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Equity is a cornerstone of global climate policy, yet differing perspectives
mean that international agreement on how to allocate mitigation efforts

remains elusive. A rich literature informs this question, but a gap remains in
approaches that appropriately consider non-CO, emissions and their warming
contributions. In this study, we address this gap and define a global warming
budget applicable to all anthropogenic greenhouse gases that is allocated to
countries based on principles drawn from international treaties and environ-
mental law. We find that by 2021 a range of 84 to 90 countries, including but
not limited to all major developed countries, exhausted their budget share
compatible with keeping warming to 1.5 °C (with 50% likelihood) under all
allocation approaches considered in this study. A similar picture emerges for
limiting warming to 2 °C (with 67% likelihood). A large group of countries will
hence exceed their fair shares even if their pledges under the Paris Agreement
represent their deepest possible emission reductions. Considerations of fair-

ness should therefore start exploring aspects beyond domestic emissions

reductions.

International climate negotiations have long debated fairness con-
siderations to distribute efforts towards achieving common global
targets. Dating back to 1992, the United Nations Framework Conven-
tion on Climate Change (UNFCCC)' states that all countries should
prevent dangerous interference with the climate system in accordance
with their “Common but Differentiated Responsibilities and Respec-
tive Capabilities” (CBDR&RC). The Paris Agreement reiterates this
position and relies on countries voluntarily determining their con-
tributions “on the basis of equity, and in the context of sustainable
development and efforts to eradicate poverty”?, while also qualifying
CBDR&RC with the consideration of different national circumstances.
Nearly all governments have submitted Nationally Determined Con-
tributions (NDCs) under the Paris Agreement’ to contribute to the
agreement’s aims to hold warming well-below 2 °C while pursuing to
limit it to 1.5°C? and around one-third have submitted long-term

strategies*. However, the broad coverage of NDCs does not guarantee
that normative concerns are met’ as countries seldom account for
their full historical responsibility for causing climate change, or their
relative capability to meet deep emissions reductions’. Achieving
appropriate mitigation action globally requires equity and fairness
considerations to be a central part of the solution, both to ensure
access to sustainable development and to encourage countries with
greater responsibilities and capabilities to take up appropriately
ambitious climate actions®.

The Paris Agreement leaves space for Parties to interpret the
principles contained therein and to define how their NDCs are both
fair and ambitious. Numerous allocation approaches’™ have been
suggested to quantify fair shares under 1.5°C or 2°C-consistent
pathways. They commonly consider factors including historical
emissions’ and indicators of socioeconomic development (GDP?,
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income’, population’®, energy production”, etc). Other studies”™
introduced alternative approaches including composite indicators.
These attempts claimed to bridge different perspectives, but have
been criticized for combining contradictory principles and being
logically inconsistent (e.g. decent minimum standards of living are
combined with grandfathering”). Despite agreement on the general
principles, it is arguably impossible to reach a political consensus on
a single equitable effort-sharing among governments globally.
Nevertheless, quantifications of fair national budgets hold important
implications for informing the ethical obligations of countries. For
example, over-emitting countries can be considered dis-
proportionately responsible for climate-related loss and damages
and should own corresponding compensation or reparation
obligations™. Thus, fair shares serve as evidence informing both
domestic and international ambition and action""%,

The Paris Agreement global temperature goal implies a limit to
the total amount of CO, emissions that can ever be emitted'’, known as
the total carbon budget. Several effort-sharing studies focus on allo-
cating this total budget instead of a specific global emission
pathway”**, which enables governments to determine their individual
pace of reduction. However, these studies typically focus solely on CO,
emissions™. A recent expansion of the use of the Global Warming
Potential metric (known as GWP*?** helps to convert non-CO,
greenhouse gases (GHGs) like methane (CH,;) to CO, warming-
equivalent (CO,-we) emissions and enables them to be incorporated
in budget-based allocation procedures. Using GWP*, however, requires
normative decisions on the period over which emissions are con-
sidered as this choice materially shifts relative warming
contributions®.

Principles Indicators

Interpretation |

In this study, we present a global-warming allocation method for
keeping warming to 1.5°C or 2°C, based on three interpretations of
equity principles aligned with international environmental law. We
then allocate the total global warming between 1850 and 2050 to
individual countries and derive their remaining CO,-we budget after
2021. We assess factors that have the largest effect on national shares,
including normative considerations, and explore several methodolo-
gical uncertainties. The calculated emission allocations would rectify
the historical unfairness of warming contributions while reaching net
zero CO,-we emissions in 2050. By comparing the fair allocations with
the deepest possible national emissions reductions, we open a dis-
cussion on the gap between ethical norms and real-world imple-
mentation, and explore potential remedies.

Results

Interpretation of principles for allocating fair shares

Allocating national warming budgets fundamentally relies on
interpreting principles which underpin international consensus on
climate action as captured by the Paris Agreement, such as equity
and CBDR&RC™. Alongside and aiding their interpretation, we also
consider the principles of harm prevention and precaution, described
in international environmental law, motivating the avoidance of
harm to other nations due to domestic actions and the pursual
of efforts to limit climate change in spite of scientific uncertainties®.
We consider these alongside related principles for equitable
effort sharing discussed in the climate equity literature®. This includes
the ability-to-pay, beneficiary-pays, and polluter-pays principles, which
we consider in addition to the overarching principle of equality. In
total, we develop three interpretations of how these principles can be

Interpretation II-B Interpretation Il

Global allowable warming before peak warming

Initial total national allowable warming budgets before peak warming

National allowable warming budgets
before peak warming

Remaining national allowable warming budgets before peak warming

@ Interpretation | relies on the principles of and .
and Interpretation |I-B introduce the principle of
@ Interpretation Il introduces the principle of to and

Fig. 1| Analysis framework linking principles, indicators, and the allocation
procedure to estimate fair global warming contributions. Each principle and the
corresponding indicators are marked in different colours: pink stands for the
principle of equality, light blue for ability to pay, light green for beneficiary pays and
yellow for polluter pays. Interpretations are marked in different colours: dark
blue stands for Interpretation I, orange for Interpretation II-A, dark green for

to and

Interpretation II-B and red for Interpretation IIl. The horizontal coloured arrows
illustrate the incorporation of equity principles and indicators into the allocation
procedure. Under the Indicators column, plus (or minus) signs in brackets indicate
the indicators are directly (or inversely) proportional to the remaining national
allowable warming budgets. Under the Interpretation columns, the vertical grey
arrows suggest whether the corresponding indicator is included in this step.
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Fig. 2 | Total (1850-2050), historical (1850-2021), and remaining (2022-2050)
CO, warming equivalent budgets per capita by country. Countries are ranked
according to their remaining per capita national warming equivalent budgets (CO,-
we), under the central case which considers a historical warming contribution
starting in 1850 and a global warming target of remaining below 1.5 °C with a 50%
likelihood. The height of bars above the x-axis represents the total CO,-we budgets
per capita under Interpretation I that considers the equality and polluter-pays

Population

principles. The height of the bars below the x-axis represents the historical con-
sumed CO,-we budgets per capita. The width of the bars represents a country’s
population in 2050. The step lines represent the remaining CO,-we budgets per
capita per country with the black line referring to Interpretation I and the grey lines
referring to Interpretation II-A, II-B, and IlI. Very high, high, medium, and low human
development countries are marked in purple, brown, pink and yellow, and not
classified countries in grey.

combined, to reflect the diverse moral perspectives frequently deba-
ted in climate negotiations (Fig. 1, and “Methods”). The grandfathering
principle has been a longstanding concept in the literature, but it is not
considered a basis for equitable distributions™ and is therefore not
included.

Our first interpretation (Interpretation I) relies on equality and the
polluter-pays principle. Here we consider all living persons having an
equal right to pollute, but inheriting country-based historic emissions
extending back to two distinct starting years, 1850, and 1990. 1850 is
chose as a common proxy year for the beginning of the industrial
revolution and from which good data is available. Yet, some people
may argue that society was unaware of the connection between CO,
emissions and warming at that time, and ignorance may mitigate moral
duties in some ethical frameworks. We therefore include 1990 as an
alternative starting year. This is the publication year of the first
assessment report of the Intergovernmental Panel on Climate Change
(IPCC), marking a clear global consensus on the impact of the
anthropogenic greenhouse effect. We determine the remaining
warming from this start year to our target temperature, be it 1.5 °C or
2°C, allocate this to individual countries, and subtract from this allo-
cation countries’ respective historic contributions to warming until
2021, thereby determining the remaining budget to net zero with due
consideration of our interpretation of CBDR&RC.

Our second interpretation (Interpretation II) expands our first
interpretation with consideration of the ability-to-pay principle, pla-
cing weight on different national circumstances. Ability to pay for
mitigation is modelled as a function of the government bond yield (a
proxy for government capacity to invest) (Interpretation II-A) and GDP
per capita (Interpretation II-B). These indicators are used to scale the
per-capita distribution of our first interpretation (Fig. 1).

Our third interpretation (Interpretation IlI) replaces the ability-to-
pay with the beneficiary-pays principle, placing emphasis on the
unequitable benefits that nations derived from their past emissions.
We use total historical fossil fuel sales in present dollars attributable to
the population in each country from the year 1900 to 2021 as a proxy
indicator to reflect benefits, beyond historical contributions to
warming. Also here, we scale the per-capita allocations from our first
interpretation with this indicator before proceeding with the sub-
traction of historical contributions.

From a normative perspective, countries with higher GDP per
capita, lower government bond yields, and higher benefits from his-
torical fossil fuel sales should be allocated lower remaining global
warming budgets. To avoid extreme punishment or encouragement of
certain countries when mathematically scaling per-capita distribu-
tions, adjustments greater than two standard-deviations from the
mean adjustment are capped to these limits, reflecting a value judge-
ment taken in this work (see Methods for details).

Fair national CO, warming equivalent budgets

We explore the quantitative results through the lens of four country
groups: very high, high, medium, and low human development coun-
tries, as defined by the United Nations Development Programme
(UNDP) Human Development Index (HDI) ranking (Fig. 2, two alter-
native country categorization methods are provided in Supplementary
Note 8, Supplementary Figs. 14-15). Of 68 very high human develop-
ment countries, 59 are left with negative remaining budgets for the
2022-2050 period under equity Interpretation I, with historical
warming contributions starting in 1850 and a global warming target of
remaining below 1.5 °C with a 50% likelihood. Typical countries include
the United States (US), the United Kingdom (UK), Russia, Japan, and
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Fig. 3 | The depletion of remaining CO, warming equivalent emission budgets
over time. The remaining budgets till 2050 for major countries over the period

1850-2021 are shown in coloured lines according to the different fair share inter-
pretations: dark blue stands for Interpretation I, orange for Interpretation II-A, dark

green for Interpretation II-B and red for Interpretation IIl. A country’s remaining
budgets until 2050 for a certain year represents the total budgets from 1850 to
2050 minus the historically emitted budgets before that year. Highlighted data

points correspond to the years 1990 and 2021.

Qatar, due to their early industrialization and fossil fuel-based indus-
tries, or their economies based on oil and gas extraction. Notable
exceptions with positive remaining budgets, such as Tiirkiye and Chile,
are mostly developing countries. Over half of high human develop-
ment countries (28 of 48) maintain positive budgets, including Indo-
nesia, Brazil, Egypt, Philippines, and Mexico. These countries
experienced later industrialization with lower historical emissions
compared to very high human development countries. Countries like
China, Iran, South Africa, Uzbekistan end up with a budget slightly
below zero. Several high human development countries are among
those with the lowest remaining CO,-we emissions budget, including
Palau, Ukraine, Bulgaria, Moldova, Bosnia and Herzegovina, and
Turkmenistan. Most of these are countries from the former Soviet
Union or transforming economies in Eastern Europe with high

historical emissions. Palau, being a very small island nation, also has
high historical per capita emissions. 37 of 42 medium human devel-
opment countries have positive remaining CO,-we budgets, including
India, Bangladesh, Uganda, Kenya, and Iraq. All low human develop-
ment countries have positive remaining CO,-we budgets above the
global average (29 tCO,-we per capita). In total, globally, 86 countries
had exhausted their 1.5 °C CO,-we budget by 2021. This country group
ranking remains robust against alternative equity interpretations
explored in our Supplementary Note.

Depletion of remaining budgets

Many very high human development countries have far exhausted
their fair budget estimates even before 1990. Notably, the UK, France,
Germany, Australia, and the US are among the first nations to exceed
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Fig. 4 | The annual fair CO, warming equivalent emission budgets against the
deepest available domestic reduction (DADR) pathways. For the period
1850-2021, the historical CO,-we emissions per capita data are shown in a single
line for each country. For the period 2022-2050, the annual budgets per capita are
shown in coloured lines according to the different fair share interpretations: dark
blue stands for Interpretation I, orange for Interpretation II-A, dark green for
Interpretation II-B and red for Interpretation IIl. For the period 2022-2050, shaded
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grey areas additionally show the DADR pathways from the IPCC Sixth Assessment
Report database C1 category for each country or region, including CO, emissions
only. The solid grey line within these areas indicates the median of the DADR
pathways. EU27 + UK is short for the European Union (27 countries) and UK.
EU27 + UK countries are treated as individual entities through the fair allocation
process, and are combined only for illustrative purposes.

their budgetary limits (Fig. 3). South Korea still had 52% budget left in
1990 (compared to that in 1850) under equity Interpretation I, yet
exhausted it rapidly by 2006. Despite the adoption of the UNFCCC in
1992, the slowdown rate is moderate. Russia is an exception with a
notable turning point around 1990. However this is the result of the
economic shock of the collapse of the Soviet Union, not of climate
policy”. For high and medium human development countries, most
had a large budget left in the 1990s. Yet, some soon exhausted it at an
increasing rate after 2000. China’s budget was exhausted in 2021. In
2021, India and Brazil still have 77%, and 8% of their estimated 1.5°C

compatible budgets compared to the year 1850, respectively (see
Supplementary Fig. 1a).

Fair budgets against deepest available domestic reduction

Over the period 2022 to 2049, we consider the case where countries
follow their fair allocations (Fig. 4). The framework here assumes that
by 2050 unequal historical warming contributions are resolved and all
countries return to zero CO,-we emissions (Supplementary Figs. 1b
and 17) by the time of peak warming. After 2050, the world is assumed
to further maintain zero CO,-we emissions, although long-term net-
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where cf are the CO, warming equivalent emissions of country i in
year t using GWP*, and ¢}’ 100 are the CO, warming equivalent emissions
of country i in year ¢ defined using GWP100 with a time-horizon
H =100 years. Ac#100 =100 _ (f-46100 the change of CH, emissions
during period At as 20 years. s is a coefficient defined in ref. 57, which
equals 0.25. g is a function of s, which equals 1.13for s= 0.25
and H =100 years.

Data sources

The metrics used in this study can be categorized into three distinct
time frames: historical data, current status quo data, and future data.
The historical data refers to historical GHG emissions, aerosol emis-
sions, and historical fossil fuel sales, which reflect a country’s historical
warming contribution or economic benefits from emitting. The cur-
rent status quo data include 10-year bond yield, and GDP per capita,
which demonstrate a country’s ability to mobilize resources to combat
climate change. The future data include the population and national
DADR pathways from 2022 to 2050. For population data, we follow
United Nations medium scenario projection®®, a scenario with medium
fertility, medium mortality and medium international migration. The
national DADR pathways from 2022 to 2050 are used as a comparison
to our fair allocation result. They are taken from the IPCC AR6
database’, following a target of limiting warming to 1.5 °C (>50%) with
no or limited overshoot (C1 category). LULUCF emissions have been
removed to maintain consistency in the comparison. Details can be
found in Supplementary Note 9, Supplementary Tables 1-2.

In addition, we classify the countries into four country groups
following the UNDP HDl tiers: very high, high, medium, and low human
development®’. Two alternative country categorization methods are
included in the Supplementary Note 8. Colonial relationships between
countries and their corresponding duration are derived from the
Colonial Dates Dataset®®, which aggregates information of European
colonial empires.

Data availability

Data generated during this study have been deposited in the Zenodo
database under accession code https://doi.org/10.5281/zenodo.
14577948, All raw data used in this study is publicly accessible via
the cited literature.

Code availability

The code used to produce the calculation results and figures in this
study, have been deposited in the Zenodo database under accession
code https://doi.org/10.5281/zenod0.14577949°,
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