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Impact on EDE by model and model type
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Fig. 4| Welfare impact based on the EDE welfare measure. The top row shows
the case of no climate policy, the middle row the Paris scenario and the bottom
row shows the Paris scenario including EPC transfers. Allindividual countries
areshownas points and all scenarios include climate impacts. Panels include
the distributional consequences of climate damages. Models are categorized
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(colour and letter coded using the first letter or each model (‘+ for RICE50%)) and
ordered and clustered by model type. Bottom, map of the model median in 2030
and 2050. Numbers in black indicate median values pointing by the arrow to the
median value. Countries with less than two-thirds model agreement are shaded.

of GDP by the end of the century, albeit with regional variation and
some higher-latitude countries even showing gains (Supplementary
Fig.11). Under the Paris scenario, policy costs are added while impacts
arereduced. The second row in Fig. 3 shows the policy costs in terms
of GDP loss. Meeting the Paris agreement reduces global GDP by 2-5%
of GDP on average per year until 2050. By 2100, the total GDP impact
islower thanin the Reference scenario, reducing overall GDP losses by
around one-third. Nevertheless, thereis substantial model and regional
variation (higher valuesin poorer and more carbon-intensive (and fos-
sil fuel-exporting) countries). Some models find costs of up to 20%—in
particular CGEs—and, in some cases, also indicate GDP gains (macro-
econometric or CGE modelsinsome cases). Theseresults are coherent
withthose of the sixth assessment report of the IPCC. Redistribution of
carbonrevenues to households has almost no macroeconomicimpact
inalmostall countries and models, except for the CGE model Imaclim.
Here, in the standard Paris scenario by default, tax revenues are recy-
cled by reduction of pre-existing labour taxes affecting GDP. Moreo-
ver, there is feedback on emissions, with increased economic activity
fromredistribution tending toincrease emissions, resulting in slightly
higher carbon tax trajectories needed to reach the same carbon budget.
Regarding model uncertainty, the GDPimpact has an even higher model
agreementrate of noless than 86%, and only the Keynesian model E3ME
shows potential positive GDP impacts of the Paris scenario.
Ultimately, what matters from a societal viewpoint is welfare. We
compute a welfare measure that accounts for both aggregate GDP
impacts and inequality. Specifically, we compute the equally distrib-
uted equivalent level of consumption (EDE)*, which is the amount of
consumption per capita that, if perfectly equally distributed, would
yield the same welfare as the actual distribution®. It is based on an

isoelastic welfare function (where we use a parameter of inequality
aversion of one, or that utility is logarithmic. With inequality, EDE is
lowered and a higher aggregate GDP level would be required to achieve
the same level of welfare. Itis, therefore, abroader measure than GDP
alone and combines the equity and efficiency implications of a policy.
Figure 4 shows the welfare impact (in percentages) compared with the
Reference scenario.

In Fig. 4, the top row shows the impact of climate damages on
welfare in the Reference scenario. Welfare losses accrue over time
unanimously across models, reaching 7.1% by the end of century as
climate risks reduce economic growth and increase inequality. In the
Paris scenario without transfers (second row), welfare decreases early
ondue to higher policy costs and a small increase in inequality, stabi-
lizing around 5% by mid- and end-century. Although significant, this
welfarelossis about one-quarter lower thanin the Reference scenario
without climate policy.

With compensatory transfers on an EPC basis (third row), welfare
increasesby1.1% on averagein the short term (2030). That s, the redis-
tribution effect overcompensates for GDP loss from awelfare perspec-
tive; thisshows the crucial welfare benefits of compensatory policies.
Asshown above, the benefits of compensatory measures vanishin the
longer term, notably after 2050, when carbon revenues dry up due to
emissions reaching net zero, while mitigation costs remain substantial.
Nonetheless, welfare loss due to the climate policy is approximately
halved by 2050, at about 2.5% loss, while in the long term the welfare
gains from maintaining global warming <2 °C are still dominant. The
results alsovary by country (Supplementary Figs.11-13). Model agree-
ment is high, although somewhat less than in the previous scenarios
because additional policy provisions compound uncertainties.
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Discussion

The intergenerational implications of climate change have received
great attention and, more recently, the distributional consequences of
climate policies within countries have gained traction while long-term
climate impacts are also becoming better understood. As the ambi-
tion and implementation gap in climate policies persists, their public
acceptability and feasibility have become more important. We use a
large and diverse ensemble of coupled climate-economy models to
analyse the short- and long-term economic and distributional effects
of climateimpacts (Supplementary Fig.14), climate policies and redis-
tribution options. Among the eight models employed, we also find
some model differences; overall, however, the model agreement on
the sign of the effects is, in most country, scenario and year combina-
tions, above 70%.

We find that stringent climate policies can generate important
welfare benefits, because climate benefits pay off in terms of higher
GDP and lower inequality. Moreover, we find substantial inequal-
ity reductions and welfare gains in the short term due to carbon
revenue redistribution. These results and methods highlight the
potential of coupled climate-energy-economy models to comple-
ment the standard assessment of transition pathways by adding
the equity dimension within countries towards welfare-enhancing
policy design. The relative robustness of the direction and order of
magnitude of results across modelling paradigms provides asound
basis for policy recommendations towards effective, just and accept-
able climate policies.

However, we identify mid-century as a potentially critical period:
carbon revenues dry up, negative emissions technologies need to be
financed and the climate benefits do not yet overcompensate for policy
costs in most countries and models. This points to the need for the
implementation of new welfare-enhancing policies that are designed
for net-zero times and societally disruptive technologies such as nega-
tive emissions—beyond traditional instruments such as carbon pricing
withtransfers*’. The need for adaptationand related investments would
alsoincrease this challenge, in particular for lower-income households,
even though a precise quantification is still missing.

Several additional dimensions of equity are still missing in the
modelling analysis and will play a potentially important role in future
policy design and research. Notably, the distribution of wealth along-
side income appears to be becoming ever more relevant’. The inter-
action of economic growth and income disparities could also lead
to mutual aggravation of economic development and inequalities®.
Global redistribution schemes, as well as wealth and capital taxation
proposals. could help to alleviate these dynamics**.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41558-024-02151-7.
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Methods

This study consists of a six-scenario protocol, run by eight models that
represent four different theoretical paradigms (Methods): detailed
process-based IAMs (two models), cost-benefit IAMs (CB-IAMS;
two models), CGE models (two models) and one macroeconomet-
ric model. The diversity in representing economic processes, in the
solution concept and in technological, sectoral and regional resolu-
tion, is a primary added value of this modelling exercise, given the
widely differing results available in the literature on the economics
of decarbonization®*~". The representation of economic inequality
varies across model type and characteristics: from parametric assump-
tions such as log-normal consumption in ReMIND, through income
and consumption deciles and disaggregated consumption patterns
in CGE models, to elasticity-based approaches based on deciles in
CB-IAMs (see Supplementary Information A for a detailed descrip-
tion of participating models). A dataset collected for this study, which
includes energy expenditures for housing and transportation by house-
hold deciles, is used by several participating models (Supplementary
Information B).

Participating IAM

Atotal of eight state-of-the-art IAMs have been used in this study, with
the notable focus of adding the distributional consideration of miti-
gation costs, potential redistribution of carbon revenues and climate
impacts. This section shows the main characteristics of the models
used and their key features in terms of the modelling of within-country
inequalities.

While most of the models considered have a global focus, regional
disaggregation varies. Moreover, when aggregating several countries
to macroregions, income distribution becomes a mixture of distribu-
tion across and within countries. Because wage distributions, net
consumer prices, income taxes and transfer schemes are designed at
the country level, aggregation ofincome distributions is challenging.
Notably, within-country distributional impacts could be dwarfed by
between-country variations through economic growth, convergence
or potential transfers between countries. Because here we wanted to
isolate the within-country dimension of climate change and policy,
we chose to focus on single countries that have been modelled in at
least three IAMs, which resulted in a set of ten large countries (Brazil,
Canada, China, France, India, Japan, Mexico, Russia, South Africa and
the United States). All models have a time horizon of at least 2100,
except for EBME, which runs until 2050.

Scenario protocol
The scenario protocolincludes areference scenario (Reference) with-
out new climate policies and ascenario compatible with the goals of the
Paris Agreement (Paris), modelled through a constraint on cumulative
CO, emissions (from 2020 to 2100) of 650 GtCO,, consistent with the
Paris goal of staying well below 2 °C (1.5 °C with one-third probability,
or1.7 °Cwithmore than two-thirds probability, according to IPCC Sixth
Assessment Group Working Group 1(AR6 WG1). For robustness, we also
exploreacarbonbudget 0f1,150 GtCO, consistent with 2 °C of warming.

The carbonbudgetis reached usinga uniform carbon price across
sectors and countries, with no overshoot. The carbon price is also
appliedtonon-CO,greenhouse gases when represented inthe models.
Asaconsequence, we consider neither regionally differentiated carbon
pricing nor transfers (implicit or explicit) and trade of carbon permits*®.
Therefore, these scenarios serve as a benchmark in the absence of
international transfers that could, however, greatly increase the redis-
tributive power in developing countries. While politically unrealistic,
this allows for the separation of within-country distribution from the
discussion of between-country transfers, which might interact with
within-country redistribution®.

Orthogonal to the climate policy dimension, the models imple-
mented two redistributive policies to the revenues generated by carbon

price: climate dividends are recycled within each country neutrally or
distributed back to households on an EPCbasis. The resulting scenario
matrix allows quantification of both the within-country distributional
implications of carbon pricing and the effectiveness of compensatory
policies. To isolate the within-country dimension of climate change
and policy, we focus on the ten large countries mentioned above that
are represented in at least three models in the ensemble. Finally, we
exploit the large-model ensemble for uncertainty quantification: we
quantify an index of model agreement as the share of models that
concurs regarding the sign of the policy response.

Main scenario details. Reference. This is a counterfactual scenario
withlenient or absent climate policies. Each modelis left free to choose
a business-as-usual policy or to implement current policies until the
year 2030*. Your model’s default Reference scenario (after 2020, no
(further) climate policies: this can be a business-as-usual scenario if
you don’t implement current policies, or current policies until 2020
without further strengthening (preferred).

Paris. Until 2020, fixed to Reference. After 2020, implement a global
uniformcarbon price, with time profile at the discretion of models (for
example, Hotelling rule growing at social discount rate or, if not avail-
able, fixed at 5% per annum). Target: peak carbon budget (2020-2100)
of 650 GtCO, for CO, emissions, including both fossil fuel and industry
and land use. The carbon budgets cannot be overshot—that is, no
net-negative emissions are allowed. This design is consistent with the
most recent practices in the modelling community***°. Non-CO, gases
arepricesat the same CO, price using the global warming potential from
AR6 WGI1 (www.ercevolution.energy/ipcc-sixth-assessment-report/)
or, alternatively, model default global warming potential if not
available.

Paris with EPC. Same as Paris. Now, all domestic carbon revenues are
redistributed to households onan EPC basis. Note that, in some cases,
(small) negative emissions mightimply negative transfers with result-
ing increases in inequality. We preclude this and set transfers in these
years to zero.

Moreover, for robustness, we also implemented two scenarios
based ona1,150 GtCO, carbon budget (Weak Paris). That is, we have a
total of five different policy scenarios. Moreover, we have aset of these
five runs without climate impacts, and (where models do implement
climate impacts) also with climate impacts, for atotal of ten scenarios
(Supplementary Fig. 2).

Oneimportant distinction of inequality measurement is income
versus consumption or expenditure inequality. Allteams were asked to
focus on consumptioninequality, where available, because inequality
data in expenditures or overall consumption are more reliable than
incomeinequality, notably in surveys from developing countries. This
seemsjustifiablein the assessment of climate policy incidence because
carbon pricing in particular affects energy and food expenditures.
Nevertheless, impacts on factor prices, including wages, can lead to
additional impacts across income distribution®**', which are consid-
eredin particular in the Macroeconometric/post-Keynesian and CGE
models (E3BME, GEM-E3 and Imaclim).

Climate impact post-processing for models without climate
impacts

Inaddition to the distributional effects of climate policies, the models
feature inequality in climate risks. While three of the models in this
study have their own distributional impact implementations (NICE,
RICE50" and ReMIND), for the other models we apply the impact func-
tion at the income decile level estimated in recent empirical work®.
The damage functionis based on the country-level degree of warming,
taking into account heterogeneity across countries, and implies an
income elasticity of damages of 0.6 on average. This damage function

Nature Climate Change


http://www.nature.com/natureclimatechange
http://www.ercevolution.energy/ipcc-sixth-assessment-report/

Article

https://doi.org/10.1038/s41558-024-02151-7

suggests that damages are less than proportional toincome, indicating
modestly regressive impacts within countries.

We focus ontheimpacts of future temperature changes, control-
ling for precipitation, on decile income growth by estimating the fol-
lowing equations via ordinary least squares:

2
AYige = AYigr s + BiTemp, + BiTemp),

2
+Y{Temp;, Yie_; + V3 Temp;, yie_;

+1P + a; + A + it + gy

where y,, is the logarithm of income of decile g=1, ..., 10 in country i
in year ¢t; Temp is average annual temperature; y;_, is the log of
per-capita GDP of country i over the sample period; P; is a vector of
cumulative annual precipitation variables (linear and quadratic, and
respective interactions with y;_;, as for temperature); a; are country
fixed effects; A, are common time fixed effects; 9;isalinear time-trends
by country; and g, is an error term assumed to be orthogonal to tem-
perature conditional on the controls. We thus estimate separate sets
of coefficients for each income decile. The damage function is then
defined by achangein decile-level income, specified as

bige =14 (Tempit,yf:ﬂplam) -f4 (Tempo, yﬁe_ff"”“f)

where f, is the estimated function defined above, and y;_, is GDP per
capitaincountryieither underthe Reference scenario without climate
impacts (Reference) or under Reference with impacts (s = impacts).
This specification follows from the equation above, with climate
impacts depending on the country’s GDP which is, in turn, also
impacted over time by the realized temperature changes.
Theincome of decile gin year ¢ thus evolves according to

Yigre = A+ Zige + 6ige)Vige—1

where g;, is the counterfactual growth rate under no climateimpacts,
which is taken from the submitted GDP and deciles computed by the
different IAMs. To obtain country-level projections of future tempera-
tures given an emission path, we first compute the global average
surface temperature anomaly as a function of cumulative emissions.

We convert cumulative emissions to global temperature increase
using the estimated transient climate response to cumulative emis-
sions of carbon dioxide of 0.44 °C per 1,000 GtCO,. We then downscale
global average surface temperature to the country level according
to the linear downscaling procedure based on the CMIP6 database®
(Supplementary Fig.14).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All scenario data and figure data are available via GitHub at https://
github.com/JohannesEmmy/navigate_inequality_mip.

Code availability
All codeis available via GitHub at https://github.com/JohannesEmm/
navigate_inequality_mip.
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