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Prioritizing the welfare of vulnerable
nations promotes equitable achievement

of Paris target
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Palok Biswas'

, Jazmin Zatarain Salazar', Jan H. Kwakkel' & Giacomo Marangoni'

Equitable mitigation to limit warming to 2 “C has been central to international climate negotiations and
global action. Approximately half of the mitigation pathways in the Intergovernmental Panel on Climate
Change report use Cost-Benefit Integrated Assessment Models (CB-IAMs). These pathways are
sensitive to normative assumptions ingrained in CB-IAMs and have been criticized for unfairly
burdening developing nations. Here, we show that making normative assumptions explicit, separating
conflicting policy objectives, and employing adaptive policies can substantially alter the prescribed
global mitigation pathways and the underlying distribution of mitigation burdens. Our findings
demonstrate that justice framing is pivotal. A Utilitarian framing (maximizing global welfare) results in
less ambitious mitigation, exceeding 2 *C warming and unjustly distributing responsibilities. In
contrast, a Prioritarian framing (prioritizing the worst-off) prescribes pathways that meet the Paris
Agreement goals and ensure equitable distribution of mitigation responsibility. Our approach
integrates diverse ethical perspectives, facilitating informed deliberation and enabling stakeholders to

reach a negotiated compromise.

What awaits us beyond the 2 °C Paris Target? Exceeding 2 °C magnifies the
risk of interconnected climate hazards that cascade and compound, inten-
sifying overall damage. While this threat is undeniable, deep uncertainties in
both economic and climate systems—such as the potential collapse of the
Atlantic Meridional Overturning Circulation or the disintegration of the
Antarctic Ice Sheet'—hinder our ability to accurately predict the resulting
socioeconomic repercussions” . These irreversible hazards could compro-
mise ecosystem stability and human well-being, underscoring the urgency
to keep warming well below 2°C. The economic consequences will be
asymmetric, with vulnerable and developing countries facing the greatest
impacts on their well-being compared to developed nations™’. This disparity
highlights the critical importance of equity in global climate action, a
foundational principle of the Paris Agreement’. Although the Inter-
governmental Panel on Climate Change (IPCC) Sixth Assessment Report
(AR6) acknowledges that nations contributing the least to global warming
face disproportionate adverse impacts’, critics argue that the mitigation
pathways in the Working Group III (WGIII) report do not reflect this
disparity and thus perpetuate inter-regional inequalities. In particular, these
pathways constrain the growth of developing countries while projecting
higher per capita GDP and consumption growth for developed nations,
resulting in an unfair allocation of emission reductions and global carbon
budgets* .

Integrated Assessment Models (IAMs) underpin the IPCC’s WGIII
analyses by generating long-term mitigation pathways and informing global
climate policy'™". In particular, Cost-Benefit IAMs (CB-IAMs) identify
near-term emission reduction strategies and evaluate macroeconomic
outcomes by balancing immediate costs against long-term benefits. Nearly
half of the modelled global mitigation pathways in the IPCC AR6 use Cost-
Benefit Analysis (CBA)™". This is problematic as CB-IAM policy pre-
scriptions are highly sensitive to modelling assumptions' and have been
criticized for overlooking global equity and undermining near-term rapid
mitigation benefits''’. Since CB-IAMs are rooted in CBA, they inherit its
well-documented shortcomings, raising serious ethical dilemmas in climate
policy recommendations'”". Specifically, these issues include (1) reducing
incommensurate objectives to a single monetary metric, (2) making implicit
normative assumptions, and (3) inadequately treating deep uncertainties in
climate projections, where the probabilities, relationships, or outcomes are
unknown.

First, CBA simplifies climate policymaking by converting diverse,
incommensurate objectives into a single monetary metric. This conversion
requires monetizing unquantifiable values like planetary health and human
lives before aggregation'/, which tends to favour specific stakeholders
unpredictably and devalues non-economic factors”'’. The challenge
intensifies when quantifying future climate damages and abatement costs
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under deep uncertainty, reflected in the high variability of damage’ and
abatement cost estimates””' driven by uncertain factors such as future
climate impacts, technological progress, and societal and political dynamics.
A further contentious assumption is that irreversible damages and loss of
non-renewable resources can be compensated by economic gains, implying
that welfare losses from climate damages can be offset by an equal increase in
welfare from consumption gains™. This equivalence presents two major
issues. One is the limited substitutability between different objectives. For
example, damages to food supply cannot be adequately compensated by
growth in other economic objectives”. Another is evidence from prospect
theory, which shows that losses weigh more heavily than equivalent
gains™ . This asymmetry is observed not just individually but also at the
macro scale”. Although aggregating incommensurate objectives is not
impossible, it requires making a priori normative judgments, specifically
assigning weights to objectives reflecting their relative importance. Because
these objectives are incommensurate, different stakeholders (given their
asymmetric responsibilities and impacts) weigh them differently. Such an
implicit weighting in CBA obscures trade-offs and often breeds disagree-
ment among stakeholders. Multi-objective optimization keeps incom-
mensurate objectives separate and seeks to optimize policies across
competing goals, revealing trade-offs and supporting transparent decision-
making™. By making decision-makers’ preferences over objectives explicit,
multi-objective approaches facilitate a posteriori navigation of conflicting
interests and have recently gained attention in climate policymaking lit-
erature as a means to enable dialogue among diverse actors™ ",

Second, fair climate policymaking requires accommodating the value
pluralism of diverse actors to ensure the process is inclusive and transparent.
This is particularly important for CB-IAMs, as these models embed implicit
normative assumptions that obscure the value judgments underlying their
policy recommendations and can give rise to disagreements between
decision-makers. For instance, pure CBA ignores diminishing marginal
utility—the idea that each additional unit consumed provides progressively
less satisfaction as overall consumption grows. This omission undervalues
impacts on less well-off regions and leads to unjust policy
recommendations'*'®. In contrast, the Social Welfare Function (SWF) fra-
mework, designed to ethically evaluate policy options, incorporates
diminishing marginal utility to overcome CBA’s limitations. Consequently,
CB-IAM literature increasingly employs the Utilitarian SWF, which
aggregates the well-being of regions while discounting each region’s future
well-being. The Utilitarian SWF makes value judgments over the distribu-
tion of consumption more explicit'® and offers a more equitable alternative
to traditional CBA methods®. However, a Utilitarian SWF overlooks the
distribution of well-being™ and, due to discounting, devalues future damage
costs relative to immediate abatement costs, thus inflating the cost-benefit
ratio"”. These normative judgments become even more contentious under
uncertainty, as debates over the appropriate discount rates illustrate™.

Since mitigation benefits and burdens vary starkly between developed
and developing nations, a single definition of justice is unsuitable because
policies optimized for a single conception of justice are ineffective and result
in deadlock™. Without accounting for multiple values and preferences in
mitigation policy design, scientific insights risk becoming politicized,
potentially reinforcing dominant parties’ interests in justifying climate
inaction while shifting risks to vulnerable populations”. Additionally,
mitigation strategies that exclude diverse normative perspectives entrench
structural injustices beyond those already caused by climate change, parti-
cularly through how policies are framed™. Policies perceived as unfair face
public resistance, erode trust, and undermine legitimacy”’, which ultimately
becomes a barrier to effective climate action. A systematic examination of
the consequences of mitigation policies optimized under different principles
of justice is critical in informing policymakers about the consequences of
their preferences and values, as the CB-IAM policy recommendations are
strongly sensitive to these normative preferences'’. Therefore, several stu-
dies advocate making normative concerns more explicit and incorporating
diverse ethical viewpoints into policy design'***. A just and effective
alternative is to adopt policy design frameworks that accommodate multiple

values and preferences of different stakeholders, fostering mutual under-
standing and consensus.

Third, CBAs are not equipped to support decision-making under deep
uncertainty. Climate sensitivity and damage functions are major sources of
deep uncertainty*', making the design of effective and just mitigation poli-
cies challenging. Most CB-IAMs rely predominantly on average outcomes,
overlooking low-probability, high-impact events and deep uncertainties in
climate sensitivity and damages'>***’. This simplification places CB-IAMs at
odds with climate science, where expert opinion on “optimal” global
warming differs dramatically between climate scientists and economists*.
Traditionally, CB-IAMs optimize mitigation policies by assuming deter-
ministic climate sensitivity and damage functions. In addition, these miti-
gation strategies are decided a priori for every year (or model timestep) and
remain fixed, regardless of whether the observed climate sensitivity differs
from the initial assumptions™*. This approach is evident in the popular CB-
IAM DICE: mitigation strategies for an entire century are optimized under a
single realization of climate sensitivity", leaving no room for learning as
climate uncertainty evolves. Such non-adaptive strategies remain common
in mitigation assessments”. Optimizing policy under deterministic
assumptions about inherently uncertain parameters prevents adaptive
adjustment as new information emerges. This inflexibility leads to sub-
optimal outcomes and high regrets if future conditions deviate from the
anticipated scenario’**, yielding overconfident and potentially misleading
policy recommendations®.

Some CB-IAM literature addresses policy optimization under uncer-
tainty through Stochastic Dynamic Programming (SDP), which formulates
the optimization problem recursively”. The SDP approach enables
decision-makers to update mitigation policies at each timestep as new
information emerges, allowing them to learn about climate sensitivity from
observed temperature. Although SDP makes uncertainty conceptually
tractable, its application to complex IAMs with detailed climate modules
remains limited, as it substantially increases computational complexity,
especially when optimizing across multiple objectives. However, a more
scalable solution is to optimize adaptive policy rules that link climate
observations to policy actions, which function as a closed-loop control
approach where mitigation decisions adjust based on observed warming at
each timestep’™". These adaptive policies typically take functional forms,
such as neural networks, whose parameters are optimized across multiple
objectives using Multiobjective Evolutionary Algorithms (MOEAs), which
can handle high-dimensional decision spaces, multiple objectives, and
uncertainties”. To implement adaptive policies, IAMs function as simula-
tors where decisions at each timestep affect future climate states, creating
path-dependencies between current actions and long-term outcomes. The
adaptive mitigation policy adjusts actions based on observed warming,
enabling timely adjustments in response to climate variability. This feedback
mechanism makes adaptive policies robust against deep uncertainties and
allows them to accommodate diverse future states-of-the-world (SOW) and
extreme events. Adaptive policies better manage trade-offs between con-
flicting objectives such as economic growth and climate mitigation. They
perform well under uncertainty while avoiding the shifting of undue risks
across vulnerable regions or to future generations, making them more
effective and just’.

The aforementioned shortcomings of CB-IAMs have been separately
addressed in the literature. Some studies employ multiobjective optimiza-
tion to examine trade-offs between incommensurate objectives”™' and
assess the robustness of adaptive policies under climate uncertainty’**.
However, these studies do not examine how diverse stakeholders’ value
preferences affect mitigation pathways and regional burden distribution. A
separate strand of literature compares the justice implications of CBA versus
Utilitarian Social Welfare Functions”, while another examines global
cooperation versus non-cooperation scenarios using hybrid Utilitarian and
Prioritarian Social Welfare Functions™. Under cooperative scenarios, the
hybrid approach combines Utilitarian time-discounting with Prioritarian
inequality aversion, while non-cooperative scenarios optimize individual
regional welfare with time-discounting but without inequality aversion™.
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However, both these studies optimize for global welfare without accounting
for stakeholder heterogeneity in preferences over objectives and values. The
global social planner optimizes under a single objective from a single ethical
perspective, assuming all stakeholders have identical preferences and values,
and designs non-adaptive policies optimized for a single realization of cli-
mate uncertainty. Concretely, no existing study simultaneously addresses all
three aforementioned shortcomings of CBA. In this study, we introduce a
multi-objective, multi-value IAM framework to guide just climate policy-
making under deep uncertainty by examining how normative assumptions
in IAMs influence global mitigation pathways and burden-sharing. Our
contribution is twofold. We develop the JUSTICE IAM framework, a
simulation-based optimization model that enables adaptive mitigation
policy optimization across multiple objectives. In addition, we introduce a
General Social Welfare Function integrated within JUSTICE that accom-
modates multiple principles of distributive justice and captures diverse value
preferences relating to intra-generational and intergenerational equity, and
risk aversion. These preferences are operationalized through normative
parameters that aggregate welfare across regions, generations, and SOWs.

JUSTICE couples the peer-reviewed RICE50+ model™, a successor of
the CB-IAM RICE™, with the FaIR climate model””. The RICE50+ com-
ponent represents 57 regions with calibrated marginal abatement cost
curves and regional damage functions following Kalkuhl and Wenz™, using
regional Shared Socioeconomic Pathway (SSP) data”. FalR emulates
complex Earth System Models from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) and captures key feedback mechanisms by
accounting for nonlinearities in the carbon cycle. FaIR also enables prob-
abilistic climate uncertainty assessments across different Representative
Concentration Pathway (RCP) scenarios"'. Climate uncertainty in FaIR is
quantified through Equilibrium Climate Sensitivity (ECS) and Transient
Climate Response (TCR), with different combinations of these parameters
captured through constrained ensemble members. These ensemble mem-
bers are selected to be consistent with IPCC ARG6 assessed ranges of ECS and
TCR, historical climate data, and the successful reproduction of observed
warming trends”’. The General SWF framework accommodates key dis-
tributive justice principles (Utilitarianism, Prioritarianism, Sufficientarian-
ism, and Egalitarianism) that are central to climate justice discourse”’. This
enables JUSTICE IAM to optimize adaptive mitigation policies across these
four justice framings, each incorporating four distinct objectives reflecting
diverse decision-maker preferences: economic welfare for purely economic
actors, temperature objective for climate advocates, welfare loss from cli-
mate damages for vulnerable regions, and welfare loss from abatement costs
for abatement-focused regions. Keeping deeply uncertain objectives sepa-
rate is essential because the multiobjective setup allows varying aversion to
these welfare losses a posteriori and clarifies trade-offs with other
objectives™.

For our analysis, we optimize an adaptive emission control rate policy
rule (which adjusts based on temperature and rate of temperature rise
feedback) under each justice framing, assuming global cooperation. We
explicitly contrast these axiomatic SWFs from the perspective of a global
social planner. Multiobjective optimization produces a Pareto-optimal set of
solutions representing different preferences over objectives. We select a
representative policy from each set to demonstrate how different pre-
ferences across objectives shape global mitigation pathways, end-of-century
temperature rise, and the distribution of regional mitigation burdens.

Results
Making Values and Preferences Explicit
We introduce our General SWF framework in Equation (30) in the Methods
section, capturing preferences across regions, timescales, and SOWs. The
marginal utility of consumption (1) is used as the default for all the SWFs.
An integral component of the SWF framework is the ‘ethical rule’, which is a
utility function that evaluates welfare distributions based on a normative
preference'®.

To reflect different principles of distributive justice, we incorporate
distinct normative parameters within the ethical rule: Atkinson’s priority

Thresh)

parameter () for the Prioritarian SWF, the sufficiency threshold (¢
for the Sufficientarian SWF, and the egality strictness parameter (y) for the
Egalitarian SWF. The pure rate of time preference (¢r), for time dis-
counting, is applied in the Utilitarian and Sufficientarian SWFs (g1 > 0),
while the Prioritarian and Egalitarian SWFs set it to zero (¢r = 0). In
addition, we include the risk aversion parameter (¢g), which quantifies the
social planner’s risk preference across different SOWs. This step is vital to
prevent undervaluation of catastrophic climate outcomes, especially when
discounting leads to less stringent policy recommendations'. All normative
parameters are listed in Table 1; different principles of distributive justice
correspond to different values of these parameters. The selected parameter
values allow a pure axiomatic comparison of the four distributive justice
principles, ensuring adherence to the key SWF axioms (see the Supple-
mentary Document for details). Importantly, the General SWF is flexible
enough to allow different parameter choices and can accommodate hybrid
versions of the justice principles.

The General SWF calculates regional welfare scores based on per capita
consumption and welfare losses from damage and abatement costs under
different distributive justice framings. We introduce an additional climate
objective counting the number of years above the 2°C temperature
threshold. This creates a multiobjective optimization problem with four
objectives: maximizing welfare and minimizing years above 2 °C, welfare
loss from damage costs, and welfare loss from abatement costs. Using this
setup, we optimize adaptive mitigation policies for four distributive justice
framings via the General SWF. The SWF computes welfare and welfare
losses (see Equations (36) and (37)) for all regions, years, and SOWs.

A Multiobjective Evolutionary Algorithm (MOEA) generates a Pareto-
optimal solution set for the emission control rate policy in JUSTICE for each
SWE. The Pareto set is a set of ‘non-inferior’ policies in which no objective
can be improved without compromising at least one other. Each policy in
the Pareto set corresponds to an emission control rate policy, specifying the
decarbonization rate that each of the 57 regions should follow at every
timestep and SOW. Figure 1 shows the full Pareto sets for each justice
framing. From the top 10% of welfare-maximizing solutions, we select the
policy with the best climate performance for analysis; this policy is high-
lighted in the figure, while others are grayed out.

For clarity, the preference directions on the parallel axes are aligned by
flipping the temperature and welfare loss objectives so that all objectives
have their preferred direction pointing upward. Additionally, the welfare
and welfare loss axes are normalized, as their values are different across
different justice framings (due to different nonlinear transformations).
Unlike traditional CB-IAMs that produce a single optimal policy, our
approach provides a rich set of solutions for each justice framing, revealing
distinct trade-offs among the four objectives. Trade-off patterns differ
markedly between the Utilitarian and Sufficientarian framings versus the
Prioritarian and Egalitarian ones.

While trade-offs between abatement and damage costs are well
documented, their interaction with welfare and temperature objectives
under different principles of justice is underexplored. Under the standard
Utilitarian SWFs, trade-offs between welfare and damage or abatement
objectives have been reported™, and we observe the same pattern for the
Utilitarian and the Sufficientarian SWFs. In contrast, Prioritarian and
Egalitarian framings show synergy between welfare and the temperature
and damage objectives, as seen in Fig. 1b, d. All four framings exhibit trade-
offs with welfare loss due to abatement costs.

Social Welfare Functions Rooted in Four Principles of Distributive
Justice

The Utilitarian SWF’s ethical rule aggregates the consumption per capita of
all regions after adjusting for diminishing marginal utility. Consumption per
capita is a standard proxy for well-being (or welfare) in the IAM literature. In
contrast, the Prioritarian SWF adds a priority parameter that amplifies the
gains and losses of less well-off regions. Unlike the Utilitarian SWEF, the
Prioritarian SWF is sensitive to the distribution of welfare and welfare losses
across regions, placing greater emphasis on improving welfare and reducing
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Table 1 | Normative Parameters and their values for different Social Welfare Functions

Normative Parameters Utilitarian Prioritarian Sufficientarian Egalitarian
Pure Rate of Time Preference (1) 0.015 0 0.015 0
Atkinson’s Priority () 0 2 0 0.5
Risk Aversion (¢s) 0 0 0 0
eclining Marginal Utili d d d g
Decl M | Utility (A 1.45 1.45 1.45 1.45
ufficienc reshold (c .
Suffi Threshold (™" 0 0 1.25 (USD PPP 0
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Fig. 1 | Parallel Axes Plots of the Pareto-optimal Policy Set for Four Justice
Framings. a Utilitarian, b Prioritarian, ¢ Sufficientarian, and d Egalitarian framings.
Each panel contains four vertical axes representing the four optimization objectives:
welfare, total number of years above the 2 °C temperature threshold, and welfare loss
from damage and abatement costs. Each line across the vertical axes represents a
Pareto-optimal emission control rate policy, in which no objective can be improved

without compromising another. All axes are oriented so that preferred directions
point upward, and welfare and welfare loss axes are normalized across framings. The
highlighted policy is the Pareto-optimal solution with the best climate performance
among the top 10% of welfare-maximizing policies, while all other policies are
grayed out.

welfare losses from climate damages and abatement costs for worse-off
regions. It is well established in the literature that introducing inequality
aversion tends to increase mitigation efforts™. However, a comprehensive
axiomatic comparison of the Utilitarian and Prioritarian SWFs has not been
sufficiently explored. In particular, this includes how the distribution of
regional mitigation burdens varies between SWFs, what unique trade-off
patterns emerge for each SWF in a multi-objective setting, and how the
selection of a candidate policy from the Pareto front shapes the intensity of
regional mitigation. The Utilitarian and Prioritarian SWFs produce distinct
burden distributions among regions, and the intensity of regional mitigation
depends on how well the chosen policy performs on the welfare and tem-
perature objectives (See the comparison between different Pareto-optimal
policies from the Utilitarian and Prioritarian SWF in Supplementary Fig. 3).
This added transformation in the Prioritarian SWF leads to distinct

mitigation outcomes compared to the Utilitarian SWF, as shown in Fig. 2,
highlighting the distribution of average emission control rates across 57
regions. The Prioritarian approach prescribes strong mitigation till 2050,
predominantly from developed nations, while Sub-Saharan Africa under-
takes minimal mitigation. In contrast, the Utilitarian approach assigns more
mitigation responsibility to least-developed and developing regions, such as
those in Sub-Saharan Africa, than to countries like the United States.
Changing the SWF from Utilitarian to Prioritarian significantly shifts the
mitigation ambition and burden distribution.

The normalized stacked area plot in Fig. 2 illustrates the temporal
distribution of average emissions and average mitigated emissions across ten
macro-regions (57 regions grouped into ten macro regions following the
R10 aggregation®; see Supplementary Table S1). The total area represents
SSP2 baseline emissions, with lighter colors indicating mitigated emissions
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a Distribution of Emission Control Rate in 2050 (Utilitarian)

c Distribution of Emission Control Rate in 2050 (Prioritarian)

Average Emission Control Rate (%)

0% 25% 50% 75%

Fig. 2 | Distribution of Mitigation Burdens and Emissions. a Global distribution of
average emission control rates in 2050 and b Temporal evolution of average emis-
sions and average mitigated emissions under the Utilitarian framing, shown as a
normalized stacked area plot. ¢ Global distribution of average emission control rates
in 2050 and d Temporal evolution of average emissions and average mitigated
emissions under the Prioritarian framing, shown as a normalized stacked area plot.

100%
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Mitigated Emissions
Emissions

The emission control rate is expressed as a percentage of the SSP2 baseline emissions
mitigated. In the stacked plots, the lighter area represents mitigated emissions, and
the darker area represents total emissions, with values normalized relative to the
SSP2 baseline. The 57 regions are grouped into ten macro-regions following the R10
aggregation. Middle East and Asia Pacific regions are abbreviated as M.E. and A.P.
respectively.

and darker colors indicating CO, emissions from fossil fuels and industries.
Under the Prioritarian SWF, net zero emissions are achieved on average
across all SOWs for well-off regions such as North America (United States
and Canada), Eastern Asia (China, South Korea, and other East and
Southeast Asian countries), Europe, the Middle East, Southeast Asia, Latin
America and the Caribbean, Eurasia, and Asia Pacific (Australia and Japan),
while developing regions such as Southern Asia (India and other South
Asian countries) and Africa maintain limited emissions until 2100. In
contrast, the Utilitarian approach allows continued emissions in North
America and Eastern Asia until 2100. The Prioritarian policy emphasizes
the welfare and welfare loss of Least Developed Countries (LDCs), Small
Island Developing States (SIDS), and other developing nations, recognizing
their disproportionate vulnerability, in alignment with the IPCC AR6".
While all regions must mitigate to achieve a sustainable climate future, the
Prioritarian approach places more near-term responsibility on developed
nations, prohibiting their emissions after 2050. It requires China to achieve
net zero by 2050, which is earlier than its 2060 target and contrasts with its
current coalition stance in climate negotiations. This aligns with Robiou du
Pont et al.’, who found China’s nationally determined contributions to be
less ambitious than equitable burden-sharing suggests. Findings from the
Prioritarian framing are particularly relevant to discussions of equity and

fairness, as highlighted in COP meetings regarding Loss and Damage for
LDCs, SIDS, and other developing nations. We retain the Utilitarian SWF
for comparative purposes with other IAM studies.

The ethical rule in the General SWF in Equation (30) can incorporate
various principles of distributive justice beyond Utilitarian and Prioritarian
views. Here, we use the Sufficientarian and Egalitarian SWFs to calculate
welfare and use these SWFs for the multiobjective optimization. Suffi-
cientarianism extends the Utilitarian SWF by introducing a sufficiency
threshold corresponding to the international poverty line of $1.25 United
States Dollars (adjusted to 2005 Purchasing Power Parity) stipulated by the
World Bank. The sufficiency threshold in the General SWF is a vector of 57
values corresponding to the 57 regions, which allows different sufficiency
thresholds based on regional economic conditions. For this study, we use
$1.25 for all the regions. The Egalitarian approach extends the Prioritarian
framing by integrating a measure of relative inequality using the GINT index
that scales the welfare score. The impact of this GINI scaling is controlled
using the egality strictness parameter (), which adjusts how much weight is
given to relative inequality in the final welfare score. The Egalitarian SWF
extends the Prioritarian SWF to satisfy the Fundamental Axioms of SWF,
essential for the intercomparison between the four SWFs (see Supplemen-
tary Document for detailed explanation). We focus on pure Egalitarian
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Fig. 3 | Comparison of Median Emission Pathways
and Median Global Temperature Rise for the Four
Ethical Framings. a Global Emission Pathways;

b Global Temperature Rise Projections for Utili-
tarian, Prioritarian, Sufficientarian, and Egalitarian
Framings. Each pathway is the median across all the
states-of-the-world from FalR ensemble.
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Fig. 4 | Distribution of Mitigation Burdens for

a Distribution of Emission Control Rate in 2050 (Sufficientarian)

b Distribution of Emission Control Rate in 2050 (Egalitarian)

Sufficientarian and Egalitarian Framings. a Global
distribution of average emission control rates in

2050 under the Sufficientarian framing. b Global
distribution of average emission control rates in /
2050 under the Egalitarian framing. The emission \
control rate is expressed as a percentage of the SSP2
baseline emissions mitigated.

Average Emission Control Rate (%)

0% 25% 50% 75%

preference and thus set the egality strictness parameter to (y = 1), leaving
exploration of heterogeneous sufficiency thresholds and varying egality
strictness for future work.

Figure 3 compares the global median emission and median tempera-
ture pathways for all the four SWFs (median calculated across the SOW). In
addition, Fig. 4 shows the average emission control rate in different regions
under the Sufficientarian and Egalitarian SWFs. Unlike the Utilitarian
approach, the Sufficientarian allows for economic growth in developing
nations and does not prescribe rapid near-term mitigation (Fig. 3a).
However, the Sufficientarian policy intensifies mitigation around 2050,
surpassing the Utilitarian levels while maintaining a similar regional dis-
tribution of the mitigation burden as seen in Fig. 4a. The Egalitarian policy
suggests a mitigation pathway similar to the Prioritarian approach,
recommending significant reductions leading up to 2050. Yet, due to its
emphasis on the relative positions of regions (i.e. how equally welfare and
welfare losses are distributed), the mitigation burden is more evenly dis-
tributed (Fig. 4b). This approach has a levelling-down effect, meaning it
makes everyone worse off in an attempt to equalize welfare and welfare
losses, which goes against the Common but Differentiated Responsibilities
and Respective Capabilities principle adopted by the United Nations Fra-
mework Convention on Climate Change (UNFCCC).

The Sufficientarian mitigation pathway results in the highest tem-
perature rise by the end of the century because it does not recommend rapid
near-term mitigation, as evidenced by its emission pathway and tempera-
ture trajectory (See Fig. 3). Like the Prioritarian policy, the Egalitarian policy
keeps the median warming below 2 °C by recommending near-term rapid
cuts in emissions. This rapid mitigation underscores the urgent need for
near-term rapid and sustained mitigation actions on a global scale, as
highlighted by the IPCC ARG, to maintain warming below 2 °C*".

This comparison in Fig. 3 highlights how justice framings substantially
influence optimal mitigation pathways, temperature goals, and the regional
distribution of mitigation efforts. In particular, although stakeholders may
agree on high-level goals such as limiting warming to below 2°C and

achieving net-zero emissions by 2050, they often differ on how mitigation
burdens should be apportioned across regions, as illustrated by the similar
median emission and temperature pathways under the Prioritarian and
Egalitarian SWFs (Fig. 3a) and their divergent underlying burden dis-
tributions (Figs. 2c and 4b). In the following section, we investigate how
climate uncertainty reshapes these mitigation pathways and how alternative
policy selections from the Pareto front affect the regional distribution of
mitigation efforts.

Adaptive Mitigation Pathways under Climate Uncertainty
CB-IAMs produce a single optimal path, a problematic assumption given
the uncertainty in key climate-economy interactions”. Most IAMs use
average estimates'" and assume perfect foresight'” to optimize non-adaptive
policies. This rigidity leads to poor outcomes, particularly when climate
responses deviate from expectations®’. Non-adaptive policies thus risk high
regrets if future conditions deviate from those assumed during optimization.
In contrast, adaptive policies allow dynamic adjustments, balancing socio-
economic and climate goals, making them robust under climate
uncertainty’* and more just’.

In our optimization setup, the emission control rate policy is adaptive,
using both temperature rise and its rate as feedback (see Equation (41)). This
adaptive policy addresses climate uncertainty by avoiding optimization for a
single realization of the climate uncertainty. Adaptivity enables dynamic
adjustment of regional mitigation ambitions based on different SOWs,
represented by the FalR climate ensemble. Specifically, mitigation rates
increase ifa SOW indicates greater warming and decrease otherwise. Within
the JUSTICE IAM, the emission control rate lever is parameterized via a
Radial Basis Function (RBF)-based policy rule that acts as a global
approximator. This policy takes temperature rise and rate feedback as inputs
and outputs regional emission control rates per year for all SOWs (see
Adaptive Policy Section in Methods and Supplementary Document). At
each timestep, the RBF network processes the feedback from all FaIR
ensemble members, generating heterogeneous regional mitigation actions
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Fig. 5 | Comparison of Adaptive Global Emission Pathways and Global Tem-
perature Projections for Utilitarian and Prioritarian Framings. a Global emission
pathway and b Global temperature rise under the Utilitarian framing. ¢ Global
emission pathway and d Global temperature rise under the Prioritarian framing.
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Pathways are shown for 2025-2100. The solid line indicates the median, the dark
envelope represents the interquartile range (25th to 75th percentile), and the lighter
envelope shows the full range (minimum to maximum) across all the states-of-the-
world from the FalR ensemble.

for all 57 regions and SOWs in parallel. This feedback mechanism enables
mitigation efforts to adjust dynamically in response to the climate sensitivity
of each SOW, as captured by the FalR ensemble members. The sequential
process of taking temperature rise and its rate feedback from the current
timestep to calculate emission control rates for the next timestep reflects
sequential decision-making. This approach mirrors real-world climate
decisions, which are made sequentially to enable learning about climate
sensitivity and revise policies accordingly, helping to hedge against extreme
climate outcomes™. Figure 5 illustrates how global emission pathways adapt
based on temperature projections from FalR for Utilitarian and Prioritarian
framings. The plot’s envelope covers all ensemble members representing
different SOWs, with darker bands indicating the interquartile range and a
median line at the centre, calculated across all the ensemble members.
Emission pathways increase mitigation when observed sensitivity exceeds
expectations, as shown in Fig. 5.

Both Utilitarian and Prioritarian global mitigation pathways agree on
the need for rapid near-term emission cuts until at least 2040 (for all the
SOWs, as there is no variation in the emission pathways), underscoring the
urgent need to reduce current emissions to ensure a safe and sustainable
climate. While Utilitarian emission pathways show a moderate decline in
emissions until 2050, Prioritarian pathways advocate for more rapid
reductions, as expected. As a result, over half of FaIR’s ensemble members
project a global temperature rise below 2 °C by 2100 for the Prioritarian
SWE. The Prioritarian pathway also shows a plateauing trend, indicating

minimal temperature overshoot in the next century. In contrast to the
Utilitarian approach, the median temperature rise surpasses 2 °C just before
2070 and continues to grow into 2100. This overshoot occurs because global
emissions are sustained despite some reduction compared to the SSP2
baseline. The slower emission reduction under Utilitarian pathways results
from the discount rate used in the Utilitarian SWF, which diminishes the
perceived future damages, leading to a lack of urgency.

In contrast, the Prioritarian approach advocates for rapid, deep, and
sustained emission reductions due to the severity of future damages in high-
emission scenarios and SOWs with high climate sensitivity. This accelerated
mitigation stems from the priority parameter and the absence of time dis-
counting. Prioritarians reject time discounting because it violates the
anonymity axiom'®, which holds that everyone’s welfare is equally impor-
tant regardless of their identity, time, or location (see Supplementary
Document for details). Since climate damages disproportionately affect
LDCs, SIDS, and other developing nations—who have contributed least to
climate change and possess limited capacity to mitigate its effects—the
Prioritarian framework places greater emphasis on improving their welfare
and reducing their welfare loss. This results in drastic emission reductions,
reaching net zero in some SOWs with high climate sensitivity by 2050, as
shown by the envelope coinciding with 2050 on the x-axis in Fig. 5.

Recall that the risk aversion parameter is set to zero in all the SWFs,
implying a risk-neutral global social planner who assigns equal weights to all
SOWs. The final welfare score calculated thus takes an average over the
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across all the states-of-the-world from the FalR ensemble. (b) Violin plot of total
abated emissions by R10 macro-region (relative to the SSP2 baseline) comparing
Utilitarian and Prioritarian framings. The distribution in the violin illustrates the
variability of total abated emissions across different states-of-the-world.

SOWs. However, since we implement an adaptive policy with sequential
decision-making across all SOWs, the planner remains sensitive to extreme
climate outcomes and adjusts mitigation rates accordingly. Risk neutrality
only affects the final welfare score calculated at the end of the model run.
Incorporating risk aversion would heighten sensitivity to extreme climate
scenarios; however, as discussed in the Supplementary Document, doing so
would prevent a clean axiomatic comparison among SWFs grounded in
distinct distributive justice principles. Thus, we choose risk neutrality to
facilitate a clear comparison between the different SWFs. From the planner’s
perspective, she is fully aware of all SOWs and adapts mitigation dynami-
cally, even under risk neutrality.

Disaggregation of Incommensurate Objectives and the

Pareto Front

In the previous sections, we illustrate how different preferences for dis-
tributive justice shape mitigation ambition and regional burden distribution
for policies selected based on balancing trade-offs between welfare and
temperature objectives. All policies in the Pareto front for the four justice
framings capture different trade-offs across the four objectives, reflecting
varying stakeholder preferences. In contrast, single-objective optimization
implicitly assigns relative importance to different objectives before aggre-
gating them into a single objective, which is then optimized to produce a
single solution™. Aggregating conflicting objectives into a single objective
can cause some objectives to dominate over others in unpredictable
ways'”"**. This aggregation also biases policy recommendations toward
specific groups; hence, the literature recommends using methods that
explicate preferences across different climate and socioeconomic objectives,
which clarify trade-offs and stakeholder priorities for fair and just climate
policy design®*”.

When combined with different justice framings, multi-objective opti-
mization makes explicit both diverse stakeholder preferences across
objectives and values rooted in different principles of justice. Unlike single-
objective optimization, multi-objective approaches reveal rather than
obscure trade-offs between competing objectives, enabling informed
decision-making. In contrast, relying on a single aggregated objective
excludes diverse perspectives and risks reinforcing status-quo interests by
obscuring normative assumptions in policy recommendations. This creates
opportunities for interest groups to politicize scientific insights for national
or sectoral advantage’. Such omission erodes trust and undermines legiti-
macy, as policies perceived as unfair face public resistance and ultimately
become a barrier to climate action. By generating a Pareto set of solutions for
each justice framing, this approach engages multiple perspectives and
ensures that mitigation policies reflect varied priorities and perspectives,
allowing stakeholders to deliberate.

Persistent Inequitable Mitigation Burden in Utilitarian for Similar
Temperature Goals

To illustrate the interaction between preferences over objectives and
values rooted in different distributive justice principles, we select a
Utilitarian policy from the Pareto front that achieves a temperature
objective comparable to that of the Prioritarian policy from the previous
section. This new Utilitarian solution keeps the median temperature
rise below 2 °C in 2100, aligning with the performance of the Prior-
itarian solution shown in Fig. 6a. However, it comes with a cost: this
Utilitarian policy scores poorly on Utilitarian welfare. This disparity
illustrates the fundamental trade-off between Utilitarian and Prior-
itarian framings. Despite achieving similar temperature outcomes, the
two solutions differ significantly in regional cumulative abated emis-
sions, as illustrated by the violin plot in Fig. 6b. From Fig. 6b, it is clear
that the Utilitarian solution provides greater mitigation flexibility
across all SOWs to Eastern Asia and North America while constraining
Africa, whereas the Prioritarian solution reverses these patterns,
offering Africa increased flexibility under climate uncertainty. The
spread in cumulative abated emissions across SOWs reflects how
adaptive mitigation policies respond differently to the different SOW's
from the climate model. Greater spread indicates higher flexibility, as
total cumulative abatement varies with the SOW; conversely, low
spread indicates that a region must meet similar mitigation require-
ments regardless of the SOW, leaving little room for adaptive
adjustment.

Examining regional emission pathways in Fig. 7 reveals further dif-
ferences in mitigation flexibility. The Utilitarian solution grants greater
emissions flexibility to China and the United States while constraining Sub-
Saharan Africa across SOWs. In contrast, the Prioritarian solution gives
Sub-Saharan Africa increased flexibility under climate uncertainty, requires
China and the United States to reach net zero by 2050 in nearly all SOWs
(Fig. 7a, b), and allows India minor flexibility to emit if future conditions are
favorable. As shown in Supplementary Fig. 3, the distribution pattern
between Utilitarian and Prioritarian policies differs considerably. Utilitarian
policies distribute emission control rates relatively evenly between devel-
oped and developing countries, concentrating the heaviest burdens on least-
developed nations in Sub-Saharan Africa and South Asia while imposing
minimal mitigation on Russia. Prioritarian policies reverse this pattern by
shifting burdens to developed nations such as the United States, Canada,
Russia, and Europe, whereas inequities intensify under Utilitarian framing
when policies are optimized for the temperature objective. This extended
comparison further substantiates our finding that inequitable mitigation
burdens under Utilitarian framing are persistent (see Supplementary
Document for an Extended Analysis).
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Discussion

Our results show that the notion of optimality in CB-IAMs is not a neutral
modelling choice but a normative one. One must always ask: optimal for
whom, when, where, and under which scenario? While CB-IAMs are crucial
for evaluating mitigation policies and identifying key uncertainties", opti-
mizing solely based on a single objective is inadequate for fair and just
climate policy design. Prematurely aggregating diverse stakeholder pre-
ferences into a single metric can substantially distort policy recommenda-
tions and exacerbate existing injustices. In our multi-objective, multi-value
framework, making normative assumptions explicit and separating
incommensurate objectives clarifies trade-offs and reveals distributional
consequences otherwise obscured under single objective optimization. We
demonstrate how different justice framings shape both the urgency and
distribution of mitigation burdens. Although we do not promote a specific
justice framing, our findings reveal multiple pathways consistent with a 2 °C
target, each with markedly different regional burden distributions. Notably,
the Prioritarian approach proposes equitable pathways that align with the
UNFCCC's principle of Common but Differentiated Responsibilities and
Respective Capabilities, thereby upholding both intra- and intergenera-
tional justice.

CB-IAMs also optimize non-adaptive mitigation policies under a
single objective. Non-adaptive optimal policies in CB-IAMs are fixed a
priori, optimized for a single assumed climate sensitivity, and remain
unchanged regardless of actual climate evolution’*”’. This rigidity leads to
poor performance and high regret if climate sensitivity differs from initial
assumptions. In contrast, our framework implements adaptive policies
where temperature feedback at each timestep revises mitigation actions,
making policies responsive to stochastic climate realizations. This iterative,
evidence-based approach helps overcome policy deadlocks and fosters
collaborative convergence between diverse stakeholders™. Adaptive

strategies improve economic and environmental outcomes, avoid shifting
undue risks to vulnerable communities and future generations, and thus
remain fair and robust under deep uncertainty’**’. From a governance
perspective, this mirrors real-world policymaking, where policies are revised
based on performance, such as mitigation plans negotiated at Conference of
Parties (COP) meetings or IPCC assessments that update recommendations
based on new climate and economic data. By prioritizing adaptability over
optimality, adaptive policies recognize that real-world climate policymaking
must remain flexible in the face of deep uncertainty.

Since CB-IAMs are highly aggregated, their modelling assumptions
define what is considered “optimal”, necessitating scrutiny of these
assumptions and their policy implications. The damage function we used
assumes a functional form calibrated on historical data*. Extrapolating past
data with a smooth functional form inevitably misses catastrophic damages
and omits damage to capital, total factor productivity, non-market damages,
and sea-level rise impacts. We also did not model carbon markets, redis-
tributive transfers between regions, or technology sharing to enable devel-
oping economies to leapfrog high-emission growth. A key problem with
CB-TIAMs is their failure to consider increasing returns to scale for clean
energy technologies™. As a result, most CB-IAMs treat mitigation as a net
societal cost, neglecting its benefits”, thereby inflating abatement costs. This
assumption explains the trade-offs between welfare and welfare loss from
abatement costs observed across all justice framings in our analysis. Finally,
our General SWF framework is forward-looking and does not explicitly
account for historical emission disparities. However, the framework par-
tially captures the effects of such disparities through regional differences in
economic capabilities, which correlate with past emissions.

Another limitation is our exclusion of Negative Emission Technologies
(NETs) before 2100. While NETSs are expected to play a crucial role in
achieving long-term climate stabilization, particularly if near-term
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mitigation is delayed, incorporating NETs would significantly increase
model complexity, requiring detailed representation of land-use allocation
among other competing objectives such as food security and biodiversity,
along with their justice dimensions”. Bioenergy with carbon capture and
storage, for example, competes with agriculture and conservation for land,
creating complex trade-offs among climate, biodiversity, and economic
objectives. Additionally, NETs remain deeply uncertain in terms of scal-
ability, costs, and storage capacity’”’’, and large-scale deployment faces
technical and ethical challenges. Excessive reliance on NETs risks delaying
near-term mitigation, shifting costs and risks to future generations””. Our
current setup follows DICE and RICE50+ assumptions where abatement
represents energy system decarbonization, not NET deployment™”. We
demonstrate that different framings of justice achieve Paris-aligned goals in
certain SOWs without explicitly relying on NETs.

We also inherit another limitation of CB-IAMs in representing human
well-being. Our analysis represents welfare primarily through economic
consumption, a standard proxy in the IAM literature. However, human
well-being is multidimensional, encompassing economic well-being, health,
nutrition, energy access, land-use patterns, biodiversity integrity, and eco-
system services. Aggregating these into a single metric requires arbitrary
weighting and assumptions about substitutability across incommensurable
dimensions, reflecting subjective normative views™. We also did not model
within-country inequality in our regional aggregation. Incorporating
within-country inequality by disaggregating regions into income groups
would substantially increase estimates of global inequality and strengthen
the case for more aggressive mitigation and burden-shifting toward devel-
oped nations”.

Notwithstanding these limitations, our results demonstrate that
making normative assumptions explicit, disaggregating conflicting policy
objectives, and employing adaptive policies are crucial for designing just
mitigation strategies. We find that the normative assumptions ingrained in
CB-IAMs—both preferences over objectives and underlying value judg-
ments—fundamentally shape the ambition and fairness of the resulting
climate pathways. Utilitarian framing results in less ambitious action and
uniform burden-sharing, whereas Prioritarian framing yields outcomes
aligned with the Paris Agreement and the UNFCCC’s principle of Common
but Differentiated Responsibilities. The distribution of the mitigation bur-
den is determined by the SWF and remains consistent across the Pareto
front, while individual policies on the front vary in their overall mitigation
levels. Our framework demonstrates that multi-objective, value-pluralistic,
and adaptive policy design is computationally feasible and reveals insights
that single-objective optimization fails to illuminate. Rather than presenting
a single “optimal” policy, we provide decision-makers with defensible
alternatives paired with its distributional consequences, supporting more
inclusive and transparent policy dialogues. Our results empirically validate
long-standing critiques of cost-benefit approaches: they systematically dis-
advantage developing nations and vulnerable populations, not inevitably
but as a consequence of specific normative choices embedded in them. We
also demonstrate that equity and net-zero ambitions are mutually reinfor-
cing, and justice-focused approaches are not constraints on climate ambi-
tion but drivers of it. This finding has important implications for climate
negotiations: the choice of justice framing is not trivial but a fundamental
determinant of policy outcomes. As nations continue negotiating nationally
determined contributions and long-term climate strategies, engaging with
the diversity of justice principles can facilitate more legitimate, transparent,
and effective collective action. By making the normative assumptions of
climate policy explicit for deliberation, we contribute to more just policy
design that is inclusive of diverse stakeholder preferences and values—an
important aspect of procedural justice in climate policymaking. Future
research should extend this framework to multidimensional welfare metrics,
incorporate within-country inequality, model NETs and their land-use
implications, and test the deliberative potential of Pareto-front decision
support in real policy contexts. Additional work should explore the sensi-
tivity of results to different normative parameters and conduct robustness
analysis of Pareto-optimal policies across alternative SSP scenarios.

Methods

JUSTICE

The JUSTICE Integrated Assessment Model (IAM) is a modular framework
that builds on the RICE50+"° model’s economy, abatement, and damage
modules. JUSTICE comprises 57 independent regions and utilizes a yearly
temporal resolution, unlike the five-year intervals of RICE50+. JUSTICE
employs the Shared Socioeconomic Pathway (SSP) dataset™ for exogenous
regional economic growth, carbon intensity and population projections and
the Representative Concentration Pathway (RCP) dataset’ for the exo-
genous emissions trajectories for other greenhouse gases and aerosols. The
SSPs comprise a series of alternative socioeconomic development trajec-
tories based on five socioeconomic narratives, while RCP scenarios repre-
sent various future greenhouse gas concentrations and climate forcings. The
SSP-RCP offers a consistent framework for synthesizing socioeconomic and
climate research. The exogenous SSP data are represented by the superscript
(") in the equations. The economy, damage and abatement modules are
coupled with the FalR climate model that allows probabilistic assessments of
climate policies under different climate sensitivity scenarios through the
constrained calibrated ensemble members. Therefore, calculations in JUS-
TICE take place over annual time steps (1), the regions (N), and the SOW
(S) determined by the FalR climate ensemble. The set (T) is an ordered set
containing discrete time steps (Equation (1)), set (N) representing the
individual regions (Equation (2)), and set (S) contains the ensemble
members representing the SOWs (Equation (3)). The computation of data
in JUSTICE is represented by a hypermatrix with dimensions TNS (e.g.,
A7ns), and all subsequent operations defined in the equations are element-
wise.

T ={ty,ty,...,t;} wheret,<t, < ... <t (1)
N={n17n27"’7nj} (2)
52{517527"'7Sk} (3)

Economy

The Economy module employs the neoclassical Cobb-Douglas production
function (Equation (4)) from the established DICE and RICE IAM”. In
Equation (4), YSROSS represents gross economic output, TFP%, denotes
exogenous Total Factor Productivity, and L%, indicates exogenous labour
projections derived from the SSP dataset. Capital Ky s raised to the power
of a (element-wise power denoted by o). In contrast, labour is raised to the
power of 1 — &, with a being the capital elasticity of the production function.
Capital dynamics at each time step, ¢;, is calculated using the capital from the
previous time step, #;_, adjusted by the annual capital depreciation rate 9,
and adding the investment I, \ from the current time step, as shown in
Equation (5). l

Y%lleg) ¥ = TEP s - Ko - L?NSOI_‘X 4)

Kins=1—0)K,_ ns+ Ly V€T 5)

Emission

Economic output from the economy model is converted to carbon dioxide
emissions, EMISys, using exogenous carbon intensity, CI* g, which
represents the share of fossil fuels used for energy in economic production
(Equation (6)). The Agriculture, Forestry, and Other Land Uses (AFOLU)
emissions are also exogenous, with both Carbon Intensity and AFOLU
emissions AFOLU,, obtained from the SSP database. The emission con-
trol rate, ECRyws, is the model’s policy lever that sets the mitigation rate at
each time step, thereby reducing the baseline (SSP 2) emissions.

EMIS s = CT* s - YSROSS . (1 — BCRyy) + AFOLUY  (6)
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Abatement Cost

Regions assess their abatement costs by mitigating a fraction of baseline
emissions through the emission control rate ECRys, ranging from 0 (no
mitigation) to 1 (full mitigation). These regional abatement costs are cal-
culated using marginal abatement cost curves (MACC) calibrated using
Enerdata-EnerFuture data, based on the detailed process-based model
POLES™, which provides carbon prices for industrial carbon dioxide
abatement levels ranging from 2025 to 2040. From 2040 to 2100, carbon
price projections from the SSP database are used to derive additional
MACCs. These MACCs are used to calibrate the region-specific abatement
coefficients AC1pxns and AC2ns, as well as a correction factor Vg (See
Gazzotti et al.”). Finally, the abatement cost is linked to the ECR s policy
lever to calculate the mitigation cost per time step, region, and SOW, as
shown in Equation (7).

AC1
ABATECOST g = Vg - EMIST - ( INS ECR;%, o+

AE BCRiR,)
@)

FalR Climate Model

The Finite-amplitude Impulse Response (FalR) is a simplified climate
model designed to emulate the behaviour of more complex Earth System
Models from the Coupled Model Intercomparison Project Phase 6
(CMIP6). FaIR employs a computationally efficient six-equation model to
simulate the global mean climate response to 52 greenhouse gases (GHGs)
from 1750 to 2100%. FalR’s efficiency enables the exploration of climate
uncertainty through a constrained calibrated ensemble, quantifying
uncertainty using Equilibrium Climate Sensitivity (ECS) and Transient
Climate Response (TCR). This constrained ensemble was derived from an
initial prior of 1.5 million members, which sampled uncertainties in the
carbon cycle, effective radiative forcing, and thermal response. A posterior
sample of 1,001 members was then selected to simultaneously span IPCC
ARG assessed ranges of ECS and TCR, ocean heat content, global mean
surface temperature, and aerosol effective radiative forcing, consistent with
historical climate observations”. These members accurately reproduce
historical warming, each representing a potential “SOW” in which the social
planner has perfect knowledge of the climate system’s state”. The GHG
emissions used to calculate the concentration are derived from total CO,
emissions, which include emissions from fossil fuels and industrial processes
(CO, FFI) modelled by JUSTICE IAM, and CO, emissions from agriculture,
forestry, and other land use (AFOLU). The AFOLU emissions, along with
other GHG emissions, volcanic activity, and solar forcing data, are treated as
exogenous in this study, sourced from the SSP and RCP datasets obtained
via the Reduced Complexity Model Intercomparison Project (RCMIP)”.
We primarily focus on CO, FFI because it represents the largest share of, and
is the fastest-growing source of, gross anthropogenic greenhouse gas
emissions’. FaIR calculates the global mean temperature increase, GMT, g,
for time step t; across all states in S by summing the regional CO, FFI
emissions from the previous time step t;_; alongside other exogenous data
(Equation (8)).

GMT, s = FAIR ) EMIS, ¢

n]EN

Vi, e T,¥n,eN  (8)

Regional Temperature Downscaling

JUSTICE uses the climate downscaler from RICE50+ to derive the regional
temperature response for the 57 regions. The downscaler uses a statistical
method to analyze temperature data from 244 countries, incorporating data
from the CMIP to connect global and local temperature changes using
historical data. It uses global temperature data from all RCPs, which are
implemented by multiple global climate models for future projections.
Based on this dataset, a linear regression downscaler is calibrated with

region-specific coefficients TC11ys and TC27ys to estimate the regional
temperature RMTys in region #; at time step ¢, using the mean global
temperature rise GMT s as shown in Equation (9). JUSTICE broadcasts
global mean temperature rise to all regions in set N to obtain GMT 7y, as
described in Equation (10).

RMT 15 = TClyyg + TC2qy5 - GMT s ©)

GMT s = {gmz‘tlnjsk}7 wheregmt, , . = gmt, . Vt; (10)

[ tise ' Cio ]7 Sk

Damage Function

JUSTICE adopts the damage calculation from the RICE50+ model to
estimate the damage fraction denoted by DAMFRACys, which represents
the share of economic output lost due to climate damages (Equation (11)).
This damage fraction is derived from the impact factor, IMPACT s, which
is computed from the impact at the previous time step #;_; and the damage
function specification DAMSPEC, ¢ using an approximate impact for-
mulation (Equation (12)). We use the damage specification from Kalkuhl
and Wenz** (Equation (13)), which analyzes data from over 1,500 regions
across 77 countries, utilizing subnational GDP data (Gross Regional Pro-
duct, GRP) to empirically estimate historical climate impacts across dif-
ferent time scales and regions. Notably, their approach excludes non-market
damages, such as ecosystem and health impacts, and does not account for
extreme weather events or sea level rise.

Kalkuhl and Wenz developed several variants of the annual panel
model to estimate damages, and our study employs the linearized impact
variant. This variant captures linear impacts on production based on lagged
temperature RMT, andincludes weather change effects from the previous
year’s temperature through an interaction term, which is the product of the
change in annual regional temperature ARMT, and lagged temperature
RMT, (Equation (16)). The temperature- dependent annual impact on
product1v1ty is calculated using the damage coefficients DC1, and DC2, ,
which are applied to the lagged temperature and the interaction term
(Equation (14) and (15)).

1

DAMFRAC s = 1 — ——
NS 1 + IMPACT )
PACT 1+ IMPACT, s v T
_ i — t. €

ENS T4 DAMSPEC, s t "
DAMSPEC, s = DCl, s - ARMT, (13)
13

+DC2tiNS . RMTti,lNS . ARMTtINS Vti eT
DCITNS {dClz 15 %, where dclt ik = del Vti’ nj ’ (14)
DC2y = {dc2finjsk}7 where dCZti,,]s = de2 ¥t % ()
ARMT, s = RMT, s — RMT, \Vt, € T (16)

Consumption

Consumption, denoted as CONSUMPTION s, for a region at a specific
time step and a state is determined by its net economic output Yy&s and
investment Iys (Equation (17)). Consumption per capita Crys is calculated
by dividing the consumption hypermatrix by the population or labour L,
from the SSP database (Equation (18)). Net economic output is the adjusted
economic output obtained by subtracting the damage costs
DAMAGECOST ;ns, and the abatement costs ABATECOST ;5 associated
with mitigating CO, emissions (Equation (19)). Damage cost is calculated
by multiplying the gross economic output Ysae™ with the damage fraction

as shown in Equation (20). Investment Iy represents the portion of gross
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economic output Y5ie® that is saved and reinvested in the economy to

induce economic growth. The amount saved depends on the savings rate
S’ns> Which varies by region at each time step and is multiplied by net
economic output to determine the investment (Equation (21)). In this study,
the savings rate is exogenous, derived from regional historical data, and
converges to long-term projections from DICE-2016R2”.

CONSUMPTION s = Yhit — Lpys (17)
CONSUMPTION

CTNS = L 1 (18)
TNS

YYE = YJROSS _ DAMAGECOST s — ABATECOST s (19)
__ vGROSS

DAMAGECOST s = Yins™ - DAMFRAC (20)

Ipns = S;‘NS : YI}II% eay)

Social Welfare Function
The Social Welfare Function (SWF) framework is a robust mechanism
for ethically evaluating climate policies by considering their multi-
dimensional and heterogeneous impacts. Primarily a normative fra-
mework, the SWF assesses and ranks policy options based on ethical
considerations. In this study, we apply the SWF across three dimen-
sions: time steps (T), regions (N), and SOWs (S), to evaluate the dis-
tribution of consumption per capita across these dimensions. Following
the conventions established in previous IAM studies, we use con-
sumption per capita, Cyys, as a proxy for welfare, as defined in Equation
(18). The welfare score, w, is computed from the Crys hypermatrix
using Equation (22). The function £M represents the equity equivalent
of consumption per capita in dimension M; it signifies the level of
consumption per capita that, when uniformly distributed across
dimension M (where M € D = {S, N, T}), does not change the social
welfare score.
w= gT(gN(gs(CTNs))) (22)
The order of aggregation is non-trivial, as shown mathematically by
Berger and Emmerling’®. We employ an individual risk aversion aggrega-
tion method, where the aggregation occurs in three steps: first over the
SOWs (S), then over regions (N), and finally over time (7). In this approach,
the social planner evaluates welfare based on the consumption risks specific
to each region. Individual risk aversion differs from the global risk aversion
method, which assumes the existence of global risk-sharing technologies. In
contrast, individual risk aversion considers the consumption loss risks
intrinsic to each region and assigns greater welfare weight to individuals
with lower consumption levels during adverse states. To aggregate over
states, we need to specify a risk aversion parameter, gs, which we set to (¢s =
0) in this study, indicating a risk-neutral social planner. The states-
aggregated consumption per capita is calculated using Equation (23). The
risk aversion is applied to consumption per capita using Equation (25) and
aggregated using the aggregator function over dimension S, denoted as I2°
(Equation (24)). This aggregator function applies a weight g, , representing
the probability of a particular SOW, to the consumption per capita in that

Crg, 1795
1—¢s
In(Cry,) if pg=1

if pg#1

(25)

F(Crngi 95) = Vs, €8

Since the distribution of consumption across regions is heterogeneous,
distributive justice principles come into play during the aggregation over
regions. The region-aggregated consumption per capita C (Equation (26))
relies on the distributive justice principle employed and how it values the
distribution of welfare across different regions at any given time step. The
preference parameter for the utility function is called the inequality aversion,
denoted by ¢yand is applied to state-aggregated consumption per capita for
region 7, CT,,j, as described in Equation (28). The ¢y parameter is also
known as Atkinson’s priority parameter because it prioritizes worse-off
regions when (@ > 0). The weights g, in Equation (27) represent the ratio
of the region’s population to the total global population at a specific time
step. Consumption undergoes an additional transformation to account for
the declining marginal utility of consumption. This transformation ensures
that increases in consumption contribute less to welfare when regions are
already well-off compared to worse-off regions. This transformation is also
performed using the utility function, where the preference parameter
becomes the elasticity of marginal utility of consumption denoted as A, as
shown in Equation (29). Aggregating the regional consumption per capita
over the region dimension results in the global consumption per capita score
over the model time steps C.

ET =&N (EJTN) =f! [(EN[f(aTnj§ (pN)]> ; (pN] (26)
EN[f(ETn].)] = Z qnf(aTnj) 27)
neN
~ Cuy £ ol
f (Crnjé %z) = e T VmeN  (28)
In (CT”J) ifoy=1
~ S i
Ur=g(Crir)={ 17 (29)
In(Cp) ifA=1

A general SWF for different distributive justice principles can be derived (see
Supplementary Document for derivation) by adding sufficiency threshold
Clhreh for Sufficientarian SWF and egality strictness parameter  along with
a GINI measure as illustrated in Equation (30). We chose the ¢"™" to be the
World Bank stipulated poverty line of US$1.25 adjusted for 2005 Pur-
chasing power parity (PPP). The same ¢™*" is broadcast for all regions and
time steps (Equation (31)), but the same equation can be used for hetero-
geneous thresholds across regions and time steps. We use the GINI metric to
calculate the inequality of the distribution of consumption per capita
(Equation (32)) where 7 is the mean consumption per capita across the
regions. The GINI is based on Concept-1 variation as described by
Milanovic”, which measures international inequality by comparing the
distribution of consumption per capita between regions and measures
whether nations’ consumption per capita levels are converging.

UFENERAL — (£ [(EN[F((Cy, — CI); 9]

state, Cry, . The aggregated value is then inverted using the inverse of the N (30)
utility function £ to retrieve the states-aggregated consumption per capita (1 — y - GINI;(Cpy))); 9y 1; 1), where0 <y <1
Coy.
~ S o Clhresh — {c:l;}_“h}, where cg?;fSh = by n (31)
Cry =& (Cps) = f [(E[f(Crg, s 9)D; 9] (23)
s ~ ~ 1 1 IN| NI o ~
ES[f(Coy,)] = ZS 4.f(Crys,) o1y  ONI <cm) = GINI(Cy,) = - WZ bZ’CT”b ~Cp| G2
Sk€ a= >1
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The time dimension is the final dimension to aggregate where the
distribution of utility, Uy (consumption per capita adjusted with the
declining marginal utility of consumption), is transformed using Equation
(35). The function h(U, ; ¢) transforms the utility scores with the inter-
generational inequity aversion parameter, commonly known as the pure
rate of time preference ¢r. The weight g, applies discounting, where future
utility scores get diminished based on the value of o1 (Equation (33) and
(34)). For Utilitarian SWEF, the discount rate is 1.5% (¢ = 0.015), and for
Prioritarian SWF, (¢ = 0) and hence no discounting is applied to satisfy the
fundamental axioms of SWF (See Supplementary Document).

w=E"(Up) = E'[h(U, ; ¢;)] (33)

ETTh(U, ;901 = > 4, (U, ; 97) (34)
t,eT

h(U,;90)=U, -(1+¢p) ", Vt; €T (35)

Objectives

This study utilizes four objectives to optimize the emission control rate lever,
ECR1ns. One of these objectives is welfare from consumption per capita,
Cyns calculated using various principles of distributive justice, as shown in
Equation (22) in the previous section. The same equation is used to calculate
welfare loss from damage costs, wloss®™¢ and from abatement costs,
wloss™™™ a5 illustrated in Equations (36) and (37), respectively. Addi-
tionally, we introduce the objective of minimizing the number of years
above the temperature threshold, yat, which tracks whether the annual
global mean temperature, gmt, ¢ , for each year and state exceeds the 2°C
threshold. The yat objective aggregates the count of years exceeding 2°C and
averages this across all states, as demonstrated in Equation (38). The indi-
cator function I assesses whether the global mean temperature, gmt, , ,
exceeds the 2°C threshold for each pair of #; and s;; it returns one if the
condition is satisfied (indicating that the global mean temperature is above
the threshold) and zero otherwise, as outlined in Equations (38) and (40).
The output of the indicator function I' is multiplied by the model time step
At =1 (yearly timestep; Equation (39)). This At multiplier is retained for
generalizability across different timesteps (e.g., 5- or 10-year intervals). The
four objectives under which the adaptive policy is optimized are described in
Equations (22), (38), (36) and (37). An important consideration while
applying the declining marginal utility of consumption in the social welfare
function SWF is that it inverts the welfare and welfare loss scores, as the
exponent in the utility function (Equation (29)) becomes negative. Hence,
we minimize the absolute value of welfare and maximize the absolute value
of welfare loss during the optimization.

wloss®mge — £T(N(£S(DAMAGECOST ;y))) (36)
wloss®atement — £T(eN(£S(ABATECOST 1)) (37)
yat = Z[ (Z T(gmt,, >t . At)} Vs (38)
t,eT | | SKES
At=t,—t,_, (39)
I(a) = { 1 ifaistrue (40)
V= 0 ifaisfalse

Adaptive Policy
The emission control rate, ECR, ys, at time step #; is represented as the
output of a Radial Basis Function (RBF) network, as shown in Equation (41).

The RBF network takes two inputs from JUSTICE at each time step, denoted
as INPUT, ;¢ (Equation (42)), and processes them using a squared
exponential activation function that incorporates centres CENTER . and
radii RADIIL . The transformed input is then aggregated using weights
WEIGHT ysassociated with the edges connecting the RBF nodes. This RBF
network’s topology comprises 4 hidden layer nodes (|Q| = 4) linked to the
two inputs (|R| = 2) and produces 57 outputs (|N] = 57) corresponding to 57
regions. This specific network configuration results in 8 centres and 8 radii
for the 4 RBF nodes, along with 228 weights (57 outputs connected to 4
nodes). The centres, radii, and weights serve as hyperparameters that are
optimized by the Multi-objective Evolutionary Algorithm (MOEA). In our
setup, the inputs consist of the temperature rise GMT, s and the rate of
change of temperature over 5 years, AGMT, o (Equatlon (44)). These
inputs are normalized and used as feedback to ad]ust the emission control
rate for the regions (Equation (42)). The input hypermatrix and global mean
temperature are broadcast along the Q dimension to align with the number
of hidden layer nodes, as shown in Equations (43) and (45). JUSTICE
employs the Evolutionary Multi-objective Direct Policy Search (EMODPS)
algorithm to facilitate multi-objective optimization and adaptive policy
design®. EMODPS has been successfully implemented in various envir-
onmental system case studies and is particularly effective in multi-objective
adaptive policymaking. The EMODPS algorithm combines direct policy
search with non-linear approximating networks (such as RBFs) and
MOEAs to develop adaptive Pareto optimal policies.

‘ERI' (INPUT, . <—CENTER, ()"
02
(RADI, ) :

rp=1

1Ql
ECR, s = > [WEIGHTq NS exp(
q=1

Vi, € T,Vq € QVr, € R, |R =2,|Q| =4
(41

INPUT, s = [INPUT, , ¢ INPUT, o, <], Vr,, € R,

42
where INPUT, , s = GMT, g and INPUT, (,, ¢ = AGMT, (42)

INPUT, g5 = {input, , . }, whereinput, , . . = input, . . Vt;,q;,1,,5

(43)
AGMT, o3 = GMT, o5 — GMT, s, Vt; € T, t;25 (44)
GMT, o5 = {gmtt,,q,,sk}’ wheregmtt,‘qlisk =gmt, o Vi, q;, 5k (45)

We impose a maximum annual increase of 4% on the emission control
rate, denoted by abaterate™®, to reflect technological inertia and practical
transition constraints, consistent with findings from previous studies’*>".
The abatement cost calculation function does not factor in the increased
costs associated with the speed of mitigation, and hence, we adopt these
constraints that prevent unrealistic mitigation jumps. Additionally, we
exclude the possibility of negative emissions before 2100 and set a cap on the
maximum emission control rate at ecr™ = 100%. Therefore, the value of
ECR, s can increase from a minimum of ecr™® = 0%. At any given time
step t;», the emissions control rate can either increase or remain unchanged,
but it cannot decrease, as outlined in Equation (46) and (47).

ECR { max(ecr™", min(ECR, _ ys + min(AECR, v, abaterate™), ecr™™))  if AECR, 520
NS =

ECR, x5 if AECR; 5 <0
(46)
AECR, s = ECR, 5 — ECR, _ x5 (47)
Data availability

Data for this paper are available via Zenodo at https://doi.org/10.5281/
zenodo.15710403. The code for JUSTICE model is made open-source and
made available via GitHub at https://github.com/pollockDeVis/JUSTICE.
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The code and instructions to replicate the data and figure for this paper is
available via Zenodo at https://doi.org/10.5281/zenodo.15710403.

Code availability

The code for JUSTICE model is made open-source and made available via
GitHub at https://github.com/pollockDeVis/JUSTICE. The code and
instructions to replicate the data and figure for this paper is available via
Zenodo at https://doi.org/10.5281/zenodo.15710403.
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