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Executive Summary 

This report presents new estimates of the social cost of carbon (SC-CO2), social cost of methane (SC-CH4), 

and social cost of nitrous oxide (SC-N2O), collectively referred to ŀǎ ǘƘŜ άǎƻŎƛŀƭ Ŏƻǎǘ ƻŦ ƎǊŜŜƴƘƻǳǎŜ ƎŀǎŜǎέ 

(SC-GHG). These estimates reflect recent advances in the scientific literature on climate change and its 

economic impacts and incorporate recommendations made by the National Academies of Science, 

Engineering, and Medicine (National Academies 2017). The SC-GHG allows analysts to incorporate the net 

social benefits of reducing emissions of greenhouse gases (GHG), or the net social costs of increasing GHG 

emissions, in benefit-cost analysis and, when appropriate, in decision-making and other contexts. The SC-

GHG is the monetary value of the net harm to society from emitting a metric ton of that GHG into the 

atmosphere in a given year. In principle, the SC-GHG is a comprehensive metric that includes the value of 

all future climate change impacts (both negative and positive), including changes in net agricultural 

productivity, human health effects, property damage from increased flood risk, changes in the frequency 

and severity of natural disasters, disruption of energy systems, risk of conflict, environmental migration, 

and the value of ecosystem services. The SC-GHG, therefore, also reflects the societal net benefit of 

reducing emissions of the GHG by a metric ton. The SC-GHG is the theoretically appropriate value to use 

when conducting benefit-cost analyses of policies that affect GHG emissions. In practice, data and 

modeling limitations restrain the ability of SC-GHG estimates to include all physical, ecological, and 

economic impacts of climate change, implicitly assigning a value of zero to the omitted climate damages. 

The estimates are, therefore, a partial accounting of climate change impacts and likely underestimate the 

marginal benefits of abatement.   

Since 2008, the EPA has used estimates of the SC-GHG in analyses of actions that affect GHG emissions. 

The values used by the EPA from 2009 to 2016, and since 2021, have been consistent with those 

developed and recommended by the Interagency Working Group on the SC-GHG (IWG), and the values 

used from 2017-2020 were consistent with those required by Executive Order (E.O.) 13783. During that 

time, the National Academies conducted a comprehensive review of the SC-CO2 and issued a final report 

in 2017 recommending specific criteria for future updates to the SC-CO2 estimates, a modeling framework 

to satisfy the specified criteria, and both near-term updates and longer-term research needs pertaining 

to various components of the estimation process. The IWG was reconstituted in 2021 and E.O. 13990 

directed it to develop a comprehensive update of its SC-GHG estimates, recommendations regarding 

areas of decision-making to which SC-GHG should be applied, and a standardized review and updating 

process to ensure that the recommended estimates continue to be based on the best available economics 

and science going forward.  

The 9t! ƛǎ ŀ ƳŜƳōŜǊ ƻŦ ǘƘŜ L²D ŀƴŘ ƛǎ ǇŀǊǘƛŎƛǇŀǘƛƴƎ ƛƴ ǘƘŜ L²DΩǎ work under E.O. 13990. While that 

process continues, this EPA report presents a set of SC-GHG estimates that incorporates numerous 

methodological updates that address the near-term recommendations of the National Academies. The 

report takes a modular approach. The methodology underlying each of the four components, or modules, 

of the SC-GHG estimation process ς socioeconomics and emissions, climate, damages, and discounting ς 

is developed by 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 Future (RFF) Social 

Cost of Carbon Initiative (Rennert et al. 2022a). The climate module relies on the Finite Amplitude Impulse 
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Response (FaIR) model (Millar et al. 2017; Smith et al. 2018, IPCC 2021b), a widely used Earth system 

model recommended by the National Academies, which captures the relationships between GHG 

emissions, atmospheric GHG concentrations, and global mean surface temperature. The socioeconomic 

projections and outputs of the climate module are inputs into the damage module to estimate monetized 

future damages from climate change. Based on a review of available studies and approaches to damage 

function estimation, the report uses three separate damage functions to form the damage module. They 

are: 

1. a subnational-scale, sectoral damage function (based on the Data-driven Spatial Climate Impact 

Model (DSCIM) developed by the Climate Impact Lab (CIL 2023, Carleton et al. 2022, Rode et al. 

2021)),  

2. a country-scale, sectoral damage function (based on the Greenhouse Gas Impact Value Estimator 

όDL±9ύ ƳƻŘŜƭ ŘŜǾŜƭƻǇŜŘ ǳƴŘŜǊ wCCΩǎ {ƻŎƛŀƭ /ƻǎǘ ƻŦ /ŀǊōƻƴ LƴƛǘƛŀǘƛǾŜ όRennert et al. 2022b)), and  

3. a meta-analysis-based damage function (based on Howard and Sterner (2017)).  

The discounting module discounts the stream of future net climate damages back to the year of emissions 

using a set of dynamic discount rates that have been calibrated following the Newell et al. (2022) 

approach, as applied in Rennert et al. (2022a, 2022b). This approach uses the Ramsey (1928) discounting 

formula in which the parameters are calibrated such that (1) the decline in the certainty-equivalent 

discount rate matches the latest empirical evidence on interest rate uncertainty estimated by Bauer and 

Rudebusch (2020, 2023) and (2) the average of the certainty-equivalent discount rate over the first decade 

matches a near-term consumption rate of interest. Uncertainty in the starting rate is addressed by using 

three near-term target rates (1.5%, 2.0%, and 2.5%) based on multiple lines of evidence on observed real 

market interest rates. This approach results in dynamic discount rate paths and is consistent with the 

National Academies (2017) recommendation to use three sets of Ramsey parameters that reflect a range 

of near-term certainty-equivalent discount rates and are consistent with theory and empirical evidence 

on consumption rate uncertainty. Finally, the value of aversion to risk associated with net damages from 

GHG emissions is explicitly incorporated into the modeling framework following the economic literature. 

Taken together, the methodologies adopted in this report allow for a more holistic treatment of 

uncertainty than in past estimates by the EPA. The updates incorporate a quantitative consideration of 

uncertainty into all modules and use a Monte Carlo approach that captures the compounding 

uncertainties across modules. The estimation process generates nine separate distributions of discounted 

marginal damages per metric ton ς the product of using three damage modules and three near-term 

target discount rates ς for each gas in each emissions year. These distributions have long right tails 

reflecting the extensive evidence in the scientific and economic literature that shows the potential for 

lower-probability but higher-impact outcomes from climate change, which would be particularly harmful 

to society. The uncertainty grows over the modeled time horizon. Therefore, under cases with a lower 

near-term target discount rate ς that give relatively more weight to impacts in the future ς the distribution 

of results is wider. To produce a range of estimates that reflects the uncertainty in the estimation exercise 

while also providing a manageable number of estimates for policy analysis, this report combines the 

multiple lines of evidence on damage modules by averaging the results across the three damage module 

specifications. Table ES.1 summarizes the averaged certainty-equivalent SC-GHG estimates that can be 

used to value GHG emissions changes in benefit-cost analysis. The table presents the SC-CO2, SC-CH4, and 

SC-N2O estimates under each near-term discount rate for emissions years 2020 through 2080.  
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The methodological updates implemented in this report represent a major step forward in bringing SC-

GHG estimates closer to the frontier of climate science and economics and address near-term updating 

recommendations from ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ όнлмтύΦ Nevertheless, the SC-GHG estimates presented 

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 landscape. There are still 

many categories of climate impacts and associated damages that are only partiallyτor not at allτ

reflected in these estimates and sources of uncertainty that have not been fully characterized due to data 

and modeling limitations. For example, the modeling in this report omits most of the consequences of 

changes in precipitation, damages from extreme weather events, the potential for nongradual damages 

from passing critical thresholds (e.g., tipping elements) in natural or socioeconomic systems, and non-

climate mediated effects of GHG emissions other than CO2 fertilization (e.g., ocean acidification due to 

CO2 emissions, tropospheric ozone formation due to CH4 emissions). Importantly, this update does not 

yet reflect interaction effects and feedback effects within, and across, natural and human systems. For 

example, it does not explicitly reflect potential interactions among damage categories, such as those 

stemming from the interdependencies of energy, water, and land use. These interactions and feedbacks, 

and others, were highlighted by the National Academies as an important area of future research for 

longer-term enhancements in the SC-GHG estimation framework. 

Given both the methodological choices and the modeling limitations, primarily the numerous categories 

of damages that are currently unrepresented, the resulting SC-GHG estimates presented in this report 

likely underestimate the marginal damages from GHG pollution. The EPA will continue to review 

developments in the literature, including more robust methodologies for estimating the magnitude of the 

various direct and indirect damages from GHG emissions, and look for opportunities to further improve 

SC-GHG estimation going forward. 

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

and reflect the latest science, the EPA initiated an external peer review panel to conduct a high-quality 

technical review, completed in May 2023. The peer reviewers commended the agency on its development 

of this update, calling it a much-needed improvement in estimating the SC-GHG and a significant step 

towards addressing the National AcademiesΩ recommendations with defensible modeling choices based 

on current science. The peer reviewers provided numerous recommendations for refining the 

presentation and for future modeling improvements, especially with respect to climate change impacts 

and associated damages that are not currently included in the 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 

final report with individual recommendations from peer reviewers, and ǘƘŜ 9t!Ωǎ ǊŜǎǇƻƴǎŜ ǘƻ each 

recommendation is available at: https://www.epa.gov/environmental-economics/scghg-tsd-peer-

review.1  

 

  

 
1 In addition, the EPA solicited public comment on the use of the updated SC-GHG estimates and the external review 
draft of this report in the docket for 9t!Ωǎ December нлнн {ǳǇǇƭŜƳŜƴǘŀƭ bƻǘƛŎŜ ƻŦ tǊƻǇƻǎŜŘ wǳƭŜƳŀƪƛƴƎΣ ά{ǘŀƴŘŀǊŘǎ 
of Performance for New, Reconstructed, and Modified Sources and Emissions Guidelines for Existing Sources: Oil 
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Table ES.1: Estimates of the Social Cost of Greenhouse Gases (SC-GHG), 2020-2080 (2020 dollars) 

 SC-GHG and Near-term Ramsey Discount Rate 

 
SC-CO2 

(2020 dollars per metric ton of CO2) 
SC-CH4 

(2020 dollars per metric ton of CH4) 
SC-N2O 

(2020 dollars per metric ton of N2O) 

Emission 
Year 

Near-term rate Near-term rate Near-term rate 
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 SC-CO2, SC-CH4, and SC-N2O are rounded to two significant figures. The annual unrounded estimates are available in 
Appendix A.5 and at: https://www.epa.gov/environmental-economics/scghg. 
 

 

 
and Natural Gas Sector Climate Review.έ !ƭƭ ǘƘŜ ǇǳōƭƛŎ ŎƻƳƳŜƴǘǎ ŀƴŘ 9t!Ωǎ ǊŜǎǇƻƴǎŜǎ ǘƻ ǘƘŜ ŎƻƳƳŜƴǘǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ 
in the rule docket at: https://www.regulations.gov/docket/EPA-HQ-OAR-2021-0317. 

https://www.regulations.gov/docket/EPA-HQ-OAR-2021-0317
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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 evidence-based policy making. Estimates of the social cost of 

carbon (SC-CO2), social cost of methane (SC-CH4), and social cost of nitrous oxide (SC-N2O) allow analysts 

to incorporate the net social benefits of reducing emissions of each of these greenhouse gases, or the net 

social costs of increasing such emissions, in benefit-cost analysis, and when appropriate, in decision 

making and other contexts.2 Collectively, these values are referred to ŀǎ ǘƘŜ άǎƻŎƛŀƭ Ŏƻǎǘ ƻŦ ƎǊŜŜƴƘƻǳǎŜ 

ƎŀǎŜǎέ ό{/-GHG) in this document. The SC-GHG is the monetary value of the future stream of net damages 

associated with adding one ton of that GHG to the atmosphere in a given year. The SC-GHG, therefore, 

also reflects the societal net benefit of reducing emissions of the gas by one ton. The social benefits of 

abatement are an aggregated measure of the affected ƛƴŘƛǾƛŘǳŀƭǎΩ willingness to pay to avoid those 

damages. The SC-GHG is the marginal social benefit of GHG abatement and is, therefore, the theoretically 

appropriate value to use when conducting benefit-cost analyses of policies that affect GHG emissions.3 

The marginal social cost will differ by the type of GHG (such as CO2, CH4, and N2O)4 and by the year in 

which the emissions change occurs. 

In principle, the SC-GHG is a comprehensive metric that includes 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 risk, changes in the frequency and severity of 

natural disasters, disruption of energy systems, risk of conflict, environmental migration, and the value of 

ecosystem services. In practice, because of data and modeling limitations, which prevent full 

representation of harmful climate impacts, estimates of the SC-GHG--including the updated values 

presented in this report--are a partial accounting of climate change impacts and, as such, lead to 

underestimates of the marginal benefits of abatement.   

 
2 Note, for example, that EPA has recommended use of SC-GHG estimates in environmental impact statements under 
NEPA when appropriate. See, e.g., Letter from EPA to USPS, on the Final Environmental Impact Statement 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 another strand of 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 be useful in evaluating policy cost-
effectiveness but is not an alternative way to value damages from GHG emissions in benefit-cost analysis. For more 
on how these concepts (e.g., a predetermined target-based approach and a damage (SC-GHG) based approach) can 
be used when designing climate policy and in policy evaluation, see, for example, Hänsel et al. (2020); Stern et al. 
(2022); Aldy et al. (2021); and Gundlach and Livermore (2022). 
4 SC-GHG estimates are gas specific because one metric ton of CO2, CH4, N2O, or other GHG differ in the temporal 
pathway of their impact on society, through both climate mediated effects of emissions (temperature, sea level rise, 
etc.) and non-climate mediated effects of emissions (e.g., carbon fertilization effects and ocean acidification due to 
CO2 emissions, tropospheric ozone formation due to CH4 emissions). See Marten and Newbold (2012), Waldhoff et 
al. (2014), and IWG (2016b) for more discussion. 
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1.1 Overview of SC-GHG Estimates Used in EPA Analyses to Date 

The academic literature has published estimates of the social cost of carbon and other GHGs since at least 

the early 1990s. As early as 2002 researchers began conducting reviews that combined lines of evidence 

across early SC-CO2 estimates (Clarkson and Deyes 2002). The EPA began regularly incorporating SC-CO2 

estimates in regulatory impact analyses following a 2008 court ruling in which an agency was ordered to 

consider the SC-CO2 in the rulemaking process. Specifically, the U.S. Ninth Circuit Court of Appeals 

remanded a fuel economy rule to the Department of Transportation for failing to consider the value of 

reducing CO2 emissions when determining the appropriate level of the fuel economy standard, stating 

ǘƘŀǘ άǿƘƛƭŜ ǘƘŜ record shows that there is a range of values, the value of carbon emissions reduction is 

certainly not zeroΦέ5 The SC-CO2 estimates initially presented in EPA analyses in 2008 and early 2009 were 

derived from the academic literature.6 

 

Beginning in SeptŜƳōŜǊ нллфΣ 9t!Ωǎ ǊŜƎǳƭŀǘƻǊȅ ƛƳǇŀŎǘ ŀƴŀƭȅǎŜǎ ŀǇǇƭƛŜŘ {/-CO2 estimates that were 

developed through a U.S. Government interagency working group (IWG) process. The IWG was launched 

in early 2009, under the leadership of the Office of Management and Budget (OMB) and the Council of 

Economic Advisers (CEA), to ensure that Federal agencies had access to the best available information 

when quantifying the benefits of reducing CO2 emissions in benefit-cost analyses. The IWG included 

technical experts from the EPA and other federal agencies. The IWG first developed an interim set of SC-

CO2 estimates based on an average of estimates published in the peer reviewed academic literature.7 The 

EPA chose to use these interim estimates in multiple regulatory impact analyses and sought public 

comments to inform the estimates for future use.8 In 2010, the IWG published a Technical Support 

Document (TSD) with a set of four updated SC-CO2 estimates recommended for use in regulatory analyses 

in addition to guidance on using the estimates (IWG 2010). Three of these values were based on the 

average SC-CO2 from three widely cited integrated assessment models (IAMs) in the peer-reviewed 

literature ς DICE, PAGE, and FUND9 ς at constant discount rates of 2.5%, 3%, and 5%. The fourth value 

 
5 Ctr. for Biological Diversity v. Nat'l Highway Traffic Safety Admin., 538 F.3d 1172, 1200 (9th Cir. 2008). 
6 CƻǊ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴΣ ǎŜŜ άTechnical Support Document on Benefits of Reducing GHG Emissionsέ 
(https://www.regulations.gov/document/EPA-HQ-OAR-2008-0318-0078ύΣ ǇǊŜǇŀǊŜŘ ŦƻǊ 9t!Ωǎ Wǳƭȅ нллу !ŘǾŀƴŎŜŘ 
Notice of Proposed Rulemaking for Regulating Greenhouse Gas Emissions Under the Clean Air Act, and EPAΩǎ aŀȅ 
2009 Regulatory Impact Analysis for the Renewable Fuel Standard Program (RFS2) Proposed Rule (EPA 2008).  
7 The IWG used a meta-analysis of SC-CO2 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 existing SC-CO2 estimates in 
the meta-analysis by using those that (1) were derived from peer-reviewed studies; (2) did not weight the monetized 
ŘŀƳŀƎŜǎ ǘƻ ƻƴŜ ŎƻǳƴǘǊȅ ƳƻǊŜ ǘƘŀƴ ǘƘƻǎŜ ƛƴ ƻǘƘŜǊ ŎƻǳƴǘǊƛŜǎ όƛΦŜΦΣ ƴƻ Ŝǉǳƛǘȅ ǿŜƛƎƘǘƛƴƎύΤ όоύ ǳǎŜŘ ŀ άōǳǎƛƴŜǎǎ ŀǎ ǳǎǳŀƭέ 
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 set of five recommended interim values.  
8 {ŜŜΣ ŦƻǊ ŜȄŀƳǇƭŜΣ 9t! ŀƴŘ 5h¢Ωǎ joint September 2009 Proposed Rulemaking to Establish Light-Duty Vehicle 
Greenhouse Gas Emission Standards and Corporate Average Fuel Economy Standards (EPA and DOT 2009). 
9 The DICE (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 developed by Chris Hope in 1991 for use by European decision-makers in 

 

https://www.regulations.gov/document/EPA-HQ-OAR-2008-0318-0078
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was included to represent the potential for lower-probability, higher-impact outcomes from climate 

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

For this purpose, it selected the SC-CO2 value for the 95th percentile at a 3% discount rate. Absent formal 

inclusion of risk aversion in the modeling, considering values above the mean in a right skewed 

distribution with long tails ackƴƻǿƭŜŘƎŜǎ ǎƻŎƛŜǘȅΩǎ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ŀǾƻƛŘƛƴƎ ǊƛǎƪΦ  

 

The EPA chose to update the set of SC-CO2 estimates used in regulatory analyses following a May 2013 

update of the IWG SC-CO2 estimates (IWG 2013). The 2013 IWG SC-CO2 update incorporated new versions 

of the IAMs used in the peer-reviewed literature but 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 in the way damages are modeled were confined to those that had been 

incorporated into the latest versions of the models by the developers themselves in the peer-reviewed 

literature.10  

In June 2015, the EPA began using estimates of SC-CH4 and SC-N2O from Marten et al. (2015), which were 

consistent with the methodology underlying the L²DΩǎ ŜǎǘƛƳŀǘŜǎ ƻŦ ǘƘŜ SC-CO2 estimates. The Marten et 

al. estimates were first applied in sensitivity analyses in regulatory impact analyses of proposed 

rulemakings with CH4 and N2O emission impacts.11 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 rulemakings with CH4 emissions impacts (EPA 2015a, 2015b).12 In August 2016, 

the Marten et al. SC-CH4 and SC-N2O estimates were adopted by the IWG ƛƴ ŀƴ ŀŘŘŜƴŘǳƳ ǘƻ ǘƘŜ L²DΩǎ 

TSD (IWG 2016a, 2016b).13 The IWG recommended these estimates as a method for improving the 

analyses of regulatory actions that are projected to influence CH4 or N2O emissions in a manner consistent 

with how CO2 emission changes were being valued. 

Over the course of developing and updating the SC-GHG estimates that have been used in EPA analyses, 

there were extensive opportunities for public input on the estimates and underlying methodologies. There 

 
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 the early 1990s, 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). 
10 The IWG subsequently provided additional minor technical revisions in November of 2013 and July of 2015, as 
explained in Appendix B of the 2016 TSD (IWG 2016a). 
11 The SC-CH4 and SC-N2O estimates were first used in sensitivity analysis for the Proposed Rulemaking for 
Greenhouse Gas Emissions and Fuel Efficiency Standards for Medium- and Heavy-Duty Engines and VehiclesςPhase 
2 (EPA and DOT 2015). 
12 For a discussion of public comments received on the valuation of non-CO2 GHG impacts in general and the use of 
the Marten et al. (2015) estimates, see, e.g., EPA (2012a, 2012b, 2016a, 2016b), EPA and DOT (2016). 
13 In 2021, the EPA developed analogous estimates of the social cost of hydrofluorocarbons (SC-HFCs) that are 
consistent with the methodology underlying the SC-CO2, SC-CH4, and SC-N2O estimates.  See, for ŜȄŀƳǇƭŜΣ 9t!Ωǎ Ŧƛƴŀƭ 
Regulatory Impact Analysis for Phasing Down Production and Consumption of Hydrofluorocarbons (HFCs) for more 
information (EPA 2021a). Similarly, Tan et al. (2023) provides a thorough documentation of the estimation as 
developed in EPA (2021a), in addition to presenting estimates of the SC-HFCs using an updated version of the GIVE 
framework. 
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was a public comment process associated with each proposed EPA rulemaking that used the estimates, 

and OMB initiated a separate comment process on the IWG TSD in 2013. Commenters offered a wide 

range of perspectives on all aspects of the process, methodology, and final estimates, and submitted 

diverse suggestions for improvements. The U.S. Government Accountability Office (GAO) reviewed the 

development of the IWG SC-CO2 estimates and concluded that the IWG processes and methods reflected 

three principles: consensus-based decision making, reliance on existing academic literature and models, 

and disclosure of limitations and incorporation of new information (GAO 2014). 

In 2015, as part of the IWG response to the public comments received in the 2013 solicitation, the IWG 

announced a National Academies review of the IWG estimates (IWG 2015). Specifically, the IWG asked 

the National Academies to conduct a multi-discipline, two-phase assessment of the IWG estimates and 

offer advice on approaching future updates to ensure that the estimates continue to reflect the best 

available science and methodologies. The Nationŀƭ !ŎŀŘŜƳƛŜǎΩ ƛƴǘŜǊƛƳ όtƘŀǎŜ мύ ǊŜǇƻǊǘ όbŀǘƛƻƴŀƭ 

Academies 2016a) recommended against a near-term update of the SC-CO2 estimates within the existing 

modeling framework. For future revisions, the National Academies recommended a broader update of 

the climate system module consistent with the most recent, best available science and offered 

recommendations for how to enhance the discussion and presentation of uncertainty in the SC-CO2 

estimates. In addition to publishing estimates of SC-CH4 and SC-N2hΣ ǘƘŜ L²DΩǎ 2016 TSD revision 

responded to the National !ŎŀŘŜƳƛŜǎΩ tƘŀǎŜ м ǊŜǇƻǊǘ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ǊŜƎŀǊŘƛƴƎ the presentation of 

uncertainty. The revisions included: an expanded presentation of the SC-GHG estimates that highlights a 

symmetric range of uncertainty around estimates for each discount rate; new sections that provide a 

unified discussion of the methodology used to incorporate sources of uncertainty; a detailed explanation 

of the uncertain parameters in the FUND and PAGE models; and making the full set of SC-CO2 estimates 

easily accessible to the public ƻƴ ha.Ωǎ ǿŜōǎƛǘŜΦ 

In January 2017, the National Academies released their final report, Valuing Climate Damages: Updating 

Estimation of the Social Cost of Carbon Dioxide and recommended specific criteria for future updates to 

the SC-CO2 estimates, a modeling framework to satisfy the specified criteria, and both near-term updates 

and longer-term research needs pertaining to various components of the estimation process (National 

Academies 2017). ! ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ŦƻǊ ƴŜŀǊ-term updates is 

provided in Section 1.2 below. Shortly thereafter, in March 2017, President Trump issued E.O. 13783, 

which called for the rescission and review of several climate-related Presidential and regulatory actions 

as well as for a review of the SC-GHG estimates used for regulatory impact analyses. Further, E.O. 13783 

disbanded the IWG, withdrew the previous TSDs, and directed agencies to άensureέ SC-GHG estimates 

used in regulatory analyses άare consistent with the guidance contained in OMB Circular A-4έΣ άƛƴŎƭǳŘƛƴƎ 

with respect to the consideration of domestic versus international impacts and the consideration of 

ŀǇǇǊƻǇǊƛŀǘŜ ŘƛǎŎƻǳƴǘ ǊŀǘŜǎέ ό9ΦhΦ мотуоΣ {ŜŎǘƛƻƴ рόŎύύ. The EPAΩǎ benefit-cost analyses following E.O. 

13783 used SC-GHG estimates that attempted to focus on the specific share of physical climate change 

impacts occurring in the U.S. as captured by then-available models (which did not reflect many pathways 

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

default discount rates recommended by OMB Circular A-4 (2003), 3% and 7%. ¢ƘŜ 9t!Ωǎ ǊŜƎǳƭŀǘƻǊȅ 

analyses under E.O. 13783 included sensitivity analyses based on global SC-GHG values and using a lower 
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discount rate of 2.5%.14 All other methodological decisions and model versions used in SC-GHG 

calculations under E.O. 13783 remained the same as those used by the IWG in 2010 and 2013, 

respectively.  

On January 20, 2021, President Biden issued E.O. 13990 which re-established an IWG and directed the 

group to develop an update of the SC-GHG estimates that reflect the best available science and the 

recommendations of the National Academies (2017). In February 2021, the IWG recommended the 

interim use of the most recent SC-GHG estimates developed by the IWG prior to the group being 

disbanded in 2017, adjusted for inflation (IWG 2021). As discussed in the February 2021 TSD, the IWG 

concluded that these interim estimates reflected the immediate need to have SC-GHG estimates available 

for agencies to use in regulatory benefit-cost 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 also recognized the limitations of the interim estimates and encouraged 

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, 2021, soliciting comment on the February 

2021 TSD and on how best to incorporate the latest peer-reviewed scientific literature in order to develop 

an updated set of SC-GHG estimates. The 9t! ŀǇǇƭƛŜŘ ǘƘŜ L²DΩǎ ƛƴǘŜǊƛƳ {/-GHG estimates in analyses 

published following the release of the February 2021 TSD (see, e.g., EPA (2021b, 2021c)).   

 
14OMB Circular A-4 (2003) recognizes that special considerations arise when applying discount rates if 
intergenerational effects are important. In thŜ L²DΩǎ нлмр Response to Comments, OMBτas a co-chair of the IWGτ
ƳŀŘŜ ŎƭŜŀǊ ǘƘŀǘ ά/ƛǊŎǳƭŀǊ !-п ƛǎ ŀ ƭƛǾƛƴƎ ŘƻŎǳƳŜƴǘΣέ ǘƘŀǘ άǘƘŜ ǳǎŜ ƻŦ т% is not considered appropriate for 
ƛƴǘŜǊƎŜƴŜǊŀǘƛƻƴŀƭ ŘƛǎŎƻǳƴǘƛƴƎΣέ ŀƴŘ ǘƘŀǘ άώǘϐƘŜǊŜ ƛǎ ǿƛŘŜ ǎǳǇǇƻǊǘ ŦƻǊ ǘƘƛǎ ǾƛŜǿ ƛƴ ǘƘe academic literature, and it is 
recognized in Circular A-п ƛǘǎŜƭŦΦέ ha.Σ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ L²DΣ ǎƛƳƛƭŀǊƭȅ ǊŜǇŜŀǘŜŘƭȅ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ άŀ ŦƻŎǳǎ ƻƴ Ǝƭƻōŀƭ 
{// ŜǎǘƛƳŀǘŜǎ ƛƴ ώǊŜƎǳƭŀǘƻǊȅ ƛƳǇŀŎǘ ŀƴŀƭȅǎŜǎϐ ƛǎ ŀǇǇǊƻǇǊƛŀǘŜέ όL²D нлмрύΦ {ŜŜ {ŜŎǘƛƻƴǎ мΦо ŀƴŘ нΦо ŦƻǊ ŦǳǊǘher 
discussion on both issues. In 2023, OMB revised Circular A-4, after the publication of the draft version of this report. 
Circular A-4 (2023) likewise recognizes that special considerations arise when applying discount rates 
intergenerationally, including that uncertainty in the future path of the discount rate suggest a focus on lower rates. 
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To ensure that the methodological updates adopted in this report are consistent with economic theory 

and reflect the latest science, the EPA initiated an external peer review panel to conduct a high-quality 

technical review, completed in May 2023. The peer reviewers commended the agency on its development 

of this update, calling it a much-needed improvement in estimating the SC-GHG and a significant step 

ǘƻǿŀǊŘǎ ŀŘŘǊŜǎǎƛƴƎ ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ǿƛǘƘ ŘŜŦŜƴǎƛōƭŜ ƳƻŘŜƭƛƴƎ ŎƘƻƛŎŜǎ ōŀǎŜŘ 

on current science.15 The peer reviewers provided numerous recommendations for refining the 

presentation and for future modeling improvements, especially with respect to climate change impacts, 

feedbacks, and associated damages that are not currently included in the 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 final report with individual recommendations from peer reviewerǎΣ ŀƴŘ ǘƘŜ 9t!Ωǎ 

response to each recommendation is available at: https://www.epa.gov/environmental-

economics/scghg-tsd-peer-review.16  

 

 
15 Examples of supportive statements from each of the seven peer reviewers included:  
ω ¢ƘŜ ǊŜǇƻǊǘ άrepresents a huge advance in estimating the US Social Cost of Carbon (SCC). The estimates reported 
have successfully incorporated all of the short-term recommendations of the National Research Council (NRC) 
Committee on Valuing Climate Damages, and some of the longer-term recommendations. The report represents the 
state-of-the-art in executing the four steps of SCC calculation: (1) calculating probability distributions 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 presentΦέ  
ω άThe approach taken to generate SC-GHG estimates is well-designed and executed and the document is well-written 
and easy to follow, although missing key details (as I describe below in my detailed comments)Φέ  
ω ά¢ƘŜ ǳǇŘŀǘŜΧƛǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǎǘŜǇ ǘƻǿŀǊŘǎ ŀŘŘǊŜǎǎƛƴƎ ǘƘŜ bŀǘƛƻƴŀl Academies report in 2017 and continuing to 
improve the ability to assess the impact on the United StatesΦέ  
ω The document άprovides the basis for both an improved estimate to be used in rulemaking in the near term, as well 
as providing the core foundation for continuing refinements and improvements in the futureΧ.The 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 positioned to both improve the current set of estimates and 
allow for updates over time as the scientific and economic basis for the estimates evolve and improveΦέ 
ω ά¢ƘŜ ŘƻŎǳƳŜƴǘΧƛǎΣ ŀǎ ŦŀǊ ŀǎ ǘƘƛǎ ǊŜŀŘŜǊ Ŏŀƴ ŘƛǎŎŜǊƴΣ ŀŎŎǳǊŀǘŜ ƛƴ ƛǘǎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŎǳǊǊent literature. The 
presentation is exceptionally clear and would be accessible to a knowledgeable non-expert working in the climate 
ǇƻƭƛŎȅ ŘƻƳŀƛƴΦ ¢ƘŜ ŘƻŎǳƳŜƴǘΩǎ ŎƻƴŎƭǳǎƛƻƴǎ ŀǊŜ ǎƻǳƴŘ ǿƛǘƘƛƴ ǘƘŜ ǎŜƭŦ-constrained scope of its analysisΦέ   
ω άIt should be noted that several [public] ŎƻƳƳŜƴǘǎ ǿŜǊŜ ǾŜǊȅ ŎƻƳǇƭƛƳŜƴǘŀǊȅ ŦƻǊ ǘƘŜ ǿƻǊƪ 9t! ƘŀŘ ŎƻƴŘǳŎǘŜŘΧL 
concur ς EPA is advancing our state of knowledge. There are specific suggestions for improvements I will discuss in 
more detail below, but I believe the proposed rule is an important step forwardΦέ    
ω ¢ƘŜ wŜǇƻǊǘ άrepresents a real step change in the formal calculation of the U.S. Social Cost of Carbon (SC-CO2), not 
least because of its explicit calculation of the Social Cost of Methane (SC-CH4) and Nitrous Oxide (SC-N2O). It is 
generally well-written, 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 
administrationΧand generally represents well the emerging consensus in the literature (e.g., Moore et al. 2023)Φέ 
16 In addition, the EPA solicited public comment on the use of the updated SC-GHG estimates and the external review 
draft of this report in the docket for 9t!Ωǎ December нлнн {ǳǇǇƭŜƳŜƴǘŀƭ bƻǘƛŎŜ ƻŦ tǊƻǇƻǎŜŘ wǳƭŜƳŀƪƛƴƎΣ ά{ǘŀƴŘŀǊŘǎ 
of Performance for New, Reconstructed, and Modified Sources and Emissions Guidelines for Existing Sources: Oil 
and Natural Gas Sector Climate Review.έ All the pubƭƛŎ ŎƻƳƳŜƴǘǎ ŀƴŘ 9t!Ωǎ ǊŜǎǇƻƴǎŜǎ ǘƻ ǘƘŜ ŎƻƳƳŜƴǘǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ 
in the rule docket at: https://www.regulations.gov/docket/EPA-HQ-OAR-2021-0317. 

https://www.regulations.gov/docket/EPA-HQ-OAR-2021-0317
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1.2 Recommendations from the National Academies of Sciences, Engineering, and 

Medicine  

As previously mentioned, in 2015, the IWG requested that the National Academies review and 

recommend potential approaches for improving its SC-CO2 estimation methodology. In response, the 

National Academies convened a multidisciplinary committee, called the Committee on Assessing 

!ǇǇǊƻŀŎƘŜǎ ǘƻ ¦ǇŘŀǘƛƴƎ ǘƘŜ {ƻŎƛŀƭ /ƻǎǘ ƻŦ /ŀǊōƻƴΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ L²DΩǎ ƻǾŜǊŀƭƭ ŀǇǇǊƻŀŎƘ 

to SC-CO2 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 2017), the National Academies committee recommended that the 

IWG pursue an integrated modular approach to the key components of SC-CO2 estimation to allow for 

independent updating and review and to draw more readily on expertise from the wide range of scientific 

disciplines relevant to SC-CO2 estimation. Under this approach, each step in SC-CO2 estimation is 

developed as a moduleτsocioeconomic projections, climate science, economic damages, and 

discountingτthat reflects the state of scientific knowledge in the current peer-reviewed literature. In the 

longer term, it recommended that the IWG communicate research needs and priorities to its member 

agencies to stimulate research on ways to improve accounting of interactions and feedbacks between 

these components. In 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 nearer-term (2-3 years) and eventually 

transitioning to a single framework for all modules will enhance transparency, 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 IWG update SC-CO2 estimates at regular intervals, suggesting a five-year cycle.  

Regarding the key components of the SC-CO2, the committee recommended the following improvements:  

Socioeconomic and emissions projections: Use accepted statistical methods and elicit expert 

judgment to project probability distributions of future annual growth rates of per-capita gross 

domestic product (GDP) and population, bearing in mind the potential correlation between 

economic and population projections. Use expert elicitation, guided 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 pertaining to the time horizon, inclusion of future policies, 

disaggregation of scenarios, and feedbacks from the damage module to the socioeconomic 

module.  

Climate science: Adopt or develop a simple Earth system model (such as the Finite Amplitude 

Impulse Response (FaIR) model) to capture the relationships between CO2 emissions, atmospheric 

CO2 concentrations, and global mean surface temperature change over time while accounting for 

non-CO2 forcing and allowing for the evaluation of uncertainty. Adopt or develop a sea 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 forcing 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 relationships between global mean temperature and local climate variables) to 

achieve this goal in the near-term. 

Economic damages: Improve and update existing formulations of individual sectoral damage 

functions as feasible; characterize damage function calibrations quantitatively and transparently; 

present a summary of disaggregated (incremental and total) damage projections and discuss how 

they scale with temperature, income, and population; and recognize any correlations between 

formulations when multiple damage 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 Ramsey-like 

approach; select parameters to implement this approach that are consistent with theory and 

evidence to produce certainty-equivalent discount rates consistent with near-term consumption 

rates of interest; use three sets of Ramsey parameters to generate a low, central, and high 

certainty-equivalent near-term discount rate, and three means and ranges of SC-CO2 estimates; 

discuss how the SC-CO2 estimates should be combined with other cost and benefit estimates that 

may use different discount rates in regulatory analysis. 

Additional details on the Nationŀƭ !ŎŀŘŜƳƛŜǎΩ ƴŜŀǊ-term recommendations are provided in Section 2 

ōŜƭƻǿΦ ¢ƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ Ŧƛƴŀƭ ǊŜǇƻǊǘ ŀƭǎƻ ǇǊƻǾƛŘŜŘ ƭƻƴƎŜǊ-term recommendations pertaining to 

each module and identified research priorities for addressing these recommendations.  

In focusing on the four categories above, the National Academies left various 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 risks. While the National Academies report did not explicitly address 

methods to account for the disproportionate climate damages that may accrue to lower-income 

individuals in SC-GHG estimates, it did outline ways to present evidence on the possible distributional 

effects of climate change. The National Academies point to the importance of presenting 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 Section 3.3 

of this report. 

1.3 Accounting for Global Damages 

Benefit-cost analyses of U.S. Federal regulations have traditionally focused on the benefits and costs that 

accrue to individuals that reside within the ŎƻǳƴǘǊȅΩǎ ƴŀǘƛƻƴŀƭ ōƻǳƴŘŀǊƛŜǎ and that accrue to regulated 

industries, regardless of the nationality of the owners of affected physical assets.17 This 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 rationale. The default recommendation in ha.Ωǎ /ƛǊŎǳƭŀǊ !-4 (2003) is that, 

an άŀƴŀƭȅǎƛǎ ǎƘƻǳƭŘ ŦƻŎǳǎ ƻƴ ōŜƴŜŦƛǘǎ ŀƴŘ Ŏƻǎǘǎ ǘƘŀǘ ŀŎŎǊǳŜ ǘƻ ŎƛǘƛȊŜƴǎ ŀƴŘ ǊŜǎƛŘŜƴǘǎ ƻŦ ǘƘŜ ¦ƴƛǘŜŘ 

 
17 It is customary in the benefit-cost analyses of U.S. Federal regulations to include the full compliance costs that 
accrue to entities operating in the U.S., even if those costs are fully or partially borne by owners, employees, or 
consumers that reside outside of the U.S.  
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States.έ18 However, OMB Circular A-4 (2003) states that when a regulation is likely to have international 

ŜŦŦŜŎǘǎΣ άǘƘŜǎŜ ŜŦŦŜŎǘǎ ǎƘƻǳƭŘ ōŜ ǊŜǇƻǊǘŜŘέ; and though the guidance recommends this be done 

ǎŜǇŀǊŀǘŜƭȅΣ ǘƘŜ ƎǳƛŘŀƴŎŜ ŀƭǎƻ ŜȄǇƭŀƛƴǎ ǘƘŀǘ ά[d]ifferent regulations may call for different emphases in the 

analysis, depending on the nature and complexity oŦ ǘƘŜ ǊŜƎǳƭŀǘƻǊȅ ƛǎǎǳŜǎΦέ19 The National Academies 

ŀŘǾƛǎŜŘ ǘƘŀǘ άώƛϐǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ǿƘŀǘ ŎƻƴǎǘƛǘǳǘŜǎ ŀ ŘƻƳŜǎǘƛŎ ƛƳǇŀŎǘ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ŀ Ǝƭƻōŀƭ 

Ǉƻƭƭǳǘŀƴǘ ǘƘŀǘ ŎƻǳƭŘ ƘŀǾŜ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ƛƳǇƭƛŎŀǘƛƻƴǎ ǘƘŀǘ ŀŦŦŜŎǘ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎέ όbŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜs 

2017, p. 13). There are many reasons, as summarized in this section ς and as articulated by OMB and in 

IWG assessments (IWG 2010, 2013, 2016a, 2016b, 2021) and the 2015 Response to Comments (IWG 2015) 

ς why the EPA uses the global value of climate change impacts when analyzing policies that affect GHG 

emissions. Courts have upheld the use of global estimates of the SC-GHG, partially in recognition of the 

diverse ways in which U.S. interests, businesses, and residents are impacted by global climate change.20  

 
18 ha.Ωǎ /ƛǊŎǳƭŀǊ !-4 (2003) provides guidance to Federal agencies on the development of regulatory analysis 
conducted pursuant to Executive Order (E.O.) 12866. Circular A-п όнлноύ ƴƻǘŜǎ ǎƛƳƛƭŀǊƭȅ ǘƘŀǘ άLƴ Ƴŀƴȅ ŎƛǊŎǳƳǎǘŀƴŎŜǎΣ 
your primary analysis should focus on the effects of a regulation that are experienced by citizens and residents of 
ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ όǿƘƛŎƘ ǿƛƭƭ ƻŦǘŜƴ ōŜ ǘƘŜ ǇǊƛƳŀǊȅ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴύέ όha. нлноύΦ 
19 Circular A-4 (2003) ŀƭǎƻ ŜȄǇƭŀƛƴǎ ά¸ƻǳ ǿƛƭƭ ŦƛƴŘ ǘƘŀǘ ȅƻǳ Ŏannot conduct a good regulatory analysis according to a 
formula. Conducting high-ǉǳŀƭƛǘȅ ŀƴŀƭȅǎƛǎ ǊŜǉǳƛǊŜǎ ŎƻƳǇŜǘŜƴǘ ǇǊƻŦŜǎǎƛƻƴŀƭ ƧǳŘƎŜƳŜƴǘΦέ CƻǊ ŜȄŀƳǇƭŜΣ ŀǎ ƴƻǘŜŘ 
above, benefit-cost analyses have historically often included compliance costs that are ultimately borne by owners, 
employees, or customers that reside outside of the U.S. It may therefore also be relevant that Circular A-4 generally 
ǊŜŎƻƳƳŜƴŘǎ ŎƻƴǎƛǎǘŜƴŎȅ ƛƴ ǘƘŜ ŀƴŀƭȅǘƛŎŀƭ ǘǊŜŀǘƳŜƴǘ ƻŦ Ŏƻǎǘǎ ŀƴŘ ōŜƴŜŦƛǘǎΦ όά¢ƘŜ ǎŀƳŜ ǎǘŀƴŘŀǊŘǎ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴ ŀƴŘ 
analysis quality that apply to direct benefits and costs should be applied to ancillary benefits and countervailing 
Ǌƛǎƪǎέ όha. нллоύΦύ Circular A-п όнлноύ ǎǘŀǘŜǎ ǘƘŀǘ άLƴ ŎŜǊǘŀƛƴ ŎƻƴǘŜȄǘǎΣ ƛǘ Ƴŀȅ ōŜ ǇŀǊǘƛŎǳƭŀǊƭȅ ŀǇǇǊƻǇǊƛŀǘŜ ǘƻ ƛƴŎƭǳŘŜ 
effects experienced by noncitizens residing abroad in your primary analysis. Such contexts include, for example, 
when:  

¶ assessing effects on noncitizens residing abroad provides a useful proxy for effects on U.S. citizens and 
residents that are difficult to otherwise estimate;  

¶ 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, diplomatic interests, etc.);  

¶ 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  

¶ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ƻǊ ŘƻƳŜǎǘƛŎ ƭŜƎŀƭ ƻōƭƛƎŀǘƛƻƴǎ ǊŜǉǳƛǊŜ ƻǊ ǎǳǇǇƻǊǘ ŀ Ǝƭƻōŀƭ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ǊŜƎǳƭŀǘƻǊȅ ŜŦŦŜŎǘǎέ 
(OMB 2023). As noted in Circular A-п όнлноύΣ άha. ŘŜǘŜǊƳƛƴŜŘ ƛƴ нлнмΣ ƛƴ ƛǘǎ ǊƻƭŜ ŀǎ ŀ Ŏƻ-chair of the Interagency 
Working Group on the Social Cost 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 accurate manner. At the time, OMB and the IWG noted 
available models could produce only an unreasonably incomplete underestimate of damages accruing to U.S. citizens 
ŀƴŘ ǊŜǎƛŘŜƴǘǎΦ ha. ŀƴŘ ǘƘŜ L²D ǊŜŎƻƳƳŜƴŘŜŘ ǳǎŜ ƻŦ ǘƘŜ L²DΩǎ Ǝƭƻōŀƭ ŜǎǘƛƳŀǘŜǎ ƻŦ ŘŀƳŀƎŜǎ ōŜŎŀǳǎŜτamong 
other reasonsτregulating 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 existing efforts, 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 
ŎŀǇǘǳǊŜŘέ όha. нлноύΦ 
20 ½ŜǊƻ ½ƻƴŜΣ LƴŎΦ ǾΦ 5ŜǇΩǘ ƻŦ 9ƴergy, 832 F.3d 654, 678-тф όтǘƘ /ƛǊΦ нлмсύ όǊŜƧŜŎǘƛƴƎ ŀ ǇŜǘƛǘƛƻƴŜǊΩǎ ŎƘŀƭƭŜƴƎŜ ǘƻ 5h9Ωǎ 
use of a global social cost of carbon in setting an efficiency standard under the Energy Policy and Conservation Act, 
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Unlike many environmental problems where the causes and impacts are distributed more locally, GHG 

emissions are a global externality making climate change a true global challenge. GHG emissions 

contribute to damages around the world regardless of where they are emitted. The global nature of GHG 

pollution and its impacts means 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. population. For example, climate change will directly impact U.S. interests that are located 

abroad (such as U.S. citizens, investments, military bases and other assets, and resources in the global 

ŎƻƳƳƻƴǎ όŜΦƎΦΣ ǘƘǊƻǳƎƘ ŎƘŀƴƎŜǎ ƛƴ ŦƛǎƘŜǊƛŜǎΩ ǇǊƻŘǳŎǘƛǾƛǘȅ ŀƴŘ ƭƻŎŀǘƛƻƴύύΦ !ƴ ŜǎǘƛƳŀǘŜŘ ф Ƴƛƭƭƛƻƴ ¦Φ{Φ 

citizens lived abroad as of 2020 (DOS 2020), and the U.S. direct investment abroad position totaled $6.15 

tri llion at the end of 2020 (BEA 2021). U.S. taxpayers report a substantial amount of income coming from 

foreign sources,21 and nearly 40% of U.S. pension assetsΩ Ŝǉǳƛǘȅ ƘƻƭŘƛƴƎǎ ŀǊŜ ƛƴ ŦƻǊŜƛƎƴ ǎǘƻŎƪǎ (TAI 2022). 

Climate impacts occurring outside of U.S. 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 countries (see Figure 1 in DoD 2018). Climate change impacts 

(such as sea level rise) occurring in these locations already affect U.S. military infrastructure and will 

continue to ƭŜŀŘ ǘƻ ƛƴŎǊŜŀǎŜŘ ŜȄǇŜƴŘƛǘǳǊŜǎ ǘƻ Ƴŀƛƴǘŀƛƴ ōŀǎŜǎΩ Ǿƛŀōƛƭƛǘȅ ŀƴŘ ǊŜŀŘƛƴŜǎǎ (USGCRP 2018a). 

Failure to do so can lead to impacts on mission execution and increased security risks. As one example, 

άΧǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ Ƙŀǎ ƛƳǇƻǊǘŀƴǘ ŘŜŦŜƴǎŜ ŀǎǎŜǘǎ ƭƻŎŀǘŜŘ ƛƴΧthe Marshall Islands, and Palau, all of which 

are vulnerable to these [climate] hazards. Additionally, competitors such as China may try to take 

ŀŘǾŀƴǘŀƎŜ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƳǇŀŎǘǎ ǘƻ Ǝŀƛƴ ƛƴŦƭǳŜƴŎŜέ ό5oD 2021). The timing and severity of climate 

events are already affecting missions in some cases and these risks are expected to increase. For example, 

in the Marshall Islands, ǘƘŜ wƻƴŀƭŘ wŜŀƎŀƴ .ŀƭƭƛǎǘƛŎ aƛǎǎƛƭŜ 5ŜŦŜƴǎŜ ¢Ŝǎǘ {ƛǘŜΣ άŀ ǇƛƭƭŀǊ ƻŦ ¦Φ{Φ {ǘǊŀǘŜƎƛŎ 

/ƻƳƳŀƴŘέ used for detecting foreign missile launches, Ƴŀȅ ōŜ άǳƴƛƴƘŀōƛǘŀōƭŜ ƛƴ ƳŜǊŜ ŘŜŎŀŘŜǎέ 

ŀŎŎƻǊŘƛƴƎ ǘƻ ŀ ǊŜŎŜƴǘ ǎǘǳŘȅ ŎƻƴŘǳŎǘŜŘ ōȅ ǘƘŜ /ŜƴǘŜǊ ŦƻǊ /ƭƛƳŀǘŜ ŀƴŘ {ŜŎǳǊƛǘȅΩǎ aƛƭƛǘŀǊȅ 9ȄǇŜǊǘ tŀƴŜƭ (CCS 

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 and imports around $3 trillion (BEA 2023a). According to recent data, over 

нл҈ ƻŦ !ƳŜǊƛŎŀƴ ŦƛǊƳǎΩ ǇǊƻŦƛǘǎ ŀǊŜ ŜŀǊƴŜŘ ƻƴ ŀŎǘƛǾƛǘƛŜǎ ƻǳǘǎƛŘŜ ǘƘŜ ŎƻǳƴǘǊȅ (BEA 2023c). Climate impacts 

that occur outside U.S. borders will impact the welfare of individuals and the profits of firms that reside 

in the U.S. because 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 pathway 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 production of components for global companies 

including computer disk drives and cars (USGCRP 2018a, DoD 2021). As a result, U.S. consumers faced 

higher prices for many electronic goods. The U.S.-based firm Western Digital alone posted $199 million in 

losses and a 51% drop in hard drive shipments, and U.S. vehicle production had to be temporarily halted 

 
holding that DOE had reasonably identified carbon Ǉƻƭƭǳǘƛƻƴ ŀǎ άŀ Ǝƭƻōŀƭ ŜȄǘŜǊƴŀƭƛǘȅέ ŀƴŘ ŎƻƴŎƭǳŘƛƴƎ ǘƘŀǘΣ ōŜŎŀǳǎŜ 
άƴŀǘƛƻƴŀƭ ŜƴŜǊƎȅ ŎƻƴǎŜǊǾŀǘƛƻƴ Ƙŀǎ Ǝƭƻōŀƭ ŜŦŦŜŎǘǎΣ Φ Φ Φ ǘƘƻǎŜ Ǝƭƻōŀƭ ŜŦŦŜŎǘǎ ŀǊŜ ŀƴ ŀǇǇǊƻǇǊƛŀǘŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ǿƘŜƴ 
ƭƻƻƪƛƴƎ ŀǘ ŀ ƴŀǘƛƻƴŀƭ ǇƻƭƛŎȅΦέύΦ  
21 For example, in 2016, approximately $216.7 billion, or 2.1% of total worldwide income for all U.S. taxpayers, were 
reported to come from foreign sources (IRS 2016). For 2018, over 9,800 corporations reported almost $768 billion 
of foreign-source taxable income (IRS 2018). 
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or reduced considerably by at least two manufacturers (USGCRP 2018a). As climate change increases the 

severity and frequency of extreme weather events, it increases the risk of supply chain disruptions. Recent 

ǊŜǎŜŀǊŎƘ ŦƛƴŘǎ ǘƘŜ άprobability of a hurricane of sufficient intensity to disrupt semiconductor supply chains 

may grow two to four times by 2040έ ŀƴŘ ǘƘŜ άprobability heavy rare earth [metals] production is severely 

disrupted from extreme rainfall may increase 2 to 3 times by 2030έ (Woetzel et al. 2020).  

Additional climate change-induced international spillovers can occur through pathways such as damages 

across transboundary resources, economic and political destabilization, and global migration that can lead 

to adverse impacts on U.S. national security, public health, and humanitarian concerns (DoD 2014, CCS 

2018). Numerous studies have called attention to how stressors leading to these spillovers are already 

occurring and are expected to worsen with increasing climate change. For example, the United Nations 

High Commissioner for Refugees (UNHCR) reports that an average of 21.5 million people were forcibly 

displaced each year by sudden onset weather-related hazards between 2008 and 2016, and thousands 

more from slow-onset hazards linked to climate change impacts (UNHCR 2016). As articulated in a 

landmark 2007 study by retired three- and four-star Generals and Admirals - and echoed in the 

DeparǘƳŜƴǘ ƻŦ 5ŜŦŜƴǎŜΩǎ ό5oD) 2014 Quadrennial Defense Review ς the projected effects of climate 

change act ŀǎ ŀ άǘƘǊŜŀǘ ƳǳƭǘƛǇƭƛŜǊέ ǘƘŀǘ ǿƛƭƭ ŜȄŀŎŜǊōŀǘŜ Ƴŀƴȅ stressors and instabilities that already exist 

in some of the most volatile regions of the world (CNA 2007, DoD 2014). A follow-up study emphasized 

ǘƘŀǘ ōŜȅƻƴŘ ōŜƛƴƎ ŀ ǘƘǊŜŀǘ ƳǳƭǘƛǇƭƛŜǊΣ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƳǇŀŎǘǎ ǿƛƭƭ ŀƭǎƻ άǎŜǊǾŜ ŀǎ Ŏŀǘŀƭȅǎǘǎ ŦƻǊ ƛƴǎǘŀōƛƭƛǘȅ 

ŀƴŘ ŎƻƴŦƭƛŎǘέ ό/b! нлмпύΦ CƻǊ ŜȄŀƳǇƭŜΣ ƛƴ {ǳō-Saharan Africa regional environmental stressors 

exacerbated 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 reports reiterate these concerns, concluding that 

ǘƘŜ ƛƳǇŀŎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ άŎƻǳƭŘ ǎǘǊŜǎǎ ŜŎƻƴƻƳƛŎ ŀƴŘ ǎƻŎƛŀƭ ŎƻƴŘƛǘƛƻƴǎ ǘƘŀǘ ŎƻƴǘǊƛōǳǘŜ ǘƻ Ƴŀǎǎ 

migration events or political crises, civil unrest, shifts in the regional balance of power, or even state 

failure,έ with results that affect the national interests of the U.S. (DoD 2021). The key takeaway from the 

National Intelligence CouncilΩǎ (NIC) нлнм bŀǘƛƻƴŀƭ LƴǘŜƭƭƛƎŜƴŎŜ 9ǎǘƛƳŀǘŜ ƛǎ ǘƘŀǘ άŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǿƛƭƭ 

increasingly exacerbate risks to US national security interests as the physical impacts increase and 

ƎŜƻǇƻƭƛǘƛŎŀƭ ǘŜƴǎƛƻƴǎ Ƴƻǳƴǘ ŀōƻǳǘ Ƙƻǿ ǘƻ ǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŎƘŀƭƭŜƴƎŜέ όbL/ нлнмύΦ ¢ƘŜ bL/ ŦƛƴŘǎ άǘƘŜ 

increasing physical effects of climate change are likely to exacerbate cross-border geopolitical flashpoints 

aǎ ǎǘŀǘŜǎ ǘŀƪŜ ǎǘŜǇǎ ǘƻ ǎŜŎǳǊŜ ǘƘŜƛǊ ƛƴǘŜǊŜǎǘǎέΣ ŀƴŘ ŀǎ ƛƴǘŜƴǎƛŦȅƛƴƎ ǇƘȅǎƛŎŀƭ ŜŦŦŜŎǘǎ άƻǳǘ ǘƻ нлпл ŀƴŘ ōŜȅƻƴŘ 

will be most acutely felt in developing countries, which we assess are also the least able to adapt to such 

ŎƘŀƴƎŜǎΧώǘϐƘŜǎŜ ǇƘȅǎƛŎŀƭ ŜŦŦŜŎǘǎ ǿƛƭƭ ƛncrease the potential for instability and possibly internal conflict in 

these countries, in some cases creating additional demands on US diplomatic, economic, humanitarian, 

ŀƴŘ ƳƛƭƛǘŀǊȅ ǊŜǎƻǳǊŎŜǎέ όbL/ нлнмύΦ 

As described by the National Academies (2017), to correctly assess the total damages to U.S. citizens and 

residents, one must account for these spillover effects on the U.S. For more discussion and examples of 

international spillover effects, including the ways that climate change spillovers are exacerbating existing 

risks and creating new security, health, and humanitarian challenges for U.S. interests, see for example, 

NIC (2021), DoD (2021), USGCRP (2018a), Freeman and Guzman (2009), Howard and Livermore (2021), 

Schwartz (2021), and IPCC (2022). 

The global models used in SC-GHG estimation do not lend themselves to disaggregation in a way that can 

provide a comprehensive estimate of climate change damages to U.S. citizens and residents that accounts 



 

16 
 
 

for the myriad of ways that global climate change reduces the net welfare of U.S. populations. At present, 

the only quantitative characterizations of U.S. damages from GHG emissions are based on the share of 

modeled damages that physically occur within U.S. national borders as represented in current IAMs. Such 

estimates provide an underestimate of the climate change damages to 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 discussed above. In addition, a 2020 GAO study observed 

ǘƘŀǘ άώŀϐŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΣ ǘƘŜ ƛƴǘŜƎǊŀǘŜŘ ŀǎǎŜǎǎƳŜƴǘ ƳƻŘŜƭǎ ǿŜǊŜ ƴƻǘ ǇǊŜƳƛǎŜŘ ƻǊ 

calibrated to provide estimates of the social cost of carbon based on domestic damages, and more 

research ǿƻǳƭŘ ōŜ ǊŜǉǳƛǊŜŘ ǘƻ ǳǇŘŀǘŜ ǘƘŜ ƳƻŘŜƭǎ ǘƻ Řƻ ǎƻέ όD!h нлнлύΦ Further, the National Academies 

observed that existing models άfocus primarily on global estimates and do not model all relevant 

interactions among regionsΦΧMore thoroughly estimating a domestic SC-CO2 would therefore need to 

consider the potential implications of climate impacts on, and actions by, other countries, which also have 

ƛƳǇŀŎǘǎ ƻƴ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎέ όbŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎ нлмтΣ ǇΦ моύΦ 

In addition to accounting for the ways that climate change impacts occurring outside of U.S. borders affect 

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 the global nature of greenhouse gases means that a ton of 

GHGs emitted in any other country harms those in the U.S. just as much as a ton emitted within the 

territorial U.S. ¢Ƙƛǎ ƛǎ ŀ ŎƭŀǎǎƛŎ ǇǳōƭƛŎ ƎƻƻŘǎ ǇǊƻōƭŜƳ ōŜŎŀǳǎŜ ŜŀŎƘ ŎƻǳƴǘǊȅΩǎ ǊŜŘǳŎǘƛƻƴǎ ōŜƴŜŦƛǘ ŜǾŜǊȅƻƴŜ 

else, and no country can be eȄŎƭǳŘŜŘ ŦǊƻƳ ŜƴƧƻȅƛƴƎ ǘƘŜ ōŜƴŜŦƛǘǎ ƻŦ ƻǘƘŜǊ ŎƻǳƴǘǊƛŜǎΩ ǊŜŘǳŎǘƛƻƴǎ. As 

discussed by EPA and other members of the IWG in the 2015 response to comments (IWG 2015), in this 

situation, the only way to achieve an efficient allocation of resources for emissions reduction on a global 

basisτand so benefit the U.S. and its citizens and residentsτis for all countries to consider estimates of 

global marginal damages. If each country were to design policies to equate marginal damages with 

marginal abatement costs using only the damages inflicted by that country on their own citizens and 

residents, the world would not achieve the socially optimal level of emissions; each country would be 

relatively worse off from the impact of foreign emissions.22 In addition, international GHG mitigation 

activities taken in response to U.S. policies that reduce emissions will also provide a benefit to U.S. citizens 

and residents. It is, therefore, consistent with best analytical practices to account for the global marginal 

damages of GHG emissions given their role as a global externality. 

Several studies have examined the evidence on international GHG mitigation reciprocity, through both 

policy diffusion and technology diffusion effects. For example, using panel data on national and 

subnational carbon pricing policies in place over 1988 to 2021, Linsenmeier et al. (2023) estimate that the 

adoption of carbon pricing policies in one country increases the probability of carbon pricing adoption in 

other countries. Based on their empirical results, they find that the indirect GHG emissions reductions 

attributable to international reciprocity may exceed domestic emission reductions from the policy. In 

another recent study, Larsen et al. (2023) investigate how U.S. climate policy can lead to reductions in the 

cost of GHG mitigation technologies globally and thus resulting in foreign emissions reductions. Larsen et 

 
22 As Morgenstern et al. (2023) explain: άΧ¦{ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎ ŀŎŎƻǳƴǘ ŦƻǊ ŀōƻǳǘ мн ǇŜǊŎŜƴǘ ƻŦ ǘƘŜ Ǝƭƻōŀƭ 
total. If all countries considered only the domestic effects of their greenhouse gas emissions, about 88 percent of 
climate change impacts on US citizens would be ignored. An analytic focus solely on direct impacts to the United 
{ǘŀǘŜǎ ƻŦ ¦{ ŜƳƛǎǎƛƻƴǎΣ ǿƘŜƴ ƎŜƴŜǊŀƭƛȊŜŘΣ ǘƘŜǊŜŦƻǊŜ ƻƳƛǘǎ Ƴƻǎǘ ƻŦ ǘƘŜ ǘƻǘŀƭ ŎƭƛƳŀǘŜ ƛƳǇŀŎǘǎ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ŦŀŎŜǎέ 
(Morgenstern et al. 2023, p. 5). 



 

17 
 
 

al. (2023) refer to this as technology diffusion effects and they are expected to occur independent of 

reciprocal policy adoption in other countries. Focusing on the tax incentives for three key emerging 

climate technologies in the Inflation Reduction Act, they estimate that in the long run the incentives will 

reduce 2.4 to 2.9 tons of GHGs outside the U.S. for every ton reduced within the U.S. In addition, Houser 

et al. (2023) present a new analysis quantifying the extent to which other countries have made GHG 

emission reduction commitments and progressed towards meeting those commitments alongside the 

U.S. under 2015 Paris Agreement.23 The authors highlight how the agreed structure of the process ς for 

ŎƻǳƴǘǊƛŜǎ ǘƻ ŘŜǾŜƭƻǇ ŀƴŘ ŎƻƳƳǳƴƛŎŀǘŜ ǘƘŜƛǊ άƛƴǘŜƴŘŜŘ ƴŀǘƛƻƴŀƭƭȅ ŘŜǘŜǊƳƛƴŜŘ ŎƻƴǘǊƛōǳǘƛƻƴǎέ (INDCs) 

άǿŜƭƭ ƛƴ ŀŘǾŀƴŎŜέ ƻŦ ǘƘŜ tŀǊƛǎ ŎƻƴŦŜǊŜƴŎŜ ό¦bC/// нлмпύ - ǇǊƻǾƛŘŜŘ ǘƛƳŜ ŦƻǊ ŎƻǳƴǘǊƛŜǎ άǘƻ ŀǎǎŜǎǎ ǿƘŜǘƘŜǊ 

ǘƘŜǊŜ ǿŀǎ ǎǳŦŦƛŎƛŜƴǘ ǊŜŎƛǇǊƻŎŀƭ ŀŎǘƛƻƴ ǘƻ ƧǳǎǘƛŦȅ ǘƘŜƛǊ ƻǿƴ ƛƴǘŜƴŘŜŘ ŜƳƛǎǎƛƻƴ ǊŜŘǳŎǘƛƻƴ ǇƭŜŘƎŜέ όIƻǳǎŜǊ Ŝǘ 

al. 2023). One result of this format was that the U.S. and China ended up jointly announcing their INDCs, 

ŀŦǘŜǊ ƴƛƴŜ ƳƻƴǘƘǎ ƻŦ ōƛƭŀǘŜǊŀƭ ƴŜƎƻǘƛŀǘƛƻƴǎ ό[ŀƴŘŜǊ нлмпύΣ ǎǘŀǘƛƴƎ ά¢ƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ŀƴŘ /Ƙƛƴŀ ƘƻǇŜ ǘƘŀǘ 

by announcing these targets now, they can inject momentum into the global climate negotiations and 

ƛƴǎǇƛǊŜ ƻǘƘŜǊ ŎƻǳƴǘǊƛŜǎ ǘƻ Ƨƻƛƴ ƛƴ ŎƻƳƛƴƎ ŦƻǊǿŀǊŘ ǿƛǘƘ ŀƳōƛǘƛƻǳǎ ŀŎǘƛƻƴǎ ŀǎ ǎƻƻƴ ŀǎ ǇƻǎǎƛōƭŜέ ό¢ƘŜ ²ƘƛǘŜ 

House, 2014). By the start of the Paris conference, 151 countries had announced INDCs (UNFCCC 2023), 

with emission reduction commitments almost evenly distributed among developed and developing 

countries (Houser et al. 2023). By comparing ŎƻǳƴǘǊƛŜǎΩ submitted emission reduction commitments and 

plans (NDCs) over time to an independent Pre-Paris Agreement emissions projection baseline, Houser et 

al. (2023) calculate a Ǌŀǘƛƻ ƻŦ ǘƘŜ ǊŜǎǘ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŎƻƳƳƛǘǘŜŘ ǊŜŘǳŎǘƛƻƴǎ ǘƻ ǘƘŜ ¦Φ{ΦΩ committed 

reduction, or ά/ƭƛƳŀǘŜ wŜŎƛǇǊƻŎƛǘȅ wŀǘƛƻέ όCRR). They estimate CRRs ranging from 2.4 to 10.8. The authors 

note that the upper end of the range applies to the middle of the century when the U.S. share of global 

emissions has declined. Relatedly, Schmidt et al. (2022) find that the free-rider hypothesis cannot be 

supported in the context of climate policy. Using data on emission-weighted carbon prices, while 

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 issue of international cooperation 

and reciprocity as support for assessing global damages of GHG emissions in domestic policy analysis (e.g., 

Kopp and Mignone 2013, Pizer et al. 2014, Howard and Schwartz 2017, Pindyck 2017, 2021, Revesz et al. 

2017, Carleton and Greenstone 2022, Houser et al. 2023). YƻǘŎƘŜƴ όнлмуύ ŘŜƳƻƴǎǘǊŀǘŜǎ Ƙƻǿ ŀ ŎƻǳƴǘǊȅΩǎ 

decision to internalize global damages in domestic policymaking can be individually rational (i.e., in the 

ŎƻǳƴǘǊȅΩǎ ƻǿƴ ǎŜƭŦ-interest) because of the reciprocally induced emissions reductions occurring in other 

countries.24 Carleton and Greenstone (2022) discuss examples of how accounting for global damages in 

past U.S. regulatory analyses may have contributed to additional international action.  

 
23 Houser et al. (2023) is an update and expansion of an assessment of cumulative emissions reduction pledges under 
the Paris Agreement by Houser and Larsen 2021.   
24 YƻǘŎƘŜƴ όнлмуύ ƴƻǘ ƻƴƭȅ ŘŜǘŀƛƭǎ ǘƘŜ άŜŦŦƛŎƛŜƴŎȅ ŀǊƎǳƳŜƴǘ ƛƴ ǎǳǇǇƻǊǘ ƻŦ ŀƭƭ ŎƻǳƴǘǊƛŜǎ ƛƴǘŜǊƴŀƭƛȊƛƴƎ ǘƘŜ D{// ώƎƭƻōŀƭ 
social cost of ŎŀǊōƻƴϐ ŦƻǊ ŘƻƳŜǎǘƛŎ ǇƻƭƛŎȅΣέ ōǳǘ YƻǘŎƘŜƴ όнлмуύ ŀƭǎƻ ƛƴǘǊƻŘǳŎŜǎ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ŎƻǳƴǘǊƛŜǎ ƘŀǾƛƴƎ ŀ 
άǇǊŜŦŜǊǊŜŘέ ǎƻŎƛŀƭ Ŏƻǎǘ ƻŦ ŎŀǊōƻƴ όt{//ύ ŦƻǊ ǎŜǘǘƛƴƎ Ǝƭƻōŀƭ ŎƭƛƳŀǘŜ ǇƻƭƛŎȅ ŀƴŘ ǎƘƻǿǎ ǘƘŀǘ ŀƭƭ ŎƻǳƴǘǊƛŜǎΩ t{// ŜȄŎŜŜŘǎ 
the marginal damages to its own populaǘƛƻƴǎΦ ¢ƘŜ t{// ƛǎ ǎƘŀǇŜŘ ōȅ ŀ ŎƻǳƴǘǊȅΩǎ ŜȄǇŜŎǘŜŘ ōŜƴŜŦƛǘǎ ŦǊƻƳ ƻǘƘŜǊ 
ŎƻǳƴǘǊƛŜǎΩ ŜƳƛǎǎƛƻƴ ǊŜŘǳŎǘƛƻƴǎΦ YƻǘŎƘŜƴΩǎ ǎǘǳŘȅ ǎƘƻǿǎ ǘƘŀǘ ƛƴ ǎƻƳŜ ŎƻǳƴǘǊƛŜǎ ǘƘŜ t{// Ŏŀƴ ŜǾŜƴ ŜȄŎŜŜŘ ǘƘŜ ǾŀƭǳŜ 
of global marginal damages (e.g., in small island nations for whom the benefits of stringent worldwide abatement 
based on a high PSCC would exceed the increase in its own abatement costs due to a high PSCC). Kotchen offers 
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Assessing global marginal damages of GHG emissions 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 emissions. Many countries and 

ƛƴǘŜǊƴŀǘƛƻƴŀƭ ƛƴǎǘƛǘǳǘƛƻƴǎ ƘŀǾŜ ŜƛǘƘŜǊ ŀƭǊŜŀŘȅ ŜȄǇƭƛŎƛǘƭȅ ŀŘŀǇǘŜŘ ǘƘŜ L²DΩǎ ŜǎǘƛƳŀǘŜǎ ƻŦ Ǝƭƻōŀƭ ŘŀƳŀƎŜǎ ƛƴ 

their domestic analyses (e.g., Canada25, Israel26), developed their own estimates of global damages (e.g., 

Germany27), or have taken note of the IWG estimates in their assessments of climate policies (e.g., Japan,28 

Trinidad and Tobago,29 Australia30, LƴŘƛŀΩǎ bŀǘƛƻƴŀƭ DǊŜŜƴ ¢Ǌƛōǳƴŀƭ31, Italy32, New Zealand33, and the 

International Monetary Fund34). In 2016, Mexico announced its ƛƴǘŜƴǘƛƻƴ ǘƻ άalign approaches [with the 

U.S. and Canada] to account for the social cost of carbon and other greenhouse gas emissions when 

assessing the benefits of emissions-reducing policy measuresέ35, and references to global estimates of 

climate damages can be found in Mexican regulatory analyses in 2017.36 However, the bilateral technical 

discussions to help implement the announced plan did not occur over 2017-2021 during the time U.S. 

federal regulatory analyses stopped focusing on SC-GHG estimates that reflect global damages.  

Recently, there has been renewed interest by other countries to update their estimates since the draft 

release of the updated estimates presented in this report.  In January 2023, at the North American Leaders 

Summit, the United States, Canada, and Mexico reaffirmed their commitment ǘƻ άŎƻƳŜ ǘƻƎŜǘƘŜǊ ǘƻ ŀƭƛƎƴ 

ŀǇǇǊƻŀŎƘŜǎ ƻƴ ŜǎǘƛƳŀǘƛƴƎ ǘƘŜ ǎƻŎƛŀƭ Ŏƻǎǘ ƻŦ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎέ (CEC 2023). Since then, Mexico 

has re-engaged in discussions regarding SC-GHG estimation. In April 2023, the government of Canada 

announced the publication of an interim update to their SC-GHG guidance, recommending SC-GHG 

ŜǎǘƛƳŀǘŜǎ ƛŘŜƴǘƛŎŀƭ ǘƻ ǘƘŜ 9t!Ωǎ ǳǇŘŀǘŜŘ ŜǎǘƛƳŀǘŜǎ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘƛǎ ǊŜǇƻǊǘ (ECCC 2023). The Canadian 

 
illustrative estimates of the PSCC for several countries and regions based on research using a regionalized version of 
the DICE model (Nordhaus 2015). In this analysis Kotchen finds the U.S. PSCC to be nearly 75% of the value of global 
ƳŀǊƎƛƴŀƭ ŘŀƳŀƎŜǎΦ !ƴŘ ŀǎ YƻǘŎƘŜƴ Ƙŀǎ ŦǳǊǘƘŜǊ ŎƭŀǊƛŦƛŜŘΣ άŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ¦Φ{Φ ƎƻǾŜǊƴƳŜƴǘΩǎ ŘƛǇƭƻƳŀǘƛŎ ǎǘǊŀǘŜƎƛŜǎΣ 
its expectations 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 in policy-ƳŀƪƛƴƎέ όYƻǘŎƘŜƴ нлнмΣ comment number OMB-
2021-0006-0018, available at: https://www.regulations.gov/comment/OMB-2021-0006-0018). Such arguments for 
accounting for the global value of climate change impacts in analysis of policies affecting U.S. GHG emissions, 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.   
25 See ECCC (2016). 
26 See Israel Ministry of Environmental Protection (2020)  
27 {ŜŜ D!h όнлнлύ ŦƻǊ ŀ ŘƛǎŎǳǎǎƛƻƴ ƻŦ DŜǊƳŀƴȅΩǎ {/-GHG values; see also UBA (2020, 2021).  
28 WŀǇŀƴΩǎ aƛƴƛǎǘǊȅ ƻŦ LƴǘŜǊƴŀƭ !ŦŦŀƛǊǎ ŀƴŘ /ƻƳƳǳƴƛŎŀǘƛƻƴǎ ŜȄǇƭŀƛƴǎ ƛƴ ƛǘǎ ǊŜŦŜǊŜƴŎŜ Ƴŀƴǳŀƭ ŦƻǊ ǊŜƎǳƭŀǘƻǊȅ ǇƻƭƛŎȅ 
evaluations that Japan has no official value for the social cost of carbon but cites the IWG values as a reference. 
See MIC (2017, 2021).  
29 Trinidad and Tobago used the IWG values in their 2021 Third National Communication to the United Nations 
Framework Convention on Climate Change (Ministry of Planning and Development 2021). 
30 See, for example, ACT (2019) and Hutley (2021). 
31 See Patel et al. (2020).  
32 A research institute established by the Italian government uses the IWG estimates. See ISPRA (2016a, 2016b).  
33 See Ministry of Transport (2018). 
34 See Clements et al. (2013). 
35 See White House (2016) for a joint statement from Canada, the U.S., and Mexico.   
36 See Secretaria del Medio Ambiete y Recursos Naturals (2016).  

https://www.regulations.gov/comment/OMB-2021-0006-0018
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interim guidance will 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 of the IWG found previously and restated in their February 2021 TSD that because 

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

should center on a global measure of SC-GHG (IWG 2021). This is the same approach that was 

recommended by OMB and other members of the IWG and used by EPA and other agencies in regulatory 

analyses from 2009 to 2016. It is also consistent with guidance in OMB Circular A-4 (2003) ǘƘŀǘ άώŘϐƛŦŦŜǊŜƴǘ 

regulations may call for different emphases in the analysis, depending on the nature and complexity of 

ǘƘŜ ǊŜƎǳƭŀǘƻǊȅ ƛǎǎǳŜǎΣέ37 and Natƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ ƎǳƛŘŀƴŎŜ ǘƘŀǘ άƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ǿƘŀǘ 

constitutes a domestic impact in the case of a global pollutant that could have international implications 

ǘƘŀǘ ƛƳǇŀŎǘ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎΦέ In the case of this global pollutant, for all the reasons articulated in this 

section, the assessment of global net damages of GHG emissions allows analysts to fully disclose and 

contextualize the net climate benefits of domestic policies that reduce GHG emissions. The extent that 

analysis relying on these SC-GHG estimates is considered in setting the stringency of future regulatory 

actions and other policy decisions would be guided by the statutes under which those decisions are 

promulgated.38,39 The EPA will continue to review developments in the literature, 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 SC-GHG is commonly estimated with the use of integrated assessment models (IAM). In the broadest 

ǎŜƴǎŜ L!aǎ ŀǊŜ άŀǇǇǊƻŀŎƘŜǎ ǘƘŀǘ ƛƴǘŜƎǊŀǘŜ ƪƴƻǿƭŜŘƎŜ ŦǊƻƳ ǘǿƻ ƻǊ ƳƻǊŜ ŘƻƳŀƛƴǎ ƛƴǘƻ ŀ ǎƛƴƎƭŜ 

ŦǊŀƳŜǿƻǊƪέ όbƻǊŘƘŀǳǎ 2018aύΦ ¢ƘŜ ƭƛǘŜǊŀǘǳǊŜ ƻƴ άL!aǎέ ƛǎ Ǿŀǎǘ ŀƴŘ spans many scientific disciplines, e.g., 

Earth sciences, biological sciences, environmental engineering, economics, and sociology. IAMs have been 

used to study environmental problems and their connection to economic systems for nearly 40 years (e.g., 

Freeman 1979, 1982; Mendelsohn 1980; Nordhaus 1993a, 1993b). The National Academies defined IAMs 

ǳǎŜŘ ǘƻ ǎǘǳŘȅ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŀǎ άŎƻƳǇǳǘŀǘƛƻƴŀƭ ƳƻŘŜƭǎ ƻŦ Ǝƭƻōŀƭ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǘƘŀǘ ƛƴŎƭǳŘŜ 

representation of the global economy and greenhouse gas emissions, the response of the climate system 

 
37 The same guidance is in OMB Circular A-4 (2023). 
38 For example, as the Supreme Court stated in aƻǘƻǊ ±ŜƘƛŎƭŜ aŀƴǳŦŀŎǘǳǊŜǊǎ !ǎǎΩƴΦ ǾΦ {ǘŀǘŜ CŀǊƳ aǳǘǳŀƭ !ǳǘƻΦ LƴǎΦ 
Co., 463 U.S. 29, 41-по όмфуоύΥ άbƻǊƳŀƭƭȅΣ ŀƴ ŀƎŜƴŎȅ ǊǳƭŜ ǿƻǳƭŘ ōŜ ŀǊōƛǘǊŀǊȅ ŀƴŘ ŎŀǇǊƛŎƛƻǳǎ ƛŦ ǘƘŜ ŀƎŜƴŎȅ Ƙŀǎ ǊŜƭƛŜŘ 
on factors which Congress has not intended it to consider, entirely failed to consider an important aspect of the 
problem, offered an explanation for its decision that runs counter to the evidence before the agency, or is so 
ƛƳǇƭŀǳǎƛōƭŜ ǘƘŀǘ ƛǘ ŎƻǳƭŘ ƴƻǘ ōŜ ŀǎŎǊƛōŜŘ ǘƻ ŀ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǾƛŜǿ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ ƻŦ ŀƎŜƴŎȅ ŜȄǇŜǊǘƛǎŜΦέ ¢Ƙƛǎ ǊŜǉǳƛǊŜǎ 
ŀƎŜƴŎƛŜǎ ǘƻ άŜȄŀƳƛƴŜ ǘƘŜ ǊŜƭŜǾŀƴǘ Řŀǘŀ ŀƴŘ ŀǊǘƛŎǳƭŀǘŜ Φ Φ . a rational connection between the facts found and the 
ŎƘƻƛŎŜ ƳŀŘŜΦέ 
39 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. See, e.g., the discussion within comments submitted by 
the Institute for Policy Integrity and the attachments and literature cited therein (Institute for Policy Integrity 2021). 
The comments ŘƛǎŎǳǎǎΣ ŦƻǊ ŜȄŀƳǇƭŜΣ Ƙƻǿ ǘƘŜ bŀǘƛƻƴŀƭ 9ƴǾƛǊƻƴƳŜƴǘŀƭ tƻƭƛŎȅ !Ŏǘ ǊŜǉǳƛǊŜǎ ǘƘŀǘ άǇǳōlic laws of the 
United States shall be interpreted and administered in accordance with the policies set forth in this chapter, and all 
ŀƎŜƴŎƛŜǎ ƻŦ ǘƘŜ CŜŘŜǊŀƭ DƻǾŜǊƴƳŜƴǘ ǎƘŀƭƭΧǊŜŎƻƎƴƛȊŜ ǘƘŜ ǿƻǊƭŘǿƛŘŜ ŀƴŘ ƭƻƴƎ-range character of environmental 
ǇǊƻōƭŜƳǎέΦ 
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ǘƻ ƘǳƳŀƴ ƛƴǘŜǊǾŜƴǘƛƻƴΣ ŀƴŘ ƛƳǇŀŎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƻƴ ǘƘŜ ƘǳƳŀƴ ǎȅǎǘŜƳέ όbŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎ нлмтύΦ 

These IAMs vary significantly in structure, geographic resolution, the degree to which they capture 

feedbacks within and between natural and economic systems and include valuation, and application. 

Those that are used to estimate the SC-GHG are reduced-form in nature and combine climate processes, 

economic growth, and feedback between the climate and the global economy into a single modeling 

framework, providing a holistic view of the system, and include a valuation of climate change damages. 

Other climate change IAMs, often called detailed-structure IAMs, include structural representations of 

the global economy with a high level 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 being used to examine different climate change impact sectors 

and interactions between sectors and regions but do not yet comprehensively link physical impacts to 

monetized economic damages as needed for SC-GHG estimation (National Academies 2017).  

As illustrated in Figure 2.1, and as mentioned above, the steps necessary to estimate the SC-GHG with a 

climate change IAM can generally be grouped into four modules: socioeconomics and 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 socioeconomic variables) into physical impacts and 

associated monetized economic damages, where the damages are calculated as the amount of money the 

individuals experiencing the climate change impacts would be willing to pay to avoid them. To calculate 

the marginal effect of emissions, i.e., the SC-GHG in year ὸ, the entire model is run twice ς first as a 

baseline and second with an additional pulse of emissions in year ὸ. After recalculating the temperature 

effects and damages expected in all years beyond ὸ resulting from the adjusted path of emissions, the 

losses are discounted to a present value in the discounting module. Much of the uncertainty in the models 

can be incorporated using Monte Carlo techniques by taking draws from probability distributions that 

reflect the uncertainty in parameters. 

The SC-GHG estimates used by the 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 Framework for 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 unchanged, relying on the model 

ŘŜǾŜƭƻǇŜǊǎΩ ōŜǎǘ ŜǎǘƛƳŀǘŜǎ ŀƴŘ ƧǳŘƎƳŜƴǘǎΦ ¢Ƙŀǘ ƛǎΣ ǘƘŜ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ŎƭƛƳŀǘŜ ŘȅƴŀƳƛŎǎ ŀƴŘ ŘŀƳŀƎŜ 

functions included in the default version of each IAM as used in the published literature was retained. 

The SC-GHG estimates in this report no longer rely on the three IAMs (i.e., DICE, FUND, and PAGE) used 

in previous SC-GHG estimates. Instead, this report uses a modular approach to estimating the SC-GHG, 

ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ ƴŜŀǊ-term recommendations. That is, the methodology 

underlying each component, or module, of the SC-GHG estimation process draws on expertise from the 

scientific disciplines relevant to that component. Under this approach, each step in the SC-GHG estimation 

improves consistency with the current state of scientific knowledge, enhances transparency, and allows 

for more explicit representation of uncertainty. This section discusses the methodological updates in each 

ƻŦ ǘƘŜ ŦƻǳǊ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ ǊŜŎƻƳƳŜƴŘŜŘ ƳƻŘǳƭŜǎ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ other updates in the modeling 

framework, such as the explicit incorporation of risk aversion. The discussion is intended to provide an 
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overview of the methods used in each module. Additional details of each underlying study are available 

in the sources cited throughout the report.   

Figure 2.1: The Four Components of SC-GHG Estimation 

                                               

Source: Adapted from National Academies of Sciences, Engineering, and Medicine (2017) 

2.1 Socioeconomic and Emissions Module 

The first step in the SC-GHG estimation process is the development of projections of socioeconomic 

variables and GHG emissions at the spatial and temporal resolution required by the climate and damage 

modules. Socioeconomic trajectories are closely tied to climate damages because, holding all else equal, 
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increases in population and income40 will increase GHG emissions and lead to a greater willingness to pay 

to avoid climate change impacts. Within the SC-GHG estimation process, projections of GHG emissions 

serve as inputs to the climate module, and projections of GDP and population serve as inputs to the 

damage function and discounting modules. Disaggregation of these inputs is required when greater spatial 

and/or temporal resolution is required for the damage module. Finally, because GHG emissions and their 

effects are long lived, it is necessary to project these variables far into the future and address the many 

complex uncertainties associated with such projections. 

SC-GHG estimates used in the EPAΩǎ 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 

based 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. The socioeconomic and emission projections included five deterministic reference 

scenarios based on the Stanford Energy Modeling Forum EMF-22 modeling exercise (Clarke et al. 2009; 

Fawcett, et al. 2009). Four of these scenarios represented business-as-usual (BAU) trajectories, while the 

fifth scenario assumed that substantive actions would be adopted to reduce future emissions. The SC-

GHG estimates gave equal weight to each scenario. The IWG also elected to use a time horizon extending 

to 2300 to try to capture the vast majority of discounted climate damages. Running the IAMs through 

2300 required extrapolations of the projections after 2100, the last year available for projections from the 

EMF-22 models.41   

  

The National Academies 2017 final report included several recommendations for how to approach 

updating the socioeconomic module to reflect newer information. The National Academies (2017) 

recommended that socioeconomic scenarios used to estimate the SC-GHG should: άextend far enough in 

the future to provide inputs for estimation of the vast majority of discounted climate damagesέΤ άǘŀƪŜ 

account of the likelihood of future emissions mitigation policies and technological developmentsέ; 

άǇǊƻǾƛŘŜ ǘƘŜ sectoral and regional detail in population and GDP necessary for damage calculationsέ; and, 

άto the extent possibleΧincorporate feedbacks from the climate and damages modules that have a 

ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇŀŎǘ ƻƴ ǇƻǇǳƭŀǘƛƻƴΣ D5tΣ ƻǊ ŜƳƛǎǎƛƻƴǎέ όbŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΣ нлмтΣ ǇΦ мрύΦ ¢ƘŜ bŀǘƛƻƴŀƭ 

Academies acknowledged that 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 methodology used to date. Specifically, they recommend: 

 
40 This report uses gross income and gross production interchangeably. Gross national income (GNI) is gross domestic 
production (GDP) plus net receipts abroad. For most countries GNI and GDP are similar.            
41 These inputs were extrapolated from 2100 to 2300 as follows: (1) population 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 and industrial carbon intensity (CO2/GDP) growth rate over 2090-2100 is maintained from 

2100 through 2300; (4) net land use CO2 emissions decline linearly, reaching zero in the year 2200; and (5) non-CO2 

radiative forcing remains constant after 2100. See IWG (2010) for more discussion of each of these assumptions. In 

2016, the IWG added more specificity to the assumptions regarding post-2100 baseline CH4 and N2O emissions in 

order to calculate SC-CH4 and SC-N2O. See IWG (2016b) for more details. 
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(1) working with demographers to extend existing probabilistic population projections beyond 2100, 

validated and adjusted by expert judgment; 

(2) generating probabilistic projections of annual growth rates of per-capita GDP with an appropriate 

statistical technique, informed by expert judgment; 

(3) using a set of emissions projections generated by an expert elicitation, conditioned by the set of 

scenarios of future population and income; and  

(4) developing projections of sectoral and regional GDP and regional population using scenario 

libraries, published projections, detailed-structure economic models, or other sources.  

Resources for the Future Socioeconomic and Emissions Projections (RFF-SPs). Based on a review of 

available sources of long-run projections for the socioeconomic variables and GHG emissions necessary 

for damage calculations, the socioeconomic and emissions projections recently developed under the 

Resources for the Future Social Cost of Carbon Initiative (Rennert et al. 2022a) stand out as being most 

consistent with the National AcademiesΩ recommendations. These projections (hereafter collectively 

referred to as the RFF-SPs) are an internally consistent set of probabilistic projections of population, GDP, 

and GHG emissions (CO2, CH4, and N2O) to 2300. Consistent with the National AcademiesΩ 

recommendation, the RFF-SPs were developed using a mix of statistical and expert elicitation techniques 

to capture uncertainty in a single probabilistic approach, taking into account the likelihood of future 

emissions mitigation policies and technological developments, and provide the level of disaggregation 

necessary for damage calculations. Unlike other sources of projections, they provide inputs for estimation 

out to 2300 without further extrapolation assumptions. This is a suitable time horizon consistent with the 

bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ recommendation and OMB Circular A-4 guidance42, since in the modeling conducted 

for this report 2300 is far enough in the future to capture the majority of discounted climate damages 

(see discussion in Section 3). Including damages beyond 2300 would increase the estimates of the SC-

GHG. As discussed in Section 2.5, the use of the RFF-SPs allows for capturing economic growth uncertainty 

within a calibrated utility approach to discounting. The RFF-SPs were developed as follows. 

The country-level population projections are based on Raftery and ~ŜǾőƛƪƻǾłΩǎ (2023) extension to the 

Bayesian methodology that the United Nations (UN) has used since 2015 for population forecasting (UN 

2015). The UN population forecasts are rooted in a standard cohort-component method of population 

projection (CCMPP). The projections rely on the demographic balancing equation. Net changes in a 

ŎƻǳƴǘǊȅΩǎ population are equal to births minus deaths plus net migration. Births are forecasted using age-

specific fertility rates and a fertility transition. Deaths are forecasted using age-specific death rates based 

on life expectancy forecasts. Net migration is forecasted using short-term projections (i.e., first few five-

year periods) and then are assumed to be constant. Generally, components in a CCMPP are deterministic, 

but the Bayesian method used by the UN for population forecasting treat the fertility rate and life 

expectancy as uncertain. Net migration rates follow short-term deterministic forecasts and then are held 

constant beyond the first few five-year periods.  

 
42 Regarding the analytic time horizon for regulatory benefit-cost analysis, OMB Circular A-4 (2003) ŀŘǾƛǎŜǎ άThe 
ending point should be far enough in the future to encompass all the significant benefits and costs likely to result 
from the ruleέ όha. нллоύΦ OMB Circular A-п όнлноύ ǎƛƳƛƭŀǊƭȅ ŀŘǾƛǎŜǎ ά¢ƘŜ ŜƴŘƛƴƎ Ǉƻƛƴǘ ŦƻǊ ȅƻǳǊ ŀƴŀƭȅǎƛǎ ǎƘƻǳƭŘ ōŜ 
far enough in the future to encompass, to the extent feasible, all the important benefits and costs likely to result 
ŦǊƻƳ ŀƭƭ ǊŜƎǳƭŀǘƻǊȅ ŀƭǘŜǊƴŀǘƛǾŜǎ ōŜƛƴƎ ŀǎǎŜǎǎŜŘέ όha. нлноύΦ 
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wŀŦǘŜǊȅ ŀƴŘ ~ŜǾőƛƪƻǾł (2023) combine the United Nations statistical approach with expert review and 

elicitation to extend the projections to 2300. The projections were extended using the same standard UN 

approach by setting the end year to 2300 instead of 2100. Given the very long-term nature of these 

forecasts, the results of the statistical model extension were evaluated by an RFF-sponsored panel of 10 

leading demographers. The review panel generally supported the approach taken, with a few 

recommendations for revision (Rennert et al. 2022aΣ wŀŦǘŜǊȅ ŀƴŘ ~ŜǾőƛƪƻǾł нлно). First, the reviewers 

found the 95% confidence interval for the global fertility rate in 2300 (1.66-2.23) too narrow because the 

lower bound was too high. Further elicitation resulted in a recommended lower bound of 1.20. In 

responseΣ wŀŦǘŜǊȅ ŀƴŘ ~ŜǾőƛƪƻǾł (2023) adjusted the total fertility rate by adding a variance component 

(i.e. a random walk) to broaden uncertainty from 2100 to 2250 to better represent the range of fertility 

rates from the historic record. This random walk component was chosen so that the 95% confidence 

interval for the world average total fertility rate from 2250 onwards was 1.20-2.23. Second, the panel 

recommended replacing the UN approach of deterministic migration with stochastic migration. In 

responseΣ wŀŦǘŜǊȅ ŀƴŘ ~ŜǾőƛƪƻǾł όнлноύ treated net international migration rates as uncertain, forecasted 

using an age-adjusted net migration rate, and rebalanced so that global net migration is zero in each time 

period (Azose, Sevcikova, and Raftery 2016). Third, upper limits on population were adjusted so that upper 

limits on population density depended on geographic area. This was done in response to ŜȄǇŜǊǘΩǎ concerns 

that populations were too large for some countries. These three adjustments mostly affected population 

projections beyond 2100. Population projections out to 2100 agree closely ǿƛǘƘ ǘƘŜ ¦bΩǎ ǇǊƻƧŜŎǘƛƻƴǎ (see 

Figure мл ƛƴ wŀŦǘŜǊȅ ŀƴŘ ~ŜǾőƛƪƻǾł 2023). The small differences are due to the minor methodical 

differences in net migration described above and country-level mortality due to HIV/AIDS epidemics.  

The economic growth projections extend research by Müller et al. (2022), who refined a foundational 

statistical methodology for generating internally consistent long-term probabilistic growth projections at 

the country level. Specifically, Müller et al. were the first to extend the approach provided in Müller and 

Watson (2016) for estimating global economic growth. In the raw data Muller et al. (2022) observed a 

common growth factor for all OECD countries, economic growth that tends to be correlated over time for 

groups of countries, wide dispersion in the levels of economic production, and that the relative position 

of countries exhibits persistence. To incorporate these observations Muller et al. (2022) include distinct 

sources of uncertain economic growth through a clustered hierarchical structure. The four distinct sources 

are: (1) a common global growth factor (2) a group-of-countries-specific factor (3) a group-of-groups-

specific factor (4) and a growth factor unique to each country. Countries are assigned to a group and 

group-of-group by the model and it is estimated probabilistically. The groups and groups-of-groups 

estimated by the model generally align with familiar country groupings (e.g., Australia, Canada, New 

Zealand, the United States, and the United Kingdom fell into one group). The factors are parametrized to 

account for the speed of convergence, convergence groups (i.e., clubs) and persistence. These parameters 

are treated as uncertain, and distributions are estimated using a Bayesian model and historical data for 

113 countries over 118 years.  The model is then used to estimate 2,000 economic projections for each of 

the 113 countries from 2018 to 2300.   

These probabilistic economic growth projections are combined with the results of a formal expert 

elicitation of 10 leading macroeconomics and growth economists, conducted individually. As part of the 

elicitation, the experts first quantified their uncertainty for a set of calibration questions, the results of 

which were used to performance-weight the experts in the final combination. Experts demonstrated a 
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high level of statistical accuracy on the calibration questions. The elicitation focused on quantifying 

uncertainty for a representative frontier of economic growth in OECD countries for four years (2050, 2100, 

2200, 2300). In general, the experts tended to agree with each other that median economic growth would 

slow between 2050 and 2300. Where experts tended to disagree was on the amount of uncertainty in 

future projections. However, 9 out of 10 of the experts estimated an uncertainty range that was narrower 

than the Muller et al. (2022) projections.   

The performance-weighted combined results from the experts were then used to inform econometric 

projections based on the Müller et al. (2022) model of an evolving frontier (also based on the OECD), in 

turn providing country-level, long-run probabilistic projections. The first step in this procedure was to trim 

the Muller et al. (2022) projections based on the historical data and the results of the survey of experts. 

This was done in consultation with one of the authors (James Stock) of Müller et al. (2022). The remaining 

projections were then reweighted to fit the target quantiles from the performance-weighted combination 

of the experts. The expert judgement was given increasing weight over-time in the final RFF-SP 

projections. This aligns with the National Academies (2017) recommendations for combining statistical 

estimates with expert elicitation.  Before 2030 the RFF-SP economic growth projections match the 

trimmed Müller et al. (2022) projections. The weight given to the expert judgement was increased linearly 

from 0% in 2030 to 100% in 2200. In 2200 and 2300, the reweighted Müller et al. (2022) projections match 

the quantiles of the performance-weighted expert judgement.    

Global GHG emissions are projected using expert elicitation techniques (Rennert et al. 2022a).43 A 

separate panel of 10 experts44 having expertise in, and having undertaken, long-term projections of the 

energy-economic system under a substantial range of climate change mitigation scenarios were asked to 

provide future emissions projections. Like the economic growth survey these experts were asked a set of 

questions, with known answers, for calibration and performance weighting. Experts performed well on 

the calibration questions. Experts were then asked to provide uncertainty quantiles (minimum, 5th, 50th, 

95thΣ ƳŀȄƛƳǳƳΣ ŀǎ ǿŜƭƭ ŀǎ ŀŘŘƛǘƛƻƴŀƭ ǇŜǊŎŜƴǘƛƭŜǎ ŀǘ ǘƘŜ ŜȄǇŜǊǘΩǎ ŘƛǎŎǊŜǘƛƻƴύ for four emissions variables 

(i.e. fossil fuel and process-related CO2 emissions, changes in natural CO2 stocks and negative emissions 

technologies, CH4, N2O) in five benchmark years (2050, 2100, 2150, 2200, and 2300) and to indicate the 

sensitivity of the CO2 emissions responses to five economic growth (i.e., GDP per capita) trajectories. 

Responses were requested under a case labeled άEvolving Policyέ that incorporates views about changes 

in technology, fuel use, and other conditions, including the expected evolution of future policy.45  

To better understand what factors experts were considering when providing their answers, experts were 

asked to describe their rationale (Rennert et al. 2022a). Experts had different rationales for fossil fuel and 

process-related CO2 emissions estimates in low economic growth scenarios. Low economic growth should 

reduce emissions but may reduce policy ambitions and technological progress. This resulted in a wide 

 
43 For greenhouse gases other than CO2, CH4, and N2O that are needed as inputs to FaIR (e.g., CF4, C2F6, HFCs, CFCs, 
HCFCs), emissions are projected using SSP2-4.5 from AR6. This scenario is also used to calibrate FaIR1.6.2 and is 
nearest to the RFF-SP median emissions for carbon dioxide and methane. EPA is investigating the potential to use 
an emissions infilling tool such as Silicone (Lamboll et al. 2020) to extend the RFF-SP uncertainty analysis to other 
gases and aerosols.   
44 More information about the experts is provided in Rennert et al. (2022a) and the accompanying online appendix. 
45 See Rennert et al. (2022a) and the accompanying online appendix for a detailed discussion of the survey 
methodology and the full elicitation protocol. 
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uncertainty range for these scenarios but on average they expected emissions to decline. To support the 

high-end emissions, it was common for experts to state that low economic growth could lead countries 

to revisit emission reduction pledges. In support of emissions estimates for average economic growth, 

experts primarily mentioned policy as the driver of emissions. Specifically, emissions were dependent on 

the likelihood that countries would meet their pledges under the Paris Agreement or even enhance their 

ambitions. Secondarily, technological evolution was also stated as a primary driver. Experts stated that 

high economic growth should increase emissions in the medium term (2050 or 2100) but could allow for 

rapid decarbonization. It was felt that high economic growth could allow for an enhancement of global 

climate policy goals. Several of the experts felt that given the nature of policy goals (e.g., absolute or 

percentage reductions) that emissions would be decoupled from economic growth. For additional 

information on expertsΩ rationale for changes in natural CO2 stocks and negative emissions technologies, 

CH4, and N2O please see the Rennert et al. (2022a) Appendix.   

 The projections from the RFF-SPs represent a state-of-the-art set of probabilistic socioeconomic and 

emissions scenarios based on high-quality data, robust statistical techniques, and expert elicitation. In 

addition, they cover a sufficient time horizon for estimating the SC-GHG and incorporate uncertainty over 

future background policies. As such, the RFF-SPs are consistent witƘ ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ 

recommendations on socioeconomic and emissions scenarios.  

Other Sources of Socioeconomic and Emissions Projections. The RFF-SPs represent a significant 

advancement over the now outdated and deterministic EMF-22 scenarios and offer improvements over 

other recently developed socioeconomic and emissions projections. The other probabilistic projections 

identified in this review are a library of scenarios generated using aL¢Ωǎ Emissions Prediction and Policy 

Analysis (EPPA) Model, coupled with expert elicitation (Abt Associates 2012, Marten 2014). These 

projections have the advantage that they rely on a comprehensive computable general equilibrium (CGE) 

model that captures key feedbacks and interdependencies across the sources of uncertainty. However, 

they were generated in 2012 and do not incorporate changes in the economy, emissions trends, and 

policies adopted over the past decade.46  

Other socioeconomic and emissions projections developed since the EMF-22 exercise are deterministic 

and do not provide global projections over a time horizon sufficient for SC-GHG estimation. The most 

prominent deterministic projections come from the database of Shared Socioeconomic Pathways (SSPs) 

and Representative Concentration Pathways (RCPs).47 The SSPs and RCPs are the result of a scenario 

 
46 Recently, Morris et al. (2022) built on this work by updating a broad range of input probability distributions and 
using updated versions of EPPA and other underlying models to explore uncertainty in socio-economic conditions 
out to 2100. This paper utilizes four emissions ensemble scenarios: (1) business-as-usual (2) National Determined 
Contribution pledges. (3) 2 degrees C and (4) 1.5 degrees C. Due to the reliance on scenarios for emissions the 
distribution of annual GHG emissions does not cover the full range of possible outcomes (see Figure 4 in Morris et 
al., 2022). In addition, these emissions ensemble scenarios are not assigned a probability and therefore assumptions 
would be required for sampling across them.  
47 Some organizations also regularly produce forecasts of key socioeconomic variables and emissions, but these tend 
to be only for a few decades or some countries or regions (e.g., IEA, EIA). Some IAM researchers have constructed 
deterministic projections using disparate sources. For example, the inputs used in the latest version of the DICE 
model, DICE 2016, include economic growth projections based on a survey by Christensen et al. (2018), population 
data from the United Nations, and CO2 emissions projections from Carbon Dioxide Information Analysis Center, with 
simple assumptions for extending each series post-2100 (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 1990s (used in the IPCC Third Assessment Report). The two components, SSPs and RCPs, 

were designed to be complementary. RCPs set pathways for GHG concentrations and, effectively, the 

amount of warming that could occur by the end of the century.48 Many possible ǎƻŎƛƻπŜŎƻƴƻƳƛŎ ŦǳǘǳǊŜǎ 

may lead to the same RCP, so the SSPs are scenarios of projected socioeconomic global changes through 

2100, based on potential future changes in quantitative elements, including population, education, 

urbanization, GDP, and technology. There are five SSPs, each consisting of a set of quantified measures of 

development 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 by the IPCC, the global scientific community, and researchers spanning 

a wide range of disciplines. For modeling exercises requiring emissions projections beyond 2100, such as 

for SC-GHG estimation, researchers commonly use emissions extensions provided by the Reduced 

Complexity Model Intercomparison Project (Nicholls et al. 2020). When population and economic growth 

projections beyond 2100 are necessary, researchers have used various methods to extend the SSPs to 

2300, ranging from simple extrapolation assumptions (e.g., CIL 2023, Benveniste et al. 2020)49 to 

empirically derived projection methods (e.g., Kikstra et al. 2021).50 Use of deterministic scenarios, such as 

the SSP-RCP pairings, would prevent the SC-GHG estimates from capturing important aspects of climate 

risk, including its relationship to broader socioeconomic uncertainty, and from valuing that risk in a way 

that is consistent with economic theory and observed human behavior related to risk aversion.  

Figure 2.1.1 and Figure 2.1.2 present the RFF-SP projections of population and economic growth through 

2300. These figures also include a comparison to the SSPs for years 2020 to 2100. The SSPs have been 

used in IPCC reports and other applications.51 The SSP projections presented in the figure for years beyond 

2100 are based on three extrapolation methods recently used in the literatureτBenveniste et al. (2020) 

for SSP1, SSP2, and SSP3 (dashed lines), Kikstra et al. (2021) for SSP1, SSP2, SSP3, and SSP5 (dotted lines), 

and CIL (2023) for SSP2, SSP3, and SSP5 (dashed-dotted lines)τillustrating the sensitivity to various 

extrapolation assumptions. 

The mean (black solid line) and median (black dotted line) of the RFF-SP population projections follow an 

increasing trajectory through 2100, slightly higher than the SSP1, SSP2 and SSP5 projections, peaking at 

 
48 Four RCPs were used in the IPCC Fifth Assessment Report (2014a) that span a range of radiative forcing (watts per 
m2) in 2100 and are named for that forcing above the pre-industrial level (RCP2.6, RCP4.5, RCP6.0 and a high-end 
no-mitigation RCP8.5). The SSPs took longer to develop. The SSPs were published in 2016 and updated in 2018. The 
are available at: https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10. The SSPs and some additional 
RCPs are being used in the IPCC Sixth Assessment Report (2021a). The three additional RCPs include RCP1.9 (which 
focuses on limiting warming to below 1.5C), RCP3.4 (an intermediate pathway between RCP2.6 and RCP4.5), and 
RCP7.0 which represents medium-to-high end of emissions range and is a baseline outcome rather than a mitigation 
target. 
49 In the components of their modeling that require extrapolation of GDP and population beyond 2100, when using 
SSPs, Climate Impact Lab (CIL 2023) modeling assumed GDP per capita growth and the level of global 
population remain constant at 2100 levels through 2300. Benveniste et al. (2020) generates country level extensions 
to 3000, based on the assumption that population growth declines linearly to 0 in 2200, and is held constant 
thereafter; GDP per capita growth is assumed to decline linearly reaching 0 in 2300. 
50 Kikstra et al. (2021) develop regional extensions based on the assumption that regional GDP per capita and 
population growth rates (in PAGE model regions) converge toward the global mean. 
51 Figures 2.1.1 and 2.1.2 contain all Tier 1 SSPs from IPCC AR6. Tier 2 scenarios, such as SSP4, were not considered.    

https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10
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11.2 billion people (Figure 2.1.1). This is followed by a slow decline to under 10 billion by 2300. SSP3 

follows the upper tail of the RFF-SPs through 2100 and, depending on the extrapolation method, follows 

the upper tail or drops within the 99th and 95th percentile of the RFF-SP distribution by 2300. While the 

SSP-based projections shown in Figure 2.1.1 generally fall within or near the range of the RFF-SP 

probabilistic distribution for global population, they are limited in providing a comparison to the full RFF-

SP distribution. The SSPs were intentionally developed to reflect a range of reasonably likely scenarios 

corresponding to different storylines rather than a more comprehensive range of plausible scenarios like 

the RFF-SPs. Furthermore, the SSP-based projections are sensitive to the extrapolation method used. For 

example, the SSP3 projections displayed 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 

ƴŜŀǊƭȅ ол ōƛƭƭƛƻƴ ǳǎƛƴƎ YƛƪǎǘǊŀ Ŝǘ ŀƭΦΩǎ όнлнмύ ƳŜǘƘƻŘΦ  

Figure 2.1.1: Global Population under RFF-SPs and SSPs, 1950-2300 

RFF-SP projections based on RFF-SPs (Rennert et al. 2022a). Black lines represent the mean (solid) and median (dotted) along with 

the 5th to 95th (dark shade) and 1st to 99th (light shade) percentile ranges. Historical data from Benveniste et al. (2020) using UN 

World Population Prospects 2019 (UN 2019). SSP1, SSP2, and SSP3 data through 2100 from Benveniste et al. (2020) using 

population growth rates from the International Institute for Applied Systems Analysis (IIASA) SSP Database (Riahi et al. 2017). 

SSP5 data through 2100 are from the IIASA database (Riahi et al. 2017). SSPs beyond 2100 (dashed) are based on three recent 

extrapolation methods: Benveniste et al. (2020), Kikstra et al. (2021), and CIL (2023). 



 

29 
 
 

Figure 2.1.2 presents the economic growth projections from the RFF-SPs along with comparisons to the 

SSPs in AR6.52 The mean (black solid line) economic growth rates start at 1.4% in 2021, are relatively flat 

between 2030 and 2100 at 1.6% and then decline through-out the next century. The mean economic 

growth rate levels off again after 2200 at 1.1%. The RFF-SP economic growth projections are lower but 

Ƴƻǎǘ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ {{tнΣ ƛΦŜΦΣ ǘƘŜ άƳƛŘŘƭŜ ƻŦ ǘƘŜ ǊƻŀŘέ ǎŎŜƴŀǊƛƻ ƛƴ ǿƘƛŎƘ ŜŎƻƴƻƳƛŎ ǘǊŜƴŘǎ Ŧƻƭƭƻǿ 

historical patterns. All the SSP-based projections displayed in Figure 2.1.2 lie within the long-run RFF-SP 

distribution. One notable difference between the RFF-SPs and the SSPs is the high near-term 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 2010 and 2019 of 2.89ς2.96% (Riahi et al. 2017), 

whereas in the past decade average global per capita growth rates have been closer to 2% (World Bank 

2021). The estimated growth-rates in the RFF-SPs are long-run growth rates, built to eliminate short-run 

fluctuations.  

 
52 The growth rates (and the uncertainty bounds around the RFF-SPs) shown in Figure 2.1.2 are plotted in a time-
averaged manner to accurately present the underlying year-on-year correlations that exist within each 
scenario/storyline. 
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Figure 2.1.2: Projections of Growth in Global Income per Capita under RFF-SPs and SSPs, 2020-2300 

 
RFF-SP projections based on RFF-SPs (Rennert et al. 2022a). Black lines represent mean (solid) and median (dotted) growth rates  
along with 5th to 95th (dark shade) and 1st to 99th (light shade) percentile ranges. Historical data from Benveniste et al. (2020) 
using World Bank WDI (World Bank 2019). SSP data through 2100 from International Institute for Applied Systems Analysis (IIASA) 
{{t 5ŀǘŀōŀǎŜΩǎ h9/5 9ƴǾ-Growth model (Riahi et al. 2017).  SSPs beyond 2100 (dashed) are based on three recent extrapolation 
methods: Benveniste et al. (2020), Kikstra et al. (2021), and CIL (2023). The growth rates (and the uncertainty bounds around the 
RFF-SPs) are plotted in a time-averaged manner to accurately present the underlying year-on-year correlations that exist within 
each scenario/storyline. 

 

Although the RFF-SPs displayed in the figures above are mostly consistent with the SSPs, there are notable 

advantages to the RFF-SPs. First, the economic growth and population projections are based on recent 

peer-reviewed statistical methodologies for generating long-term 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, the RFF-SPs 

formally characterize the uncertainty in economic growth and population over time (less is known about 

the far-future than is known about the near-future). The SSPs are a set of deterministic scenarios and 

intentionally developed without probabilities attached to them, making them less suitable for addressing 

uncertainty. SSP-based economic growth projections, for example, vary depending on which of the three 

available alternative interpretations of the SSPs (using the IIASA, OECD, or PIK economic growth model) is 

selected from the SSP database. The SSP developers explicitly note ǘƘŀǘ ǘƘŜ ǇǊƻǾƛŘŜŘ άΨƛƭƭǳǎǘǊŀǘƛǾŜΩ {{t 

should not be interpreted as the central or representative caseΧΦIt is recommended to use the GDP 
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projections by all teams to test the sensitivity of the results due to different GDP assumptions.έ53 Third, 

the RFF-SPs 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 2100 and long term extrapolations of the SSPs developed by researchers to date are 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 RFF-SPs more closely implement the near-term recommendations from the National Academies on 

economic growth and population projections than do the SSPs. 

In both the RFF-SPs and the SSPs, projections of global GDP are calculated using purchasing power parity 

(PPP). This represents a shift from the EMF-22 projections used to date, in which global GDP was based 

on combining regional GDPs using market exchange rates (MER). !ǎ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ L²DΩǎ нлмл ¢{5Σ PPP 

takes into account the different price levels and different baskets of goods consumed across countries, so 

it more accurately describes relative standards of living across countries. PPP-adjusted measures are 

increasingly available and used in climate economics research. For example, Nordhaus has argued since 

нллт ǘƘŀǘ άPPP measures are superior to MER measures for representing relative incomes and outputsέ 

(Nordhaus 2007), and the update to his DICE model in 2016 included a shift from MER to PPP exchange 

rates (Nordhaus 2017, 2018a). Similarly, Anthoff and Emmerling (2019) maintain that άΧǳǎƛƴƎ ƴƻƳƛƴŀƭ ƻǊ 

market exchange rates would overstate the (current) degree of inequality between countries compared 

to the measurements using PPPs.έ The shift to PPP-based projections in the RFF-SPs, therefore, represents 

another advancement in the science underlying the SC-GHG framework presented in this report.  

In the SSPs and the mean RFF-SPs, global emissions of CO2 peak 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 about net emissions reaching zero in 2250. The RFF-SP 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 the bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ όнлмтύ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ǘƻ άǘŀƪŜ ŀccount of the 

ƭƛƪŜƭƛƘƻƻŘ ƻŦ ŦǳǘǳǊŜ ŜƳƛǎǎƛƻƴǎ ƳƛǘƛƎŀǘƛƻƴ ǇƻƭƛŎƛŜǎΦέ .ŜŎŀǳǎŜ ǘƘŜ wCC-SPs are probabilistic they reflect the 

uncertainty in future policy and when this peak would occur. In the mean RFF-SP projection the peak 

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

near the end of the century.                

Figure 2.1.3 presents the RFF-SP projections for COі emissions through 2300 along with a comparison to 

a range of SSP-RCPs from AR6 (Figure A.6.1 and Figure A.6.2 in the Appendix present the same information 

for CHј and NіO emissions through 2300). For SSP-RCP pairings presented 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. 2020). The post-2100 SSP projections are based 

on simplistic assumptions about when global emissions reach zero (2055 for SSP1-1.9, 2075 for SSP1-2.6, 

2250 for SSP2-4.5, SSP3-7.0, and SSP5-8.5) and how global emissions reach this point after 2100. In the 

mean RFF-SPs (black solid line) global CO2 emissions continue to rise in the near-term but peak at 42 GtCO2 

before 2030. Both the RFF-SP median and the mean track closely with SSP2-4.5, which is often described 

ŀǎ ŀ άƳƛŘŘƭŜ ƻŦ ǘƘŜ ǊƻŀŘέ {{t ǎǘƻǊȅƭƛƴŜΦ ¢ƘŜ {{tр-8.5 projection is the only SSP-RCP pairing with CO2 

 
53 See SSP Database (Shared Socioeconomic Pathways) - Version 2.0 available at: 
https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10. 

https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10
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emissions projections outside the 1st to 99th percentile range of RFF-SPs. The RCP8.5 emissions scenario is 

a high emissions scenario in absence of climate change policies (Riahi et al. 2017).54 As mentioned above, 

the RFF-SPs explicitly account for the likelihood of future climate policies.55 While the SSP-RCP scenarios 

offer plausible storylines that imbed these assumptions within their trajectories, the RFF-SPs have a 

significant advantage in that 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.56  

 
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 CO2 concentrations, and therefore temperatures, will not stabilize until CO2 emissions decline 
to zero (Matthews and Caldeira 2008). 
55 Specifically, Rennert et al (2022aύ ǎǘŀǘŜǎΥ άΧŜȄǇŜǊǘǎ ǾƛŜǿŜŘ ƭƻǿ ŜŎƻƴƻƳƛŎ ƎǊƻǿǘƘ ŀǎ ƭƛƪŜƭȅ ǘƻ ǊŜŘǳŎŜ ŜƳƛǎǎƛƻƴǎ 
overall but also lead to reduced global ambition in climate policy and slower progress to decarbonization. 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 but with a wide 
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 
ƛƴŎǊŜŀǎŜǎ ƛƴ ŜƳƛǎǎƛƻƴǎΦέ 
56 Throughout all stages of the SC-GHG modeling process, we compared the intermediate and final outputs across 
the SSP-RCP socioeconomic and emissions storylines and the RFF-SP probabilistic scenarios. For each of these 
outputs (global mean surface temperature, sea level rise, and even the final SC-GHG estimates) the 5th and 95th 
percentiles of the RFF-SPs lie within the full range of the SSP-RCP storylines and are most consistent with the SSP2-
RCP4.5 pairing. In addition, a comparison of the RFF-SP emissions projections with the EMF-22 trajectories used in 
the IWG-recommended SC-GHG estimates to date is displayed in Appendix A.6. Figure A.6.3 illustrates that the RFF-
SP based CO2 emissions range lie within the low end of the range of the selected EMF-22 scenarios, likely reflecting 
the impact of GHG mitigation policies and other factors that have occurred since the development of the EMF-22 
trajectories and that the RFF-SPs reflect the possibility of future policies whereas only one of the five selected EMF-
22 scenarios did so. 
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Figure 2.1.3: Net Annual Global Emissions of Carbon Dioxide (CO2) under RFF-SPs and SSPs, 1900-2300 

 
RFF-SP projections based on RFF-SPs (Rennert et al. 2022a). Black lines represent the mean (solid) and median (dotted) CO2 
emissions projections along with 5th to 95th (dark shade) and 1st to 99th (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 beyond 2100 (dashed 
lines) are based on the commonly used extensions provided by the Reduced Complexity Model Intercomparison Project (Nicholls 
et al. 2020).  

2.2 Climate Module 

The next step in the SC-GHG estimation process is to estimate the effect of emissions on 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 damage module. This means the climate module must:  

(1) translate GHG and other forcing agent emission projections into atmospheric concentrations, 

accounting for the uptake of CO2 by the land biosphere and the ocean and the removal of other 

greenhouse gases through atmospheric reactions, deposition, and/or other mechanisms;  

(2) translate concentrations of greenhouse gases and other forcing agents into radiative forcing;  

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

the ocean, and  

(4) generate other climatic variables, such as sea level rise (SLR), that may be needed by the damage 

module.57  

 
57 This module could in future iterations also generate estimates of other climatic variables (e.g., precipitation 
changes) as well as non-climate mediated impacts of GHG emissions 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 damage module.  

As discussed in section 1.1, the methodology underlying SC-GHG estimates used in the EPAΩǎ analyses to 

date has included a representation of climate and other 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) ς a measure of the globally averaged 

temperature response to increased radiative forcing.58 Each IAM was run using a probability distribution 

ŦƻǊ ǘƘŜ 9/{Σ ŎŀƭƛōǊŀǘŜŘ ǘƻ ǘƘŜ LƴǘŜǊƎƻǾŜǊƴƳŜƴǘŀƭ tŀƴŜƭ ƻƴ /ƭƛƳŀǘŜ /ƘŀƴƎŜΩǎ όLt//ύ CƻǳǊǘƘ !ǎǎŜǎǎƳŜƴǘ 

Report (AR4) (IPCC 2007a) findings using the Roe and Baker (2007) distribution.59 All other aspects of the 

modeling ς such as the representation of the carbon cycle and its parameterization, sea level rise, regional 

downscaling of temperature, and treatment of non-CO2 greenhouse gases ς varied across the three IAMs 

and were used as the model developers had designed them.  

To implement a modular approach to updating the representation of climate and other Earth system 

dynamics in SC-GHG estimation, it is helpful to review the available climate models capable of meeting 

the climate module requirements outlined above, the conclusions of recent scientific assessments 

ǇǳōƭƛǎƘŜŘ ǎƛƴŎŜ ǘƘŜ Lt//Ωǎ !wп ǊŜǇƻǊǘΣ ǘƘŜ ǇǳōƭƛŎ ŎƻƳƳŜƴǘǎ ǊŜŎŜƛǾŜŘ ƻƴ individual EPA proposed 

rulemakings and the L²DΩǎ February 2021 TSD (IWG 2021), and the National Academies (2017) 

recommendations related to the climate module.  

The conclusions of recent scientific assessments (e.g., IPCC 2014a, 2018, 2019a, 2019b, 2021a; USGCRP 

2016, 2018a; and the National Academies 2016b, 2019) bolster the science underlying the modeling of 

climate dynamics. Recently, in August 2021, the IPCC released the Working Group (WG) 1 contribution to 

the IPCC Sixth Assessment Report (AR6) (IPCC 2021a). The IPCC (2021a) report brings together the most 

up-to-date physical understanding of the climate system and climate change. The report includes updated 

IPCC AR6 consensus statements on key climate parameters that are relevant for SC-GHG estimation, 

including equilibrium climate sensitivity and transient climate response. For ECS, the AR6 assessment 

finds, with high confidence, that the best estimate is 3°C with a likely range of 2.5°C to 4°C.60 AR6 also 

 
As discussed in Section 3.3, the only non-climate mediated effect included in SC-GHG estimates used by the EPA to 
date are plant fertilization effects from elevated CO2 concentrations. Other non-climate mediated effects of GHG 
emissions that have not yet been incorporated into SC-GHG estimation are discussed in Section 4.2. 
58 9/{ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ŜǉǳƛƭƛōǊƛǳƳ όǎǘŜŀŘȅ ǎǘŀǘŜύ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻƭƭƻǿƛƴƎ ŀ ŘƻǳōƭƛƴƎ ƻŦ ǘƘŜ 
atmospheric carbon dioxide (CO2) concentration from pre-ƛƴŘǳǎǘǊƛŀƭ ŎƻƴŘƛǘƛƻƴǎέ όLt// нлнмŀύΦ 
59 ¢ƘŜ Lt//Ωǎ CƻǳǊǘƘ !ǎǎŜǎǎƳŜƴǘ wŜǇƻǊǘ όLt// нллтōύ ǿŀǎ ǘƘŜ Ƴƻǎǘ ŎǳǊǊŜƴǘ Lt// ŀǎǎŜǎǎƳŜƴǘ ŀǾŀƛƭŀōƭŜ ŀǘ ǘƘŜ ǘƛƳŜ 
when the IWG calibrated the ECS distribution.  
60 The !wс ŀǎǎŜǎǎƳŜƴǘ ŦƛƴŘǎ άώōϐŀǎŜŘ ƻƴ ƳǳƭǘƛǇƭŜ ƭƛƴŜǎ ƻŦ ŜǾƛŘŜƴŎŜΣ ǘƘŜ ǾŜǊȅ ƭƛƪŜƭȅ ǊŀƴƎŜ ƻŦ ŜǉǳƛƭƛōǊƛǳƳ ŎƭƛƳŀǘŜ 
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°C (high confidence), compared to 1.5°C to 4.5°C in AR5, which did not provide a best 
ŜǎǘƛƳŀǘŜέ όLt// нлнмa). Lƴ Lt// ǎǘŀǘŜƳŜƴǘǎΣ ǘƘŜ ǘŜǊƳǎ άƭƛƪŜƭȅέΣ άǾŜǊȅ ƭƛƪŜƭȅέ ŀƴŘ άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ ŀǊŜ ŘŜŦƛƴŜŘ ǘƻ 
correspond to probabilities of at least 66% (16.6-83.3 percentile), 90% (5-95 percentile), and 99% (0.5-99.5 
percentile), respectively (IPCC 2007c). In IPCC reports, a level of confidence is expressed using five qualifiers (very 
low, low, medium, high, and very high) based on the type, amount, quality, and consistency of evidence (e.g., 
mechanistic understanding, theory, data, models, expert judgement) and on the degree of agreement across 
multiple lines of evidence. Statements in the AR6 WG1 report that ƛƴŎƭǳŘŜ άōŜǎǘ ŜǎǘƛƳŀǘŜέ ŀǊŜ ƴƻǘ ǎǇŜŎƛŦƛŎ ƻƴ ƛǘs 
definition.  
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concludes ǘƘŀǘ άƛǘ ƛǎ ǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴ ǘƘŀǘ 9/{ ƛǎ ƭŀǊƎŜǊ ǘƘŀƴ мΦрϲ/Σ ōǳǘ ŎǳǊǊŜƴǘƭȅ ƛǘ ƛǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ ǊǳƭŜ 

out ECS values above 5°Cέ όLt// нлнмa). As cited in IPCC (2021a), Sherwood et al. (2020) present several 

lines of evidence supporting these assessments of equilibrium climate sensitivity. For the transient climate 

response (TCR), AR6 finds that the best estimate of TCR is 1.8°C, and it is very likely between 1.2 and 

2.4°C.61 Additional discussion of scientific updates in AR6 is provided in the Appendix. In particular, Section 

A.1 Ŏƻƴǘŀƛƴǎ ŀ ǎǳƳƳŀǊȅ ƻŦ ǘƘŜ Lt//Ωǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ CO2, CH4, and N2O greenhouse gas radiative 

efficiency, atmospheric lifetimes, and chemistry in AR6 relative to AR4, which was the basis of the 

simplified lifetime and forcing equations underlying the IWG estimates used by the EPA and other federal 

agencies to date.  

Reduced-complexity climate models (RC models) offer meaningful improvements over the current 

representation of climate dynamics in existing IAMs (Nicholls et al. 2020). RC models are highly 

parameterized, computational emulators of the climate system. RC models are different from the highly 

complex and computationally demanding Earth system models (ESMs), which are the state-of-the-art 

tools for climate projections. 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 relatively short timeframe, (2) the adjustability of model 

parameters allows for the exploration of uncertainty, and (3) because RC models do not model year-to-

year variability they allow for the estimation of the difference between emission scenarios that would be 

smaller than that variability (Sarofim et al. 2021a). RC models have a long history of use in climate science 

assessments, IAM modeling applications, and analyses of climatic processes. They are ubiquitously used 

to support model inter-comparisons and diagnostics because of their ability to emulate different ESM 

components and variables, explore uncertainties in key climate parameters, analyze scenarios to provide 

concentration and temperature inputs to IAMs and other models, and estimate climate sensitivity when 

coupled with historical climate observations (Nicholls et al. 2020, Nicholls et al. 2021, Sarofim et al. 

2021a).  

One of the most widely used RC models is the Finite amplitude Impulse Response (FaIR) climate model 

(Millar et al. 2017, Smith et al. 2018) to generate projections of global mean surface temperature (GMST) 

change. The FaIR model was originally developed by Richard Millar, Zeb Nicholls, and Myles Allen at Oxford 

University, as a modification of the approach used in IPCC AR5 to assess the GWP and GTP (Global 

Temperature Potential) of different gases. It is open source, widely used (e.g., IPCC 2018, IPCC 2021b), 

and was highlighted by the National Academies (2017) as an RC model that satisfies their 

recommendations for a near-term update of the climate module in SC-GHG estimation. Specifically, it 

translates GHG emissions into mean surface temperature response following the steps outlined above 

and represents the current understanding of the climate and GHG cycle systems and associated 

uncertainties within a probabilistic framework. ¢ƘŜ CŀLw ƳƻŘŜƭΩǎ ǇǊƻƧŜŎǘƛƻƴǎ ƻŦ ŦǳǘǳǊŜ ǿŀǊƳƛƴƎ ŀǊŜ 

consistent with more complex, state of the art ESMs and can, with high confidence, be used to accurately 

 
61 ¢/w ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜǎǇƻƴǎŜ ŦƻǊ ǘƘŜ ƘȅǇƻǘƘŜǘƛŎŀƭ ǎŎŜƴŀǊƛƻ ƛƴ ǿƘƛŎƘ ŀǘƳƻǎǇƘŜǊƛŎ ŎŀǊōƻƴ 
dioxide (CO2) increases at 1% yr-1 from pre-ƛƴŘǳǎǘǊƛŀƭ ǘƻ ǘƘŜ ǘƛƳŜ ƻŦ ŀ ŘƻǳōƭƛƴƎ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ /hн ŎƻƴŎŜƴǘǊŀǘƛƻƴέ 
(IPCC 2021a), thereby being a measure of the speed as well as the magnitude of the climate response. AR6 states 
ǘƘŀǘ ά.ŀǎŜŘ ƻƴ ǇǊƻŎŜǎǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎΣ ǿŀǊƳƛƴƎ ƻǾŜǊ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘŀƭ ǊŜŎƻǊŘ ŀƴŘ ŜƳŜǊƎŜƴǘ ŎƻƴǎǘǊŀƛƴǘǎ ǘƘŜ ōŜǎǘ 
estimate TCR is 1.8°C, it is likely 1.4 to 2.2°C and very likely 1.2 to 2.4°Cέ όLt// нлнмŀύΦ 
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characterize current best understanding of uncertainty, is easily implemented, and is transparently 

documented.  

The updated SC-GHG estimates presented in this report rely on FaIR version 1.6.2 as used by the IPCC 

(2021a, 2021b). An alternative version of the model, FaIR 2.0, was recently published (Leach et al. 2021) 

that offers some advantages with respect to simplicity and the inclusion of a flexible, state-dependent 

methane lifetime, but is less preferable for SC-GHG estimation at this time because 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 as the Building Blocks for Relevant Ice and Climate Knowledge (BRICK) model discussed below); 

importantly the calibration of 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 the climate sensitivity. FaIR 1.6.2 also has advantages over the latest versions 

of other RC models, including the Model for the Assessment of Greenhouse Gas Induced Climate Change 

(MAGICC; Meinshausen et al. 2011) and the Hector model, a U.S. Government-developed model (Hartin 

et al. 2015).62 MAGICC is widely used in science research, policy analysis, IPCC reports, and the latest 

version, MAGICC 7.5.1, has been calibrated to AR6 findings. However, the model itself is not open source 

and, therefore, less preferable to FaIR in terms of transparency and reproducibility. The Hector model has 

some additional complexity and features that could be helpful in future SC-GHG updates. For example, it 

can emulate ocean acidification, permafrost, and land carbon cycles (Woodard 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 analysis. Table 2.2.1 shows 

summary statistics for the ECS from the FaIR 1.6.2 model used in this report and other RC models and 

compares them to IPCC statements. For reference, Table 2.2.1 also includes the assumed distribution used 

in IWG SC-GHG estimates to date. Table 2.2.2 shows similar information for the TCR. FaIR, MAGICC, and 

Hector have all been tested against the Earth system models used by the IPCC as part of the Reduced 

Complexity Model Intercomparison Project (RCMIP) (Nicholls et al. 2020).63 Nicholls et al. compare the 

global-mean temperature response across a range of perturbations. The authors demonstrate the success 

of all three models in estimating the global mean temperature for applications in integrated assessment 

modeling. 

Taken together, FaIR 1.6.2 is a fitt ing RC model to serve as the basis for an updated climate module in SC-

GHG estimation. It provides, with high confidence, an accurate representation of the latest AR6 scientific 

consensus on the relationship between global emissions and global mean surface temperature under the 

wide range of socioeconomic emissions scenarios discussed in Section 2.1. It also offers a code base that 

is fully transparent and available online (unlike MAGICC), and the uncertainty capabilities in FaIR 1.6.2 

 
62 FaIR and MAGICC were among the four RC models examined in IPCC (2021a), along with Oscar (Gasser et al. 2020), 
and Cicero-SCM (Skeie et al. 2021). Each of these were calibrated based on agreement with observations such as 
historical temperatures, ocean heat uptake, CO2 concentrations, and airborne fraction. The WG1 report compares 
distributions from the calibrated models to assessed values of metrics such as ECS and TCR. The latter two RC models 
are dropped from detailed consideration in this report because Cicero-SCM does not have a carbon cycle 
representation, and Oscar did not match projected future temperatures from the Coupled Model Intercomparison 
Project (CMIP) and other projections. Thompson (2018) also identified FaIR, MAGICC, and Hector as being good fits 
ǘƻ ǘƘŜ bŀǘƛƻƴŀƭ !ŎŀŘŜƳƛŜǎΩ ǊŜŎƻƳƳŜƴŘŜŘ ŎǊƛǘŜǊƛŀ ŦƻǊ ǘƘŜ ŎƭƛƳŀǘŜ ƳƻŘǳƭŜΦ   
63 See also: https://www.rcmip.org/ . 

https://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 FaIR2.0 or Hector at the present time). 

Table 2.2.1: Summary Statistics for Equilibrium Climate Sensitivity under Reduced-Complexity Climate 
Models and IPCC statements 

 Percentiles and Other Summary Statistics 

5% 16.6% Modea 
Median 
(50%) 

Mean 83.3% 95% 

FaIR 1.6.2d 2.05 2.37 2.78 2.95 3.18 3.87 5.03 

FaIR 2.0.0 (Leach et al. 2021) 1.94 2.36  3.24  4.74 6.59 

MAGICC7 (IPCC 2021a) 1.93   2.97   4.83 

Hector2.5 (Nicholls et al. 2021) 1.84 2.16  2.85  3.90 5.45 

AR6 statement (IPCC 2021b) 2.00 2.50  3.00b  4.00 5.00 

AR5 statement (IPCC 2013) > 1.00   1.50    4.50 < 6.00 

IWG to date (Roe & Baker (2007), 
calibrated to AR4) (IWG 2010) 

1.72 2.00 2.34 3.00 3.50 4.50 7.14 

AR4 statement (IPCC 2007b)  2.00  3.00c  4.50  
a Mode calculated after rounding to 2 decimal places. 
b !wс ƻŦŦŜǊǎ ŀ άōŜǎǘ ŜǎǘƛƳŀǘŜέ ōǳǘ ƛǎ ƴƻǘ ǎǇŜŎƛŦƛŎ ƻƴ ǿƘƛŎƘ ǎǘŀǘƛǎǘƛŎ ŦƻǊ ŎŜƴǘǊŀƭ ǾŀƭǳŜ Ƴƻǎǘ ŎƭƻǎŜƭȅ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ άōŜǎǘέΦ  
c !wп ƻŦŦŜǊǎ ŀ άƳƻǎǘ ƭƛƪŜƭȅέ ǾŀƭǳŜΦ !ǎ ƴƻǘŜŘ ƛƴ L²D όнлмлύΣ ǎtrictly speakingΣ άƳƻǎǘ ƭƛƪŜƭȅέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƳƻŘŜ ƻŦ ŀ ŘƛǎǘǊƛōǳǘƛƻƴ 
rather than the median, but common usage would allow the mode, median, or mean to serve as candidates for the central or 
άƳƻǎǘ ƭƛƪŜƭȅέ ǾŀƭǳŜ ŀƴŘ ǘƘŜ Lt// ǊŜǇƻǊǘ ƛǎ ƴot specific on this point. 
d Results from FaIR 1.6.2 were estimated using the 2,237 constrained parameter sets. The shading in the table helps to highlight 
how the model used in this report (FaIR1.6.2) compares with the latest scientific consensus (AR6) on this key parameter. 
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Table 2.2.2: Summary Statistics for Transient Climate Response under Reduced-Complexity Climate Models 
and IPCC Statements 

 Percentiles and Other Summary Statistics 

 
5% 16.6% Modea 

Median 
(50%) 

Mean 83.3% 95% 

FaIR 1.6.2b 1.36 1.49 1.60 1.81 1.85 2.20 2.46 

FaIR 2.0.0 (Leach et al. 2021) 1.30 1.48  1.79  2.15 2.44 

MAGICC7 (IPCC 2021a) 1.27   1.88   2.61 

Hector2.5 (Nicholls et al. 2021) 1.42 1.58  1.82  2.08 2.29 

AR6 statement (IPCC 2021b) 1.20 1.40  1.80  2.20 2.40 

AR5 statement (IPCC 2013)  1.00    2.50 3.00 

AR4 statement (IPCC 2007b) 1.00      3.00 
a Mode calculated after rounding to 2 decimal places. 
b Results from FaIR 1.6.2 were estimated using the 2,237 constrained parameter sets. The shading in the table helps to highlight 
how the model used in this report (FaIR1.6.2) compares with the latest scientific consensus (AR6) on this key parameter. 
 

Figure 2.2.1 shows the projected future atmospheric concentration64 of CO2 through 2300 based on the 

RFF-SP emissions projections that are used as inputs into FaIR 1.6.2. Atmospheric concentrations increase 

over time due to the accumulation of annual emissions, with excess CO2 from the atmosphere moving 

into the ocean and ecosystems slowly over time until eventually a new equilibrium is reached.65 Figure 

2.2.2 shows the corresponding projection of global mean surface temperature. 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 (IPCC 2021a).66  

 

 
64 Atmospheric concentration refers to the amount of a gas in the atmosphere. For CO2, it is measured in parts per 
million (ppm). Pre-industrial concentrations of CO2 were 280 ppm, and concentrations this high have not been seen 
in at least 2 million years.  
65 Figure A.6.6 and Figure A.6.7 in the Appendix show projected atmospheric concentrations of methane (CH4) and 
nitrous oxide (N2O). CH4 and N2O concentrations are higher than at any time in at least 800,000 years. While CO2, 
once emitted into the atmosphere through combustion, is not destroyed but rather moves between the ocean, 
ecosystems, and atmosphere, other gases like CH4 and N2O are destroyed through reactions in the atmosphere. 
66 FaIR has a number of uncertain parameters that are chosen to be compatible with each other. For example, if 
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 temperatures. Higher heat uptake by the ocean ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǘŀƪƛƴƎ ƭƻƴƎŜǊ ǘƻ ǊŜŀŎƘ ƛǘǎ ƴŜǿ 
equilibrium temperature, but faster sea level rise due to thermal expansion happening earlier.  
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Figure 2.2.1: Global Atmospheric Concentrations of Carbon Dioxide (CO2), 1900-2300 

 
Future atmospheric concentrations of carbon dioxide (COі) are based on the range of annual emissions projections from the 
sampled RFF-SP scenarios used as inputs into FaIR 1.6.2. FaIR 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 uncertainty. Mean 
(solid) and median (dashed) lines are shown along with the 5th to 95th (dark shade) and 1st to 99th (light shade) percentile ranges. 

 
Figure 2.2.2: Global Mean Surface Temperature Change, 1900-2300 

 
The range of global mean surface temperature change relative to pre-industrial (1850-1900) as calculated by FaIR 1.6.2 
corresponding to the COі Ŏƻncentrations from Figure 2.2.1 and the ŀŎŎƻƳǇŀƴȅƛƴƎ ŦƛƎǳǊŜǎ ŦƻǊ /Iј ŀƴŘ bіh in the Appendix. 
Uncertainty comes from emissions uncertainty from the RFF-SP projections and physical climate uncertainty from FaIR. Mean 
(solid) and median (dashed) lines are shown along with the 5th to 95th (dark shade) and 1st to 99th (light shade) percentile ranges. 

 


















































































































































































































































