp@akihg@zSapy 2 & yRAHISRE g/ NB DS NE niva 0 EK &

rather than the median, butommon usage would allow the mode, median, or mean to serve as candidates for the central or
ayzaid tAl1Ste¢e Gt dabspdcificin tilisp&int.Lt / / NBLR NI Aa y

d Results from FalR 1.6.2 were estimated using the 2,237 constrained parametdieeshadingn the tablehelps to highlight
how the model used in this report (FalR1.6.2) compares with the latest scientific consensus (ARSkeynpghrameter
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Table2.2.2: Summary Statistics for Transient Climate Response &edecedComplexityClimate Mbdels
and IPCC Statements

Percentiles and Other Summary Statistics

5% 16.6%| Mode® '\?583;;‘ Mean| 83.3% 95%
FalR 1.62 136 1.49 | 1.60 1.81 1.85| 220 2.46
FalR 2.0.0 (Leach et al. 202 1.30 1.48 1.79 215 2.44
MAGICC7 (IPCC 2621 1.27 1.88 2.61
Hector2.5 (Nicholls et al. 2021) 1.42 158 1.82 208 2.29
ARG statemen({IPCQ021b) 1.20 1.40 1.80 220 240
AR5 statemen(|PCQ013) 1.00 250 3.00
AR4 statemen({lPCQ007b) 1.00 3.00

aMode calculated after rounding to 2 decimal places.
b Resulsfrom FalRL.6.2 were estimated using the 2,237 constrained parameter 3éis.shadingn the tablehelps to highlight
how the model used in this report (FalR1.6.2) compares with the latest scientific consensus (ARSkenghrameter

Figure2.2.1 shows the projected future atmospheric concentrafibnf CQthrough 2300 based on the
RFFSP emissions projections that are used as inputs into FalRAt®@spheric concentrations increase
over time due to the accumulation of annual emissions, with excesdr@@ the atmosphere moving

into the ocean and ecosyams slowly over time until eventually a new equilibrium is reaciddgure
2.2.2shows the corresponding projection gibbal mean surface temperate. The ranges in these figures
reflect uncertainty in both emissions and physical climate processes that are consistent with the latest
projections coming out of the Sixth Assessment Report (IPC@)Z821

64 Atmospheric concentration refers to the amount of a gas in the atmosphere. Fgiit@Omeasured in parts per
million (ppm). Preéndustrial concentrations of G@vere 280 ppm, and concentrations this high have not been seen
in at least 2 million yeaa.
55 FigureA.6.6 and FigureA.6.7 in the Appendix show projected atmospheric concentrations of methane)(@htl
nitrous oxide (NO). CHand NO concentrations are higher than at any time in at least 800,000 years. While CO
once emitted into the atmosphere through combustion, is not destroped rather moves between the ocean,
ecosystems, and atmosphere, other gases likeddld NO are destroyed through reactions in the atmosphere.
66 FalR has number of uncertain parameters that are chosen to be compatible with each ddoerexampleijf
some parameters in a given model run result in higher climate sensitivity, then it is likely that other parameters will
result in more heat uptake by the ocean. This will ensure that the overall parameter selection is still consistent with
historical tempeatures. Higher heat uptake by theoced@ & dzf 1a Ay (GKS 9F NI KQa adzNFI OS
equilibrium temperature, but faster sea level rise due to thermal expansion happening earlier.
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Figure2.2.1: Global Atmospheric Concentrations of Carbon Didxids, 19062300
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Future atmospheric concentrations of carbon dioxide i(IC&#e based on the range of annual emissions projections from the
sampled RFBP scenarios used as inputs indR-1.6.2. FalR 1.6.2 is run with the full, AR6 calibrated (constrained) uncertainty
distribution. Therefore, the uncertainty ranges in this figure represent both emissions and physical carbon cycle unekxéainty
(solid) and median (dashed) lines ahewn along with the Bto 95" (dark shade) andsito 99" (light shade) percentile ranges.

Figure2.2.2: Global Mean Surface Temperature Change, 128D

The range of global mean surfatemperature change relative to piadustrial (18561900) as calculated by FalR 1.6.2
corresponding to the GO n@edtrations fromFigure 2.2.1and thel OO02 YLJ y @ Ay 3 T A 3 daNtBedppdndind / 1 j |y
Uncertainty comes from emissions uncertainty from the-BFprojections and physical climate uncertainty from FalR. Mean

(solid) and median (dashed) lines are shown along with the 95" (dark stade) and #to 99" (light shade) percentile ranges.
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