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ABSTRACT

Limiting global warming to 1.5 degrees requires that cumulative carbon dioxide emissions remain 
within a finite remaining carbon budget. How this budget is allocated across countries raises 
questions of fairness and development. This paper evaluates whether equity-based carbon 
allocations are compatible with sustained economic growth in emerging and developing economies.  
We compute country-level fair shares of the remaining carbon budget under the equal-cumulative-
per-capita (ECPC) principle. Using data for 162 countries between 1950 and 2023, we then estimate 
the historical relationship between income and per-capita CO2 emissions across income groups and 
use these elasticities to simulate cumulative emissions until 2050. Our results show that ECPC 
implies strongly negative remaining carbon budgets for most advanced economies, while lower-
income countries retain positive but constrained allocations. Under historically observed income–
emissions elasticities, many developing countries would exceed their fair shares when converging 
toward advanced-economy income levels. At the aggregate level, unused allocations offset only 
17% of the combined carbon budget shortfall implied by countries exceeding their allocation and 
the negative fair shares arising from historical responsibilities. In a scenario in which we assume 
that the technology of advanced economies is transferred to all countries,  the carbon budget 
coverage increases to 38%.
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I. Introduction

“Look, this is our home. You start a fire in your part of the home, you suffer. But you do something to
start a fire in my part of the house — this is not a fair thing to do. You are destroying the whole home.
Our life depends on what you do.

— Muhammad Yunus, Nobel Peace Laureat, Bangladesh1

“The plan for elevating only two of our communities is projected to cost us billions. It’s a lot of
money. I wish that the big emitters could step up and put money into that."

— President Hilda Heine, Marshall Islands2

“There is no doubt that the world will see an eventual shift from fossil fuels to renewable resources.
[...] We agree that a zero-carbon future is a sensible end goal, but not before Africa has had its chance to
profit from its energy resources just as other continents have prospered from theirs.”

— NJ Ayuk, Executive Chairman, Africa Energy Chamber3

Climate policy in recent years has increasingly been structured around explicit Net-Zero
emission targets. The Paris Agreement commits countries to limiting global warming to
well below 2◦C, and preferably to 1.5◦C, above pre-industrial levels. Achieving this objective
requires that global CO2 emissions decline to Net-Zero within a finite remaining carbon
budget (RCB).4 The RCB refers to the maximum amount of cumulative CO2 emissions that
can still be released while maintaining a given probability of meeting a temperature target.
According to the IPCC (2021), the budget consistent with keeping the global temperature rise
to 1.5◦ with a probability of 50%, stands at 500 GtCO2. To put this into context: From 1850 to
2019 around 2400 GtCO2 have been emitted to the atmosphere.5 Nevertheless, the transition
toward Net-Zero is associated with political and economic frictions. For many developing and
emerging economies, fossil-fuel based growth has historically been the pathway through which
today’s advanced economies accumulated wealth. The requirement of rapid de-carbonization
therefore raises a fundamental question of fairness: can low-and middle-income countries
pursue sustained economic development while remaining within their implied “fair” share of
the remaining global carbon budget? This is the question we are tackling in this paper.

1As quoted in the New York Times Climate Leadership, September 22, 2025.
2As quoted in the New York Times Climate Leadership, September 22, 2025.
3https://energycapitalpower.com/carbon-capture-ccus-tech-africa/.
4We focus on CO2 emissions. While we acknowledge the importance of other greenhouse gases, the data on

CO2 emissions is more readily available. Den Elzen et al. (2013) shows that a correction factor for including other
greenhouse gases can vary from 0.15 to 1.5 for the period we consider.

5See https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SPM.pdf.
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This question cannot be answered without specifying how the RCB is distributed across
countries. Any assessment of whether development paths are compatible with climate ob-
jectives depends on the allocation principle that determines each country’s entitlement. We
focus exclusively on the equal-cumulative-per-capita (ECPC) principle (Mattoo and Subrama-
nian 2012; Ganti et al. 2023).6 ECPC allocates the remaining global carbon budget such that
cumulative CO2 emissions per capita over a specified period are equalized across countries.
Countries that have emitted more than their population-weighted share incur a carbon debt,
while those that have emitted less retain a positive entitlement. This framework allows us to
translate the global carbon constraint into country-level fair-share allocations. However, the
existence of a country-specific allocation does not by itself determine whether it is economically
feasible. Whether a given fair share is compatible with sustained development depends on the
relationship between income growth and emissions.

The economic feasibility of remaining within allocated carbon budgets is particularly
relevant for developing economies, which are widely recognized as being disproportionately
exposed to the physical impacts of climate change while possessing more limited fiscal and
technological capacity to absorb adjustment costs.7 A growing literature on global climate
inequality identifies, in addition to inequality in fair shares of RCB, inequality of impact, and
inequality of capacity to act (Chancel et al. 2024). We address two out of three components
of this triple climate inequality crisis: inequality in emissions, and inequality in capacity to
act, but only in terms of climate mitigation. We do not address inequality in capacity to act in
terms of climate adaptation, as in Dellink et al. (2009), or inequality of climate impact, which
is widely documented, most recently in Bjordal et al. (2026).

To assess whether equity-based allocations are compatible with development trajectories,
we combine carbon-budget accounting with empirical estimates of the income-emissions
relationship. We construct a panel covering 162 countries over the period 1950–2023, excluding
offshore financial centers. First, we compute country-level fair shares of the RCB under the
ECPC principle, taking historical emissions and population dynamics into account. Given
the halflife of CO2 in the atmosphere is around 100 years, we want to capture the effects
of industrialization in the advanced economies. We thus collect historical emissions back
to 1850, applying a discount factor of 2% to account for technological advances and CO2

decay.8 Applying the ECPC principle to the remaining global carbon budget produces strongly

6Other allocation rules exist — e.g., grandfathering, immediate or gradual equal-per-capita, ability-to-pay, and
greenhouse development rights. For a comparative discussions of the different sharing principles, see, for example,
van den Berg et al. (2020).

7See https://group30.org/images/uploads/publications/G30_Mainstreaming_the_Transition_to_a_
Net-Zero_Economy_2.pdf.

8This is in contrast to studies that rely on more recent emissions, going back to 1990s, such as Beusch et al.
(2022); Callahan and Mankin (2022); Chancel (2022). As a result, old industrialized countries, such as the UK, have
higher cumulative emissions in our results compared to some others in the literature. Our conclusions on the fair
RCB, however, are qualitatively similar to those of Alcaraz et al. (2018), who measure emissions starting 1970s and
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negative fair shares for most advanced economies,9 reflecting their historical emissions, while
the majority of low- and middle-income countries retain positive, though often limited,
remaining allocations.

Second, we estimate the elasticity of per-capita CO2 emissions with respect to per-capita
income for different country groups. These elasticities capture the extent to which economic
growth has historically translated into higher emissions. We find that the empirical relationship
between income and emissions exhibits heterogeneity across country groups and evolves
over time. Consistent with Holtz-Eakin and Selden (1995) and Cohen et al. (2017), we find
that in advanced economies the estimated income elasticity of CO2 emissions per capita
declines markedly over the sample period, from values close to one in the early decades
to substantially lower levels more recently, indicating partial decoupling between economic
growth and emissions. In contrast, elasticities remain positive and, in several developing
groups, increase over time, implying that economic expansion continues to translate into
significant emissions growth. We find that the elasticity is very low for the low-income end of
low-income economies — these are most likely driven by low share of secondary industries in
these economies, which account for both economic growth and emissions. In our simulations,
we assume that secondary industries need to be developed in order to achieve high levels of
income per capita.

Third, we use estimated income-emission elasticities to simulate cumulative emissions
between 2023 and 2050 under two different scenarios. In a baseline scenario, countries
follow historically observed income-emissions elasticities within their respective groups. In a
technology-transfer scenario, all countries are assumed to adopt the elasticity path of advanced
economies from 2023 onwards, capturing a technology transfer taking place between developed
and emerging and developing countries. Comparing simulated emissions needs with ECPC-
based fair-share allocations allows us to quantify the extent to which plausible development
paths remain within, or exceed, equity-based carbon constraints.

We find that when we simulate development paths in which lower-income countries
converge toward advanced-economy income levels by 2050, cumulative emissions frequently
exceed their ECPC-based allocations under historically observed elasticities. Under this own-
technology scenario, aggregate unused allocations among countries with positive fair shares
cover only about 17% of the combined shortfall implied by countries exceeding their allocation
and the negative fair shares arising from historical responsibility. Assuming technology
transfer, modeled as the adoption of advanced-economy elasticity paths, reduces cumulative
emissions needs and increases this coverage ratio to approximately 38%.10

ECPC approach to fairness.
9This is consistent with earlier calculations by Ding et al. (2009), who calculate cumulative emissions between

1900 and 2005.
10The above result relies on a temperature target of reaching 1.5◦C with 50% probability and the corresponding
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These results clearly show that unilateral decarbonization by wealthy economies will not
be sufficient for the fair climate transition (Bilal and Känzig 2025). First, wealthy economies
generally have cumulative carbon debt and therefore need to reduce their emissions all the
way to zero and beyond. Second, some of this post-zero emission reduction can take form of
green technology transfer to lower-income economies, an issue that has not been emphasized
enough in climate policy discussions (Okereke and Coventry 2016), but is shown to have
potential to be economically effective (Barrett 2021). According to our calculations, however,
even full transition to advanced-economy technologies will not be sufficient to square climate
and development goals. Thus, additional interventions, such as carbon capture, need to
be deployed. Our estimated fair RBC shares can also be used to calculate carbon capture
responsibility, which will show that countries with carbon debt will need to contribute most,
which is consistent with Belfiori and Macera (2024).

Our analysis does not rely on or produce an estimate of the social cost of carbon (SCC),
which has been at the center of the literature on climate mitigation.11 We also don’t analyze
the financial mechanisms that could underlie technology transfer, financial constraints faced
by low-income countries (Ameli et al. 2021), or how the returns on climate investment might
be allocated (Chancel et al. 2025). Our exercise is squarely focused on calculating real values:
emissions and output per capital. While this approach leaves aside many issues related
to possible implementation of technology transfer, effects of climate change on economic
development, and other feedback mechanisms, it benefits from transparency and accounting
simplicity. We only make a handful of straightforward assumptions that can easily be modified
to evaluate other possible scenarios. In spirit, our analysis is a version of the Greenhouse
Development Rights (GDRs) Framework that combines the responsibility (contribution to the
problem) with capacity (ability to pay) applied to global climate mitigation (Baer 2013).

The remainder of the paper is structured as follows. Section II describes the data sources
and construction of the key variables. Section III computes country-level fair shares of
the remaining carbon budget under the ECPC principle. Section IV analyzes the empirical
relationship between economic development and carbon emissions. Section V presents the
simulation framework and results. Section VI concludes.

RCB of 500 GtCO2. If we take a less ambitious goal of reaching 2◦C with 50% probability and the corresponding
RCB of 1350 GtCO2, this amount will still not be sufficient to cover the development needs without technology
transfer (the coverage ratio will be 82%). However, with technology transfer, the coverage ratio exceeds 1, indicating
that the RCB will be sufficient to reach development goals, and the problem becomes one of distribution rather
than overall scarcity.

11Recent contributions include Bilal and Känzig (2024) and Llavador et al. (2026).
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II. Data

We obtain population and carbon dioxide emissions data from the Our World in Data (OWID)
database by Ritchie et al. (2023), which compiles several data sources. Historical population
estimates for the period 1850 - 1949 are based on Gapminder’s Population dataset12 (version
7). From 1950 onward, population figures are taken from the World Population Prospects
2024 by the United Nations Population Division (2024), which provides annual demographic
indicators by region, subregion, and country through 2100.

Data on CO2 emissions are also taken from the OWID database and rely on the Global
Carbon Budget (2025)13 by Friedlingstein et al. (2025). We use the annual total emissions
of CO2, excluding land-use change, measured in million tonnes. For the construction of
country-level fair shares under the ECPC principle, historical emissions data are used from
1850 through 2022.

To measure energy efficiency, we construct country-level CO2 emission intensities defined
as CO2 emissions per unit of economic output. CO2 emissions data are as above taken from
the OWID database relying on the Global Carbon Budget (2025) and include emissions from
fossil fuel combustion and industrial processes, excluding emissions from land-use change.
Economic output is measured using GDP data from the Maddison Project Database 2023 by
Bolt and Van Zanden (2020).14 Emission intensities are computed as kilograms of CO2 emitted
per dollar of GDP in 2022. GDP data is expressed in international dollars at constant 2011
prices.

For the analysis of economic development and carbon emissions, we require consistent
long-run series for GDP per capita and CO2 emissions per capita. While emissions data are
available form the mid-19th century onward, GDP data are more limited and the estimation
of income-emissions elasticities is thus restricted to the period from 1950 onward. CO2 per
capita is computed using national CO2 and population variables from the Our World in Data
database mentioned above. However, the variable GDP per capita poses a challenge as it has
many missing values in the Our World in Data database. As noted by James et al. (2012)
geopolitical events such as the acquisition or loss of sovereignty can result in extended periods
without GDP estimates, as in the case of the constituent republics of the former Soviet Union
prior to its dissolution.

To construct a continuous GDP per capita series, we thus combine historical GDP data from
James et al. (2012) with more recent estimates from the World Bank. The authors developed a
comprehensive GDP per capita time series for 210 countries covering 1950–2015 by compiling
seven underlying datasets expressed in constant U.S. dollars or international (PPP) dollars.

12https://github.com/open-numbers/ddf--gapminder--systema_globalis
13https://globalcarbonbudget.org/
14https://www.rug.nl/ggdc/historicaldevelopment/maddison/releases/maddison-project-database-2023?

lang=en

5

https://github.com/open-numbers/ddf--gapminder--systema_globalis
https://globalcarbonbudget.org/
https://www.rug.nl/ggdc/historicaldevelopment/maddison/releases/maddison-project-database-2023?lang=en
https://www.rug.nl/ggdc/historicaldevelopment/maddison/releases/maddison-project-database-2023?lang=en


Missing country–year observations were imputed using a sequence of ordinary least squares
and mixed-effects models to generate complete, internally consistent time series. From the
accompanying data set, we used the variable “Imputed World Bank GDP estimate (2005 US$)”,
which provides GDP per capita in constant 2005 U.S. dollars for all countries up to 2015.

Because the series ends in 2015 and is expressed in 2005-dollar terms, we extended it using
World Bank (2024) GDP data in constant 2015 U.S. dollars. To align both datasets, we applied
a conversion factor derived from the ratio of the two series in the overlapping years, thereby
expressing the earlier data in 2015-dollar prices. The resulting combined dataset provides a
continuous GDP per capita series expressed in constant 2015 U.S. dollars from 1950 to 2023,
for 162 countries, excluding offshore financial centers (see Appendix A, Table 5).

III. Fair Shares of the Remaining Carbon Budget

We compute each country’s fair share of the RCB under the ECPC principle.15 ECPC allocates
the remaining global budget such that cumulative CO2 emissions per person are equalized
across countries over a long horizon. The key object is a country’s carbon debt, defined as the
difference between (i) the emissions a country would have produced under an equal-per-capita
counterfactual and (ii) its actual emissions. Intuitively, a positive carbon debt indicates that a
country emitted less than its equal-per-capita benchmark in cumulative terms (a credit), while
a negative value indicates that it emitted more than the benchmark (a debt).

Following Ganti et al. (2023), we calculate each country’s fair share of the RCB. First, we
calculate the carbon debt for each country given by

Debtc =
t=2022

∑
t=1850

(
popc,t

popW,t
× eW,t − ec,t). (1)

The time period ranges from 1850 to 2022. popW,t describes the global population at time t
while popc,t describes the population of country c at time t. The global emissions at time t
are denoted by eW,t and the country’s emissions are denoted by ec,t. According to Ganti et al.
(2023) the carbon debt of each country can be defined as "the CO2 emissions per region, which
exceed a counterfactual equal per capita emission pathway". The term popc,t

popW,t
× eW,t represents these

counterfactual emissions assigned to country c in year t under equal per-capita emissions.
Using this measure of historical responsibility, we compute each country’s fair share of the

15A wide range of alternative burden-sharing principles has been proposed in the literature, including grandfa-
thering, allocating future emissions in proportion to current or past emissions, equal per-capita allocations without
historical accounting, ability-to-pay approaches based on income or development levels, the cost-optimal approach
based on marginal abatement curves, etc.. See, among others, Den Elzen et al. (2013), van den Berg et al. (2020),
and Baer (2013) for systematic comparisons. We choose ECPC approach to separate responsibility (contribution to
the problem) from other factors in the most transparent and equitable way. ECPC’s only assumption is that all
people everywhere and at all times are counted equally.
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remaining carbon budget, denoted by sc, for the period 2023–2050 as

sc =
t=2050

∑
t=2023

popc,t

popW,t
× RCB + Debtc. (2)

The first term captures each country’s population-weighted claim on the remaining global
carbon budget, while the second term adjusts this claim to account for historical emissions
relative to an equal per-capita benchmark. We set the RCB to 500,000 MtCO2, which corre-
sponds to a 50% chance of limiting warming to 1.5◦C relative to pre-industrial levels (IPCC,
2021, Table SPM.2).16 Since both emissions and the RCB are measured in million tonnes, the
resulting fair shares are also expressed in MtCO2.

Finally, we follow the literature that historical emissions should be discounted when
computing carbon debt. As discussed by van den Berg et al. (2020), discounting can be
motivated by two considerations. First, technological progress implies that later emissions are
typically associated with higher energy efficiency, giving latecomers an advantage that can
be reflected by discounting earlier emissions. Second, older emissions have had more time
to decay and therefore contribute less to the current atmospheric stock of CO2. In line with
this reasoning, van den Berg et al. (2020) consider discount rates in the range of 1.6% to 2.8%,
with 2% as their default parameter, following Den Elzen et al. (2013) and Robiou du Pont et al.
(2017). We adopt a discount rate of 2% in our analysis.

[Insert Figure 1]

Figure 1 illustrates the geographical distribution of the fair shares of the RCB under the
ECPC principle. The resulting allocation displays significant variation across countries. Most
advanced economies exhibit strongly negative fair shares, indicating that their cumulative
historical emissions already exceed what would be consistent with equal cumulative per-capita
emissions. This pattern is particularly pronounced for the United States, parts of Western
Europe, Russia, Canada, and Australia. In contrast, most low- and lower-middle-income
countries retain a positive fair share, reflecting historically low emissions per capita.

IV. Economic Development and Carbon Emissions

To assess whether the fair share of the RCB allows developing countries to grow, we first
explore the historical relationship between economic growth and carbon emissions before
turning to forward-looking simulations.

To do this, we group countries according to two criteria: income level and whether their fair
shares of the RCB are positive or negative. The classification by income level follows the World

16https://www.cambridge.org/core/services/aop-cambridge-core/content/view/
8E7A4E3AE6C364220F3B76A189CC4D4C/9781009157889pre2_3-32.pdf/summary-for-policymakers.pdf
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Bank (2025) income classification, which divides economies into four groups: low income,
lower middle income, upper middle income, and high income.17 The last group (high income)
is further divided into advanced economies (AE) and non-advanced economies, according to the
International Monetary Fund (2023) classification. This classification is particularly relevant
for our analysis, as the relationship between economic growth and environmental quality
varies with the stage of development (Grossman and Krueger 1995). This grouping also aligns
with the principle of Common But Differentiated Responsibilities (CBDR) in climate policy,
reflecting differences in current capacity and historical responsibility.18 The classification into
countries with positive or negative fair shares is based on our fair-share calculations presented
in Section III.

Combining these two criteria, and grouping smaller sets of countries, where appropriate,
results in five aggregated country groups, shown in Table 1. As expected, there is a strong
relation between these two criteria, as richer countries tend to have more negative fair shares.

[Insert Table 1]

A. Methodology

We estimate fixed effects panel regressions (within estimator) for all countries combined and
separately for each group g ∈ {1, . . . , 5} (as defined in Table 1). Each specification includes
country fixed effects and a linear time trend in years:

ln CO2,i,t = αi + β1,g(i) ln GDPi,t + β2,g(i) ln GDPi,t · Trend + β3,g(i) Trend + ε it, (3)

where i indexes countries, t indexes years, αi denotes country fixed effects, and ε it is an
idiosyncratic error term. The variable Trend = 0, 1, . . . , 72 represents a linear time trend over
the period 1950–2022. Standard errors are clustered at the country level. The subscript g(i)
indicates that the coefficients are specific to the group g to which country i belongs. Building
on the panel structure of the data allows us to exploit both the time and country dimensions
of the data, controlling for unobserved heterogeneity across countries, and capturing how the
income-emissions relationship evolves jointly over space and time.19

The coefficient β1,g(i) represents the initial (baseline) income elasticity of CO2 emissions per
capita – i.e., the percentage change in emissions associated with a one-percent change in GDP

17According to the World Bank (2025) classification, income groups are defined based on 2024 gross national
income (GNI) per capita, calculated using the World Bank Atlas method. The thresholds are: low income, $1,135
or less; lower middle income, $1,136–$4,495; upper middle income, $4,496–$13,935; and high income, more than
$13,935.

18CBDR principle was adopted by the UN Conference on Environment and Development Rio Earth Summit in
1992 and was officially embedded in Article 3, Paragraph 1 of the UNFCCC.

19Note that we do not give a causal interpretation to this regression, we simply need to obtain elasticities for our
simulations. Esso and Keho (2016) demonstrate that there is a two-way Granger causality between growth and
CO2 emissions in African economies.
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per capita at the start of the sample when Trend = 0. The interaction term coefficient β2,g(i)

captures how this elasticity evolves over time, allowing for gradual changes in the income-
emissions relationship. The marginal effect of income on emissions in year t is therefore given
by:

βg(i),t = β1,g(i) + β2,g(i) · Trendt. (4)

For example, in the Advanced Economies group, the estimated elasticity in 1950 (Trend = 0)
is 0.856 (see Table 3). By 2022 (Trend = 72), it declines to 0.856 − 72 × 0.007 = 0.366. These
time-varying elasticity estimates are subsequently used in the simulation exercises to project
CO2 emissions until 2050 under different scenarios (see section V).

B. Results

The summary statistics in Table 2 highlight substantial differences in income levels and CO2

emissions across groups. While, for example, the average per capita emission level amounts to
11.5 tons per person per year within the group of high income, non-advanced economies, the
same statistic is only 0.14 for low income countries. The group of high income, non-advanced
economies is also characterized by large within-group variation in emissions, captured by a
substantial standard deviation of almost 16 tons per capita per year. To put this number in
perspective, the standard deviation within high income, advanced economies is about one
third of that value.

[Insert Table 2]

To further examine how the relationship between income and emissions evolves over
time, we next visualize the estimated panel regression coefficients (βg(i),t from Equation 4) in
Figure 2. To complement these, we also add coefficient estimates from annual OLS regressions
for each country group, which illustrate the short-term dynamics.

Panel (a) shows the coefficients for high-income advanced economies (AE). This is the only
group that exhibits a clear declining trend, which we interpret as evidence that economic
production in these countries has become progressively less carbon-intensive over time. Several
mechanisms may contribute to this pattern, including the expansion of renewable energy
sources, improvements in energy efficiency, and broader technological innovation that reduces
the carbon intensity of production. This empirical pattern provides an important motivation
for the simulation exercise in Section IV, where we explore whether adopting the emissions-
income elasticity (proxy for the level of technological advancement) observed in advanced
economies would allow developing countries to grow while remaining within their fair share
of the remaining carbon budget (RCB).20

20Other explanations for the declining elasticity include structural changes in advanced economies, most notably
the shift toward more service-oriented economic activity.
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Panels (b)–(e) display the corresponding estimates for the remaining four country groups.
In contrast to advanced economies, these groups generally show positive or increasing trends
in the income–emissions elasticity, indicating that economic growth remains closely linked to
carbon emissions. This pattern is particularly pronounced for lower-middle-income and upper-
middle-income countries with positive fair shares, where elasticities rise steadily over time.
These increases are economically meaningful and likely reflect ongoing industrialization and
structural transformation away from agriculture toward more energy-intensive manufacturing
and infrastructure development.

For the group of high-income non-AE and upper-middle-income countries with negative
fair shares (panel b), the elasticity levels reached in recent years are comparable to those
observed for advanced economies in the early decades of the sample. This comparison high-
lights the large heterogeneity across development stages and suggests that many economies
are currently passing through earlier phases of the historical emissions–growth trajectory
previously experienced by today’s advanced economies.

Table 3 shows the details of the underlying panel regression with country fixed effects
and confirms that the trends are all statistically significant with the negative one for high
income, advanced economies being the largest in absolute terms. Interestingly, low income
countries show a tiny, statistically insignificant income-emissions elasticity at the beginning
of our sample. The same holds for high income, non-advanced and upper middle income
economies, but in this case the point estimate is quite sizable. However, as discussed before,
this group of countries exhibits substantial within-group variation rendering the coefficient
estimate insignificant.

[Insert Figure 2 ]

[Insert Table 3]

V. Simulation

In this section, we combine the results from the earlier analyzes within a simple simulation
framework to address our main research question, namely, whether the fair share of the
Remaining Carbon Budget is sufficient for developing countries and emerging markets to
develop further and reach the average level of development of advanced economies.

A. Methodology

We first construct country-specific GDP per-capita paths. Starting from observed GDP per
capita in 2022, future values follow a constant growth rate that reaches a 2050 target. We
use the average level of GDP per capita of advanced economies in 2022 as a benchmark
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development target for developing countries to reach by 2050. Formally, GDP per capita in
year t follows

GDPi,t = GDPi,t−1 (1 + ri), (5)

where the growth rate ri is given by

ri =

(Target GDPi,2050

GDPi,2022

) 1
T

− 1 (6)

with T = 2050 − 2022. GDP per capita is expressed in constant U.S. dollars throughout.
Next, we model the evolution of CO2 emissions per capita as a function of economic growth.

Annual changes in CO2 emissions per capita are assumed to scale with GDP per-capita growth
through the group-specific income-emissions elasticities. Specifically, emissions per capita
evolve according to

CO2i,t = CO2i,t−1
(
1 + βg(i),t · ri

)
, (7)

where ri denotes the GDP per-capita growth rate of country i, and βg(i),t denotes the
time-varying income-emissions elasticity for the income group g(i) to which country i belongs.
We consider two scenarios. In the first, each country follows the elasticity path estimated for
its own income group (own-group βg(i),t). In the second, all countries are assumed to adopt
the elasticity path of advanced economies from 2023 onward, capturing a technology transfer
scenario (advanced-economies (AE) βAE,t).

For each country, we then compute accumulated CO2 emissions per capita over the
simulation horizon as

ACC_CO2pci =
2050

∑
t=2023

CO2i,t. (8)

To ensure comparability with the fair-share allocations derived in Section III, we express fair
shares on a per-capita basis over the same time period. Let FStot

i denote a country’s total
fair share of the RCB between 2023 and 2050. We convert this into a period-sum per-capita
benchmark by dividing by average population over the period, measured in person-years:

FSpc
i =

FStot
i

∑2050
t=2023 Popi,t/T

. (9)

Population projections are used only for this normalization step and do not enter the GDP
or emissions dynamics.
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B. Results

Panel (a) of Figure 3 presents estimated group-specific emissions-income elasticities, which
represents the base-case scenario. Up to 2022, these lines are identical to those discussed
above in Section IV and shown in Figure 2. After 2022, we follow these linear trends in the
simulation for all groups of countries, except low income countries. Given that the low-income
group currently emits very little CO2 per capita and remains the poorest among all groups,
their historical elasticities likely underestimate future emissions. Many low-income countries
still lack universal access to electricity, with several having electrification rates for the total
population below 50%21. It is therefore unrealistic to assume that their income–emissions
elasticity will continue to evolve along the same path as in the past. Instead, we assume
that these economies will gradually industrialize and expand their energy use, leading to
a temporary increase in their income elasticity of CO2 emissions. By 2050, this group’s
elasticity is assumed to converge to that of the upper middle income (positive fair share) group (see
Figure 3a), reflecting a trajectory consistent with the beginning of the environmental Kuznets
curve.

In the technology transfer scenario, we assume that the technology of advanced economies
is transferred to all countries and, thus, instantaneously reduces the elasticities of all country
groups to that of advanced economies (see Panel (b) of Figure 3). Although this scenario is
implausible, we consider it informative to better understand the potential impact of technology
transfer on the economic development of developing and emerging countries achievable within
the available carbon budgets.

The simulation results are presented graphically by comparing accumulated CO2 emissions
per capita under each scenario with the corresponding per-capita fair share for each country.
Both quantities are expressed in tons of CO2 in Figures 4 through 7. We can see that high
income non-AE and upper middle income economies (Figure 4) have already reached or
exceeded their fair RCB share. The exceptions are Chile and Guyana, with remaining shares
not sufficient to reach the target level of economic development, and Uruguay and Costa
Rica, with more than sufficient RCB shares to achieve the level of development of advanced
economies. Qatar and UAE have already reached the target level of income per capita. In
contrast, all low-income economies have more than sufficient RCB shares to reach the target
level of economic development (Figure 5).

The results are much more heterogeneous for middle-income countries (Figures 6 and 7). In
both upper- and lower-middle income country groups there are countries that have sufficient
fair RCB shares to reach the target level of economic development, such as many countries in
Africa, Central and South Asia, and South America. However, a large set of countries, even
with technology transfer, do not have sufficient RCB. These include countries in the Middle

21See CIA World Factbook, “Electricity access,” available at https://www.cia.gov/the-world-
factbook/field/electricity-access/.
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East, Eastern Europe, and East Asia.
In some important cases, such as India, technology transfer makes a big difference in the

ability to reach target development levels within the fair RCB share. Other countries in this
group include Egypt, Congo, Indonesia, Jamaica, Ecuador, among others.

[Insert Figures 3 to 7]

C. Aggregate Transfer Accounting

The country-level figures above indicate whether the simulated emission needs between 2023
and 2050 exceed the fair-share allocation of each country. To summarize these comparisons at
the aggregate level, we decompose countries into three groups: (i) countries with positive fair
shares whose simulated needs remain below their allocation, (ii) countries with positive fair
shares whose simulated needs exceed their allocation, and (iii) countries with negative fair
shares.

Let FSi denote country i’s total fair-share allocation for 2023–2050 and let N(s)
i denote total

simulated CO2 emission needs over the same period under scenario s ∈ {own technology,
technology transfer}. Define the sets P = {i : FSi > 0} and N = {i : FSi < 0}. Among
countries with positive fair shares, we compute the aggregate surplus (unused allocation) and
the aggregate shortfall (overshoot) as

S(s) = ∑
i∈P

max{FSi − N(s)
i , 0}, D(s) = ∑

i∈P
max{N(s)

i − FSi, 0}.

We summarize the magnitude of negative fair shares as

B− = ∑
i∈N

|FSi|.

Countries in N that are not advanced economies face a double burden: they carry a his-
torical carbon debt captured by B−, but also require additional emissions to complete their
development. We therefore separately account for their future emission needs as

N(s,−) = ∑
i∈N\AE

N(s)
i .

Interpreting fair shares as tradable or transferable entitlements, S(s) represents the pool of
unused allocations that could, in principle, be transferred, while D(s) + B− + N(s,−) represents
the full combined demand for additional carbon space arising from (i) positive-fair-share
countries whose simulated needs exceed their allocation, (ii) the historical carbon debt of
all negative-fair-share countries, and (iii) the future development-related emission needs of
negative-fair-share non-advanced economies.
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Numerically, in the own-technology scenario, we obtain S(own) = 179.55 GtCO2, D(own) =

585.97 GtCO2, and B− = 281.82 GtCO2, and N(own,−) = 205.49 GtCO2. Hence, unused
allocations would cover

Coverage(own) =
S(own)

D(own) + B− + N(own,−)
=

179.55
585.97 + 281.82 + 205.49

≈ 0.17,

i.e. about 17% of the combined shortfall in carbon budgets.
In the technology-transfer scenario, the surplus rises to S(transfer) = 310.96 GtCO2 and the

shortfall declines to D(transfer) = 383.46 GtCO2, N(transfer,−) = 144.97 GtCO2 while B− remains
unchanged. The corresponding coverage ratio is

Coverage(transfer) =
S(transfer)

D(transfer) + B− + N(transfer,−)
=

310.96
383.46 + 281.82 + 144.97

≈ 0.38,

implying that unused allocations would cover roughly 38% of the combined total carbon
budget needed assuming that the technology of advanced economies could be transferred to
all other countries.

These comparisons are accounting benchmarks. They do not model actual international
trading or transfers. Rather, they quantify how the global distribution of unused allocations
compares with the full combined carbon budget gap, accounting for future shortfalls among
positive-fair-share countries, the historical carbon debts implied by ECPC, and the remaining
development needs of countries that are simultaneously in carbon debt and below the income
convergence target.

[Insert Table 4]

Of course, the above calculations depend on the parameter assumptions we made in the
simulation. Indeed, the above results are based on a remaining carbon budget of 500 GtCO2,
corresponding to a 50% probability of limiting warming to 1.5◦C. However, the choice of RCB
is itself a normative and scientific question, and our conclusions depend on this assumption.
Table 4 reports coverage ratios in four scenarios commonly referenced in the climate policy
debate: 50% and 67% probabilities of limiting warming to 1.5◦C, and 50% and 67% probabilities
of limiting warming to 2◦C, with corresponding RCBs of 500, 400, 1350, and 1150 GtCO2

respectively, as reported in IPCC (2021), Table SPM.2.
We observe substantial variation in coverage ratios depending on the assumed temperature

target. Under the more stringent 1.5◦C targets, coverage ratios remain low regardless of
the scenario, ranging from 13% to 38%, confirming that the gap between fair allocations
and development needs is large and cannot be closed by technology transfer alone. Under
the 2◦C targets, however, coverage ratios increase considerably:they increase to 59% and
82% in the cases where countries continue to use their own technology and exceed one in a
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world with technology transfer, reaching 118% and 157% respectively. This implies that the
pool of unused allocations would, in aggregate, exceed the combined global carbon budget
gap. Importantly, these results do not mean that the climate-development tension disappears
entirely. Rather, they reveal that under a 2◦C target with full technology transfer, the problem
becomes one of distribution rather than overall scarcity; i.e., the remaining carbon budget is
large enough in total, but ensuring that it is available to the countries where development
needs are concentrated is the central policy challenge.

The coverage ratios are also sensitive to the assumed GDP convergence target, though less
so than one might expect. For example, using a lower GDP convergence target of approximately
$30000 per capita by 2050, which would correspond to about 68% of the baseline target, the
aggregate carbon budget coverage ratio increases to 22% under the own-technology scenario
and to 43% under the technology-transfer scenario if the temperature target is to stay below
1.5◦C with a 50% probability. While the reduction in the GDP growth target is substantial in
this case, the impact on the carbon budget coverage ratios is small.

To conclude, technology transfer alone will not be sufficient to achieve the Paris climate
goals and economic development goals, unless we water down the temperature targets.
Although future technological developments and, especially the transfer of technology to
developing and emerging countries, can help bridge this gap, additional actions such as carbon
capture will be needed to balance these sustainable development goals.

VI. Conclusion

Secretariat of the United Nations Framework Convention on Climate Change (1992): Article 3
(1) states “The Parties should protect the climate system for the benefit of present and future
generations of humankind, on the basis of equity and in accordance with their common but
differentiated responsibilities and respective capabilities. Accordingly, the developed country
Parties should take the lead in combating climate change and the adverse effects thereof. ” We
show that, in practice, this principle of equity implies that developed countries have already
overspent their fair carbon budget and therefore must contribute to reducing emissions by
lower income countries without compromising their economic growth. One way this can be
achieved is through technology transfer, including but not only green technologies, that would
allow lower-income economies develop while remaining withing their fair share of RCB.

Within a simple and tractable, albeit comprehensive, framework, we show that global
carbon emission reduction targets are not compatible with economic development goals for
most middle-income economies. Technology transfers that speed up economic development
in these countries while leap-frogging high-emission industrial stages are able to move the
world closer to achieving both climate and economic development goals. However, our
calculations show that only about half of the gap between the remaining carbon budget and

15



carbon emissions needed to achieve economic development goals can be bridged by technology
transfer. As a consequence, a fair allocation of carbon capture and adaptation spending will
need to follow the same equity principles, such as outlined in the Greenhouse Development
Rights framework, to tackle the triple climate inequality crisis.
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Tables and Figures

Table 1. Country grouping by income level and fair-share status

Code Group name

1 High-income (Advanced Economies) with Negative Fair Shares
2 High-income (non-Advanced) and Upper-middle-income with

Negative Fair Shares
3 Upper-middle-income with Positive Fair Shares
4 Lower-middle-income with Positive Fair Shares
5 Low-income with Positive Fair Shares

Notes: Countries are grouped by income level and the sign of their fair share of the
remaining carbon budget. Income grouping follows the World Bank (2025) classification of
GNI per capita, and the distinction between advanced economies (AE) and non-advanced
economies follows the International Monetary Fund (2023). Fair-share signs are based on
the calculations in Section III; positive values indicate remaining emission space, while
negative values indicate an overshoot of the allocated share.
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Table 2. Summary statistics

Panel A: Levels

Income × fair share group
CO2 per capita GDP per capita

N Obs.
Mean SD Mean SD

High income (AE) (negative) 8.37 5.63 24,709.54 18,752.17 37 2,701
High income (non-AE)
and Upper middle (negative) 11.53 15.62 15,860.33 23,053.05 23 1,651
Upper middle income (positive) 2.34 2.06 3,785.65 2,622.48 35 2,512
Lower middle income (positive) 0.81 1.01 1,570.29 1,123.10 46 3,118
Low income (positive) 0.14 0.16 598.40 346.40 18 1,305

All countries 4.45 7.89 9,578.50 16,086.97 159 11,287

Panel B: Natural logs

Income × fair share group
ln CO2 per capita ln GDP per capita

Mean SD Mean SD

High income (AE) (negative) 2.06 0.62 9.80 0.86
High income (non-AE)
and Upper middle (negative) 2.13 0.88 9.02 1.08
Upper middle income (positive) 1.04 0.58 7.95 0.85
Lower middle income (positive) 0.49 0.41 7.14 0.66
Low income (positive) 0.12 0.12 6.27 0.47

All countries 1.19 0.95 8.13 1.45

Notes: This table reports summary statistics for CO2 emissions per capita and GDP per capita by country group
(Table 1). Panel A reports variables in levels, number of countries (N), and number of observations (Obs.); Panel
B reports their natural logarithms. CO2 emissions per capita are measured in metric tons per person and GDP
per capita is measured in constant 2015 U.S. dollars. Unit of observation is country-year.
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Table 3. Panel regression estimates

(1) (2) (3) (4) (5)

Income High (AE)
High (non-AE)
Upper middle Upper middle Lower middle Low income

Fair share − − + + +

ln GDP per capita 0.856∗∗∗ 0.178 0.343∗∗∗ 0.216∗∗∗ 0.016
(0.074) (0.118) (0.084) (0.045) (0.036)

ln GDP per capita × Trend -0.007∗∗ 0.006∗∗ 0.002∗ 0.005∗∗∗ 0.002∗∗

(0.002) (0.002) (0.001) (0.001) (0.001)
Trend 0.059∗ -0.050∗∗ -0.015 -0.033∗∗∗ -0.013∗∗

(0.024) (0.017) (0.011) (0.008) (0.004)

Country FE Y Y Y Y Y
Observations 2,701 1,651 2,512 3,118 1,305
R2 0.624 0.285 0.612 0.565 0.334

Notes: The dependent variable is the natural log of CO2 emissions per capita. All specifications estimate the fixed-effects panel
regression given in Equation (3). Columns (1)–(5) report separate regressions for the five country groups (Table 1). ln GDP
per capita is measured in constant 2015 U.S. dollars. Trend denotes a linear time trend (0–72) for the period 1950–2022. The
interaction term ln GDP per capita × Trend allows the income elasticity of CO2 emissions to vary over time. Country fixed effects
are included in all specifications. Standard errors, clustered at the country level, are in parentheses. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗

p < 0.001.
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Table 4. Coverage ratios under alternative RCB scenarios

Temperature Probability RCB Coverage ratio

target of limiting (GtCO2) Own technology Technology transfer

1.5◦C 67% 400 0.13 0.30
1.5◦C 50% 500 0.17 0.38
2.0◦C 67% 1150 0.59 1.18
2.0◦C 50% 1350 0.82 1.57

Notes: The RCB figures are taken from IPCC (2021), Table SPM.2, and refer to cumulative
CO2 budgets from the beginning of 2020. The coverage ratio is defined as S(s)/(D(s) + B− +

N(s,−)), where S(s) is the aggregate surplus of unused allocations among positive-fair-share
countries, D(s) is the aggregate shortfall among positive-fair-share countries, B− is the sum of
negative fair shares across all countries, and N(s,−) is the future emission needs of negative-
fair-share non-advanced economies. See Section V for details. A coverage ratio above one
indicates that unused allocations exceed the combined global carbon budget gap.

20



Figure 1. Fair Shares of the Remaining Carbon Budget
Notes: The figure shows each country’s fair share of the remaining carbon budget
(RCB) for the period 2023–2050 under the equal cumulative per-capita (ECPC) allocation
principle. Fair shares are computed as the population-weighted claim on the global
RCB adjusted for each country’s historical carbon debt accumulated over 1850–2022.
Historical emissions are discounted at an annual rate of 2%. Positive values indicate
remaining emission space, while negative values indicate that a country’s historical
emissions already exceed its equal per-capita allocation. Values are expressed in million
tons of CO2.
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(a) High income Advanced Economies (AE) (b) High income non-AE & upper middle income
(negative)

(c) Low income (positive) (d) Lower middle income (positive)

(e) Upper middle income (positive)

Figure 2. Income Elasticity of CO2 Emissions per Capita by Country Income Group
Notes: The blue lines show yearly income elasticities from cross-sectional OLS regressions of log CO2 emissions
per capita on log GDP per capita. The green lines show elasticities implied by fixed-effects panel regressions
with country fixed effects and a linear time trend interacting with log GDP per capita. “Positive” (“negative”)
refers to whether the group has a positive (negative) fair share in the remaining carbon budget.
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(a) Baseline scenario: group-specific elasticities

(b) Technology transfer scenario: adopting advanced-economy elasticities

Figure 3. Income elasticity of CO2 emissions used in the simulation
Notes: The figure shows the time-varying income elasticity of CO2 emissions per capita. In panel (a),
each country group follows its own estimated elasticity path βg(i),t obtained from the fixed-effects panel
regressions reported in Table 3. In panel (b), all country groups adopt the elasticity path estimated
for advanced economies, βAE,t, starting in 2023 to capture a technology-transfer scenario. The vertical
dashed line marks the start of the simulation period.
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Figure 4. High Income (non-AE) & Upper Middle Income (-) - per-country comparison
Notes: The figure compares each country’s fair share of the remaining carbon budget (black diamonds)
with projected CO2 emissions per capita for 2023–2050 under two scenarios. Blue bars show projected
emissions when countries adopt the advanced-economy elasticity path from 2023 onward (technology
transfer scenario), while orange bars show projections using each group’s own estimated elasticity path.
Emissions are accumulated over 2023–2050 and expressed in tons of CO2 per capita. Fair shares are
computed under the equal cumulative per-capita (ECPC) principle described in Section III.
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Figure 5. Low Income (+) - per-country comparison
Notes: The figure compares each country’s fair share of the remaining carbon budget (black diamonds)
with projected CO2 emissions per capita for 2023–2050 under two scenarios. Blue bars show projected
emissions when countries adopt the advanced-economy elasticity path from 2023 onward (technology
transfer scenario), while orange bars show projections using the baseline elasticity path. Emissions are
accumulated over 2023–2050 and expressed in tons of CO2 per capita. Fair shares are calculated under
the equal cumulative per-capita (ECPC) allocation principle.
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Figure 6. Lower Middle Income (+) - per-country comparison
Notes: The figure compares each country’s fair share of the remaining carbon budget (black diamonds)
with projected CO2 emissions per capita for 2023–2050 under two scenarios. Blue bars show projected
emissions under the technology transfer scenario in which countries adopt the advanced-economy
income–emissions elasticity from 2023 onward. Orange bars show projections based on each group’s
own elasticity path. Emissions are accumulated over 2023–2050 and reported in tons of CO2 per capita.
Fair shares follow the ECPC allocation rule described in Section III.
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Figure 7. Upper Middle Income (+) - per-country comparison
Notes: The figure compares each country’s fair share of the remaining carbon budget
(black diamonds) with projected CO2 emissions per capita over 2023–2050. Blue bars
show projected emissions under the technology transfer scenario, while orange bars show
projections based on each group’s own estimated income–emissions elasticity. Values
represent cumulative emissions over the simulation horizon in tons of CO2 per capita. Fair
shares are computed under the equal cumulative per-capita (ECPC) allocation principle.
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Appendix

Appendix A: Energy Efficiency

Figure 8 shows the cross-country distribution of CO2 emission intensities in 2022, measured as
kilograms of CO2 emitted per dollar of GDP.

Figure 8. Emission Intensities in 2022
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Appendix B: List of countries

Table 5. List of OFCs22

Country ISO-3 Code Country ISO-3 Code

1 Andorra AND 21 Lebanon LBN
2 Antigua and Barbuda ATG 22 Saint Lucia LCA
3 Anguilla AIA 23 Liechtenstein LIE
4 Aruba ABW 24 Liberia LBR
5 Barbados BRB 25 Marshall Islands MHL
6 Bahrain BHR 26 Montserrat MSR
7 Bermuda BMU 27 Mauritius MUS
8 Bahamas BHS 28 Nauru NRU
9 Belize BLZ 29 Niue NIU
10 Cook Islands COK 30 Panama PAN
11 Curaçao CUW 31 Philippines PHL
12 Cayman Islands CYM 32 Seychelles SYC
13 Dominica DMA 33 Singapore SGP
14 Grenada GRD 34 Sint Maarten SXM
15 Guernsey GGY 35 Turks and Caicos Islands TCA
16 Gibraltar GIB 36 Saint Vincent and the Grenadines VCT
17 Hong Kong HKG 37 Virgin Islands (British) VGB
18 Isle of Man IMN 38 Virgin Islands (U.S.) VIR
19 Jersey JEY 39 Vanuatu VUT
20 Saint Kitts and Nevis KNA 40 Samoa SAM

See Eurostat Glossary.
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Appendix C: Estimated Country Fixed Effects from Panel regressions

Figure 9. Country Fixed Effects — Group 1: High income (Advanced Economies)
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Figure 10. Country Fixed Effects — Group 2: High income (non-AE) and Upper middle
income (negative)
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Figure 11. Country Fixed Effects — Group 3: Upper middle income (positive)
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Figure 12. Country Fixed Effects — Group 4: Lower middle income (positive)
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Figure 13. Country Fixed Effects — Group 5: Low income (positive)
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