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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,

13



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

20



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).
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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).
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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.

32



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
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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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Because the SGHG is calculated based on the impact of a marginal pulse of emissions, it is particularly
relevant to investigate how the climate model respondsatthange in emissiorfé. The responsef the

climate to a pulse of GHG emissions.{ CQ, CH, or NO) is calculated by using a reference scenario
(baseline) and subtracting the temperatures of that reference scenario from a second scenario
(perturbed) that is identical in all dimensions except for the marginal increase in emissions for the one
year andone gas being examined (i.e., all characteristics of the model run, emissions levels of other gases,
etc., are held constant for the duration of the perturbed model rigure2.2.3 shows the temperature
response resulting from a pulse 60 emissions in 2030nder the three RC models considered in this
report.?® The FalR, MAGICC, and Hector model outputs all exhibit similar dynamics in the timing of peak
warming inresponse to a pulse of emissions. For most gases, a pulse of emissions leads to a peak in
temperature within a few years following the pulse of emissions. Then, as the radiative forcing declines
and the ocean heat uptake increases, the marginal increageniperature begins to decline at an
increasing rate. However, as illustratedFigure2.2.3, the temperature response to a pulse of {9a

little more complicated When the rate of decrease in radiative forcing slows such that the rate of decline

in ocean heat uptake exceeds it, atmospheric warming resumes leading to a sustained increase in
temperature®® The temperature dynamics of these modbktter reflect theestablishedconclusions of

state of the artclimatemodeling toolaused in internationascientific assessmenthan the temperature
responses underlying the climate components of the three IAMs used itV&SCGHGestimates
Specifically, Dietz etl. (202h) showed that the initial response of DICE, FUND, and PAGE to a pulse of
CQ emissions was slower than the response of FalR calibrated to 256 models involved in the fifth phase
of the Coupled Model Intercomparison Proje@NIIP%°%), demonstratinghat FalR and related models

can better emulate the highesolution global climate models. This is an important feature when
estimating the SGHG as discussed in Sectb(near term marginal damages are discounted less than

67 The pulse sizes used for the model runs in this reperevgelected to be the smallest size that the climate system
model will reasonablyepresent andvherethe damage functions are responding on the margin. See Section 2.3 for
more discussion of each damage function used in this update.
58 FigureA.6.8 and FigureA.6.9 in the Appendix show the temperature response resulting from a poiseH and
N20 emissions
69 A more detailed explanation of the temporal temperature response resulting from a pulse of greenhouse gas
emissions is as follows. The atmospheric concentration response from an emissions release is the highest at time
zero anddeclines thereafter as the gas either decomposes in the atmosphere or cycles into other reservoirs. The
radiative forcing is directly related to the increased concentration. However, the temperature response is a function
of the accumulation of energy due the radiative forcing, minus the heat that the ocean takes up as the atmosphere
warms and the increased heat that is radiated to space due to a warmer planet. For most gases, this balance between
radiative heating from the gas and heat uptake by theascéeads to a peak in temperature within a few years of
the emission as the radiative forcing declines and the ocean heat uptake increases. The decline in temperature lags
the decline in radiative forcing, as the heat that went into the ocean is eventigdigsed. However, the response
to a pulse of C&is a little more complicated: because the elevated concentrations resulting from a pulsezof CO
emissions decreases quickly to start as €@les into the ecosystems and surface oceans, but then the awsere
slows as the timescale becomes dominated by deep ocean mixing and slows further when it is dominated by
sedimentation. When the rate of decrease in radiative forcing slows such that the rate of decline in ocean heat
uptake exceeds it, atmospheric wamgi resumes creating a second peak in temperature (Millar et al. 2017).
0 CMIP is the Coupled (sometimes, Climate) Model Intercomparison Project. CMIP creates a framework for
consistent application of climate models to a common set of scenarios, and witmanon set of outputs, to
facilitate assessment of these models and provide consistent inputs to impacts assessments. CMIP5 is the fifth phase
of CMIP and was timed to provide important scientific input to the IPCC AR5 asse§$ii&n2013)
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damages far in the future). Additionally, Dietz et al. (29Zbund that for the longerm response (200
years after the pulse) FUND and DICE 2016 were higher than the FalR emulatione segponse of
PAGE was consistently loweBegFigure A6.10in the Appendiy

As described in Secti¢h3, all three of the approaches to damage function estimation in this report use
only GMST as an input to the damage mod#er the two more disaggregated approach€4\VE and
DSCIMregionalandhigher resolutiorprojectionsof climate variablesvere used internallyo inform the

shape of the globadoseresponsefunctionsto GMST That is, the functions relating damages to global
temperature within GIVE and DSCIM damage modules are created gesiggaphically disaggregated
temperatures and precipitation data from GCMs and other sources, such as pattern scaling to fill out the
distribution of possible local temperature and precipitatance aggregatedsMSTis the only input
required to run themodels

Figure2.2.3: GlobalMean Surfacd emperature Anomaly fromPulse of Carbobioxide(1GtChy Model,
20202300
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¢KS YSIy 3ft26lf G§SYLISNI Gdz2NB NB & L2 y 2830 Ashhdjdeted by FaiR1.8.ABettorl2.5,LJdzf & S

and MAGICC 7.5.3. This represents the difference between a reference sesirrgi®IPRCP4.50r the figurg and the same
scenario including the pulse of emissions. The emission pulse size is 1datBofodioxide. Mean (solid) and median (dashed)
lines are shown along with thé"5o 95" (dark shade) andsito 99" (light shade) percentile ranges.

Sea Level Risén addition to temperature change, two of the three damage modules used in thistrepor
require global mean sea level (GMSL) projections as an input to estimate coastal damages. Those two
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damage modules usdifferent models for generating estimates of GMSL. Both are based off reduced
complexity models that can use the FalR temperature otst@ms inputs to the model and generate
projections of GMSL accounting for the contributions of thermal expansion and glacial and ice sheet
melting based on recent scientific research. Absent clear evidence on a preferred model -@&d¢GSC
estimates presergd in this report retain both methods used by the damage module developers.

The first damage module used in thigport (discussed in Sectiof.3.1) projects GMSlusing an
implementation ofthe Framework forAssessing Changes Bealevel (FACTSFACTSs a flexible
computational framework, that can mix and match components of different models in order to further
explore uncertainty that is being used for tHRCQARGSLRprojections(IPCQ021c, Garner et al. 2021}

In this damage module, FACTS is used to project sea level rise, relying on the parameterizations based on

GKS G2 I LILINRBIFOKSaE GKIFG GKS Lt/ /] OKFNIOGSNAT SR |

approaches were equally likely. This leads tdghsl/ narrower projected SLR range than the likelihood
bounds from the IPCC medium confidence approach (given two distributions, the IPCC used the outermost
probability for any given likelihood estimate). The choice of using only the medium confidence
parameterizations leads to the lowest future sea level rise projections available from the FACTS model;
the parameterization excludes the possible contributions from marine ice cliff instability (MICI) and from
ocean forcing on basal melt rates that was assessed to be low confidence by the IPCC.

The additional sea level rise resulting from the emissions pulse is estimatedwlsitigs known as a
dsemiempiricak’ sea level model (Kopp et al. 2016), which was cited by the National Academies as a
potential approach for estimatin@LRrom an emissions pulse (National Academies 2017). The- semi
empirical model is driven by the same probabilistic GMST projections from FalR used in-tuastah
damagesltis calibrated based on historical data and hasvis probability distributiorthat is generally

lower than that seen in the FACTS projections. The FACTS projections account for a best understanding of
future contributions to SLR from numerosisurcesut cannot be applied to an individual emissions puls

Thus, to biagorrect the semS Y LA NA OF f Y2 RSt Qa LINRP 2SO A 2ifapped S OK
to an equivalent probabilistic draw of the FACTS projections within eacRGBPThe magnitude of the

SLR impact of an emissions pulse is not cednfut the baseline SLR in the absence of the pulse is
adjusted such that it is consistent with the probabilistic distribution from FACTS for eadRCESH 0

model SLR in the RIFIPs, for which no FACTS projections are available for bias correctiatdithonal
guantilemapping step is taken. This is detailed ih(€023).

! Additionalinformation about the IPCC AR6 SLR projection methods can be found at:
https://sealevel.nasa.gov/data_tools/17
2 Semiempirical models are a form of reduced compigxprocess models. These models are known as semi
empirical because they are based on equations that embody physical understanding and calibrated to historical data.
Semiempirical models are a commonly used approach in the literature. The Kopp(20Eb) model is based on a
set of three differential equations: one to relate a change in sea level to a difference between projected atmospheric
temperature and a theoretical equilibrium temperature, one to determine the change in the theoretical equilibrium
temperature over time, and one to address the additional sea level rise from the climate response terlong
orbital changes. The parameters in these three equations are then calibrated against estimates of historical warming
and sea level over the pastillennia. The Kopp et d2016)model agreed well with procedsased model and expert
surveys available at the time. Seernpirical models calibrated solely on historical data will not include processes
that were not active over the historical calibrati period, such as MICI processes (which are often not included in
processbased models either).
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The second SLR model used intbport, Building Blocks for Relevant Ice and Climate Knowledge (BRICK),
is a semiempirical modeling framework that simulates GMSLhanges in Igbal mean surface
temperature drive changes in GMSL. Tinedel includesontributions to GMSL from the Greenland and
Antarctic ice sheets, thermal expansion, glaciers and ice eapkland water storagéNong et al. 2017
VegaWesthoff et al. 2019)The parameterizations for the BRICK model include assumptions about
Greenland and Antarctic melt that are consistent with the IPCC ARG6 projections that include MICI.
Inclusion of processes like MICI have the largest effects after 2100, and for the warmesias;esuch

that inclusion in the RCP8.5 scenario leads to an average increase of 3bRbyr2100 and 50% by 2150
(relative to 18561900, Table 9.10, IPC2021c). By 2300, inclusions of MICI processes for the RCP8.5
scenario results irSLRof 9.5 to 162 meters, which is substantially larger than the no-steet
acceleration assumption which yields a rise of 1.7 to 4.0 meters (Table 9.120PLCC

Figure2.24 shows the projected global sea level change resulting fronFhE@TSand BRICKased SLR

models, as implemented in the two damage modules discussed in S&BORACTS and BRICK have

similar projections of SLR rise through the end of the century. BRICK, as expected, projects greater SLR in

the out years because of its inclusion of accelerated maltg@sses for the Antarctic and Greenland ice

sheet, consistent with the IPCC forecasts that include MICI processes. By 2300, BRICK estimates an average

of 4 meters, while the implementation of FACTS used indipisrt generates SLR projections of 2 meters,

2y | @SNI 3Sd ¢KAA RAFFSNBYOS Ay (KS 2dzi @SIFNBR A& F
O2yTARSYy OS¢ {[w LINRBOSaasSasz FyR 06060 GlF1Ay3a F+y Sid
combining multiple probability distributions. In thé@sence of a probabilistic assessment of the likelihood

of these processeshis reportretains use of both approaches.

In addition to surface temperatures and atmospheric concentrations, FalR also calc€aigstake in

0KS 62NI RQa 2dcddnyyclé calculatioiNdnd gerieratisipebjections of measures of ocean
acidification (pH and ocean heat). The impacts of ocean acidification are not captured in-@eGC
estimates presented in this report because functions that translate the pH andhdwst outputs from

FalR into monetized global damages are not yet available in the damage module. However, given current
understanding of the impacts of g@missions on the growth and survival of shellfish and coral reefs,
coupled with the availability fomarket and nonmarket valuation studies on the ecosystem services they
provide, it is likely feasible to develop damage functions that include ocean acidification impacts in future
SGGHG updates. See sectidr2 for morediscussion of damages associated with ocean acidification and
other impacts of climate change that are not captured in this report.
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Figure2.2.4: Glotal Sea Levd®isein FACTS and BRICK, 12300

Framework for Assessing Changes To Sea-level (FACTS)

Global Sea Level Rise
Relative to 1850-1900 (m)
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Year

Building Blocks for Relevant Ice and Climate Knowledge (BRICK)

Global Sea Level Rise
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The range of global mean sea level rise relative teiquestrial (18561900) as calculated Hyramework for Assessing Changes
To Sedevel(FACTStop) andBuilding Blocks for Relevant Ice and Climate Knowl@®IRECK(bottom). Uncertainty comes from
emissions uncertainty from the R6P projections, physical climate uncertainty from FalR, and parameter uncertainty underlying

each SLR module. Mean (solidjianedian (dashed) lines are shown along with theb95" (dark shade) andsito 99" (light
shade)percentileranges.
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2.3 DamageModule
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functionstranslate dianges in temperature and other physical impacts of climate change into monetized
estimates of net economic damages. The damage functions capture multiple net damage pathways that

can be broadly divided into market and nararket pathways.Some net economi damages are
experienced through markets, such as changes in net agricultural productivity, net energy expenditures,

and property damage from increased flood rifkkamples of net damages experienced through the
nonmarket pathway#clude changes in netontality rates and changes actosystem services, including

those provided by biodiversity.

As discussed above, tBEGHG estimates usedftime EPA a@nalysedo date have maintainedthe damage
functionscontained irthe default version of the DICE, FUND, and PIAGEas usedn the peerreviewed
literature. Specifically, the damages functions underlyingilV6& SCGHG estimates used since 2013 are
taken from DICE 2010 (Nordhaus 2010); FUND 3.8 (Anthoff and Tol 2013a), 200 PAGE 2009 (Hope
2013)® These models all take stylized, redudedn approaches to estimating monetized damages as a
function of temperature change and sea level rise. Theyaugséte of underlying studies to calibrate their
damage functions. FUD 3.8 takes a regional botteap approach to specify the damage function by
calibrating to or building up disaggregated pieces consisting of 14 separate damage categories using
studies and assumptions relating to eacdtegory Damages in DICE 204@ anaggregate based on a
calibration of sectoral damagéblordhaus and Boyer 2000) and scaled using aggregate darRyEE
2009 employs a regionalized hybrid approach with an estimate of four categories of damegasmic,
sealevel rise, nonmarket, an@iscontinuiteg o0y 2y f Ay SI N9 . SEGNBYS SgSyia
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damages, updates to models that have been developed since 2010, as well as the public comments
received onindividual EPA rulemakings artde L 2 DFEeBruary 2021 TSDave all helpedo identify

available sources of improved damage functions. The (&g, IWG 2010, 268, 2021) the National

Academies (2017), comprehensive studies (eRpse et al. 2004 and pubkk comments have all

recognized that DICE 2010, FUND 3.8, and PAGE 2009 do not include all the important physical, ecological,
and economic impacts of climate change. The climate change literature and the science underlying the

3The damages functions underlying tMGSCGHG estimates used from 2010 to 2013 came from earlier versions
of each model: DICED07 (Nordhaus 2008), FUNS (Narita et al. 2010), and PAGED2 (Hope 2006). The newer
versions of each model that have been used by the IWG since 2013 includedbamaf updates related to their
damage functions. For example, DRTRO included a realibrated damage function with an explicit representation
of economic damages from sea level rise. Updates in RJ8liDcluded revised damage functions for space imgat
SLR, and agricultural impacts. PAZRB9 added an explicit representation of SLR damages, revisions to ensure
damages do not exceed 100% of GDP, a change in regional scaling of damages, revised treatment of potential abrupt
damages, and updated adapitan assumptions. See IWG (2013) for more discussion of each of these changes.
74 Additional damages from an extreme event, such as extreme melting of the Greenland ice sheet, were multiplied
by the probability of the event occurring and added to the damagtimate. In PAGE 2009, &  NASna Ol £ S
discontinuity becomes possible when the temperature rises beyond some threshold value between 2 and 4°C. The
model assumes that only one discontinuity can occur and that the impact is phased in over a period biitime,
once it occurs, its effect is permane®ee IWG (2016a) for more discussion.
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economic damage functions haxevolved, and DICE 2010, FUND 3.8, and PAGE 2009 now lag behind the
most recent research.

The challenges involved with updating damage functions have been widely recodghinetional forms

and calibrations are constrained by the available literature aeed to extrapolate beyond warming

levels or locations studidd that literature Research and public resources focused on understanding how
these physical changes translate into economic impacts have been significantly less than the resources
focused @ modeling and improving our understanding of climate system dynamics and the physical
impacts from climate change (Auffhammer 2018). Even so, as illustrakégdure2.3.1, there has been a

large increase in research on climate impacts and damages in the time since DICE 2010, FUND 3.8, and
PAGE 2009 were publishélthere continues to be wide variation methodologies and scopef studies

such that care isequiredwhensynthesizindhe current understanding of impacts or damages

Figure2.3.1: Research on Climate Impact9962021°
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Approaches to developing a damage modide SGGHG estimation can be generally grouped into two
broad categories those that estimate a damage function by calibrating to or building up disaggregated

S In many cases, the three IAMs used different studies for calibration. This is particularly true of FUND, which used
studies relating to different subsectors of the modeheveas DICE and PAGE did not have as detailed a sectoral
breakdown. That means that summing across these different models is likely valid in all but a few isolated cases. The
blue bars include studies uncovered from a comprehensive literature review iecthreomics literature (and a few
others in public health or relevant disciplines) by the Climate Impact Lab through early 2016. Each of the studies
counted in blue was determined by CIL to have employed a research design that allowed for the causatatitanpr
of results (Greenstone 2016).
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pieces, and studies that estimate an aggregate global damage function directly. The more disaggregated
approach typically involves spatially explicit and seatar caegoryspecific modeling of relevant
processes and theaggregatesegional or sectoralamages® Alternatively, the aggregate global damage
function estimation approach often relies on medaalysis techniques (e.qg., as in recent versions of DICE
(DICE 203R and DICE 2016)) or totatonomy empirical studies that econometrically estimate the
relationship between GDP and a climate variable, usually temperature (e.g., used in part in the most
recent version of the PAGE model (PAGE ZRi3tra et al2021)). There are also more complex ways to
estimate damage functions directly (e.g., that have been used in extensions of DICE) and through expert
elicitation (e.g., Pindyck 2019, Howard and Sylvan 2021). Basademiew of available studies using
these appraches, tle SGGHG estimates presented in this report rely three damage functions. They

are:

1. a subnationakcale, sectoral damage function estimatidmaged on theDatadriven Spatial
Climate ImpacModel (DSCIM) developed by the Climate Impact (@h2023, Carleton et al.

2022, Rode et al. 2021)

2. aountry-scale, sectoral damage function estimatibaged on the Greenhouse Gas Impact Value
9AGAYIFG2N) 6DL+290 VY2RStf RS@Sft2LISR (Baim$atlalwCCQa
2022b) and

3. ameta-analysisbasedglobaldamage function estimatiorbésed orHoward and Sterner (201)7)

Each is discussed in turn.
2.3.1 Damage Module based orhe Datadriven Spatial Climate Impact Model (DSCIM)

DSCIM was developed by the Climate Impact Lab (CIL). Gtigdésciplinary consortium of climate
scientists, economists, computational experts, researchers, and analysts building empilécalbd,
locatlevel estimates of the net damages from climate change and empirlzzdlyd SGHG estimate$.

The DSCIM modeling runs performed for the estimates presented inrdpert are described inthe
September2023 DSCIM User Manual (A023). DSCIM monetizes climate damages for ne2slyp00

global impact regions using econometric methods that account fwal mnditions includingadaptation
investments when estimating the effect of climate change on sector specific outcomes. These local
damages are aggregated to develop an estimate of global damages as a function of global temperature
changes. The damadenctions for DSCIM are constructed through a-fitep process. First, researchers
collect and harmonize historic climate and socioeconomic data for each sector. Secondatisitign in

6 Consistent withthe terminology usedy the National Academies (2017) amdiny researchers the academic
literature on the SGGHGin this reportd & S © ligRnidallyused torefer to climate impactcategories rather than
specifidndustry sectors (e.g., agriculture, manufacturingpnstructior) of the economy In therelatively few studies
that rely onmultisectoral, multiregional economic computable general equilibrium (CGE) mimdbkisld damag
functions,the termmay beused in the more traditional way to refer tconomic sectorsCGE modelsalibrate to
regionsector impact estimates but account for more interactions among regiongacts, supplyand demand
factors
" The Climate Impact bateam combines experts from the University of California, Berkeley, the Energy Policy
Institute at the University of Chicago (EPIC), Rhodium Group, Rutgers Unjvénsitgrsity of California, Santa
Barbaraand University of Delawar&lore information m the individual researchers and institutions involved in the
Climate Impact Lab can be found http://www.impactlab.org/.
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shortrun weather and crossectional variation in the lonrgun awerage climate and socioeconomic
conditions, they econometrically estimate the effect of changes in local climatic conditions on-sector
specific outcomes, accounting for the adaptive effects of climate and socioeconomics, which can alter the
sensitivity ofoutcomes to local climate. Third, they use a revealed preference approauifeiothe
adaptation costs incurred by populations as they adapt to warming, drawing on research by Guo and
Costello (2013) and Deryugina and Hsiang (2F1Fpurth, they projectsectorspecific outcomes and
associated monetized damagiedo the futureby combining the econometric results with a probabilistic
ensemble ofhighresolution downscaledclimate projectionsfrom 33 global climate mals™® and
aggregate the local damagés global damages. Finally, they use these projections to estimate global
damages as a timearying reducedorm function of global mean surface temperature. The advantage to
this approach is that global damage estimates reflect the empirically derivatlitopact relationships,

and account for the uncertainty in economic growth, temperature change, and adaptation. For the DSCIM
model runsin this report the outputs of the socioeconomic module (Sectibh) and the GMST output

from the climate module (Sectidh2) are used as inputs in DSCIM.

At present, DSCIM includes the estimation of climate damages occurring in five impact categories: health,
energy, labor productivity, agriculture, and codstagions (@ 2023).8 Table2.3.1 summarizes key

St SySyida 2F 5{/LaQa RIYII3S Tdzy Ol A 2aegoleaTha hedlti A 2y Y S
component inclués the value of nethanges imot- and coldrelated mortality risk (Carleton et al. 2022).

The building block of the global mortality damage function is the estimatidenoperature's impact on

mortality rates using historical dataThe mortality data isassembled from various sources at the
subnational spatial scdfefor 40 countries covering 38of the global populatiod® Temporal coverage

for each country ranges from 13 years (1949¥10) to over 40 years (e.g., 1986810 for the U.S.) across

the sampe. The agespecific mortalitytemperature response is estimated as a linear function of nonlinear

8 The method for estimating the costs of adaptation reflects that people invest in adaptive behaviors and
technologies until the costs of doing so just equal the protective benefits. The protective benefits are observed
through the changes in the estimatesnsitivity of outcomes to temperature (or rainfall or sea level rise) as the
climate gradually warms. The estimated measures of these benefits are used to back out the costs of the adaptation.
See Carleton et al. (2022) for more discussion.
¥ See CIL (2@ for a detailed discussion of the ensemble of climate projections.
80To incorporate the RFEPs for model runs performed for this report, DSCIM uses an emulator approach that allows
fortheuse2 ¥ LINRPOFOAfA&AGAO &2 Oy eofdex yirdl isaOgiegatey dambgge dystema Thek A I K
emulator weights the outcome of annual global aggregate damage functioasare estimated using the suite of
SSHRCP combinationsaccording to how closely the socioeconomics characteristics each yeah nitadse
contained in the RFBPs. See CIL (B)2or more detailsThe use of this emulator approa@an approximatiorto
modeling large numbers ofrobabilistic scenarios direcly ¢ KA OK ¢l & y 2 (i comPutaiohradyt S Ay 5
intensive and high spil resolution environmentind offers an additionasource ofmethodologicaluncertaintyin
the DSCIMbased resultpresented in this report
81 CIL plans to update DSCIM regularly with representation of additional sectors (@)L 202
82The mortality datais at the second administrative level (e.g., county), first administrative level (e.g., state), or
somewhere in between.
83 Carleton et al. (2022) also have data from India (which increases coverage to 55% of the global population) but
are unable to includ it in the main estimation of the mortalitemperature response function due to the absence
of agespecific mortality statistics. Instead, the authors use the India data to assess external validity of their
extrapolation methods and find the modé&jenemtes conservative predictions of mortality impacts of climate
change in India, a hot and poor region of the glbbe 86).Jd
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daily gridlevel temperature and precipitation data transformations. This specification, together with the
inclusion of fixed effects to account for any timarying trends or shocks to ageecific mortality rates
unrelated to climate, allows them to isolate the impact of y&ayear, withinrlocation variation in
temperature and rainfall on mortality. Additionally, this model recovers the effect of cliddten
adaptation (e.g., more cooling systems) and income growth on the shape of the temperature mortality
relationship, as observed in the historical record using esessional variation in longun average
conditions. These econometric estimates are bamed with highresolution projections of climate,
income, and demographics to compute agpecific projected impacts of climate change under multiple
emissions scenarios at the scale of ~25,000 global regidhi¢e the main specification @SCIM employs

an ageadjusted valuation approach for monetizing net health damages (inclusive of adaptation costs), in
the results presented in thigeport, the projected changes in premature mortality are monetized using
country-levelpopulationaverage neasures of the willingnegs-pay for mortality risk reduction®'

The energy component includes energy expenditures from temperatleged changes inlectricity and

direct fuel consumption across residential, commercial, and industriadusesl(Rodeet al. 2021). Rode

et al. provide the first estimate of the global impact of climate change on total energy consumption using
globally comprehensive data, accounting for economic development and adaptive behavior. Energy
consumption data foelectricityand other fuelsis compiled from the International Energy Agency and is
available at the countrpy-year levelfor 146 countriefrom 1971to 2010.Daily historical climate data

are aggregated to annual, countigvel observations following the method inr&dion et al. (2022), which
preserves localevel nonlinearities in the relationship between energy consumption and temperature.
Modeled energy responses to temperature changes reflect income changes and climate adaptation (e.qg.,
installation of air condibning in areas that currently have little penetration and more frequent operation

of existing air conditioning equipment). Similar to Carleton et thk, modeled energytemperature
relationshipfor a local impact region & function of conditions at thdocation. This allows the authors

to compute the additional impact of climate change on energy consumption, net of local factors (e.g.,
income) that will change in the futurélsing the same incomand climate projections as in Carleton et

al. (2022) Rale et al. compute projected impacts of climate change on electricity and other fuels
consumption under multiple emissions scenarios at the scale of ~25,000 global régiongalue these
impacts, the results presented in thisport usecountry-levelenergy prices from thénternational Energy

I 3 Sy Oeé Wérld Bnkrgy!OutioofEA 2017andEnergy Prices and Tax#8A 2018)lataset Prices are

84 Specificallyprojected changes in premature mortality in the U.S. are monetized using the same value of mortality
risk reduction as ithe EPA) @gulatory analyses ($4.8 million in 1990 (1990USD)) and adjusted for income growth
and inflation following current EPA geiihes and practicdEPA 2010and consistent withEPAScience Advisory
Board (8B advice (see e.g., EPA 2011, OMB 20@3ulting in a 2020 value of $10.05 million (2020UgBluation
of mortality risk changes outside the U.S. is based on an extrapolaf the EPA value that equalizes willingness
to-pay as a percentage of per capita income across all countries (i.e., using an assumed income elasticity of 1). The
use of a benefits transfer approach based on a positive income elasticity is consistetitespproach used in the
default version of the models and published studies used inrdpsrt (e.g.,Rennert et al. 2022hCarleton et al.
2022, Diaz 2016andother academic literatureSee Appendii.7for more discussion.
85 Additional energy consumption from temperaturelated changess a defensive expenditure for climate ciue
impacts. Bartik (1988) shows thaefensive expenditures of this sate a lower bound fthe compensating surplus
associated with a reduction in environmt@l quality. As such, the estimaté monetizednet damagesn this sector
area lower bound on the theoretically correct welfare impact.

49



extrapolated into the future based on the growth ratg@sojected in the U.SEnergy Information
Administration'sAnnual Energy Outlook 20PBIA 2021)Specificallybased on the AEO prajgons,prices
are assumel to grow at an annual rate 6D.27% and B2% for electricity and other fuels, respectively
SeeClL(2023) for more discussion.

The labor productivity component of the model captures the value of labor losses, as measured in labor
disutility, from responses in daily temperature (Rode et24122). Evidence shows that workers in
industries such as agriculture, construction, manufacturing, transport, and utilities reduce their hours
worked when outdoor temperatures deviate from average temperatiifé3aily variation in weather for
seven counties representing about 3@ of the global population is used to econometrically estimate
subnational labor supply responses to temperature changes. The labor response is estimated to be an
inverted Ushaped relationship, with lost labor occurring at extrehwd and cold temperatures, for high

risk, weatherexposed sectors and lovisk setors. The labor supply temperature response is projected
globally and over time, followwg Carleton et a2022) and Rode et a[2021) Itincludes predicted shifts
towards less weatheexposed industries as a function of average income per capita anduorayerage
temperature, analogous to other forms of adaptation accounted for in Carleton €G#22)and Rode et
al(2021) The valuef lost productivity is monetized as the compensating wage increase needed to offset
the temperature change's disutility.

DSClIMcaptures the net production impact of climate change in the agriculture sector by computing
projected impacts fosix globally ad regionally important staple crops that represent two thirds of global
crop caloric productionmaize, wheat, rice, soybean, sorghum, and cassava (Hultgren et al. Z022).
DSCIM reducetbrm econometric approach simultaneously captures the combinedachpf biophysical

crop responses and producer decisimrakingto account for the costs, benefits, and adoption rates of
producer adaptations as they are observed in practice around the world. This contrastsiaitanalyses

that rely onagronomic procesbasedmodelsto explicitly characterize the biophysical processes to
project yields DSCIM accounts for several types of adaptation. First, the model allows for-aiitigin
adaptations such as varietal switching and other changes in production metbhods, as irrigation,
fertilization, and planting dates. Second, in the monetization step, the results are multiplied by 0.45 to
account for crop switching and trade protective effects, from frictionless trade within continents and
global trade networks, b&sl on anaverage of the estimates in prior research documenting these
quantities (e.g., Rising and Devineni 2020; Costihat.2016; Gouel and Laborde 204111 S T leya? @A 6
2016). The DSCIM results presented in teigort also account for the fertitiation benefits of CO
emissions on crop yieldsmsed on established estimates in the literature (Moore et al. 2017).

Finally, the coastal component of DSCIM estimates damages resulting from sea level rise inundation in
coastal regions. As described iecBon 2.2, the GMSL projections are based on the probabilistic FACTS
Y2RSt GKIFIG A& o0SAy3a dzaASR Ay Lt/ / Q&aToyemerateMBdmageli 6 Y 2 |
function relating GMSL to welfare loss, probabilistic local mean sea level (LMSL) projections are used as
inputs to an updated versio(Depsky et al2023) of the Coastal Impact and Adaptation Model (CIAM)

(Diaz 2016). These projections come from LocalizeSL (Kopp et al. 2017), using AR5 emissions trajectories.
The updated CIAM model (pyCIAM) estimates highly localized SLR related débiag@916)CIAMis a

86 See Rode et al. (2021) folisting of literature across many disciplines that have studied the effects of temperature
on worker performance and labor, dating back to Huntington (1922).
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deterministic optimization model thathooses the leastost adaptationstrategy for each ofthe 9,000
coastal segmerstdefined in the Sea Level Impacts Input Dataset by Elevation, Region, and Scenario
(SLIIDERS, Depsky et al. @T2after accownting for local physical and socioeconomic characteristics.
Damages are then estimated as the costs associated with the selected adaptation strategy plus the
residual damages due to inundation, wetland loss, #wmoding

8 The SLIIDERIGtaset provides details olocal physical and socioeconomic characterisfiteoriginal CIAM uses
12,148coastal segments in the Dynamic Interactive Vulnerability Assessment (DIVA) datébasgse of 9,000
segments in DSCIM is just the result of Depsky et al3(2@2ptiMiBation of the coastal segment choices (e.g., in
the original CIAM inputs, 10% of the 12,000 global segments were in French Polynesia).

88 In CIAMthe adaptation choice set includésn total adaptation strategy options. Each strategy is a combination
of an adaptationoption and, in cases of taking adaptive maess, a disrete level. The three adaptation options
are (1) retreating inland from the coastlin€?) protecting coastal communities and infrastructure, (8) taking no
adaptive measureslhe protection option has fowavailable levels, corresponding 16, 100, 1000, and 1008@&ar
maximum storm surge heighfThe retreat option has the same available levels as protection, in additi@an to
minimum level corresponding to the mean sea level risehe decision maker first selects the lowestst
combinationof theseacross the full model horizomand then choosethe degree of investment in coastal defense
against severalifferent return periods under the assumption of perfect foresight about SLR conditi®es.Section
3.2 for related details omodeling assumptions and limitations.

51



Table2.3.1: CurrentCoverage ofdimate Damages in DSCIM

Damage EmpiricalBasis for .
Impact . Accounting for .
Categor Components DamageFunction Adaptation Documentation
gory Represented Estimation P
. Accounts for adaptative
Subnationabnnual acap
. . effects of income
mortality statistics for 8 .
; : growth and estimates
Heat and cold countries covering@8% . Carleton et al.
Health . T the costs of adaptive
related mortality of global population; ! . (2022)
investments using a
19902010 or longer for
. revealed preference
most countries
approach
Annual ountry-level
Expenditures for energy cor?sum.ptlon Accounts for both
- data (residential, .
electricity and : climate- and
Energy . commercial, and . S Rode et al. (2021)
other direct fuel . . socioeconomicsiriven
consumption industrial) by energy adaptive responses
source for 146 countries
19712010
Labor disutility Daily Workerleve_l labor o
supply data (minutes Accounts for shifts in
costs from labor .
Labor worked) from7 workforce composition
- supply responses . . Rode et al. (2022)
Productivity . countries representing to less weatheexposed
to increased . .
neary 30% of global industries
temperature X
population
Accounts foiICQ
Production . fertilization effects,
. . Subnational crop . o
impacts for six . varietalswitching
. . production data for over : .
. crops: maize, rice . changesn production Hultgren et al.
Agriculture 12,658 suknational S
wheat, soybears, e . . methods(e.qg.,irrigation, (2022)
administrative units o )
sorghum, and : fertilization, planting
from 55 countries o
cassava dates, aop switching,
and trade effets
Impactsof SLR as  Numerous empirical
regllzed through findings are used to Reflects retreat or Kopp et al(2016)
inundation, parameterize the CIAM U
o protective infrastructure  and Garner et al.
migration, process mdel for 9,000 .
Coastal . and costs under an  (2021) for SLMiaz
. protection, dry coastal segmentgLow . .
regions . optimal adaptation (2016 and Depsky
and wetland loss, levels of SLR in the o
: L ... scenario with perfect et al. (2023) for
and mortality and historical record prohibit ;
: . foresight of SLR damage
physical capital the use of a fully
loss from SLR empirical modél

2.3.2 Damage Module Based omé Greenhouse Gas Impact Value Estimator (GIVE)

The second damage modulsedin thisreportis taken from the GIVE integrated assessment model (IAM).

GIVE is an opesource IAM developed under the Resources for the Future Social Cost of Carbon Initiative

in collaboration with dozens of researchers from private and public institutions acrogtothe, spanning

a wide range of disciplines (Rennert et al. 2022Zhe model was developed in direct response to the

National Academies (2017) recommendations surrounding needed improvements in the estimation of the
52



SCGHG. The damage function componerft tbe model is structured in such a way that it can
accommodate additional damageategoriesunderlying the estimation of the SGHG, making it
particularly attractive for incorporating future research and findify$Moreover, the model can
accommodate caponents with differing temporal and spatial resolutions. The model can be estimated
deterministically (fixed parameter) or in a Monte Carlo (random parameter) setting, sampling from
socioeconomic, climate, and damage function distributions to allow foertainty within and across each

of its components. In the model runs performed for tteport, the outputs of the socioeconomic module

and the GMST projections from the climate module described above serve as inputs to the damage
function components of (VE.

At present, GIVE includes estimation of climate damages occurring in four sectors or impact categories:
health, energy, agriculture, and coastal regidhsThe damage functions reflect recent scientific
advancements in the peeeviewed literature. Table2.32&8 dzY YI NAT Sa (1Se St SySyida 2
function estimation methods in in each of these faategories The health damage function is based on

arecent study authored by a collaboration of public health, epidemiology, climatology, and economics
SELINI&E Ay NBaLRyaS G2 (GKS wanmt bl (A2 yThdautho® RSY A S
along with an additional panel of convening expectnducted a systematic review and metaalysisf

health impactsrelated to climate change. Therggionally resolved attause mortality estimates from

increases in temperature were generated through a raneeffects pooling of studies that were

identified in the systematic revie#.Net changesin mortality risk associated with increased average

annual temperatures were estimated for all global regions varying in their effect size and uncertainty

across each of the 9 regions. The resulting changes imgitege mortality are mapped to countigpecific

baseline mortality projections and rates such that premature mortality from global climate change is

unique to all 184 countries. Uncertainty in the mortality damage function is parametric and sampled from

the regionspecific coefficient that relates GMST to changes in premature mortaliye GIVEnodel

monetizes the projected changes in premature mortality using coudéyel populatioraverage

measures of the willingneds-pay for mortality risk reductiorfRennert et al. 2023, consistent with
methodologyused in the DSCIM model runs presented in this reportdastribedabove

The energy damage function component of GIVE is based on a recent multidisciplinary study that
estimates the relationship betven changes in building energy expenditure (net heating and cooling
expenses) and changes in local temperature and climate (Clarke et al. Z8it3tudy used the Global
Change Analysis Model (GCAtMat modelsregional changes iheating and coolingxpenditures as a
proportion of regional gross domestic produasulting from changes iregional temperaturesThat is,

for each of the 12 GCAM regigridlarke et al. (2018)nd an approximately linear relationship between
degrees oftemperature changeand netchangein energy expendituresReflecting this, the climate

8 The GIVE model lsuilt on the Mimi.jlplatform, an opersource package for constructing modular integrated
assessment modelsvww.mimiframework.org GIVE is written using the Julia programming language which allows
for extremely fast estimation times.
%0 The modular nature of GIVE offers a straightforward way to add other damage functions and sectors. For example,
nonuse biodiversity lossemre currently under development based on an approximatiorstfdies such aBrooks
and Newbold2014) (Officialcommunication with GIVE model developers, 2023)
91 A total of 33 unique health studies, most of which were extensive Auadtitional studiesyere included in Cromar
et al. (2022). Studies were predominately from North America, Europe, and East Asia and thus some of the more
populous parts of the world were underrepresented (Cromar et al. 2022).
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expenditure relationship from Clarke et al. (2018) is estimated within GIVE by a regional linear regression
that yields regiorspecific damage functions to estimate changes in net energy expenditures within each
of the 184 countries in the model.

The agriculture damage function component of GIVE follows Moore et al. (2017). It is derived using (1) a
meta-analy$s of over 1,000 published temperatuygeld response estimates from 55 unigue studies, and

(2) an opersource computable general equilibrium (CGE) model that estimates the welfare consequences
(as equivalent variation) of climaiaduced productivity chages, accounting for adjustments in
agricultural markets including trade patterns, consumption, and production. The productivity changes (for
maize, rice, wheat, and soybeans) are based on biophysical crop impacts documented in the literature.
Productivityimpacts include both withktrop adaptations (e.g., varietal and planting date changes) as
well as COfertilization using estimates of the size of these effects from the raetalysis. Welfare
changes at 1, 2 and 3 degrees of warming calculated from &te i@odel give damage functions for 140
regions. GIVE maps the regions to all 184 countries for colmig} effects on crop production. Within
GIVE, the noiparametric uncertainty provided in Moore et al. (2017) is converted to paramgdricage
uncertairty and used in the Monte Carlo estimation.

The fourth damageomponentin GIVE connects the BRICK sea level rise (SLR) model (Wong et al. 2017)
and the CIAM model (Diaz 2016) to estimate SLR induced coastal damages from temperature change. As
described inSection2.2, GMST and ocean heat content from FalR 1.6.2 are used as inputs to BRICK to
generate projections of GMSL. As in the damage module described above da&siCIM, the GMSL
projections are downscaled to adegree grid (Slangen et al. 2014) and used as inputs to CIAM to estimate
local adaptation decisions and their associated césBince CIAM is a deterministic model, uncertainty

in coastal damages isdfresult of uncertainty in BRICK that arises due to theFE-probabilistic emission
scenarios and sampled climate and $&&l parametric uncertainty.

92 As noted in SectioR.3.1, CIAM includes 12,148 unique coastal segments. Of these 11,835 correspond to countries
included in the GIVE model. See Rennert et al. (2022b) for a full description.
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Table2.3.2: CurrentCoverage ofdimate Damagesin GIVE

Impact DamageComponents Empirical
Category Represented Basig Methodology
Pooled effect estimates
Heat and cold (3§ studies across 9
Health o regions) forchangein
related mortality risk
temperature on
mortality risk, by region
Expenditures for Regional costs of energ
: consumption,
Energy space heating ath
S o temperature, and
cooling in buildings .
climate
Welfare changes Meta-analysisof 1,010
from temperature yield effect estimates
. driven danges in from 55 studiesaand
Agriculture .
production offour computable general
crops: maize, rice  equilibrium(CGEjnodel
wheat, and soybeans of trade
Impactsof SLR as
realized through -
: . Numerous empirical
inundation, findings are used to
Coastal  migration, protection, 9
regions  dry and wetland loss,

process modefor

and mortality and 11,835coastal segments

physical capital loss
from SLR

Accounting for Adaptation

Observed responses to
changes in temperature
are assumed to persist int
the future

Implicit in the regional
relationship between
increases in energy
expenditures and

temperature
Explicit in the estimation o
the damage function
throughassumed changes
in onfarm, within-crop,
management practices
Adaptive adjustments in
agricultural markets
through changes iorops
trade, consumptionand
production patterns.

Reflects retreat or
protective infrastructure

parameterize the CIAM and costs undean optimal

adaptation scenario with
perfect foresight of SLR

Documentation

Cromar et al.
(2022)

Clarke et al.
(2018)

Moore et al.
(2017)

Wong et al.
(2017) for SLR;
Diaz (2016) for

damages

The damage functions in DSCIM and GIVE represent substantial improvemerite fieldahe damage
functions underlying the SGHG estimates used tiye EPA to date in reflecting the forefront of scientific
understanding about howemperature change and Sl#ad tomonetizednet (market and nonmarket)

damagesfor several categories ddf A YI G S

A Y LI Cspaliadly egphc andfacSiedfio

modeling of relevant processadlows for improved understanding and transparency about mechanisms
through which climate impacts are occurring and how edettmage componerntontributes tothe overall

results,consistent withi K S

bl (A 2y retommdbdatoSsPICHEaOdresses commariticisms

related tothe damage functions underlying current-SEIG estimates (e.dRjndyck 2017) by developing
multi-sector, empiricallygroundeddamagefunctions® The damage functions in the GIVE model offer a

RANBOUG AYLX SYSyidlFdAzy

sectoral damage functions that are based on recently published work and reflective of the current state
of knowledg about damages in each sect@pecificallythe National Academiesnoted that d{t]he
literature on agriculture, mortality, coastal damages, and energy demand provide immediate

9 Note tha Pindyck has consistently noted that modeling and damage category considerations are not a reason to

FoFyR2y GKS a20Alt O2ail

(Pindyck 2013, 2017, 2018021
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opportunitiesto updatethe [modelsg (National Academies 2017, p99), which are the four damage
categoriescurrentlyin GIVE. A limitation of both models is that the sectoral coverage is still linaitetl
eventhe categories that are representede incomplete For examplethe coastal damagestimatesin

both modelsdo notfully reflectthe consequences @LRdriven saltwater intrusionand erosion,or SLR
damages tocoastal tourism and recreatiorin addition, reither DSCIM nor GIWWet accommodate
estimation of other categories of temperature driven climate impacts (e.g., morbidity, conflict, migration,
biodiversity loss) and only a limited subset of damages from changes in precipitation (e.g., while
precipitation is considered in thegaculture sectors in both DSCIM and GIVE, neither model takes into
account impacts of flooding, changes in rainfall from tropical stommns, other precipitation related
impacty. Other missing elements amamagesthat result from other physical impactge.g., ocean
acidification,non-temperaturerelated mortality such asdiarrheal disease and malayiand the many
feedbacks andnteractionsacross sectors and regions that can lead to additional dantdg&See Section

3.2 for more discussion of omitted damage categories and other modeling limitai&$EV and GIVE

do account for the most commonly cited benefits associated withebdssions and climate chang€Q

crop fertilization and declines in coldlated mortality.As suchwhile the GIVEand DSCIMbased results
presented in thigeport provide state-of-the-science assessments of key climate change impacts, they
remainpartial estimates of future climate damages resulting from incremental changes in CR, and

N2O. One advantage of the modular approach used by these models idutisie research omew or
alternative damage functions can be incorporated in a relatively straightfahwaary. DSCIM and GIVE
developers have work underway on othigrpact categoriethat may be ready for consideration in future
updates (e.g., morbidity and biodiversitss.

2.3.3 Damage Malule Bagd on aMeta-AnalysisApproach

Given the still relatively narm sectoral scope of the recently developed DSCIM and GIVE models, this
report includesa third damage function that reflects a synthesis of the state of knowledge in other
published climate damages literatur&udies that employ metanalytic technique® offer a tractable

and straightforward way t@ombinethe results ofmultiple studiesinto a single damage function that
represents the body of evidence on climate damages thatpteGS / L[ F YR wCCQ&d NBAaASH

Meta-analysiss a common toah empirical research/ithin the climate change literature, metmalyses

have been used to analyze physical and sector impacts (e.g., Moore et al. 2017, Hoffmann et al. 2020,
Cromar et al. 2022) and to directly estimate aggregate global damage funclibadirst use of meta
analysis to combine multiple climate damage studies was done by Tol (2009) and included 14 studies. The
studies in Tol (2009) served as the basis for the global damage function in DICE starting in version 2013R
(Nordhaus 2014). Thdamage function in the most recepublishedversion of DICE, DIQHLS6, is from

an updated metaanalysis based on a rereview of existing damage studies and included 26 studies

% Theone exception is that the agricultural damage function in DSCIM and GIVE reflects the ways that trade can
help mitigate damages arising from crop yield impacts.
9% See SectioB.2 for more discussion of omitted categories of climate impacts and associatedges
% Meta-analysis is a statistical method of pooling data and/or results from a set of comparable studies of a problem.
Pooling in this way provides a larger sample size for evaluation and allows for a stronger conclusion than can be
provided by angingle study. Metanalysis yields a quantitative summary of the combined results and current state
of the literature.
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published over 1992013 (Nordhaus and Moff@017).Howard and Sterner (201p@jovidea morerecent
publishedpeerreviewedmeta-analysis of existing damage stud{psblished through 201&nd account

for additional features of the underlyingtudies®” They address differences in measurement across

studies by adjusting estimateach that the data are relative to the same base period. They also address

issues related taloublecounting by removing duplicative estimates. Dependence across chdasiage

estimates can arise over time due to the common pEctfcalibrating climatemodel damage functions

based on previous estimates in the climate damage literaturel 2 6 NR I YR { G SN}Y SN & NJ
studies that meet theira priori selection criteria, of which 15 were droppéecause they duplicated

studies already in the sart@ Their final sample is drawn frog0 studieghat were published through

2015.

Howard and Sterner (2017) present results unsieeral specificationsand their analysis shathatthe

estimates are somewhat sensitive to defensiblternative modelinghoicesl 2 ¢ I NR | y Raif G SNJ SN\
specificationsrary across two dimensiongt) whether the sampléncludesestimates from studies that

consider large temperature changes (i.e., abov€4and (2)whether the econometric specification

explicitly accounts for different damage channels underlyingsthdies such as studies that attempt to

account for the effet of climate impacts on economic productivijtgnd whether or not the estimates of

those damage channels should be additive to the primary damage estimate in the model.

Regarding the first dimensiothis reportfocuses on a specification that includestimates across the full
NI}y3IS 2F GSYLISNI GdzNB OKlFy3aSa O2yaAiARSNBRRAY GKS
reaoning for consideringnly estimates for temperature changdselow 4°C is thatin their modeling
most present value damages octiafore 2100 and abr below 4 C? Applyingthe same logigvould lead

to the opposite conclusion in theurrentmodeling framework After incorporating major advancements
in the socioeconomi¢sclimateand discounting modules, as discussed in sectihts2.2, and2.4, a
significant share of the temperature anomaly distribution exceets Based on RFFPs and FAIR1.6.2
over the modeling horizon (2020 to 2300) and a significant amofimistimated discountedlamages
occurafter 2100 (see Sectidd). The coefficient estimate on the temperature variable in the specification
in Howard and SterneRQ17) usedn this report(i.e., the specification that includes estimates of damages
at all temperatures, including those aboveQ@) is smaller in magnitude than in the specification which
limits the analysis to studies that estimate damages at tempeemtuless than 4AC*® Thus, the

97 Newmeta-regressionsncorporatingmore recent global damage estimataee starting tobecomne available See,
for exampleworking papers byHoward and Sterner (2022)ol (2022), andarrage and Nordhaus (202Barrage
and Nordhaus (2023) explain thiie newest version of DICBICE2023 is being developed using a damage function
specification base@n studies surveyed iRiontek et al. (2021 which overlaps closely witthe set of studies
NEGASESR 08 IBEG®22)Lt/ / Q& ! wec O
¥1 3 Yy2GSR Ay GKS Llzof AaKSR LI Hifrdépof thex2(018 SCCestid@eN@r DIEE 6 | LILIN
2013R correspond to impacts occhiry 3 G KA & OSy (i dzNE &@X T2 N ¢ KICOKesSaseimbrel 1 Sa ¥
IASNXYIYSE 61 26FNR YR {iSNYSNIHAMTI LIP HHAULD
% 1n a recent followup working paperHoward and Sterner (2022)rther explore theuncertainiesin the limited
number of damage estimates corresponding to temperature increases abovea#tCemphasize thathe
specificationfrom Howard and Sterner (201#at includes estimates of damages at all temperaturesich is used
in this report,likely produces an underestimate afimate damages.
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specificatiorused in this reporteflects an estimate of the relationship between temperature and climate
damagedrom Howard and Sterner tha¢ads to a lower estimate of the SEHGall else equal.

Regarding the second dimensidhjs report¥ 2 0dzaS&a 2y |1 246 NR FyR { iSNYySND
damage channetsthe primary damage coefficient in their model. This choice, to exclude the coefficients

on catastrophic and productivity effects, is congjgié A GK GKS | dziK2NERQ NBO2)
published paper and follows the method Nordhaus (2019) uses to adjust the default damage function in
DICE2016 to reflect the findings of Howard and Sterner's ety  f @ aAa® ¢KS | dzii K2 N&
excludinghe estimated coefficients on the control variabf®$or catastrophic damages and productivity

impacts in theprimary specification of the damage functionasé 6 S O dz& S 2 Ystatistic]A NJ Y A E
significance and volatility across the various specifigaiodé ¢ KS OF GF a0NRLIKAO RIY
identified by five older studies whiclwhile illustrative about the potential importance of such effecte

not grounded in empirical evidence or explicit modeling of tipping elements and other effects
contenplated by the authors to lead to catastroph®$.There is a need foimproved methods for

guantifying and incorporating these types infiportant elements ofdamagesin future updates (e.g.,

through modeling specific tipping points aidrth system feedbackffecty. See sectio.2 for further

discussion of these considerations.

Productivitydamages in Howard and Sterner (2017) adentified by four studies (2 statistical and 2 CGE)
and the coefficient on the productivity indicatordstimated to bepositive butnot statisticallydifferent
from zeroin any of thespecifications® Given the statistical insignificance of the estimated coefficiamt
the productivity indicatorin the published Howard and Sterner metaalsis,the SGGHG estimates
presented in this reportio notrely onl 2 g I NR I Y RpedifidaBoNg/tiaNiBriide productivity
effects. Thishk & O2yaAraidSyd ¢A i rtiodsin$he publiShEdphiderQo dilis corssideY tbey” R
inclusion of the productivity impact in sensitivity analy$8t$lowever, tie question of whethethe effects

of climate change impact® (.,temperature,tropical cyclonesand other extreme weather evés) on
the economy are only temporary or persistent is an active area of rese@xueh.the past decade, a host
of empirical studies have found evidenoé temperature changes havg persistent effects on the
economy (e.g., Dell et al. 2012; Burke et al. 204&0re and Diaz 201®eryuginaandHsiang 2017Ricke

et al. 2018 Burkeand Tanutama 2019; Colacito et al. 2019; Hensal®t Schumacher 2019; Kahn et al.
2021; KumarandKhanra 2019 BastienOlveraet al. 2022; this is an important finding because even small
changes in economic growth rates accumulate into large economic impacts oveEfAewill continue

100 These control variabletndicate | 2 6 NR 'y R { SNy SNDa e undedyddNdaindge A 2y 2 7F
estimatesaccountF 2 NJ LI2 G Sy G A I £ T 2 NJaccquht ok thie @ffe@sl IKchm@te changd dloddinia 2 NJ
growth.
101 The 5 studies from which Howard and Sterner (2017) take damage estimates that were considered to include
catastrophic damages were: Nordhaus (2014), Nordhaus (2008), Weitzman (2012) via Ackerman et al. (2012),
Ackerman at al. (2012) adjusting Hanemanro@0Meyer and Cooper (1995).
12¢KS GSNY GLINRPRAzOGAGAGEE dzaSR Ay (GKS 126 NR YR {(iSNYyS
grounded micreeconomic labor productivity described in the DSCIM damages model. Instead, productivity in
Howardand Sterner (2017) relates to the ongoing debate about persistence in damages as measured by changes in
economic growth over time.
193 Howard and Sterner (2017) conclude tiiaiX 3 A Sy G KS RSoF S 2@0SNJ §KS AYLI OG 2
and economigrowth (Dell et al. 2012; Burke et al. 2015; Howfand SylvanP015), we recommend conducting an
Fyrfeara 2F aSyaradAoade (G2 GKS AyOfdzarazy 2F GKS LINRRdzO
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to follow advances in the literature on methodologies for identifyamgl quantifyingproductivity effects
of climate changerinally, unlike Howard and Sterner (2017), thedel runs performed for this repodo
not adopt a 25% adder (as used in the DICE madgl, Nordhaus 20T)) to account for unknown or
missing damagefor the metaanalysishased damage modulelaken together, tls report usesthe
damage function specificatioeXcludingduplicate studies) from Howard and Sterner (20thaX leads to
the lowest SESHG estimates, all else eqd®i

2.3.4 Comparing theThree Danage Modules

Eachof the three damage modulesbased on DSCIM, GIVE, and the Howard and Sterner (2017 meta
analysisg is separatelyestimated in combination with the socioeconomics, climate, and discounting
modules described elsewhere in tlsiection.The sectoral damage modules in GIVE and DSCIM are based
on different underlying information, data sources, and estimation meth§t&IVE and DSCIM are both
independentiines of evidencé&om the metaanalysisbased damage moduknce the studis underlying
SIOK &aSO002N}tf RIYF3AS Y2RdzA S& Ay DL*9 |YyR 5{/La I N
sample of studiesFigure2.3.2 illustrates the shape of the damage function across the three models.
Specifically, the figure presents projections of total damages from climate change in 2100 as a function of
GMST changelThe points represena random subset of theMonte Carlo simulatior(5k of the 10k
simulations)where the socioeconomic and climate module parameters are consistent adeomsage
modules (i.e., the first trial of DSCIM takes the same socioeconomic pathways and climate parameters as
the first trial of GIVE and thaeta-analysisbased damage functignThe dobaldamage functions shown

here are generated using estimated damagm 2100 (the points) and regressing on temperature and
temperature squaredn 2100at the mean (solid line), and quantile regressions at the median (dashed
lines), 3" to 95" (dark shade) andsito 99" (light shade) percentilesn GIVE and the metanalysis, the

Monte Carlo estimationalso samples from the joindistributions of parametric damagefunction
uncertainty.As detailedn Section2.3.2and AppendiXA.8 the Monte Carlo estimatiotin GIVEeflects

the damage uncertainty in the health and agriculture impact categories, butmergy and coastal

As seen ifrigure2.3.2, there arenotable differences between theamagefunctions. On average, DSCIM
estimates lower damages but predicts a maepidly increasing damage function beyond 4 degrees
Celsius, compared to GIVE that has increasing but consistent damages throughout the temperature range.
Themeta-analysisbaseddamagefunction reflects the explicit quadratic nature of the publishedward

and Sterner (2017amage functionSection3 presents the resulhg SCGHGestimatsbased on each

04 ¢ KS addzRe F dzi K2NJ O2y FANNSR GKI G 9t ! asSt ®GESR (K
(https://www.regulations.gov/docket/EPAIQOAR2021-0317/comments?filter=ERAQOAR2021-0317-2398).
Thisa LISOATAOLF GAZ2Y 27F | 2(iel, WiRg the gsimafed tEralr&unidraeffitiBitandgiedification
7 presented in Table 2 of their papés)also provided as an alternative damage function option in the GIVE model
(Rennert et al. 2028). When the Howard and Sterner (2017) damage function is used within the GIVE model, the
other damage sectors (agriculture, mortality, energy, and coastal) are turned off and the Monte Carlo simulation
samples from all relevant model parameter distributionduding those underlying the Howard and Sterner (2017)
meta-analysis damage parameters.
1050nly one component of the methodology for calculating coastal damages is common across the two models. Both
DSCIM and GIVE rely on the CIAM model developed by Diaz (2016) to estimate the economic damages resulting from
projections of SLR.
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damage module combined with thecioeconomic and climataodulesand discussethe importance of
omitted climate impacts and associated damages.
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Figure2.3.2: Annual Consumption Loss as a Fraction of Global GDP in24®0 an Increase in Annual
Global Mean Surface Temperature in the three Damage Modules
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GDP loss functions are generated using estimated damages in 2100 (points) and regressing on tengretaemperature
squared at the mean (solid line), and quantile regressions at the median (dashedsines5" (dark shade) andsito 99h
(light shade)5,000 of the 10,000 points for each module are randomly selected to simplify the preseafatanages. DSCIM
estimates damages relative tdajpal mean surface temparatures between 2a@l0and was normalized here to 188®00 to
be consistent witlGIVE and theneta-analysis GIVE and theneta-analysis presented here include the full uncertainty underlying
each module in théMonte Carlo analysis, DSCIM observations present climate and socioeconomic uncertainty (no statistical
uncertainty from the underlying damage functioriBpelPCG2021a) notes that present daglobal mean surface temperatures
in the year 202@rearound 1.1°Cabove preindustria1853-1900) levels.
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2.4 Discounting Module

GHG emissions are stock pollutantsywhichdamages result from the accumulation of the pollutants in
the atmosphere over time. BecausgHGsre longlived, subsequent damages resulting from emissions
today occur over many decadesor centuries,dependingon the specificGHGunder considerationt®

In calculating the SGHG, the stream of future marginal damages, as estimated by the damage modules
discussed in SectioR.3, is calculated in tens of reduced consumption (or monetary consumption
equivalents). The stream of future damagethisn discountedto its present value in the year when the
additional unit of emissions was released. Given the long tmezon over which the damages are
expected to occur, the approach to discounting greatly influencegtiesent value of future damages.

Arrow et al. (199) outlined two main approaches to determine the discount rate for climate change
Fylrfeairas ogKAOK (KSe f HoAFASHR RS RELAINRA JiEA ¢S/ R LALOY
(nony 2 NY I GABSO LISNRLISOGAGBS o6l aSR 2yceddsafigPdlesus 2y a 2
consumption decisions over time, and allocations of savings among more and less risky investments.
Advoates of this approach generally call for inferring the discount rate from market rates of return
0S0ldzaS ay2 2dzaiAFTAOFIGAZ2Y SEA&GE F2N) OK22aAy3d
RSOA&AZ2Y Yl 1 SMEowlet@lil®8).f f @ dza Sé

In addition, he KaldofHicks potential compensation tegtone theoretical foundation for the benefit

cost analyses in which tHeCGHGwill be usedg suggests that market rates should be used to discount
future benefits and costs. This is because the market integstwould govern the returns potentially

set aside today to compensate future individuals for the climate damages that they bear (e.g., Just et al.
2004)TKS 42 NR & Inificat& yhatherefish@assurance that returns vid# set aside to provide
compensation, and the very idea of compensation is difficult to define in the intergenerational context.
On the other hand, societies provide compensation to future generations through investments in human
capital and the resulting increase in knowledgafrastructure and other physical capital, and the
maintenanceand preservatiorof natural capital.

In contrast,the prescriptive (normative) approach specifies a socidiscountrate that formalizes the

normative judgments that the decisiemaker wants to incorporate into the policy evaluatiorhat is, it
definesfrom the decisiony I { SN &  LdSNGEergSrébiial odrparisons of utilishouldbe made

and how the welfare of futle generationsshouldbe weighed against that of the present generation.
wlkyYaSe omebpuyos F2NJ SEFYLX ST FNBdzSR GKIFG AdG A& aSi
preference to discount values across generations.

Additional concerns motiate adjusting descriptive discount ratesFuture generations' preferences
regarding consumption versus environmental amenities may not besétnee as those todayaising
concerns about usinghe current market rate on consumption to discount future clieweelated
damages. Furthermore, markets for relatively riskless assets with a maturity similar to an
intergenerational horizon, akin to the horizon over which climate change impacts are realized, do not exist
(Gollier and Hammit 2014Pthers arguehat the discount rate should be below market ratescorrect

106 aGHGs, for exraple, CQ methane, and nitrous oxide, are chemically stable and persist in the atmosphere over

time scales of a decade to centuries or longer, so that their emission has #etomgnfluence onthe climate.

Because these gases are long lived, they becarfef f YA ESR GKNRdzZAK2dzi b)i KS F dY24aLKS
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for market distortions and uncertainties or inefficiencies in intergenerational transfers of w#dthiard
and Schwart2022).

Further, aconcern aboutdiscount rates developed usimgther the de<criptive or prescriptive approach

is that they tend to obscure important heterogeneity in the population. For instance, many individuals
smooth consumption by borrowing with credit cards that have relatively high rates. Some are unable to
access traditionlacredit markets and rely on payday lending operations or other-bagt forms of
smoothing consumptionThisbehavior may reflect rational intertemporal preferences,it may reflect

other factorssuch as present bias, lack of financial literacy, and other distortionary effects of poverty
(Haushofer and Fehr 2014usardi and Mitchell 2034When evaluating social discount rafesome
consideration should be given the heterogeneity of preferencein the population

TheEPA a@nalyses relyprimarily on the descriptive approach to inform the choice of a discountfate
SCGHG estimationconsistent with the rationale outlined in IWG TSDs (e.g., IWG 2010, 2029)t ! Qa
economic analysis guidets EPA2010. With a recognition of its limitations, the IWG found this
approach to be the most defensible and transparent given its consistency with both the standard
contemporary theoretical foundations of benefibst analysis and the approacltcoenmendedo € ha . Qa
existing guidance.

In2010,the IWG specifically elected to use three constant discount r2té86 3% and5%per year. The
3%rate wasincludedasconsistentwith the default recommendatioprovidedinh a . Qir&ularA-4(OMB
2003)guidancefor the consumptiorrate of interest. ThelWGfoundthat the consumptiorrate of interest
isthe correct discounting concept to use whéhre future damages frontlimate changeare estimated in
consumptionrequivalent unitsas is done in the IAMs used to estimate the@dG’ The Jbrate was
roughly consistent with the averagate ofreturn forlong-term Treasury notes calculated atetlime the
OMBguidance was publishe@he upperate of 5%was included taepresent thepossibility that climate
related damages are positively correlated with market returns, which would imply a certainty
equivalent®® risk-adjustedrate higherthan the consumptionrate of interest. Thelow rate, 2.5% was
includedto incorporatethe concern that interest rates are highly uncertain over timéich would imply

a riskfree certaintyequivalent rate lower than the consumption rate of interegtdditionally, a rate
below the consumptiorrate of interest would also be justified if the retuto investments in climate
mitigation is negativelyor weakly)correlated with the overall market rate of returthe useof this lower
rate was also deemed responsive to certain judgments based on the prescriptive or normative approach
for selecting aliscount rate and related ethical objections about rates @@ higher:®® Further details
aboutselecting these rates aggresented in the 2010 TSD (IWG 2010).

107 AppendixA.2provides additional detail on why the consumption discount rate is the appropriate rate tgdu u
in estimating the SGHG.
108 Thecertainty-equivalent discount ratés the certain discount rate that is equivalent to an uncertain discount rate
in terms of the discount factor over a particular horizbtational Academies 20173ee National Academi€2017)
for more explanation of this and other discounting terminology.
109 Circular A4 (OMB 2003) recognizedabeconcerrs when recommending consideration of discount rates below
3% when a rule has important intergenerational benefits or co€lfcular A4 (2023) likewise recognized these
concerns when recommending consideration of discount rates below the-teear social rate of time preference
when a rule has important intergenerational benefits or costs (OMB 2023).
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Based on seview ofthe literature and data on consumption discount ratés public commerd received
onindividual EPA rulemakingandthe February 2021 TSDVG 2021)and the National Academies (2017)
recommendations for updating the discounting modulgs report usegliscount rates that reflect more
recent data on the consumption interesite and uncertainty in future ratesThe approacipresented in
this reportcontinues to rely on a descriptive approach to discounbngmore fully captures the role of
uncertainty in the discount rate in a manner consistent with the other modules. Specifically, rather than
using a constant discount rate, tleolution of thediscount rateover timeis definedfollowingthe latest
empiricd evidence on interest rate uncertainty anginga framework originally developed by Ramsey
(1928)that connectseconomic growth and interest rateShe Ramsey approadxplicitly reflects(1)
preferences for utility in one period relative to utility inlaer period and (2) the value of additional
consumption as income changéheresultingdynamicdiscount rate provide a notable improvement
over the constant discount rate framewofkr SCGHG estimatioA'® Specificallyjt provides internal
consisteng within the modeling and a more complete accounting of uncertdthgonsistent with
economic theory (Arrow et al. 2013ropper et al 2014) andthe National Academig€2(2017)
recommendation to employ a more structurdRamseyike approach todiscounting thatexplicitly
recognizesthe relationship between economic growth and discounting uncertaiiitiye following
sections provide an overview of the Ramsey discourfongulaand then describe the calibration of the
new set ofdynamicdiscount rates.

2.4.1 TheRamseyFormula

The Ramsey formular discounting islerived fromwork by Frank Ramsey (1928) and others (Cass 1965,
Koopmars 1963) on the optimal level of consumption and sayiThe formuladescribes theoptimal

consumption discountate as a function that explicitly reflects: (1) preferences for utility in one period

relative to utility in a later period O £ £ SR (G KS & LJdzNE ; aNd (2) the valTe ofinddiidbal LINS F S
consumption as income changes. These factors are combined folkhwing equation

i 7 —Qh 284

wherei is the consumption discoumate in yearo,” is the pure rate of time preference,is the elasticity
of marginal utility with respect to consumption, af@dlA & (G KS NBLINBASy il G6A GBS | 3Syi
rate in yearo.!'2

110 peer reviewers highlighted thimprovement.For example, one reviewaoncluded:6The Ramsey formulation
adopted in this section is an improvement over past discounting approaches, in my opinion since it allows for
dynamic discount rates and lodgrm intertemporal tradeoffs which is keyo the climate changeissue. ! & | y 2 (i KSNJ
reviewer LJdzii  kdidcodnting ®iodule applied in the EPA report appropriately represents the biggest advance
from the prior SECQ efforts .
11 As noted in Circular-A(2003F GG KS f 2y 3SNK S KISy IKENAA 2%¢ TEMS KAIKSNI K-
F LILINR LINR F S @I f dz$OMB 2003)Bt &s ned inCiecdipf-h N i $6 0> . SOl dza S  ¥F dzii
the social rate of time preference are uncertain but correlated over time, the certa@gtyvalent discount rate will
KIS I RSOftAyAy3I aOKSRdzZ Sode¢
112The economic framework in this report implicitly assumes an exogenous fixed savings rate. With this assumption
consumption growth and income (GDP) growth are equivalent. A more restrictive psarthat leads to the same
result would be to assume that the savings rate is zero and consumption is equivalent to income. Relaxing the fixed
savings rate assumption would require adding further complexity to calculate the optimal savings rate ie&ach y
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The pure rate of time preferencg, is the rate at Wich the representative agent discounts utility in future
periods due to a preference for utility sooner rather than later. The elasticity of marginal utility with
respect to consumption—, defines the rate at which the wdbeing from an additional dat of
consumption declines as the level of consumption incredsethis contextjt is common to assume that
well-being can be described by an isoelastic utfiityction, where utility, 6, is a power function with
respect to consumptiorﬁo, such that

o0 w —38 2882

This functiorimplies that theelasticity of marginal utility with respect to consumptiisna constant value

— (i.e., for a given percenincrease inbaseline consumptionthe benefit of an additional unit of
consumption decreaselsy a proportionalpercentag®. Theterm, "Q, definesthe projected change in
consumptionper capitaover time. Under the common assumption of a constant savings i@te/ould
be expected tachange withincome over time*4When using the Ramsey formula to estimate the SC
GHG, the per capita consumption growth rafe is calculated net of baseline climate change damages as
estimated by the damage modules described in Se@i8n

The useof the Ramsey formula provides internal consistency within the modeling between the- socio
economic scenarios and the discount raféith uncertainty in the per capita consumption growth rate,
the Ramsey discount rate becomesdynamicparameter within the modeling framework that reflect
how uncertainty about future conditions has implications for how future impacts are valued. Gollier
(2014) showed thatvhen there isuncertainty in future consumptio growth the distribution of discount
rates defined by the Ramsey formula will have a certaggyivalentriskfree discountrate path that
declinesover time, under standard assumptions about individual preferenddss is particularly true
when shocks t@onsumption growth are positively correlated over time, as they are in the probabilistic
scenarios described in Secti@nl. The decliningertainty-equivalentrisk-free discount rate implied by

the Ramsey formula reflects that additional climate change damages are a greater burden to society in
future states of the world with relatively lower economic growflamages in lows®nomic growth states

of the world aregiven greater weight than if those same damages were realized in a future state of the
world with relatively higher economic growth, all else equabl{ier and Weitzman 20)0The declining
certainty-equivalentdiscaint rate implied by the Ramsey formula is also consistent with the empirical
literature on discount rates under uncertainty (e.g., Newell and Pizer 2003, Bauer and Rudeb@¢fr202

113 More information on the derivation of the Ramsey formula can be found in Dasgupta @0@@ollier (2018
14 There is no requirement in the model that the growthconsumption per capitdQ, be positive. If is close to
zero, then thediscount rate will be negative whe is negative. Th&CGHGestimatesin this reportincludetrial
yearsin whichthe discount rate is negative. Most of theBestancesare due to negative growth rates in the RFF
SPs, but somegial years have a negiae "Q only after subtracting baseline climate damages recommended by
Kelleher and Wagner (201%or thesetrial years damages grow faster than consumption.
115The approactemployed in this reporshould not be confused with applying @xogenouslgpecifieddeclining
discount rate.There are similarities, in thah¢orporatingeconomicuncertainty in the Ramsey equatignelds a
decliningcertainty-equivalentdiscount rate However, the applicatio of an exogenouslspecifieddeclining discount
rate would fail to capturethe way in whichthe correlation betweenuncertain climate damages andncertain
economic growthaffect estimates of the SGHG.
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The useof the Ramsey formula also provides internal consistencthat it accouns for correlation
between climate change damages atmhsumptiongrowth when discountng. This correlation isften
NEBFSNNBR (2 I &andikaSnedsdd of teoviarincé Guiute consumptiongrowth and
marginal climate damagdsee Appendix 4 for a detailed discussidrirhe climate beta can be explicitly
representedn the riskadjusted discount ratéGollier 204, Dietzet al.2018,Howard and Schwartz 2022,
Prest 2023)If climate changelamages are positively correlated withnsumptiongrowth .g., if climate
damages are higher iwealthier statesof the worldor if the willingness to payo avoid climatempacts
increases withconsumptionor emissions)then a higherrisk-adjusted disount rate should be usk
because climate mitigation polici@suld have arelativelysmallerimpact on utilityin statesof the world
with a higher consumption levelsand a lower marginal utility otonsumption On the other hand if
climate changedamages are negatively correlated wittonsumptiongrowth (e.g.,if relatively less
adaptation is available at loweonsumption levelsor if climate damages slowonsumptiongrowth by
altering available resources or capital stockisen a lowerrisk-adjusted discount rate should be used
becauseclimate mitigationpolicies would have a relatively higher impact on utilitgtates of the world
with lower consumptiorand a higher marginal utility of consumptidbifferent types of damageand
damages in different regionsan correlate differently, or not correlatavith consumptiongrowth, and
adaptation and mitigation may affect these relationships.

The approach used for this report@suse the riskree consumption rate of discourtjiven by theRamsey
formula, in conjunction with probabilistigrowth scenarios and modeling climate change damages under
uncertainty. This approaclensures thatcorrelation between climate change damages and economic
growth within the modelis appropriatkly captured in the SGHG estimatesThat is, the SGHG is

calculated a%_ Q a Q, whereQ is the Ramsey discount factor at timanda Q is

the marginal damages at tim@'® The equationrisidethe expectation operadr is calculate for each

Monte Carlotrial using theprobabilistic scenarios of the REPsBy usingthe Ramsey formulathe
covariancebetweeneconomic growth’Q, and marginal damages Q, is automaticallyreflected in the
expeded value of discountedharginaldamagesThe SE5HG is then the value for emissions reductions
based on uncertain future returns and is inclusive of the risk premiBoenarios in which marginal
damages are hight the same timeconsumption growth is high will be discounted at a higher rwalten
usingthe Ramsey formulaOn the other handscenarios in whicimarginal damages are high when
consumption growth igow will be discounted at ower rate. The Ramsy formula thereforgrovidesan
internally consistent approach to capturing these effects, and exogenous adjustments to the discount rate
are not required.

Incorporating dynamic discount rates through the application of the Ramsey formula remains widely used
inthe peerrevig SR f AGSNI 0dzNBE FyR A& O2yaAraidaSyd sgAGK GKS
on discounting.lt provides important improvements over the use of a static discount rate and
incorporateslinks betweenthe modulesused in this reportWhile offering animportant improvement,

the Ramsey formula is an approximation @dmplex economigrocessesand future research may

provide methodological advancements that further improve the representation of those processes within
dynamic discount rates

118 This is the continuous time equation for the-SG8G. In practiceve estimate the marginal damages on an annual
basis. See Appendix 3 for the discrete tim&ersion of this equation.
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2.4.2 Calibrationof Discount Ratdistributions

The Mtional Academieé H nMT 0 NBO2YYSYRSR GKIFIG G4KS L2D 4aOK22a8$s
that are consistent with theory and evidence and that produce certagnfyivalent discount rates

consistent, overthe nexd S@S NI f RSOl RS&az ¢AGK O2y sCHSsHinatedy NI S
presented in this reporadopta descriptive approach to calibrating the Ramsey parameters, meaning that

the parameters are calibrated based on observed interest rate data, consisth the National

I Ol R SrédorBrdefdationSpecifically, the parameters are calibrated followting Newell et al. (2022)

calibration approachas applied in Rennert et aR§22a,2022). Under this approach hie parameters

are calibrated such thgfl) the decline in the certaintgquivalent discount rat@ath matchesthe latest

empirical evidence on interesate uncertainty estimated by Bauer and Rudebusch (2@P@3) and (2)

the average of the certaintgquivalent discount rate over the first ded@matches a specified netgrm

consumption rate of interestAs described below, given the uncertainty about the appropr&seting

rate, threenearterm targetrates(1.5% 2.0% and 2.84) are used based on multiple lines of evidence

observed inteest rate dataThecalibraion of theparametersis carried out usinghe sameprobabilistic
socioeconomic scenarios presented in SecH8dito ensure internal consistencyhis approach results in

three discount ratgpathsandis consistent with the National Academies (2017) recommendation to use

three sets of Ramsey parameters that reflect a range of 4tean certainty-equivalentdiscount ates

consistent withtheory and empirical evidence on consumption rate uncertainty and uncertainty
surrounding longun socioeconomic and emissions projections.

Specifing the nearterm target rates. The nearterm certainty-equivalentdiscount rate is cérated

based on observed interest rate data. Estimates of the-frisx consumption interest rate used to
represent temporal preferences in benefibst analysig have generally focused on historical returns to
longterm Treasury securities backed Hyetfaith and credit of the U.S. Government. In particular, the
SAGAYlIGSa 2F (GKS O2yadzYLWiAz2y A-¢idBOBRE basedbnite realdzo f A &
rate of return on 16year Treasury Securiti€SRED 2028 from the prior 30 years (197Brough 2002)-1’
However, there has been a substantial and persistent decline in real interest rates over the past four
decades. Recent research has found that the decline in real interest maftests a reductionin the
equilibrium real interest ratesuggestinghat lower real interest rates are expected to persist (Bauer and
Rudebusch 20202023). These changedicate the need for newestimates of thenearterm
consumption rate of interegthat incorporaterecent data.

From 2003 onwards, it {gossible to use the ¥ear Treasury InflatieRrotected Securities (TIPGRED
202%) as a measure of the real rate of return on-Y8ar Treasury Securities. Prior to the TIPS
introduction, nominal returns on Treasury securities needed to be adjustedhftation. To usethe
consumption interest rate as an estimate of social preferences for trading off consumption over time, the
inflation adjustment should reflect investor expectations about inflation over the maturity period to
producean estimate of tle tradeoff investors believe they are making. There are multiple approaches to
adjusing the nominal rate for inflation expectations over the maturity of the security at the time of
purchaseThree measures of inflation expectations are considered. Theifila teryear moving average

WeKS SadAYIGS 27 GKS 02y adzyLdiiA2y -4in/2028 MEBIsobasetlornitie rdaldzo f A a K
rate of return on 1Qyear Federal Treasury marketable securities from the prior 30 years (1993 to 2022). Using this
approach, Circular-A (2023) arrives at an estimate of 2.0%.
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of the consumer price index (CPPRED 2023ayior to the year of the security issuance. This measure
assumes that recent trends in inflation inform expectations over future inflation. The second iyeaen

moving averge of inflation expectations as measured by the Livingston Survey, which is a survey of
forecasters about key economic variabl&This approach has been used in the economics literature
measureinflation expectations when examining real rates of rete.g., Newell and Pizer, 2003). The

third is the perceived inflation targeate6t ¢ w0 FNBY (KS CSRSNIf wSaASNBSQa
expectation of longun inflation estimated from the Survey of Professional Forecasters.(BE&Hyears

beforethe inception of the SPF, the PERstimatedeconometrically*!® The PTR haasobeen used in

the economics literature as a measure of inflation expectations when examining real rates of return (e.g.,
Fuhrer et al. 2012Bauer and Rudebusch 202020, 2023).

Table2.4.1 presents the average real return on-Mear Treasury securities feach of the three methods
used to estimate inflation expectatiorfer two time periods The first is a 3§ear period (1991-2020)
following the approach taken by OMB in developing Circiddn2003) The second ia 48-year period
(19732020) whichincludesall the years originally used by OMB in developing Circufa{2803)as well
as more recent data (2002020). The average real returns are lowender the shorter time period
reflecting the decline in real interest rates over recent decddes.

Table2.4.1: Average Real Return on-¥@ar Treasury SecuritiBased on Inflation Measure

Time Period
Inflation Measure 1991-2020 19732020
GonsumerPrice Index (CPI) 1.55% 2.12%
Livingston Survey 1.62% 2.48%
Perceived Inflation Targ&ate (PTR 1.98% 2.80%

118 Federal Reserve Bank Philadelphia, Consumer Price Index seasonally adjustefdynateh over the period
from the last monthly or quarterly historical value to the month that is 12 months beyond the wdate or four
quarters beyond the survey date, Series na@eBP_To_12Mittps://www.philadelphiafed.orgf
/media/frbp/assets/surveysand-data/livingstonsurvey/historicaldata/meangrowthrate.xIg. Additional
information available ahttps://www.philadelphiafed.org/surveysnd-data/reattime-dataresearch/liingstort
survey
119Board of Governors of the Federal Reserve System (US), Trend price inflation measured using survey data on
ten-year inflation expectations, Series name: PTR;
https://lwww.federalreserve.gov/econres/files/data_only package.Agdditional information on the FRB/US
model and the PTR are available from the U.S. Federal Resdritpsat/www.federalreserve.gov/econres/us
modelsabout.htm
120The average real return on 10ear Treasury securitiéss, in general, trended downwards since t#9Qs. The
average real return on 1¥ear Treasury securities in the period 200 was 1.%and in the period 201-2020 it
was 0.24 Based on empirical evidence, Bauer and Rudebusct8)20ifize the year 1991 as a breakpoint when
considering potential shifts in loAgin mean of the interest rate process, which coincide with the start of the 30
year period considered iable2.4.1. The focus on &0-year periodis also consistent with the approach used by
OMB (2003rnd OMB (2023)n developingguidance on consumption discount ratesQircular Ad. In addition,
under the Ramsey approach used in ttd@port, the certaintyequivalent discount rate for the first 30 years remains
close to the neaterm target, suggesting shorter time periods may not be adequately capturing the interest rate
characteristics over the relevant time period.
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The consideration ofmore recent versus older data depends on whether the downward trend in real
interest rates is due to structural changes in the economy that are expected to persist. Bauer and
Rudebusch (2@ estimate the current equilibrium real interest usitigree emprical models for the
interestrate process that allowfor an evolution in the equilibrium real interest rateer time Using a

time series of 10rear Treasury securities they estimate current equilibrium real interest rates of 1.3, 1.9,
and 2.44'2*Whenusing a longer time series of lotgrm government securitieBauer and Rudebusch
(202) estimate current equilibrium real interest rates of %%2.34 and 3.04'%

Other government assessments of consumption interest rates suggest a focus on a sigiaiitze U.S.
/| 2y aANBaaArz2yl f . -tamESohomic PrejdcidBsOaiiecabt 2eyl Fates orY@ar Treasury
securitiesthat averagel.5% over the next decadnd exceed 2% by 205GB02022 2023. The most
recent Social Security Administration Ttees report (SSA 232 uses threeprojectionsof the longrun
real interest ratérom 2035 to 210@f 1.8%, 2.3%, and 2.8%sed on their assessmentlastorical trends
in thereal interest rate

The range o€onsumption interest ratesiformedby the analysis of Treasury Securities is also consistent
with recent empirical evidence of lofrgn discount rates implied by real estatearkets In an analysis of
long-run and perpetual housing ownership contracts in the United Kingdom and Sing&jglie,et al.
(2015)find that the discount rate for 10§ear claims is 2.6%. &fauthors argue thasince reakstate is a
risky assetthisvalueprovides arupper boundfor the longrunrisk-free rate of interes(Giglio et al. 2015,
Giglio et al. 20211

The empirical evidence on central tendencies for the consumption interest rate is also consistent with
recent surveys of economists and technical experts on the appropriate discounDraigp et al. (2018)
surveyed economistsho havepublishedat leasg one paper on discounting in a leading economics journal
about the appropriate social discount ratindinga meanof 2.3%and a median c2%.Howard and Sylvan
(2020) surveye@xperts whohavepublishedat least one articleelated to climate change ia leading
economics or environmental economics jouriadlout the appropriate discount rate for calculating the
SCGHG, also finding meanof 2.3%and a median 02%.Pindyck (2019alsosurveyed economists on
discounting and other topics related to the-8&EIG andound amean discount rate of 2.7%nd a median

of 2.0% The 2%medianvalue ofthe socialdiscount ratefrom thesesurveyss often usedin the academic
literature (Hansel et al. 2020Howard and Sylvan 2020

The National Academies (2017) recommentiegluse oft 1 KNBES aSia 2F wlvyasSe LI NI
low, central, and high certaintgquivalent neaiterm discount rate, and three means and ranges of SC
CQO S a (i A Y Racéhtastbdies have foundrpirical evidence suggestiveof a structural break in the

121 Time serieof 10-Year Treasury securities from 198819 with a PTR based inflation adjustmefiie lower
SadAyYlFridiSa Ay GKSasS Gg2 NIy 3IS020)univafate Tridisafvedomuntens (WG)R  wdz |
modeland the higher estimate is from twautoregressie (AR) moddbased on Newell and Pizer (2008)hen using

1-Year Treasury securities Bauer and Rudebusch3]Z0®1 lower estimates of the equilibrium real interest rate

ranging from B%to 1.3%

122 The lower estimates in these two ranges are from BaugrRa w dzR S @@R@) hiadidte unobserved

components (UC) modeahd the higher estimate is from twautoregressive (AR) modeased on Newell and Pizer

(2003).In their online appendixBauer and Rudebusch (Z)2ise a time series of lorigrm governmentsecurities

from Newell and Pizer (2003), updated to include more recent data, that spans2D298and uses a teyear

moving average of the Livingston Survey CPI expectation as inflation adjustment after 1954.

<
>
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interest rate process sometime during the 193@st has been associated with declining equilibrium
interest rates in recent decadde.g.,Del Negro et al. 2017, Christensen and Rudebusch 2019, and Bauer
andRudebusch 2020Based ommpirical evidenceBauer and Rudebusch (2B)aitilizethe year 1991as

a breakpoint when considering potential shifts in lenig mean of the interest rate procesSiven the
evidence of structural shifts in the interest procdsginning in the 1990sind theprecedent for using
1991 as a reasonable and empirically formed breakpdthint reportplaces greater focus ahe range of
mean interestrate estimatesfrom 19912020 presented imable2.4.1. To cover thatrange this report
includesa half a point spread inertainty-equivalentnearterm target rates ofl.5%to 2.0% Given the
potential valuein considering a longer time serighisreport also considers a thingearterm target rate

of 2.9%reflectiveof the averageof the Table2.4.1 estimates using théonger time serie%®, which is also
consistent withthe lines of evidence above suggestamgonsumption interest rate of slightly abovéa2
Therefore, onsidering the multiple lines of evidence on the appropriate certagguivalentnearterm
rate, the modeling results presented in this repansider a range afiearterm targetratesof 1.5%
2.0% and 2.84 This rangef ratesallows for a symmetric one point spread arou2@%

Calibration of Ramsey parameter€alibration of the Ramsey faneters follows Rennert et al. (2022
2022h using thespecified set ohearterm discount ratego generate acertainty-equivalent discount
rate path. Rennert et al. (2022 20221) apply the Newell et al. (2022) calibration approach to the same
set of pobabilistic socioeconomic scenarios presented in Se@idrand adopted in thigeport. The
Ramsey parameters and —, were calibratedto meet two conditions. First, the averageertainty
equivalent rate ovethe first 10 yeards equal tothe nearterm target rate. Secondthe shape of the
certainty-equivalent discount ratg@ath over the time horizorfits the empirical estimates oBauer and
Rucebusch (203).1%* Theresultingcalibrated values of the Ramsey formula parameters are presented in
Table2.4.2.

Table2.4.2: Calibrated Ramsey Formula Parameters

NearTerm Target "
CertaintyEquivalent Rate B
1.5% 0.01% 1.02
2.0% 0.20% 1.24
2.5% 0.46% 1.42

SourceRennert et al. (2022b)

Figure2.4.1 presents the resulting distribution of timaveraged discount ratassing the calibrated and
—associated with each of the three netrm target ratesThe neasterm certainty equivalent rate should
not be confused with the constant discount rate used by the liW@arlier estimatesBecauseof
uncertainty in future consumption growth, the certayaequivalentriskfree discountrate declinesover

123The average across the estimateTiable2.4.1 form the window 19732020 using different approaches to adjust
for inflation is 2.4%4 which rounded to one significant digit is 205
124 pdditional details of the calibration methodology are available in Newell et al. (2022).
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time.” and-— are calibrated so thathe average certaintgquivalent rate over the first 10 years is equal
to the nearterm target rateconditional on the RFEP$%

The mean and 95percentilerangeof the discountrate used to discountlimate damages back to 2020
for the RFFSPs probabilistic growth scenarer® presentedisingdashedand dotted lines. Theolidlines
illustrate the @rtainty-equivalentrisk-free discount ratethat would lead to the samaveragediscount
factor over a specific time horizon asingthe full distribution ofdynamic discount rate® calculate a
distribution of discount factor$®® This path is the same as thalibrated certainty-equivalentrisk-free
term structurespresented in Rennert et al. (208).

125 As mentioned previouslyhe Ramsey approach used for this estimate alswount for the correlation between
climate change damages and economic grawthis is not accounted for by a constant discount rate. Ignoring this
correlationg as is the case with constant discount ratapproachg can lead taoverestimatingthe SGGHGT there
is a positive correlation between growth and marginal damagee, for example Figure 5 in Newell et al. (2022) for
an illustration ofthis potential.
126 For each trial in the RFEPs, @ingle discount rate is used to discount climate damages. For each year, regional
damages are aggregated to global damages and discounted using the global growth rate and the calibrated Ramsey
parameters in Table 2.4.2. Theoretically, it is possible toodist regional damages using regispecific growth
rates and then aggregate them to global damages. Howeagmoted by the National Academies (20119ing
regionspecific discount ratesrould requires Ramsey parameters calibrated for each region. EPRAtiawareof
peerreviewed economic studies that have developed an approach to calibrating the Ramsey parameters at a
O2dzy GNE 2NJ NB3IA2y fS@St dzaAy3a SYLANAROIE SOARSYOS O2yan:
The EPAwiIll continue b follow the scientific literature on probabilistic socioeconomic scenaaiod potential
regional calibration of Ramsey parameters
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Figure2.4.1: Distribution of the Dynamidiscount Rates

Certainty-Equivalent Path
— =— Mean
= = = = 95th Percentile Range

6.0%

4.0%

2.5%
20% 20%f—. T T T T~ -
lop == e E— e T T m e e - = =

0.0%

Rate Used to Discount Back to 2020

-2.0%

2020 2100 2200 2300
Year

The range of the dynamic discount ratesedto discountclimate damage®ack t02020in anyone yearfor thethree nearterm
target ratesis summarized by the meddashedineg and % to 95" percentileqdotted lines).Also shown here is an illustration
of the correspondingertainty-equivalentrisk-freepath (solidlines)implied bythe calibration procedurelescribed in Sectidh4.2
During the calibrationiNewell et al(2022) placeadditionalconstraints on the ratef each trialsuch thatrates are allowed to go
negative but cannot remain negative for the duration of the time period (ZB0D).

While the certaintyequivalent path illustrates théeclining certaintyequivalent riskfree discount rate
implied by the Ramsey formuyld is inportant to emphasize that this does not illustrate the discount rate
used to estimate the SGHG values. First, an exogenous, certa@gyivalentdecliningdiscountrate is

not used to discount climate damages; each scenario is discounted using thatedlibrand — values
presented here and the specific consumption growth rate for that scenario. Second, the consumption
growth rate used for discounting is netlodiselineclimate damages for each model (Kelleher and Wagner
2019).

The calibrabn approat and resulting Ramsey parameterpresented aboveare consistent with the
National Academi€® O Hetammendatiorto use adescriptive calibratioftbasal onempirical interest
rate data Theresultingparameterspresented in Table 2.4&e alsowithin the ranges ofalues of’ and

— used in thepeerreviewed literature including many studies that state their parameter choices are
based on prescriptive reasonirfgee e.g., Nesje et al. 2023for examplethe IWG(2010)noted that
most papers in the climate change literature adopt values-for the range of 0.5 to &lthough not all
authors articulate whether their choice is based on prescriptive or descriptive reagpwi®2010)The
IPCC ARS5 report foundilues of — in theliterature in the range of 1 to 4PCQ014). Values between 1
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and 1.45, consistent with the calibrated rangeTiable2.4.2, havebeen commonly used in recepeer
reviewed studiesliemoine 202 1Hansel et al. 2020Glanemann et aR02Q Tol 2019 Dietzand Venmans
2019 Nordhaus 201B, Burke et al. 2018Adler et al. 201Y. TheDrupp et al. (2018survey asked
economistsaboutthe most appropriate values fer, and founda median(mearn) value of 1 (1B5), anda
mode value (i.e., the most frequently provided responsie).

With respect to the pure rate of time preferendie calbrated valuegpresented in Table 2.4.2 are also
within the ranges of used in peereviewed literature The vast majority of papers in the climate change
literature adopt values fot in the range of @to 2%per year, with most studies in the lower end of the
range (IPCC 2018). Theselection ofrates on the lower end of that range tend &nergefrom ethical
concerns. Some have argued that to use any value other’tharmtwould unjustly discriminate against
future generations (e.g., Arrow et al. 199tern 2006). \Wen Drupp et al. (2018) surveyed economists
about the most appropriate values féhthe expert®2 NB & LJ2 & iefian(mian) Ralue 0f0.5%
(1.1%), and a mode valueof 0. However, even under the case of intergenerational neutrality, a small
positive pue rate of time preference may be appropriate to account for the probability of unforeseen
cataclysmic events (Stern 2)327 Furthermore,it has been argued thatery small values df can lead

to an unreasonable rate of optimal savings (Arretnal. 1995), particularly with- around1 (Dasgupta
2008, Weitzman 2007).

Regardless of the theoretical approach used to derive the discount rate(9e teenaininherent
conceptual and practical difficulties of adequately captugogsumption tradeoffs over many decades

or even centuriesWhile this report relieon the descriptive approador selecting specific discount rates
based on observepreferences for temporal tradeoffs of consumptighe EPA is aware of thirmative
dimensionsof both the debate over discounting in the intergenerational context and the consequences
of selecting one discount rate over another.

2.5 Risk Aversion

The impacts associated with GHG emissions present substantial new risks and exacerbateiskssting
human health and welfare (USGCRP 20MC 2021). This raises the questiorhofv to account for
AYRAGARdzZE f & QthdsINISKE B th&walGaBoa of 2lid&a\damages. Individuals are typically not
indifferent between a situation with aectain outcome and a situation with a risky outcome whose
expected value is the same as the certain outcomiet is, m most decisiormaking processes individuals
tend to be risk averse. This is evident by the existence of voluntary insurance marketsindieiduals
demonstrate a positive willingness to pay to reduce risk exposure.

U.S. egulatorybenefitcostanalysedo date commonly assume risk neutrality (i.eero risk aversion).

This assumption is justified in cases where idiosyncratic riskdbeamooled across regulations, are
uncorrelated with baseline economic uncertainty,ae shared across large populations (OECD 2018).
However, the largest climate change risks are collective in nature, affecting large shares of the population,
and, therebre, may not be diversifiable (Heahd Kristttm 2002). The marginal damages are also
expected to be correlated with baseline consumption (inclusive of baseline climate change damages) and

127 Stern (208) assumes a pure rate of time preference of 0.1%. This reflects a 91% probability of the human race
surviving100 years.
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climate dange risk reductions, individuatése expected to have a positive willingness to pay for that
reduced risk exposure beyond the value of the mean damages. The peer reviewed climate economics
literature has demonstrated the importance of accounting for askrsion in estimates of the SEHG

(e.g., Anthoff et al. 2009, Cai et al. 2016, Lem@d21, van den Bremr and van der Plag2021).

Inthe EPA d@nalyses relying on th&VG SESHG estimatet® daterisk aversion was incorporated through
adjustments tothe discount rate and through consideration of the fourth estimate reflecting thé 95
percentile for a 3% discount rate. Howevery G KS L 2 DHe &VGracknowledged thelimitations
of these approaches to provide a unified framework for valuislg changes-orthe SGGHG estimates
presented in this report the value of risk associated with marginal GHG emissions is explicitly
incorporated into the modeling following the economic literature and consistent with the National
I OF RSYA SaQ mendations.0 NBO2Y
Assuming a time separable welfare function with representative agent utlity and per capita
consumptiono, the SEGHG is defined as

(DI DO»oQ 'oeTemaQQoﬁ OB

O3y

where & 'Q are the marginal damages associated with emissions in a given @) is per capita
consumption in the initial periodThat is, the SGHG is the expected marginal changes in utility
normalized by the marginal utility of consumption to convert to ilimgness to pay in monetary units.
Setting aside uncertainty in future populations for ease of exposition, a second order Taylor expansion of
daaround%a allows the SGHG to be decomposed as

{1 D ,— 0x0h 040 36c 06 04QGOD ¢ dad 0 QB 262
\ )\ J
| | Y
Expected Precautionary Insurance
Damages

Thisapproximationis purely forease of decomposindpe SGGHG0 understandthe role of uncertainty

andis not used in estimating the SEHG in this reporiThe firstterm in the braces on the rigkthand side

of equation (2.5.2 is the change inutility from the expected marginal damagewhich dives the
willingness to pay for the expected marginal damagdé® second twtermsincorporate the way in which

risk impacts theSCGHG estimates and have been referred to as the precautionary and insurance
channels, respectively (Kimab1990)2The precautionary term captures the result that climate damages
are more impactful when consumption is lower, all else equal, leadmgetturns to mitigation to increase

with uncertainty in future consumption. The insurance term, also referred to as the risk premium,
captures the covariance between marginal utility along the baseline and marginal damages. This term
incorporates theclimae beta, which is a measure of the degree to which climate damages covary with

128 The second and third components on the rigiand side of equatiori2.5.2 are sometimes also referred to as
the diversifiable and nodliversifiable components of risk valuation (OECD 2018).
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economic growthgee, for exampleDietz et al. 208 and Appendix A.4 for a discussjom other words,

the precautionary channel represents the willingness to pay to avoidctititional climate change risk
AGASET YR (GKS Ayadz2NI yOS OKIyySf NBLINBaSyia GKS 4.
risk based on how climate change damages intersect with economic grbetioine (2021) shows that

the insurance tam can befurther broken down into a term that expresses how climate damages scale

with the broader economy and an explicit growth insurance témat accounts for uncertainty about the

impact of marginal emissions on the growth rate of consumption

The IWGBCGHG estimategsed by EP#o date havdocused on explicitly quantifying the first component

in equation(2.5.2. Incorporating the precautionary and insurance channels into the estimation requires
probabilistic socioeconomic scenarios, which were awgtilable at the timethose estimates were
developed Instead the IWG partially incorporatk the impact of risk into the estimates through
adjustments to the discount rates. The motivation for using a lowe¥2liScount rate to capture risk in
future economic conditions was premised on the precautionary channel. The motivation for using a higher
5% discount rate was premised on the insurance channel if there is a positive covariance between
economic conditions and climate change damagéghe fourth value(the 95" percentile at a %
discount ratg was includedo representthe extensive eviderein the scientific and economic literature

of the potential for lowesprobability, highesimpact outcomes from climate change, which would be
particularly harmful to societyAbsent formal inclusion of risk aversion in the modeling, considering values
abodS GKS YSFyYy Ay F NRIKG a1S6SR RAAGNRAOdziAZ2Y &Adll
avoiding risk.

Accounting forrisk aversion more explicitly in the analysis allows valuation of the precautionary
insurance and otherchannels based on thgpecific evidence of future economic uncertainty and the
correlation with marginal climate change damages presented in Se@ialasd2.3. That is, the value of

risk aversion is incorporated into the &EG estimates based on the marginal climate change risk
reductions identified by the modeling as opposed to through exogsnadjustments. Explicitly
AYO2NLIR2NIGAY3I NRaA] FOSNERAZ2Y Aya2 GKS Fylfeaia NB
utility function. The most commonly used utility function in the climate economics literature and one
consistent with the aproach to discounting identified in Secti@¥, is the isoelastic utility function,

6d & 1 -, where utility is a power function with respect wonsumption. If the utility
function is assumed to follow an isoelastic functitime definition of the S&GHG in equation2(5.1)
reduces to the expected value of the marginal damages discounted using the Ramsey formula,

YO O00% Q a'QQo 2858
0
where™Qis the time averaged per capita consumption continuous growth rate throughdirmikerefore,
by discounting via the Ramsey formula as detailed in Se2titamd incorporating uncertainty throughout
the modeling process as detailed in Secti@riks2.3, the SEGHG estimates incorporate the climate risk
through the precautionary and insurance cimafs.

129]f there is a negative covariance between economic growth and climate change damages a downward adjustment
in the discount rate would be warrantdiietz et al. 2018)
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Within the isoelastic utility function, the single parameterhas a role in reflecting both intertemporal

and risk preferences which can present challenges in calibrating the utility function. As noted in Section
2.4, the calibrated values for presented inTable2.4.2 are consistent with the calibrated range (11al5)

that has been commonly used in recent peer reviewed studies employing an isoelastic utility function
(Lemoine 2021Hansel et al. 2020Glanemann et al. 20200l 208, Dietzand Venman2019 Nordhaus

2018, Burke et al. 2018Adler et al. 201Y. However, while that range of values may be appropriate for

— in its role representing intertemporal preferences, themay betoo conservative for in its role
representing risk preferences. Some have suggested that valuebetiveen 2 and 1@ould be required

to match empirical and experimental evidence on rates of risk aver€iors{ and Traeger 2014, Jensen
and Traeger 2014, Cai et al. 2016, Cai and Lontzek 2019, Daniel et al. 2019, Okullo 2020, Lemoine 2021,
Jensen and Traeger 2021, Van deenigr and Van der Ploeg 202To address this calibration challenge,
some recent SGHGstudies have used alternative utility function specifications (e.g., Epsf@in
specifications) that allow for the separation of intertemporal and risk preferencee{@a 2016, Daniel

et al. 2019, Cand LontzelR019, Okullo 2020, Lemoine 2021, Van den BresnerVan der Ploeg021)

These studies can incorporate a higher rate of relative risk aversion without affecting the calibration of
the intertemporal preferaces. While these approaches have promise for improving the calibration of risk
preferences, they are relatively new in the climate economics literature, computationally complex, and
require additional assumptions (e.g., timing of uncertainty resolutionwhich there is no consensus in

the literature. For these reasons, these alternative utility functiares not used in this report, but they

are worthy of additionalinvestigaton, consistent with recommendations of the National Academies
(2017). Furthamore, the useof an isoelastic utility function via equatio.$.3 remains widely used in
GKS LISSNI NBPASHSR fAGSNI (GdzZNB FyR Aa O2yairadsSyd oA
robustly capturing the value uncertainty through probabiligienario, climate, and damage function
models in conjunction with a Ramséke approach to discounting. However, because the calibrated
values of- using the isoelastic utility function may be low from a risk aversion perspettigeralue of
reducingclimate change risk included in the-6EIG estimates wiikelybe an underestimateholding all

else equal

When using the damage module based®@ivEand Howard and Sterner (2017), the-SHG is calculated

using equationZ.5.3 for a global representative agent. Implicit in the use of a global representative agent

Aa GKFG Ef NARaia OFy 0SS L2t SR I ltapgrSachdi@ME) f f SO
and the global nature of the Howard and Sterner (2017) damage module precludes other assumptions.
However, when using the DSCIM damage module, a conceptually similar approach is applied but,
F2fif26Ay 3 GKS Y2 RS oadR Sadidfdrent aSshidiptbn é13idkl-pdaling is applieiNJ
Specifically, when the DSCIM damage module is used, it is assumed that risks associated with uncertainty

in the climate response and future socioeconomic conditions can be pooled globally, but diametgm

risks (conditional on a given level of climate change andI®socioeconomic realization) are pooled at

GKS RFEYF3AS FdzyOGiA2yQa AYLI OG NBIA2Yy SOStd 1 £t St
geographic areas reduces the valof risk reductions within the SEBHG estimates.

76



3 Modeling Results

3.1 Social Gost of Carbon (SCCQ), Methane (SCCH), and Nitrous Oxide (SCN-20)
Estimatesby Damage Module

This section presents the €3G values estimated using the methodological updates described in Section
2. The combination ofisingthree specifications of the damage modudger the modelindgime horizort°

and three neaterm target discount rates produces nine separate distributions afiscounted marginal
damagedor each emissions yeand GHGEach distribution consistof 10,000 estimags based on draws
from the distributions ofuncertainparameters in each modufé! Given the consideration of multiple
lines of evidence in the damage module and multipkar-term discount rates, the results are first
presented separately for each of thtree damage modules by discount rdf8.The means of the
distributions of discounted marginal damages are the certaggyivalent S&GGHGsTable3.1.1, Table
3.12, andTable3.1.3 show thecertainty-equivalentSGCCQ, SGCH, and SO estimates, respectively,

in ten-year incrementgor emissionsyears2020-2080 by damage module and ne@rm discount rate:>

As expected, estimates based on a higher fiean discount rate are consistently lower, while lower
nearterm discount rates reult in higher SGHG estimates independent of the damage module. There is
some variation in the SGHG estimates across the three damage modlbisis expected given that the
damage modules are, at least to some extent, measuring different categdridansages and with
different approaches. The SEHG estimates based on the metaalysis damage module tend to be
higher than those based ahe GlIVElamagemodule for CQ and NO, with the difference increasing for
higher neasterm target discount ratesThis suggests differences across these two models as to the
potential damages from climate change in the nedaerm. The DSCINbasedestimates tend tdbe lower
than the GIVE and metanalysis estimategitially, but increaseat a faster rate over time, geerally
exceedinghe SGCQ and SEN;O from the otherspecificationdor emissions after 2050Chese trends
reflect differences in the relative slopes of the damage funatamross the threenodek. This relationship
changes over timedue to the timedependent nature ofGHGemissions,the resulting paths of
temperature anomaliesthe shapeof the damagefunctions,and the relationshipof theseinteractions
with discounting For ChH which has a notably shorter atmospheric lifetime thha bther two gases, the
SCCH estimates based on thBSCIMlamage moduleemain lower than theestimatesfrom the other

two models througt208Q

130 A5 mentioned in Sectioh.2, the National Academies recommended that the modeling time horeE i Sy R F I NJ
enough in the future to provide inputs for estimation of the vast majority of discounted climate danddgebe
case of models presented herthe discounted streams of marginal damages in all models and discount rates peak
by the end of the century (2100) and begin to steadily decline through the end of the modeling time horizon (2300)
capturing the majority of the quantified discounted daneagassociated with the emissions of a metric ton of,CO
CH, and NO.
131 Monte Carlo methods are used to run the combined suite of modules 10,000 times. In each simulation the
uncertain parameters are represented by random draws from their defined prabaditributions.
B2Estimates in this repodrediscounted back to the year of emissions and presented as certamiivalent values
that account for uncertainty in the socioeconomic scenari®se Appendi.3for more information on how those
transformations were made and Sectidifior how they can be used in analyses
BB¥Values inTable3.11, Table3.1.2, andTable3.1.3 are rounded to two significant figures.
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For allthree damage modules, the SEHG estimates increase over timee., the societal harnm 2030
from one metric ton emitted in 2030 is greater than the ham®02 caused by one metric ton emitted

in 2020. BEmissionsfurther in the futureproduce larger incremental damages as physical and economic
systems become more stressed in response to greater climatic change and bewameis growing
over time As income growso does the willingness to pay to aveiconomic damages.

Table3.1.1: Social Cost @@arbon $§GCQ) by Damage Module, 2028080 (in 2020 dollars per metric ton
of CQ)

NearTermRamseyDiscount Rate and Damage Module

2.5%NearTerm Rate 2.0%NearTerm Rate 1.5%NearTerm Rate
Emission  hoepy give Me® 0 psam eive M psem eive  Me
Year Analysis Analysis Analysis
2020 110 120 120 190 190 200 330 310 370
2030 140 150 150 230 220 240 390 350 420
2040 170 170 170 280 250 270 440 390 460
2050 210 200 200 330 290 310 500 430 520
2060 250 220 230 370 310 350 550 470 570
2070 280 240 250 410 340 380 600 490 610
2080 320 260 280 450 360 410 640 510 650

Table3.1.2: Social Cost dflethane (SEH) by Damage Maodle, 20202080 (in 2020 dollars per metric
ton of CH)

NearTermRamseyDiscount Rate and Damage Module

2.5%NearTerm Rate 2.0%NearTerm Rate 1.5%NearTerm Rate
Emission Meta- Meta- Meta-
Year DSCIM GIVE Analysis DSCIM GIVE Analysis DSCIM GIVE Analysis
2020 470 1,600 1,700 850 1,900 2,200 1,500 2,500 2,900
2030 1,100 2,300 2,300 1,600 2,800 2,800 2,400 3,500 3,700
2040 1,900 3,300 2,900 2,500 3,800 3,500 3,300 4,700 4,500
2050 2,700 4,200 3,700 3,400 4,900 4,400 4,300 5,900 5,600
2060 3,500 5,000 4,400 4,200 5,800 5,300 5,200 7,000 6,700
2070 4,200 5,700 5,100 5,100 6,600 6,200 6,100 7,900 7,800
2080 5,100 6,300 5,900 6,000 7,300 7,100 7,100 8,800 8,900

Table3.1.3: Social Cost dflitrous Oxide (SK8:O) by Damage Modle, 20262080 (in 2020 dollars per
metric ton of NO)

NearTermRamseyDiscount Rate and Damage Module

2.5%NearTerm Rate 2.0%NearTerm Rate 1.5%NearTerm Rate
Emission pgeim Give Mea DSCIM GvVE Me& | psom eive  Meta
Year Analysis Analysis Analysis
2020 30,000 38,000 38,000 49,000 55,000 58,000 81,000 85,000 96,000
2030 40,000 47,000 46,000 63,000 67,000 69,000 98,000 100,000 110,000
2040 52,000 57,000 55,000 77,000 78,000 81,000 120,000 110,000 130,000
2050 64,000 67,000 66,000 93,000 91,000 95,000 140,000 130,000 150,000
2060 77,000 75,000 76,000 110,000 100,000 110,000 150,000 140,000 160,000
2070 89,000 82,000 84,000 120,000 110,000 120,000 170,000 150,000 180,000
2080 100,000 89,000 94,000 140,000 120,000 130,000 190,000 160,000 200,000
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For a givemearterm targetdiscount rate, thecertainty-equivalentSCGHG estimate is the valagpplied

to GHGemission changeim benefitcost analysis (see Secti@rb for a definition of the SGHG). These
certainty-equivalens are calculated over a distributionthie discounted marginedamageseflecting the

full range of quantified uncertainties incorporated into the modeling (@seussion throughouBection

2, and the summary inAppendix A.8for a description of the quantified uncertainty in each module).
Figure 3.11 shows the full distribution ofdiscounted marginal damages per metric toh CQ for
emissionsn 203Q where the boxespan the inner quartile range (250 75" quantile), whiskers extend

to the 5" (left) and the 9% (right) quantilest® The vertical lines inside of the boxes mark the median of
each distribution, and the pois inside of the boxes and dollar estimates on top of the boxes mark the
certainty-equivalent SE&Q. In these distributiongthe uncertaintythat is explicitly characterizeidcludes

the socioeconomics and emissions projections from the-&#- and the @G concentrations and
temperature changes generated from the FalR moHgplicit characterizatiom these distributionof
uncertain parameters in the modeling of SLR and the parametric uncertainty captured in the estimation
of each damagéunction varies across the three damage modules.

It is important to note that the distributions presented here do not fully characterize uncertainty about
the SGGHG due to impact categories omitted from the models and sources of uncertainty that have not
been fully characterized due to data limitations. These limitations are discussed in Sezti@ow.

Uncertainty grows over the modeled time horizon. Thereforager cases with a lower ne&erm target
discountrate ¢ that give relatively more weight to impacts in tHature ¢ the distribution of the
discounted marginal damages per metric ton of AG#i@ider(seeFigure3.11). Across damage modules,
the DSCIM based runs generate the widest distribution of restifts. DEIM damage module has a
greater degree of curvature in the damage function mapping temperature to ecordameages than the
GIVE andneta-analysishasedspecificationgseeFigure 2.3.2 The interquartile ranges overlap across
the three damage modules:or a presentationof the temporal evolution othe projecteddiscounted
marginal damage®r GIVEeeExtended Data Fig. 2 Rennert et al. (2022bRennert et al. (2022b) find
that for an emissions year of 2022erage dscounted marginatlamages increase rapidly between 2020
and 2050 and peak around 207QAfter this point the increasing impact ofliscountng overtakes the
increasing marginal damagandtherefore, discountedmarginal damages steadily declitieough230Q

B4FigureA.6.11andFigureA.6.12in AppendixA.6shows the distribution of discounted marginal damages per metric
ton for CH and NO.
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Figure3.1.1: Distribution ofthe DscountedMarginalDamages peMetric Ton of Carbon DioxideGQ) for
2030 EmissionsbyNearterm RamseyDiscount Ratand Damage Modle

140
$150
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S DSCIM
$220
2.09
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$240
Meta-Analysis
$390
|
— I |
$350
1.5%
$420
$0 $500 $1,000 $1,500

Discounted Marginal Damages of CO, for 2030 emissions (2020% per metric ton of CO,)

Boxes spathe innerquartile range (2% to 75" percentile$, whiskers extend to the"jleft) and the 99 (right) percentiles. The
vertical lines inside of the boxes mark the median of each distribution, and the points inside of the boxes and dolles estima
top of the boxes mark theertainty-equivilantsocial cost of carbor8ECQ)

Table3.1.4 provides a disaggregation of the-8Q results by impact category for emissidn2030under

the GIVE and DSCIM based damage modyulsngside the metanalysisbased damagenodulethat

does not permit a disaggregation. The GIVE and DSCIM damage modules are consistent in that net
mortality risk increases are the largest share of marginal damages acrosattdgoriesconsidered in

each damage module. However, the share of marginal danduget net mortality risk increases is larger

for the DSCIM damage module compared to the GIVE damage module. Variation across the two damage
modules for the other sectors reflects uncertainty in the underlying scientific literature and differences in
the sectors included in the models (e.g., labor productiviBgeSection2 for detailed descriptionsf the
methodological differences across models. The differencagsultsare the aggregate effect of thee
different methodologies.
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Table3.1.4: Impact Categorisaggregation of &ial Cost o€arbon $CGCQ) for 2030 under a 2.0¥ear
TermRamse\Discount Rat¢in 2020 dollars per metric ton of €O

Damage Module

Impactcategory DSCIM GIVE Meta-Analysis
Health $179 $104 -
Energy -$4 $10 -

Labor productivity $47 - -
Agriculture $4 $103 -
Coastal $3 $2 -

Total $233 $219 $238

3.2 Omitted Damages and Other Modeling Limitations

¢tKS NBaSINOK O2YYdzyArAldeQa O2yaARSNIOGfS LINRPINB&aa Ay
bring the SE@HG estimates presented in SectiBrl closer to the frontier of climate science and
SO02y2YA0&a YR FRRNBaa Yl ye 2 Remnirg&cSmnendatiand. However, OF RS Y
the SGGHG estimates presented in theport still have several limitations, aguld be expected for any

modeling exercise that covers such a broad scope of scientific and economic issues across a complex global
landscape. There are still many important categories of climate impacts and associated damages that are

not yet reflectedin these estimates due to data and modeling limitations. There is also incomplete
coverage of some categories that are represented, including impostatoral and regionahteractions

and feedback effectaithin andacross modulesTable3.2.1 below highlights some of these limitations

for categories within climatand earthscience, impacts and associated damages, and methodolbgy

table denotes thosecategoriesthat the SE@GHGestimates in this reporhave been able t@xplicitly

represent to some degre¢hosefor which some share of the categoneisplicitlyrepresented and those

that are not yet includedt all. For example, the damage modudarrently focugson climate change

damages driven by changes in annual average temperatures or sea level rise. The damage modules have

not yet explicitly incorporated damages associated with other changes in the temperature distribution

such as variabiljtand changes in the probability of extreme temperatures throughout the yiéere is

only a limited consideration of climatdriven physical changes other than temperature and SLR (such as
precipitation or humidity) within thexistingdamage modules.

There is aliterature investigating the impacts of these other climatéven effects, includinthe effects
of temperature variabilitye.g., Estrada et aR023 Calel et al. 2020pf changes in rainfall leve(s.g.,
Damania, Desbureaux, and Zaveri 2020d the effecs of increasing rainfall variabilitfe.g., Downey,
Lind, and Shrader 2023Rising et al. (2022) revieseveraldimensions of weather that will be affected by
climate changeFor future modeling,tiere areat leasttwo potential approachs to better incorporating
theseclimate-driven changes in variability, extremes, precipitation, and other similar metricshat8C
GHG. The first is to examine, for example, precipitataated impacts using multiple GCMs inputs to
damage models$o chamacterizethe range of potentialrelationshis between global temperatures and
local precipitationdriven damagesThe other approach is to use a pattesgaling approach leveragng
the highresolution ofglobalclimate modes to downscale global temperature anomaliesloxal ones
and to use those downscaled patterns as inputs to the damage mddeksccount for regional
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heterogeneity in damageésee, e.g., Tebaldi et al. (2022pstimates of damages from séavel rise
already account for such spatial heterogeneity by downscaling global sea level rise to local sea level rise,
as describedh Section 2.3.

The climate module considered in thisport also omits some potentially largscale Earth system
feedback effectge.g., fom tipping elements) onon-climate mediated effects o6HG emissions (e.qg.,
ocean acidificatiomlue to CQ@ emissions tropospheric ozone formation due to ¢emissions). Climate
change impacts described as resulting from tipping elements are often asxbciath crossing a
GKNBaK2ftR AY |y 9FNIK d283aGSYZX 2NJ WGALILAY3I LRAYHQ:S
forcing results in a large, often irreversible change in the climate or other Earth systeme.gsd€pits

et al. (2014Yor areview of this literaturg. Temperature feedbacks fromfaw of these processes (e.g.,
Arctic Sea ice lossurface albedo feedbaclkand slowdown of the Atlantic Meridional Overturning
Circulation (AMOC)) are captured in the underlying CMIP6 mutmlelsich FalR v1.6.2 was calibrated and
are thus implicitly reflected in the climate module used in tidport (Weijer et al. 2020)For other
processes such as Amazon Forest dieback, melting of permafrost, changes in the Indian summer
monsoon (ISM) it isless certain how well their behavior is captured in CMIP6 models or whether the
temperature impactsare implicitly included in FalR1.6.2 (see.,Arora et al. 2020IPCQ021d). Lastly,
methane hydrates, Greenland (GIS) and Antaricésheet(AlS) ollapse are not included at all within
FalR. However, GIS and AIS are simulated within thiewelanodels used in thigport.

Recent studiehiave started to make progress on incorporating more oftipping elementsdiscussed
above inthe estimation d SGGHG In particular Digz et al. (202kh) developed a response function that
maps increases in global mean surface temperature (GMST) to additional warming that is realized through
feedbacks in the underlying biophysical systems such as permdfrast ocean methane hydrates,
Amazon rainforest diebackurface albedo feedbaciglS and Al&llapsethe AMOC slowdowrand ISM
variability. This allows for an improved, more explicit accounting of the temperatinneen damages
resulting from these typesfdargescale feedback effects within $8HG estimatiorl'he authors fid that
accounting for these impacts may have substantial effects 6&I8G estimates. For example, under their
main specification Dietz et al. (2021b¥timate that the inclusion of eight individual tipping points
increases the expected €0, by 24.5%, charactating a positively skewed distribution of increases to
the SGO0; (median 18.8%; 25percentile 22.5%; 75percentile 132.2%)Research is stiieeded to
incorporateother physical impactérom these feedbackssuch as precipitation and ecosystem impacts
associated with passing a tipping poiRbr example, a key missing damage charglated tothe AMOC
slowdownrelates to changed precipitation patterns, which scientists believe would lead to additional
rather than lowered damagds.iu et al. 2017)Asanother exampleDietz et al(2021b)modelthe impacts

of Amazon rainforestliebackas releasing an additional pulse of carbon. Impacts such as lost biodiversity
or ecosystem servicegnpacts associated with Amazon rainforest diebaule still absent, li&ly
underestimating damages related to the dieback of the Amazon rainf¢asetz et al. 2021b)rheEPA

will continue to follow progress in this line of research and look for opportunities to better reflect tipping
elements and other Earth systef@edback effectandto account fomon-climate mediated GHG effects

in future updates of theSCGHGestimates Additional discussion cdome non-climate mediated GHG
effectsis provided in SectioB.22 below.
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The bottomup damage modules from the DSCIM and GIVE modelédera transparent accounting of
which climate change damages are incorporated into the modules, as discussed in 3&fi®oWhile
the advancements in these newelamage modules is laudablthe second column of Table 3.2.1
illustrates that many categories of climate changmpacts and associatedamages are not yet
represented. Examples include changes in the demand for water resotineesosts and feasibilitgf
providing safe drinking watebiodiversity los; changes in ecosystem services, the productivity of the
livestock, aquaculture, and forestry industrieand loss of culturally and historically significant
resource$*® just to namea few. Eforts are underway tancorporateexistingresearch on these types of
climate impacts intoglobal damage functions that can be added todamage moduldor SCGHG
estimation Fa example arecent study of biodiversity losses found thgtdating the species loss function
and its valuatiorin FUND 3.94 reflect Brooks antlewbold(2014),as well as apecies loss metanalysis
by Urban (2015), and updated WTP survey resiuitsea®d the SECQ for 2010by about $10/mtCQO,
(1995 dollars)or 20% relative to the SGCQ resuting from the original FUND3%pecification(under a
Ramsey discount rate of ~3%Waushal and Navrud022) EPA continues to followdvances in the
development of global damage functions for biodiversity loss and other damage categotigst
represented

For those damage categories that are represented, they may only be a partial accounting. For example,
the estimated health damages in GIVE ar®CIM only include temperaturand SLRelated mortality,

and exclude other sources of mortality impacts (e.g., clinmggliated changes in storms, wildfire, air
pollution), and morbidity impacts (e.g., infectious diseases, malnutrition, aller§as]ies are available

on how climaterelate changes impact infectious diseagleavy et al. 2016, TrinanaadMartinezUrtaza

2021, Col6onGonzéalezt al.2021, Ryaret al.2019 Ryan et al2015 Mordecaiet al.2020), but additional

work isneeded toboth modelmeteorological conditionge.g., humidity, precipitation patterns, length of
transmission seasons, and daily temperature rangesler climate changeand link theseo infectious
diseasedamage functios (Cromar et al. 2022Regardiig sedevel rise, the represented damageds not

fully include channelssuch as safivater intrusionand its impact on the agriculture sectoroastal
recreation and tourism an increasén the frequency or intensity aftorm surge event§Grinstel et al.
2013),and compounding impacts of storm surge and wind damage that often come with cyclones and
hurricanes (Diaz 2016)mportantly, none of the damage modules incorporate crosantry or regional
spillovers that occur through migration, national sgty concerns, tourism, or supply chain disruptions.
The physical and economic pathways that drive many of these omitted or partially included categories are
well documented in key scientific assessments, sucth@se developed by the IPCC (el§CC 2073,

2014, 2018, 2019a, 2019b, 20&1and the US Global Change Research Progi@ng.,USGCRP 2016,

5 For the GIVE model, Rennert et al. (2022b) illustrhgeimpact that the updated damage functions have on the
SCCQ estimates relative to damages functions used in earlier studies. The authors find {686 ®6timate is
y2ilofe& fFNBSN ¢KSy -sérioh daBageDilinetion$1854nt@@n- 2028 RndeF 2%AREImsey
discounting compared to using the aggregate-tigwn damage function approach used in th@l6version of the
DICE model ($152/mtG@ 2020), whictwasstated to be more comprehensive scope and included a 25% adder
for omitted impacts bolding all else equal ithe modeling).
B¢KS bliGAz2ylFt 1 OFRSYASaAa o6wnmt0 KAIKEAIKGSR af2aa 27
f I y R& @indniffex@mples of potentially important nonmarket welfare consequences of climategehgor
discussion ofnany U.Shistoric sies and landmarks at risk from climate changee, for example, Holtz et al. (2014)
and the Fifth National Climate Assessment (USGCRP Z0zR)dingthe Overview (Jay et al. 2028phd Human
Health chapter (Hajen et al. 202}.
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2018, 2023. However, key data and research gaps currently prevent incorporating these damage
categories into global damage modules for the purposestifireating the SGHG.

Finally, vhile the SE@GHG estimates presented in thigport provide numerous methodological
improvements over the previous estimates, as detailed in Se@&idmable 3.2.1 highlights thahere are
alsoopportunitiesfor future improvementsFor examplealthough the damage functiorapplied in this
reportoffer animprovedaccounting of adaptation and its costs, the modeled estimates employ optimistic
assumptionsabout adaptation decisiongn the estimation of coastal damages in GIVE and DS&SM.
discussed in Section 2.3, the representation of adaptation and its costahintmodels are based on the
CIAM deterministic optimization modebhssumes decision makefgve perfect foresight about SLR
conditions throughoutthe model time horizon and alwayshoosethe lowestcost adaptationstrategy

and level of investmentor eachof the thousands oftoastal segmerst(Diaz 2016)Within the models,
local segment level decisions are made without considering spillovargesactions acrossegments,

Yy2NJ GKS fA1Sfe AYLI OG 2yS aS3avySyi @ay. DEnSa andl Reiy Y I &

2020) Recentstudies havealso highlightedthat observed levels of investment in adaptative measures
are significantly lower tharwhat is predicted under optimistic costminimizing assumptionge.g.,
Bakkensen and Mendelsohn 2016, Mendelsohn et al. 20@®earchers have started to examine how
sub-optimal decisionould impact aggregate economic cedb society from sea level rise and storm
surge floodingn the U.S(e.g., Lorie et al. 2020Pppenheimer (2021) describes many of tharent
limitations and challenges oflaptation in a U.S. contexparticularly that currenadaptationpolicy tends

to beimplementedreactively, postdisaster The costs of such a reactjygecemeaktrategy may differ
substantially fronthe costs of a coordinatednd proactive adaptation strategy.he modeling of future
adaptation and its cos@@re an important area of future research for other damagéegories as well. For
example, everthe empirically basedstimation of revealed adaptaticior other damage#s DSCIM must
rely on whathas beerobserved in the historical record. It remains challenging to project how the costs of
adaptation will incrase at highetevelsof warmingand potentialincrea®s in theintensity of extreme
events, and how quickly teaological advancesould help to work in the other direction teeduce the
costs ofadaptationinvestmentsor provide newadaptation alternative.

Another important methodological limitationf the SGGHG estimates presented in this reportthe
omissionof many interactions and feedback effectsithin and across moduleRegardingfeedback
effects within the damage modul@one of themodelsexplicitly consider potential interactions among
damage categories. For examplieere is no representation diow climate changenediated impacts to
water supply will interact with climatenediated changes in the demand for water resources by the
agricultural and electric power sectorsvhichmight be indirect competitionwith each otherin similar
water markets.Large crosslisciplinary naltisector dynamic modeling efforts are well underwiaythe
U.S.to advance the understanding and modelingsath interactions, especially with respectgmwing
interdependencies and risks at the intersection of the energy, water, and land séRerd et al2022).
Regarding feedbacks within the climate moduldilesthe FalRnodeldoes includea representation of
somecarbon cycle feedbacK$mith et al. 2018pther greenhouse gas feedbacks such as the response
of natural methane emissions to temperature are less well represefg@aed,Dean et al. 2018, Colbest

al. 2020,Ro3geret al. 2022 Zhang et al. 2023). Ongoingsearchis improving the characterization of
these feedbacks in reduced complexity models (e.g., Woodard et al. 2021).
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In addition, this updatedoes notaccount forfeedbacksacross modules, sh asfeedbackdrom damages

to the socioeconomics module, &rom the climate module tdhumanemissions(Beckage et al. 2018,
Beckage et al. 2D, Peng et al 202Moore et al. 2022 Qossmodule feedback effects can result through

a variety ofphysical and behavioral responses. Some feedbakéikely tooccur in absence of a policy
response. For example, the modeling in this report does not account for how energy system impacts (such
as increased use of air conditioning) will affect emisspatbways(e.g.,Woodard et al2019. As another
example, similar to the potential feedbacks from the passing of critical earth system tipping points
discussed above, there is the possibility of nongradual damages from passing thresholds in socioeconomic
systems (e.g., climate driven sedfinforcing feedback cycle of civil conflict and slow or negative economic
growth) (National Academies 201Dtherfeedbacks between the damages and secamnomics modules
arise endogenously from the coupled interactiofthe climate, sociapolitical and energy systemBor
example,Moore et al (2022) review the breadth of literature that examines respongesocialand
political systemso calibrateamodified version of DICE16that includes a variety of potential feedbacks
between the climate and socioeconomics modulEsese feedbackacross moduleincludea range of
socialperceptions, opinions, political systemegalsystens, endogenous cost (learniAgy-doing),and
potential feedbacks related tenergy demandndeconomic growttdue to changes in temperatufe.g.,

Dell et al. 2012, Burke et al. 20HndWoodard et al2019).Conditional on the feedbackkey included

in their model, hey find that accounting for feedbks betweerthe climateandsocioeconomicaodules

(e.g., changing behavior in response drperienced or observed climate changauld result in a
reduction inoverall GHG emission®lative to a nefeedback (business as usual) wokihile the RFSPs

used within this report take intaccount the likelihood of future emissions mitigation policies and
technological developmentSection 2.1)which implicitly capture the feedbacks explored in Moore et al
(2022), the National Academies (A7) identified explicitly accounting forfeedbacksbetween the
damages andlimatemodulesto the socioeconomienoduleas an importantongerterm goal in the SC
GHG estimation process.

The methodologies in this report incorporate many major advanceséntteatment of uncertaintyin

integrated assessment modelifgeeAppendixA.8andTable A8.1 for asummaryand further discussion

However there remainseverd sources of uncertainty that have not yet been quantified and are thus not
represented in the SGHG estimates presented in this repdtar exampleas discussed in Section 2.3.2,

the Monte Carlo estimation in GIVE reflects the damage uncertainty ihgakh and agriculture impact

categories, but nothe energy and coastalategories due to data limitatiods { A YA f | NX é X 5{ / L«
Carlo sampling of dosesponse parameters is performed for the health, agriculture, energy, and labor

impact categories but ndhe coastalcategory due to data limitations

Equallyimportant to note among the methodological limitations is the valuation of risk aversion in the
updated SESHG estimates. As noted in Secti@drb, the SGGHG estirates provide an improved
accounting of risk aversion over the estimatsed inthe EPA @nalyses to dateHowever, the approach
relies on an isoelastic utility function in which a single parameter has a role in reflecting both
intertemporal and risk prefrences. In thiseport, the utility function parameter is calibrated based on its
role representing intertemporal preferences leading to lower values than would be expected if it was
calibrated based on its role representing risk preferences. As a rébaltSGGHG estimates likely
underestimate the damages associated with increased climate risk resulting &norarginal ton of
emissionsall else equal As noted in Sectio.5, to address this calibration challenge, some recent SC
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GHG studies have used alternative utility function specifications (e.g., Eg#ategpecifications) that
allow for the separation of intertemporal and risk preferences (Cai et al. Z0drGiel et al. 2019, Cand
Lontzek2019, Okullo 2020, Lemoine 2021, Van den BresmerVan der Ploeg021)

Although not all omitted climate change impacts work in the same direction in terms of their influence on
the SGGHG estimates, taken together, eéhnumerous damage categorigsat cannot currently be
included due to data limitationsmodeling assumptionshat go in the direction ofbeing a partial
representation of includedlamage categoriesand other limitationsdiscussed above anithroughout
Section 2 make it likelythat the SGGHG estimates presented in thieport underestimate themarginal
damages from GHG emissiofar example,ifst, as discussed aboveany categories of damages are
only partially modeled or omitted altogeén in the DSCIMand GlVEBaseddamage modulesSecond
many interactions anfieedbackeffects arenot yet representedboth in modeling physicddarth system
changeqe.g., feedback effects dipping element$ and economic damagebsor the GIVE modd&lasd
results, Rennertetal. (20226)SELISOG G KIF G2 Ay G2GFt X GKS TFazd dZNB Ay
tipping elements is likely to raise the estimates of theCZg; andthat therefore the estimates from the
LINBaSyd &addzRe F NB f A1 SThidasnstédin Sestios238ak limitationSravwe a S NI | G
been pointed out asa likely causeof the estimated response functiom DSCIMo underestimating
mortality risk hncreases irsome lowincome regions Fourth, under the meta-analysishbaseddamage
module, the results are based @Howard and Sterner (201 8pecificationto which thoseauthors and
other researcherge.g.,Nordhaws and Sztorc 2013 Nordhaus2017) have putinely addeda generic 25%
increasen recognitionof omitted damageshat are likely significant=ifth,coastal damages imoth GIVE

and DSCINMare estimaed based on anoptimistic assumption thatoptimal, lowest cost adaptation
opportunities will be realizedglobaly under perfect foresight aboutSLR Sixth, the estimates do not
incorporate the potentiafor climate damages to have a persistent economic impact through an effect on
economic growthFinally the methodemployed to account for risk aversidikely underestimate the
damages associated with increased climate risk resulting from a marginal ton of emissions
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Table3.2.1: Climateand EarthScience, Impactand Damages Included in the Updated@&4G Estimates
Climateand EarthScience Impacts and Associated Damages
Temperature change Human Health and Welbeing

Averages Heat and cold related mortality
Extremes Mortality e_mq morbidit‘y from extreme Wgather events (e.g.,
storms, wildfire, flooding), ansea level rise
— Mortality and morbidity fromclimate mediated changes in the
Variability

formation of criteria air pollutantge.g., ozone, PM2.5)
Infectious diseases
Other morbidity (e.g., malnutritionallergie$
Displacement and migration

Labor

Sea level rise
From average temperature change
Nortlinear effects (e.g., iesheet collapse)
Precipitation

Averages Labor supply (i.e., hours worked)
Extremes Labor productivity (i.e., output per hour worked)
Variability Energy

Humidity ¢ wet-bulb temperature
Additional impacts from &rge scalézarth system
changest{pping elements etc)
Temperature
Sealevelrise
Precipitation
Extremeweather events
Ecosystems
Other impacts
Non-climate mediated effects (e.g.)
Carbon fertilization (C£)
Ocean acidification (G
Tropospheric ozone formation (@H

Energy consumption (e.g., heating, cooling)
Energy production and provision (e.g., hydroelectric, thermal
power generation)

Water
Water consumption (residential, industrial, commercial)
Provision of safe drinking water
Water storage and distribution

Land
Coastal land loss from sea level rise

Buildings, transportation, and infrastructure
Sedlevel rise
Intensity or frequency of coastal storms
Extreme weather inland (e.g., storms, wildfire, flooding)
Environmental conditions (e.g., melting permafrost, air
temperature and moisture)

Food production

O 00ea0000aa a OO0Caaa@ga O O 0

Stratospheric ozone destruction {B)

Methodology d Agriculture/Crop production
Explicit treatment of uncertainty d Animal and livestock health and productivity
Accounting foadaptation and costs of adaptation q Fisheries and aquaculture production
Interactions across sectors O Forestry
Feedbackscross modulege.g.,from damages to
socioeconomics and emissiqrisom climate to @) Timber, pulp, and papeproduction
emissions)
Valuation of risk | Tourism, recreation, aestheticulturally historic sites
Visitation, locations, and opportunities (e.g., recreatiditing
skiing, scuba diving, scenic views)
Ecosystem services
Availability and quality of natural capital used in the production
marketable goods
Biodiversity and wildlife habitat (e.g., aquatic environments,
breeding grounds)
Other provisioning and regulating services (e.g., whiteation,
wildfire/flood/pest mitigation, medicinal resources, pollination)
Qulturally and historically significant landmarks and resources
Legend Crime (property, violent)
@ Explicit Representation National Security
d Partialor Implicit Representation Military base impacts
O Not Yet Incorporated Military mission impacts from international civil conflict

International development, humanitarian assistance
Trade and logistics
Supply chaimlisruption (e.g., from extreme weather)
Supply chain transitions (e.g., altering trade routes)
Table 3.2.presents a general indication of the climate science, impacts, and damages included across the three damage modules
used in this analysis ansinot designed tde reflective of any one specific damage module.

000000000 O O OO0OO0OO O OOOaa O 0O0CO22aaa0000 2 020020000 a0~
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One way to illuminate the potential magnitudd some omitted damage categories is to consider the

current spatial distribution of global population and climate indicatdfgyure 3.21 shows thata
substantialporton2 ¥ G KS ¢2NI RQa LJl2LJz | GA2Yy f A@BSasomgof f I (A d
the highesttemperatures And although not explicitly captured in the figure, within each coymryst

of these populations are located near the coasts in amgeected to experiencsignificant sea level rise.

The spatial correlationthat exist between population centers and known damage pathways highlight

how temperature- and SLRelated damages will impact a signifidan &8 KI N3 2 F GKS g2 NI RQa
further underlines the significance of impacts not currently reflected in the estimates, such as geopolitical

and regional tensions, conflict, scarcity, displacement, and migration, all of which are issues that affect an
interconnected global economy.
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3.2.1 FurtherDiscussion of Precipitation Impacts of Climate Change

Figure3.2.1: Population, Temperature, and Sea Level Rise in 2

Population

Average Population in 2100 (Millions of People)

200 400 600 800 1000 1200 1400
Temperature (°C)

Average Change in Annual Temperature in 2100 (°C)

1 2 3 4 5 6
Sea Level Rise

Average Change in Sea Level in 2100 (Meters, Relative to 2000)

-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

Estimates ofiveragecountrylevel population come from the RBPs
(top). Average changes in local mean surface temperature

recovered using a pattern scaling approa&iPp2023), summarized
within 2-degree grid cell§middle) Average change ineslevel rise
comes from the over 12,000 individual segments underlying C
(bottom). Averages are taken across the 10,000 Monte dCe
simulations of thenodelfor the year 2100.

As discussed abovethe damage
modulesused to estimatehe SGCGHG
in this reportfocus on climate change
damages driven by changesadmnerage
annual temperatures(GMST)or sea
level rise (GMSL)While some of the
underlying damage studies incorporate
other climate variables such as
precipitation or local temperaturesto
inform the shge of the doseresponse
curves in each impact categagnthe
damage moduleghemselvesdo not
explicitly take projections of climate
variables other than temperatureas
inputs when estimating the SGHG
That isGMST ishe only input required
to run each of the three damage
moduleg acting asa sufficient statistic
for other correlated climate variables
Therefore the damage moduleonly
reflect very limited representations of
the market and normarket damages
resulting from climatemediated
impactsto precigtation and otherkey
water cycle characteristicés noted in
the most receniPCGQeport from ARG,
WG1(IPCC 2021a, 20212029, while
annualmean global land precipitation
is expected to increase over the 21
century, the total land area subject to
drought is also expected to increase
become more frequent, and more
severe. These IPCC assessments
summarize annual mearchanges in
precipitation, but the variability and
extremes of precipitation events are
also expected tavorsen. An area for
future researchis the development of
global damage functions thatcan
explicitlyaccount forexpectedchanges

89



in mean precipitationits variability, andts extremes

Somerecent work hasused pattern scalingto translate estimated changes inGMST such as those
projected byFalRto local changes ilocaltemperature andocalprecipitation Lynch et al. 2017, Kravitz
and Snyder 208). This approach takespatially resolvecthanges irclimate variabless estimated by
more computationally intensive and complex GCMet relyon only a small subset of possible warming
futures,to derive a relationship between GMST and |atiahate variablesThe resulting relationship (the

G LI G G SNY ¢ 0 appliedyto aibko8dgr ramde dBMST projection®” Figure3.2.2 presents the
projected change in local mean gare precipitation in 2100 resultinfgpom a pattern scaling approach.
The figureappliesthe estimates of GMSih the year 210@oming out of the FalR climate modu&es
described in Section 2.to the expected changes in anndatal mearsurfacepreciptation from 26 GCMs
(CMIP6)under a single warming scenariG$PRCR.5) to recover average local changes in annual
precipitation from 10,000 possiblevarming futures. Such an approach allows for a much broader
exploration ofthe effects ofchanges in precipitatiowithout requiring all 10,00@missionsscenarios to
be mun throughlargescaleGCMs Pattern scaling GMST to recover changes in local precipitation could
allow for the inclusion ofdamage functionghat explicitly incorporate changes in local precipitation to
inform estimates of the SGHGs.

Figure3.2.2: Changes in Local Mean Surface Precipitation in 2100

Changedn local mean surface precipitati@me recovered using a pattern scaling approdeRA2023. Averages artaken across

the 10,000 Monte Carlo simulatiors the RFFSPs andralR1.6.2and the patternsunderlying the26 GCMsKravitz and Snyder
2023). Patterns aresummarizedwithin 2-degree grid cedl Hatched grid cells represent areas with large variation across the 26
GCMqi.e., thestandard deviatia islarger than seven times the mean).

137 Seehttps://github.com/usepa/patternscaledclimate-variablesfor more details on pattern scaling approaches
being developed fouse in probabilistic integrated assessment models.
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