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% Check for updates Global warming and socio-economic development are together prompting a

surge in the use of air-conditioning (AC). Yet the technology that delivers
thermal comfort also emits large quantities of greenhouse gases (GHG),
exacerbating climate change. We quantify global AC-related GHGs and asso-
ciated warming impact under five climate scenarios, separating the contribu-
tions of global warming and socio-economic development. In a middle-of-the-
road scenario (SSP245), cumulative AC-related emissions reach 113.3 GtCO,eq
between 2010 and 2050, increasing global-mean temperature by 0.05 °C
(0.03°C-0.07 °C), with only about 8.3% to climate-driven cooling demand.
Income inequalities exacerbate disparities in AC use, substantially limiting
access to cooling in lower-income regions. While rising incomes reduce this
inequality, they increase emissions: income-driven AC growth adds 14-146
GtCO,eq and a further 0.003-0.05 °C of warming by 2050, even under SSP119.
These results highlight the need for a rapid low-carbon cooling transition that
balances total warming impacts with equitable cooling access.

Excessive anthropogenic GHG emissions have already warmed the
planet by 1.2 + 0.1°C since the pre-industrial era’. The resulting rise in
surface temperatures, together with more frequent and intense heat-
waves, has caused nearly half a million heat-related excess deaths
between 2000 and 2019%°, Air-conditioning is an effective and widely

Consequently, the joint influence of global warming and socio-
economic development produced a four-fold surge in annual global
air-conditioner sales from 1990 to 2016*°, with over half located in
China and the United States®.

Although the widespread AC use facilitates human adaptation to

used adaptation measure for protecting people from hazardous heat".
In parallel, rapid economic expansion in emerging economies, growing
urban populations, and falling prices of appliances have expanded
access to AC-based space cooling, transforming latent thermal-
comfort demand into an unprecedented surge in AC adoption®*.

hot and humid weather, it also brings about additional energy con-
sumption and resulting GHG emissions®’. Given that cooling largely
relies on electricity, this strategy has led to a more than threefold
increase in global electricity consumption for cooling from 1990 to
2016*. Some regions (e.g., the United States and the Middle East) even
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have an AC demand accounting for over 50% of their peak electricity
load on hot days®. Considering that our current power generation is
mainly based on fossil fuels’', the increase in electricity use for air-
conditioning could cause substantial GHG emissions in the near-term.
Refrigerants used in air conditioners, such as hydrofluorocarbons
(HFCs), chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs), also contribute considerably to global warming if leaked to
the air™. Consequently, expanding AC access presents a fundamental
trade-off: it safeguards human well-being in hotter climates while
simultaneously locking in additional warming impact through both
energy and refrigerant pathways. Quantifying and mitigating this cli-
mate penalty is therefore essential to ensure that gains in thermal
comfort do not undermine long-term mitigation goals.

There have been emerging discussions around the trade-offs
between the thermal benefits of increasing AC use and its associated
GHG footprints>™, Yet no study has quantified how the interactions
between socio-economic development and global warming across
climate scenarios could shape future AC demand, nor how that
demand, in turn, could feed back to global-mean temperature. Existing
analyses have not investigated the respective contributions of socio-
economic drivers (such as income growth and population) and cli-
matic drivers to future AC uptake and total warming impact. More
importantly, although current income-driven inequalities in AC use are
well documented, there are only few studies focusing on systematic
quantification of future cooling inequalities. The additional emissions
and associated warming impact that would accompany low-income
households attaining higher living standards are still unaccounted
for'®. In addition, existing research often fails to account for the
influence of relative humidity (RH) on cooling demand and neglected
regional variations in AC demand®. Finally, only a few studies have
examined the cooling sector under high-emission scenarios (e.g.
RCP8.5) at the regional and global scales within an integrated frame-
work, utilizing detailed energy-system models and General Circulation
models (GCMs)'*", However, these studies overlooked the large
uncertainties arising from limited GCM ensembles, and crucially, they
have not explored the long-term impacts of low-carbon transition
driven by stringent climate targets on the warming impact caused
by AC use.

Aiming at the above research gap, our study seeks to quantify the
total warming impact from AC use on global-mean temperature across
scenarios, investigate the respective contributions of socio-economic
development and global warming, and evaluate how narrowing
income-driven cooling inequalities reshapes both emissions and
warming potential. Therefore, we design an integrated approach that
incorporates the improved cooling degree days (CDD) approach, the
Global Change Analysis Model'*” (GCAM), and the Model for the
Assessment of Greenhouse Gas Induced Climate Change (MAGICC,
https://magicc.org/)***. Our projection of future regional CDDs is
enhanced by introducing the heat-index approach and multi-model
simulation from 25 widely applied GCMs (see Supplementary Table 1),
providing a more comprehensive and nuanced estimation of cooling
demand across regions (see “Methods”). GCAM provides a series of
detailed functions for cooling services and energy demands, lever-
aging the dynamic interactions between socio-economic develop-
ment, complex energy systems and climate change to capture cooling
energy demand at both global and regional scales. By incorporating
projected CDDs across scenarios, we employ GCAM to estimate AC
energy consumption for cooling and the associated GHG emissions
under the five SSP-RCP scenarios (see “Methods”). We also quantify the
respective contributing effects of socio-economic factors (e.g., floor-
space, GDP, income, and population) and global warming (e.g., CDDs)
to the trajectories of AC stock and energy consumption. Moreover, we
use the well-calibrated climate emulator MAGICC v7.5.3 to quantify the
possible ranges of additional warming effects from AC use (see
“Methods”). To investigate the climate-driven feedback and socio-

economic contributions of AC-induced global warming impacts, we
construct simplified counterfactual experiments within our IAM fra-
mework across scenarios. Finally, we assess the inequality in cooling
services using Lorenz curves and Gini coefficients based on cooling
energy consumption and expenditure derived from the GCAM, and
develop an econometric model to quantify these inequalities in the
cooling gaps (the unmet need for air-conditioning due to a lack of
income) through AC stock under different income levels within SSP-
RCP scenarios (see Methods). Our study provides quantitative global
insights on the impact of AC use with the interactions between the
changing climate and socio-economic development, exploring the
extent of warming impact and cooling vulnerabilities.

We employ two widely used scenario frameworks to build future
climate simulations: the Representative Concentration Pathways
(RCPs) and Shared Socioeconomic Pathways (SSPs). Following the
scenarios highlighted by Working Group I of the IPCC Sixth Assess-
ment Report (AR6)*>*, we use the SSP119 (referred as SSP1-RCPL.9),
SSP126, SSP245, SSP370 and SSP585 scenarios as a range of future
climate mitigation scenarios, matching with the climate projections in
CMIP6 (Coupled Model Intercomparison Project Phase 6)*° and
NASA NEX-GDDP-CMIP6 dataset. SSP126, SSP245, and SSP585 repre-
sent, respectively, a world on a sustainable pathway, medium devel-
opment, and high dependence on fossil energy”-*%. SSP119 and SSP370
emphasize scenarios, respectively, with lower emissions to achieve the
1.5 °C target and significant developmental disparities between regions
(see “Methods”)**°.

Results

Impacts of global warming on cooling demand

Figure 1 shows global cooling demand trends under the five SSP-RCP
scenarios. We account for the cooling demand consistent with the
GCAM regional classification (see Supplementary Table 2). We use
population-weighted Cooling Degree Days (CDDs) to measure histor-
ical and future cooling demand both globally and within regions using
mean surface temperature and relative humidity gridded data (0.25°x
0.25°, -25km), and global 1km downscaled population distribution
gridded data. Gridded data of temperature and relative humidity come
from the CMIP6 database” and the NASA NEX-GDDP-CMIP6 dataset,
and population distribution from the NASA Socioeconomic Data and
Applications Center (SEDAC database)***.

Global cooling demand, measured in CDDs, is projected to
increase by an average of 25% across climate models (-5% to 100%,
ranging across 25 GCMs) by 2050 under the baseline scenario (SSP245)
compared to 2010 (see Fig. 1a). By 2100, this increase is expected to
reach 50% with a range of 12% to 160%. Due to the most stringent GHG
emission control, global CDDs under the SSP119 scenario (Fig. 1c) show
a slight increase, with a 4% rise in 2100 relative to 2010, remaining far
below the other scenarios. Despite a 28% increase in global cooling
demand from 2010 to 2050 under the SSP126 scenario, the widespread
adoption of negative carbon technologies, similar to those in the
SSP119 scenario, results in a lower global CDD in 2100 compared to
2050. By contrast, under high-emission scenarios (SSP370 and
SSP585), global cooling demand is projected to increase considerably,
particularly as GHG emissions accumulate, with demand in 2100 being
substantially higher than in 2050 (with 48% and 66%, respectively).

From a regional perspective, higher-emission scenarios generally
result in considerably higher cooling demand across all regions by the
end of the century, while lower-emission scenarios lead to lower
cooling demand. In contrast, by 2050, the expected rise in cooling
demand under higher-emission scenarios does not emerge uniformly
across all regions, suggesting an uneven distribution across regions in
the mid-term projections. Several interconnected factors explain such
discrepancies. First, regions responding most rapidly to climate
change are primarily located in the high latitudes of the Northern
Hemisphere, but they contribute relatively little to global CDDs?. For
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a) Global Cooling Degree Days under different climate change scenarios
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c) Regional Cooling Degree Days variation in 2050 compared to the baseline scenario (SSP245)
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Fig. 1| Global cooling demand trends under different climate change scenarios.
a Global Cooling Degree Days under different SSP-RCP scenarios. Global CDDs
represent the total population-weighted CDDs (unit: 1000 CDDs) during the time
period 2010-2100. The color lines represent mean population-weighted CDDs
during 2015-2100 across five SSP-RCP scenarios. The shadows and bars represent
wide ranges of global population-weighted CDDs in 2050/2100 from 25 GCM
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outputs; b Detailed regional CDDs in 2050 under the baseline scenario (SSP245).
¢ Regional cooling demand variation by 2050 under other scenarios compared to
the baseline. Red and blue represent increased and reduced regional CDDs com-
pared to the baseline scenario, respectively. Regional CDD variation under the
SSP126 and SSP585 scenarios is shown in Supplementary Fig. 1.

example, under the SSP119 scenario, cooling demand in Northern
Hemisphere regions, such as Canada and Northern Europe, declines
considerably by 2050; however, it does not fully offset the increases in
other regions, contributing to a slight increase in global CDDs from
2010 to 2050. Second, ambitious mitigation policies in low-emission
scenarios (SSP119 and SSP126) reduce aerosol concentrations®, which
have previously exerted a short-lived cooling effect****. Consequently,
diminishing aerosol-related cooling can lead to temperature rise and
greater cooling demand in regions such as West Africa and South
Asia®. Furthermore, demographic shifts can also affect regional cool-
ing demand in the mid-term. For instance, under the SSP126 scenario, a
relative increase in populations residing in warmer regions (e.g., Aus-
tralia and New Zealand) contributes to higher cooling demand than
under the baseline scenario. Conversely, projected population decline
in regions such as Canada and Russia under the SSP370 scenario leads
to reduced cooling demand compared to the baseline scenario. Taken
together, these results highlight the intricate interplay between cli-
mate dynamics, aerosol forcing, and demographic changes that shape
heterogeneous regional cooling demand in the mid-term.

Moreover, there is a considerable mismatch between regional
cooling demand and economic development. The distribution of
current and future cooling demand differs considerably across
regions®: most of the cooling demand is concentrated in equatorial
regions. Figure 1b shows that Southeast Asia have the highest CDDs of
6105 in 2050 under the baseline scenario, followed by Indonesia (6091)
and the northern part of South America (5409). However, regions with
substantial cooling demand (over 4000 CDDs), such as Pakistan,
Western Africa, and South Asia, are often those with the lowest

economic development”. Conversely, many high-income regions,
such as Canada and European regions, typically exhibit cooling
demand below 1000 CDDs. This economic divide is further highlighted
by the fact that the five low-income regions, whose combined GDPs
amounts to merely 14% of that of the five high-income regions,
nevertheless account for 24.4% of global cooling demand, whereas
these high-income regions contribute just 8.7%.

Air-conditioning stock and energy consumption

The extent to which global cooling demand could affect the AC stock is
dependent on economic development®*. Under the middle-of-the-
road baseline scenario (SSP245), global AC stock is projected to be
around 2.3 (1.9-3.4) billion units in 2050 (see Fig. 2a). The highest
increases are found in the scenario that combines strong economic
growth with high levels of global warming (SSP585), reaching 3.1 billion
units in 2050. The sustainable development and “well below 2 C”
mitigation scenario (SSP126) also shows higher AC demand than the
baseline, at 2.6 billion units. Due to slow economic development, the
SSP370 scenario has the lowest AC stock (2.0 billion), even 14% lower
than that under the SSP119 scenario.

Similarly to AC stock trends, global AC energy consumption is
largely determined by economic development and cooling demand.
Under the baseline scenario, global AC energy consumption is pro-
jected to increase by 135.7% in 2050 compared to 2010 (See Fig. 2b).
Despite the variety of AC types, the use of air-conditioning is mostly
powered by electricity®, with a very small portion provided by natural
gas. AC electricity consumption contributes 8.0% of total energy
consumption (TEC) globally in the building sector in 2050, reaching
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Fig. 2 | Global and regional AC stock and cooling energy consumption.

a, b Global AC stock (Unit: in million AC units) and cooling energy consumption
(Unit: TWh) across five SSP-RCP scenarios. ¢, d Regional AC stock and cooling
energy consumption in 2050. The bars and lines represent AC stock and cooling

demand estimated based on global mean CDDs. The error bars and shadows

T

T T T 1
0 1500 3000 4500 6000

represent possible ranges of global AC stock and cooling energy consumption
based on the range of global cooling demand under five climate scenarios. The gray
bar and square represent historical data from IEA* and GCAM, respectively. ME and
SEA respectively represent the Middle East and Southeast Asia.

4493 (3326-7225) TWh, aligning similarly with previous studies that
estimate around 4000 TWh by 2050*°. Driven by high cooling demand
and per capita GDP, the SSP585 scenario consumes the most AC-
related electricity among all scenarios, ranging from around 5800 to
12,821 TWh, which accounts for up to 14.9% of TEC in the building
sector globally. Even though the cooling demand in the
SSP126 scenario is lower compared to the SSP370 scenario, higher per
capita income still results in more AC electricity consumption by
2050, which aligns with previous studies indicating that income
drives a large increase in cooling energy consumption under the SSP1
pathway*.. Although the SSP370 scenario projects the lowest overall
AC energy consumption, the reduction compared to the
SSP119 scenario (-6%) is relatively smaller than the corresponding
difference in AC stock. This diminished gap, beyond potential
methodological mismatches between the stock and consumption
modeling approaches (as discussed in Limitations), can be attributed
to the interplay between various factors, including differences in
cooling demand, usage patterns, and energy efficiency. For example,
compared to the SSP119 scenario, the higher cooling demand pro-
jected under the SSP370 scenario leads to longer AC operating hours
or more intensive usage (Unit energy consumption) (see Supple-
mentary Fig. 2). Furthermore, the narrative of the SSP370 scenario
assumes slower technological progress, implying lower building
energy efficiency relative to the SSP119 scenario. The combination of
potentially higher usage intensity and lower unit efficiency in
SSP370 substantially offsets the reduction in aggregate energy

consumption that would otherwise be expected from its con-
siderably smaller AC stock.

Income growth has been found as the dominant driver of the
potential surge in both installed AC stock and associated energy con-
sumption. Our decomposition analysis shows that, averaged across the
five SSP-RCP scenarios, the income effect alone contributes to 158% of
the increase in the global AC stock and 190% of the increase in global
AC energy consumption between 2010 and 2050 (see Supplementary
Table 3 to 4). For the global AC stock, the next two largest growth
drivers are the AC penetration intensity effect (captures changes in the
number of installed AC units relative to the cooling demand) and
population effect, which raise the stock by 74% and 40%, respectively.
By contrast, the floorspace intensity effect produces the greatest
decreasing effect, because aggregate economic output has expanded
more rapidly than total floor area. These drivers exert similar effects on
global AC energy consumption.

Because those income gains are unevenly distributed, their
imprint on cooling demand is highly diversified regionally. Across all
scenarios, AC stock and energy consumption of China and the United
States far outweigh stock and consumption in other regions. With the
additional contributions from Japan, the Middle East and Southeast
Asia, Asia is projected to emerge as the leader in this aspect (see
Fig. 2c, d). The decomposition analysis confirms these contrasts: the
income effect results in 318.2% of the increase in AC stock and 395.5%
of the increase in cooling energy consumption in China, whereas in
the United States, it leads to only 73.2% and 64.2% increases,
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a) Total GHG emissions under different scenarios

c) Cumulative GHG emissions and the associated temperature increases
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Fig. 3 | GHG emissions and the resulting warming effects produced from

AC use. a Total GHG emissions across five SSP-RCP scenarios. The lines represent
the GHG emissions based on mean CDD, while the shadows represent possible
ranges of GHG emissions based on min and max CDD. b Total GHG emissions in
2050 by fuel and emitter. Total GHG emissions associated with AC use are cate-
gorized into four emission sources across two building types: residential and
commercial. In residential buildings, CO, emissions from AC use comprise ~0.6%
from natural gas consumption by gas-powered ACs and 99.4% from electricity
consumption. In commercial buildings, CO» emissions account for about 0.5%
from natural gas consumption and 99.5% from electricity consumption. Non-CO,
emissions from AC use are from two sources: refrigerant leaks from AC use and
other non-CO, emissions from power transmission. Regarding the types of AC
refrigerants, the default settings of GCAM account for traditional refrigerants,

such as HFC-134a and HFC-143a, as well as the low-GWP refrigerant HFC-32. Non-
CO, emissions from residential and commercial AC use are primarily derived
from AC refrigerants (-98.9%), with a minor contribution from power transmis-
sion (approximately 1.1%). ¢ Global cumulative GHG emissions and the associated
warming effects across scenarios. Triangles in the figure represent the reference
warming temperatures for each SSP-RCP scenario, with the dots indicating the
additional warming effects caused by the average GHG emissions resulting from
AC use. Owing to rounding, the warming contributions for SSP245 and SSP370
appear similar; in fact, the SSP370 value (0.048 °C) is slightly higher than that for
the SSP245 scenario (0.045 °C). The error bars denote the range of temperature
increases based on the range of global cooling demand under five climate
scenarios.

respectively. Similar disparities emerge elsewhere. In rapidly urba-
nizing economies such as Africa, India and Indonesia, lagging effi-
ciency and steep income growth together drive the fastest
proportional increases in both metrics. Although per capita levels in
these regions remain below those in China due to income con-
straints, ongoing urban population growth and rising incomes sug-
gest that future AC uptake and cooling energy consumption in these
regions could exceed our current projections*.

Contribution of air-conditioning use to global warming

GHG emissions from AC use are projected to peak before 2040 under
the ambitious climate mitigation scenarios (SSP119 and SSP126) but
continue to increase until 2050 in other scenarios (see Fig. 3a). The
emissions from AC use are largely determined by how clean the power
generation supply is (see Supplementary Fig. 3), given that electricity is
the main energy source. Under the baseline scenario, AC-related GHG
emissions increase from 1.3 GtCO,eq in 2010 to 3.8 (2.9-5.5) GtCO,eq
in 2050. The SSP585 scenario generates the largest GHG emissions.
Considering the highest share of fossil fuel involved with power supply

in all scenarios, GHG emissions from AC use under the SSP585 scenario
reach about 8.5 (6.2-14.0) GtCOeq in 2050, approximately equivalent
to the total CO, emissions of the United States in the last two years*.
The SSP370 scenario consumes less energy for air-conditioning rela-
tive to the baseline scenario, but still produces more GHG emissions,
reaching 4.2 (3.1-5.9) GtCO,eq in 2050. The underlying reason is
similar: the assumed share of fossil fuels in the power supply under the
SSP370 scenario (72.7%) is larger than under the baseline scenario
(66.6%, including the share of CCS technology). However, when low-
carbon energy dominates the power supply structure, the situation
would be very different. For example, under the SSP126 scenario, GHG
emissions from AC use decline by 30.5% (11.9%-46.6%) in 2050 relative
to baseline, even with 10.2% higher energy consumption for air-
conditioning. In contrast to the SSP585 scenario, the SSP119 scenario
consumes the least amount of energy for air-conditioning with the
associated GHG emissions peaking in 2035, generating less than half of
the baseline GHG emissions in 2050.

Our findings show that there are substantial differences in AC-
related emissions across scenarios, with the drivers of GHG emissions
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changing from electricity consumption to the leakage of air-
conditioning refrigerants (see Fig. 3b). Global cumulative GHGs from
AC use (see Fig. 3¢) would reach 113.3 (83.8-168.7) GtCO,eq between
2010 and 2050 under the baseline scenario. China and the United
States alone account for almost 40% of annual emissions from AC use
by 2050 across all scenarios, equivalent to the total emissions of the
other top ten regions. Among all AC-related GHG emissions, refriger-
ant leakage is projected to become the primary source by 2050,
accounting for up to 60% of total AC-related GHG emissions. The joint
influence of global warming and socio-economic development mark-
edly extends the working hours and operating units for air-
conditioning. GHG emissions from electricity use and refrigerant
leakage would correspondingly increase**. Decarbonization in power
supply structure could offset some of these emissions. Deployment of
renewable energy and negative-emission technologies restrains CO,
emissions from both residential and commercial cooling sectors
between 2010 and 2050: under the SSP585 scenario, annual CO,
growth is limited to 3.1% and 3.4%, respectively, whereas under the
most stringent scenario (SSP119), 2050 emissions fall below 2010
levels by 27.4% and 25.0%. By contrast, the shift to low-GWP refriger-
ants is progressing far more slowly, allowing non-CO, GHGs from AC
use to grow at more than twice the CO, rate, sustaining annual
increases of about 3%-7% across scenarios.

GHG emissions from AC use, in turn, would result in additional
global-mean temperature increases by 2050, ranging from 0.02 °C (the
lower bound for the SSP119 scenario) to 0.11°C (the upper bound for
the SSP585 scenario) across the five SSP-RCP scenarios. Under the
baseline scenario, there would be an additional 0.05°C (0.03°C-
0.07 °C) temperature increase by 2050. The SSP585 scenario produces
the most cumulative GHG emissions from AC use with the highest
warming impact, bringing about an additional 0.07 °C (0.05 °C-0.11°C)
temperature increase by 2050. In comparison, the SSP119 scenario
would only see an additional temperature increase of 0.03 °C (0.02 °C-
0.04 °C). Given that the observed warming from 1998 to 2012 is about
0.05°C (-0.05 °C-0.15 °C) per decade***®, this additional impact could
accelerate global warming, reducing the likelihood of achieving the
1.5°C or 2 °C temperature targets. Historical data further underscores
the escalating economic damage associated with natural disasters
under such warming conditions: the economic loss from the top 1% of
single-event disasters reached 9.92 billion USD in 2010, more than
doubling since 1998*. Economic ramifications of this additional
warming in production are far-reaching, indicating that global output
could drop 2.5% in response to a temporary increase of 1°C*5,

The total warming impact from AC use is attributable to the
combined effects of socio-economic development and a climate-
driven feedback loop. The socio-economic component captures the
fundamental growth in cooling demand through population growth
and rising affluence. The climate-driven warming feedback, in contrast,
captures the additional, self-reinforcing loop that occurs as rising
temperatures necessitate more cooling, which in turn generates more
emissions. To separate global warming from socio-economic devel-
opment, we construct a simplified counterfactual scenario analysis by
fixing regional CDDs at their 2010-level on all future years to quantify
their respective contributions of warming impact (see Supplementary
Tables 7 to 11). Removing the climate-warming signal systematically
lowers projected AC energy demand and the attendant GHG emissions
in every scenario, with the gap widening over time. The climate-driven
feedback is projected to cause no more than 0.01°C of additional
warming by 2050 across all five SSP-RCP scenarios. In line with our
previous analysis, socio-economic development dominates the addi-
tional warming impact from global AC use. For example, the climate-
driven feedback peaks at about 0.01 °C under the most warming sce-
nario (SSP585), indicating that socio-economic development con-
tributes ~0.06 °C of warming. In contrast, under the lowest-warming
SSP119 scenario, the differences between the two drivers are the

greatest: the climate-driven feedback is projected to reach only
0.001°C, while the contribution from socio-economic development is
projected to be more than 0.03 °C.

Therefore, achieving a low-carbon transition is critical to miti-
gating the total warming impact associated with AC use. Such a tran-
sition not only suppresses the climate-driven warming feedback by
slowing global warming itself, but also enables socio-economic
development to proceed with substantially mitigated emissions
through the deployment of clean energy supplies. Our results show
that increased AC usage is projected to cause an average 101.7%
increase of global direct cooling emissions from AC use between 2010
and 2050 (see Supplementary Table 5 to 6). Mitigation policies effec-
tively drive the low-carbon transition of the power sector, particularly
under the SSP119 scenario, achieving a 75.1% reduction in CO, emis-
sions. In contrast, the non-CO, emission intensity effect results in
increased non-CO, emissions across all scenarios, indicating that the
current low-GWP refrigerant transition is progressing slowly. Regional
patterns, however, diverge sharply. In high-income regions with a high
adoption of efficient, low-GWP refrigerants (e.g., the United States),
the non-CO, emission intensity effect contributes to over 90% of the
emission reductions under low-emission scenarios. However, in
regions with rapid growth in AC demand that primarily use high-GWP
refrigerants (e.g., China), it contributes to a 362.1% increase in non-CO,
emissions even under the SSP119 scenario, ~1.6 times greater than the
energy use effect.

Global inequality in the use of air-conditioning

Socio-economic development, especially household income, stands as
the most important driver of global AC energy demand and the
resulting GHG emissions. This means the profound global income
disparities inevitably create a deeply unequal distribution of cooling
access and its associated burdens. Although income growth from 2010
to 2050 reduces inequality in both cooling energy demand and
expenditure, inequality remains high even after accounting for dif-
ferences in regional cooling demand (CDD-adjusted Gini; Fig. 4).
Higher income growth expands access to thermal comfort and nar-
rows global inequalities in AC use, but they also increase global AC
stock, as well as the associated energy consumption and GHG emis-
sions. To further quantify the influence of rising incomes on global AC
use, we employ an econometric model to estimate income-driven
cooling gaps under three income-adjusted scenarios (see Fig. 5). Here,
cooling gaps represent the difference between previously estimated
AC stock under SSP-RCP scenarios and AC stock estimated derived
from corresponding income-adjusted scenarios. Specifically, we build
medium-income, high-income, and maximum-income scenarios within
each SSP-RCP framework: raising the income of (1) populations in low-
income regions to the average income of middle-income regions; (2)
populations in low- and middle-income regions to the average income
of high-income regions; (3) populations across all regions to the
highest income level under the corresponding SSP-RCP scenario. Our
results indicate that raising household incomes in low-income regions
would increase the global AC stock by ~one million units and increase
the operating hours by at least 40% by 2050. If all regions achieved the
highest income level envisioned in each SSP framework, global AC
stock would expand by tens of millions of units, driving an extra
0.003°C-0.05 °C increase of global-mean temperatures even under
the most stringent SSP119 scenario.

All Lorenz curves are constructed by ranking regions from lowest
to highest per-capita GDP, allowing direct comparison with global
economic inequality, following Zhao et al.*’. Although the ratio of per-
capita GDP by 2050 between the highest-income 10% and the lowest-
income 10% of the global population remains larger than the corre-
sponding ratio for energy consumption and expenditure for cooling.
However, this conceals deeper, underlying inequalities. Based on the
Gini coefficients, the distribution of energy consumption and
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GCAM regions from low to high. To facilitate a direct comparison with economic
inequality, we use the same regional ordering for the other Lorenz curves to
illustrate the difference between global distribution of income and the distribution
of cooling energy consumption and expenditure (see “Methods”). Gini coefficients
of GDP, cooling energy consumption and cooling energy expenditure across all
scenarios are shown in Supplementary Table 7.

expenditure for cooling is more unequal than GDP. Income growth
helps to narrow these gaps. Based on SSP narratives, global economic
inequality declines by 2050 in all scenarios, with the Gini coefficient
shifting from high inequality towards less than 0.4 in 2050 (except for
the SSP370 scenario, see Supplementary Table 12). As a result, the Gini
coefficient for cooling energy consumption decreases to 0.47 and the
Gini coefficients for cooling expenditure declines to 0.45 in 2050
under the baseline scenario. The lowest-income 10% of the population
would consume about 2% of global cooling energy in 2050 and are
linked to 3% of global cooling expenditure. In comparison, the highest-
income 10% of the global population could have access to cheaper
cooling service than the lowest-income 10% of the population, con-
suming around 18% of global cooling energy linked to 17% of global
cooling expenditure. Scenario differences further reinforce this pat-
tern. The SSP585 scenario, which features the highest income growth,
has the most equal distribution of energy use and expenditure for
cooling among the five scenarios. The highest-income 10% of the
global population is expected to consume -4 and 3 times more cooling
energy and expenditure than the lowest-income 10% in 2050, with
these differences being substantially lower than those observed in the
baseline scenario. In contrast, the SSP370 scenario, characterized by
slow and uneven economic development, shows the most unequal

distribution, with the differences in cooling energy use and expendi-
ture between the highest-income 10% and the lowest-income 10%
projected to increase to 13- and 10-fold, respectively. Under low-
emission scenarios, higher mitigation costs result in higher unit cost of
cooling services relative to the other scenarios, which does not make
cooling service more affordable for low-income people. Thus,
achieving low-carbon targets contributes little to narrowing differ-
ences in energy use and expenditure for cooling relative to the
SSP585 scenario.

However, such regional differences in energy use and expenditure
for cooling become even more pronounced if regional differences in
cooling demand are considered. Many high-income regions are loca-
ted in high-latitude areas, where climate characteristics result in rela-
tively low cooling energy consumption and expenditure. This
geographic mismatch between cooling demand and economic devel-
opment can obscure differences in cooling energy consumption and
expenditure per unit of cooling demand. When we normalize by
regional cooling demand, inequality intensifies. Specifically, under the
baseline scenario, the differences in cooling energy consumption and
expenditure per CDD between the highest-income 10% and the lowest-
income 10% increase from 6- and 5-fold (without considering regional
cooling demand differences) to 20- and 15-fold, respectively. Such
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the SSP-RCP scenarios. A higher proportion indicates a greater potential increase in
air-conditioning units following an income rise in the region. CAC, SAS, SAN and
ETFA represent Central America and Caribbean, Northern part of South America,
Southern part of South America and European Free Trade Association regions,
respectively.

differences are most pronounced under the SSP370 scenario, reaching
~8- and 29-fold in 2050, respectively. These results indicate that,
relative to their climatic requirements, the lowest-income populations
consume far less cooling energy than the highest-income populations,
highlighting a substantial inequality in access to cooling services.
Higher incomes dramatically accelerate the expansion of the
installed AC stock, yet regional differences in the underlying cooling-
demand modulate the scale of that growth. For example, regions with
low climatic cooling demand tend to not require air conditioners even
at high income levels. Canada is projected to have similar population
size and per capita income to South Korea in 2050 across scenarios,
while its average AC stock are projected to be -14% of South Korea’s.
That is because higher air temperature and relative humidity in sum-
mer would result in far greater demand for air conditioners in South
Korea relative to Canada. We adopt the ratio of cooling gaps to the

projected AC stock under corresponding income-adjusted scenarios
to quantify the extent of inequalities in global AC stock. We find that
cooling gaps would reach 94 (86-111) million units in 2050 for low-
income regions, equivalent to ~45% of total AC stock under the
medium-income scenarios. Income constraints on AC stock are the
most pronounced under the SSP370 scenario, where its corresponding
projected amounts of AC use can only meet 50% of those required for a
medium-income lifestyle in low-income regions. Furthermore, cooling
gaps under the high-income scenario would respectively reach 150
(126-166) and 117 (55-176) million units in 2050 for low-income and
medium-income regions, equivalent to 56% and 27% of their income-
adjusted AC stock. Most importantly, assuming that cooling access
across regions were to become the same as the highest-income
regions, global cooling gap in 2050 would increase to 0.7-1.1
billion units.
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Accounting for the increased working hours of AC devices,
income-adjusted scenarios are projected to drive a substantial surge in
AC-related GHG emissions. We treat the income-induced change in
unit energy consumption (see section 4 in SI) as a proxy for increased
operating hours. Using the most stringent SSP119 scenario as an
example, the cumulative GHG emissions between 2010 and 2050 are
projected to increase by 19.1% under the medium-income scenario.
Under the high-income scenario, cumulative AC-related GHG emis-
sions from low- and medium-income regions are projected to increase
by 107 GtCO,eq each, exceeding the total AC-related emissions pro-
jected for the SSP126 scenario. Compared to the warming impact from
the SSP119 scenario, additional GHG emissions under the medium-
income scenario would cause an additional 0.003°C increase of
global-mean temperatures, while a respective additional 0.015°C of
warming under the high-income scenario. Under the maximum-
income scenario, the cumulative GHG emissions between 2010 and
2050 would have a roughly 2-fold increase, surpassing the totals pro-
jected under the SSP585 scenario, with a further increase in tempera-
ture of 0.05°C.

Discussion

Across the five SSP-RCP scenarios, global air-conditioning use is pro-
jected to raise global-mean temperature by 0.03 °C-0.07 °C by 2050,
indicating that increasing AC use further exacerbates climate change.
Most of this total warming impact (0.03 °C-0.06 °C) reflects the socio-
economic warming contribution, whereas the climate-driven warming
feedback remains below 0.01 °C in all pathways, which is small but not
negligible. These estimates underscore the critical need to address the
energy-emissions-temperature impact associated with AC use, which
not only imposes billions of dollars in economic loss*® but also accel-
erates global warming and further makes achieving the Paris Agree-
ment goals more difficult®. However, the actual impact may be even
more severe. First, our findings are likely conservative, as they are
derived from a one-way evaluation under varying climate conditions.
In an ideal scenario, GCMs would capture the additional warming
effects induced by AC use, as well as the heat-island effects associated
with cooling systems®*?, thereby informing new estimates of regional
cooling demand under elevated temperature conditions, enabling
these insights to be integrated into IAMs and ultimately facilitating a
continuously iterative modeling framework. However, such an
approach requires extensive computational resources, sophisticated
model calibration, and extensive interdisciplinary collaboration®. This
warming potential would likely reveal greater increases in cooling
demand and associated emissions’*, indicating that the present
analysis underestimates the full extent of these impacts. Second, this
study focuses exclusively on air-conditioning as the primary cooling
technology due to limitations in modeling capabilities and data
accessibility. This means that our study does not represent the het-
erogeneity of potential or available cooling devices and does not
provide insights on the potential of adaptation, including the use of
alternative forms of cooling with lower (or higher) energy efficiency,
causing uncertainties in cooling-related energy consumption and
emissions. For example, while fans can reduce energy consumption by
76% compared to AC for the same cooling effect®®, other studies sug-
gest that fan energy consumption is still substantial, potentially
accounting for around 1.5% of TEC in the building sector globally in
2016". As a result, our analysis likely underestimates the extent of the
resulting warming impact but also ignores low energy-intensive
alternatives.

Moreover, our study shows that reducing the total warming impact
from AC use demands immediate implementation of targeted mitiga-
tion measures, particularly accelerated power sector decarbonization
and widespread adoption of low-GWP refrigerants. Cooling-related
electricity consumption is estimated to be -3600-12,821 TWh in 2050
across scenarios, accounting for 13%-47% of global total electricity

consumption in 2022. A high share of renewable energy systems could
substantially reduce or eliminate the emissions associated with
increased AC-related electricity. Similarly, transitioning to low-GWP
refrigerants has a direct climate impact on AC systems themselves. For
example, our results estimate low-GWP refrigerants, such as HFC-32,
would comprise 25% of all refrigerants by 2050 under the
SSP119 scenario, resulting in 84% lower emissions compared to the
SSP585 scenario. Thus, when legislation is more stringent, adopting
more efficient and low-GWP refrigerants, such as R-290 and R-1234yf, in
place of HFC-134a could contribute up to 90-99% emission reduction®.
In addition, building retrofits represent critical strategies for reducing
cooling energy consumption, particularly in regions with high cooling
demands. Evidence shows that building retrofits, such as using aerogels
to improve insulation® and retrofit double glazing®, can reduce annual
cooling energy consumption by 7.5% in tropical regions. Providing
subsidies for the adoption of energy-saving equipment can also improve
the efficiency of cooling systems in buildings®. Studies show that the
large-scale application of air-to-air heat pumps in the USA could provide
5%-9% emission reduction based on the current power system®. The
strategies discussed above require substantial economic investment and
extended timeframes, making it challenging to deliver short-term
impacts. Behavioral changes driven by policy interventions could play
a critical role in achieving short-term reductions in AC energy
consumption®. For example, dynamic pricing strategies that raise
electricity costs during peak hours and temperature adjustment policies
that increase cooling setpoints during peak demand periods can
incentivize users to shift their cooling demand to off-peak times,
potentially reducing peak electricity loads by up to 20%%. Additionally,
environmental education campaigns can promote energy-saving habits
among the public, such as setting thermostats at optimal levels or
adopting passive cooling strategies®, bringing about 6%-20% energy-
savings from AC use®.

Our analysis of global inequalities in the use of air-conditioning
uncovers a fundamental development dilemma: low income con-
siderably limits regional access to cooling, yet closing this gap to
deliver equitable thermal comfort would generate substantial addi-
tional warming impact. Gini coefficients demonstrate that, once
regional cooling demand is considered, disparities in cooling services
far exceed those implied by income alone. The effect arises from a
stark geographic mismatch between cooling demand and economic
development, which greatly amplifies income-based inequality. Our
analysis quantifies the potential increase in global AC demand result-
ing from rising incomes in low-income regions: an additional 94 mil-
lion units at medium-income levels, 150 million units at high-income
levels, and up to over 220 million units at the highest-income levels.
Incorporating total AC stock expansions and extended usage dura-
tions, our estimates project additional GHG emissions that would
induce an additional 0.003 °C-0.05°C of warming even under the
SSP119 scenario, highlighting the trade-offs between equitable cooling
access and additional warming impact. Moreover, achieving low-
emission pathways would not notably reduce the inequalities in AC use
compared to the high-emission pathway. High unit costs of cooling
due to stringent mitigation policies may make cooling services less
affordable for lower-income populations, potentially exacerbating
existing inequalities and undermining the goals of a ‘just energy
transition’. While ambitious climate mitigation itself reduces cooling
gaps and potential contribution to global warming, targeted cooling
policies are required to close regional differences in cooling gaps.
Therefore, it is urgent to accelerate a green and sustainable transition
while promoting inclusive development.

Methods

Integrated assessment framework

This study develops an integrated assessment framework to quantify
the total warming impact and inequalities resulting from AC use under

Nature Communications | (2026)17:1961


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69393-1

various climate scenarios (see Fig. 6). For this scenario analysis, we
utilize the SSP-RCP framework to simulate climate scenarios,
matching the outputs of multiple GCM models from the CMIP6
database (see the Climate scenarios section). Subsequently, we
quantify global and regional cooling demand across different sce-
narios using an improved population-weighted CDD approach,
incorporating the heat-index approach (see the heat-index approach
section). We integrate the improved regional CDDs as climate inputs
into a widely used integrated assessment model GCAM"*®, enhan-
cing the ability to project future AC energy consumption and asso-
ciated GHG emissions. Additionally, by assessing AC-related impacts
within GCAM across five IPCC-endorsed SSP-RCP scenarios, our
findings provide a comprehensive outlook on future AC energy use
and emissions under possible ranges of global warming trajectories
and socio-economic development. Lastly, we assess the inequality in
the use of air-conditioning using Gini coefficients and quantify the
cooling gaps with an econometric model. The formulas used for the
inequality assessment are presented below, with additional robust-
ness analysis for the econometric model provided in the Supple-
mentary Information. Finally, we employ the MAGICC model to
evaluate the additional warming effects resulting from the GHG
emissions associated with AC use. Detailed information is provided
at the end of the “Methods” section.

Climate scenarios

In our research, we select five scenarios (SSP119, SSP126, SSP245,
SSP370 and SSP585), combining Shared Socio-economic Pathways
(SSPs) with Representative Concentration Pathways (RCPs) to depict
future climate change scenarios. SSPs are narratives that describe
plausible future global developments in demographics, economics,
technology, and environmental factors without considering climate
change or mitigation policies®’. Each SSP outlines different chal-
lenges to mitigation and adaptation®’: sustainable development
(SSP1), middle of the road (SSP2), regional rivalry (SSP3), inequality
(SSP4) and fossil-fueled development (SSP5). RCPs represent trajec-
tories of GHGs and other forcing agents to guide modeling potential
climate outcomes. The original RCP scenarios include four scenarios:
RCP2.6 (very low forcing scenario), RCP4.5 and RCP6.0 (medium
stabilization levels), RCP8.5 (a very high emission scenario)®. In the
IPCC AR6*%, two additional scenarios, RCP1.9 and RCP7.0, were
introduced, representing global 1.5 °C pathway and a high-emission
baseline scenario, respectively. These five selected scenarios cover a
wide range of possible climate outcomes and anthropogenic emis-
sions pathways, and thereby encapsulate the uncertainties and
complexities of projecting long-term climate and societal changes.
Additionally, by using the same SSP-RCP scenarios recommended by
the IPCC AR6, we ensure that our study is aligned with the global
GCM community, strengthening the robustness of our findings. The
main assumptions and warming outcomes of the SSP-RCP scenarios
are shown in Supplementary Table 8. We acknowledge that the SSP4
scenario, which focuses on unequal development, is not included in
our choice of five illustrative scenarios, meaning that the scenario
characterized by significant inequalities in AC use has not been
explicitly explored. However, even in the absence of SSP4, our ana-
lysis still captures key contrasts in inequalities between SSP3 (high
inequality, high vulnerability) and SSP1 (low inequality, high resi-
lience). While the inclusion of SSP4 may provide additional valuable
insights, its exclusion does not diminish the broader relevance or
robustness of our findings.

Heat-index approach

The heat-index approach, developed by Lans P. Rothfusz and Stead-
man (https://www.wpc.ncep.noaa.gov/html/heatindex_equation.
shtml), is widely used to capture the impacts of RH on regional

thermal comfort levels®®7°. We introduce the heat-index approach to
extend the Cooling Degree Days approach by combining both air
temperature and humidity, which is a prerequisite to accurately mea-
sure the cooling demand of each GCAM region. Existing studies have
demonstrated that RH affects the value of perceived temperature a lot
but have often been ignored in the long-term climate change
modeling®. Based on the daily gridded data of near-surface air tem-
perature and RH from the CMIP6 database and the NASA NEX-GDDP-
CMIP6 database across SSP-RCP scenarios, we calculate the heat index
in each grid for distinct conditions: temperatures below 80 °F, tem-
peratures above 80 °F, RH below 13% with temperatures between 80 °F
and 112 °F, and RH above 85% with temperatures between 80 °F and
87 °F. When the temperature is below 80 °F, the Rothfusz regression
model is deemed unsuitable, as it has not been validated for lower heat
index values. We use a simplified function (Eq. (1)) to provide a rea-
sonable approximation of the heat index at lower temperatures, where
extreme heat stress is less of a concern:

Hlpeiowso-r =0.5%{T+61.0+[(T — 68.0)x12]+(RH x0.094)} (1)

Where HI represents the heat index value, also called the apparent
temperature adjusted by relative humidity; T represents the near-
surface air temperature in degrees F; and RH represents relative
humidity in percent.

For temperatures exceeding 80 °F, we utilize a multiple regression
model developed by Lans Rothfusz (Eq. (2)), which was specifically
designed to accurately model heat index values under high tempera-
ture and humidity conditions:

Hl gpovesorr = — 42.379 +2.04901523 x T +10.14333127 x RH
— 0.22475541x T x RH — 0.00683783x T x T

— 0.05481717 x RH? + 0.00122874 x T? x RH
+0.00085282 x T x RH* — 0.00000199 x T2 x RH?

@)

Furthermore, when RH is below 13% with temperatures between
80 °F and 112 °F, a reduction adjustment is applied to account for the
diminished perceived heat due to dry air:

Adjustment = [(13 — RH) /4] x \/[17 — T — 95|1/17 3)

Conversely, when RH exceeds 85% with temperatures between
80 °F and 87 °F, an increase adjustment is added to reflect the heigh-
tened perception of heat in humid conditions:

Adjustment = [(RH — 85)/10] x [(87 — T)/5] 4)

After the above steps, the heat index value represents the
apparent temperature in each grid, which is used as the air tempera-
ture inputs for the Cooling Degree Days approach.

Population-weighted cooling degree days approach

Cooling Degree Days approach is widely used to measure the extent to
which air-conditioning cooling could be required for a given period of
time’%”", We have extended the Cooling Degree Days approach to the
population-weighted Cooling Degree Days by taking into account both
the apparent temperature adjusted by heat-index approach and future
population distribution. The population distribution projections along
the SSP framework comes from Socioeconomic Data and Applications
Center (SEDAC database)*”. Accordingly, population-weighted Cooling
Degree Days approach provides more accurate projections of regional
cooling demand for air conditioning under different future climate
change and socioeconomic scenarios, contributing to a better
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warming impact from AC use. The content within the ellipse represents the key
steps and components of the comprehensive assessment of air-conditioning, while
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Qr air-conditioni

9

Panel OLS model

the content within the boxes outlines the key methodologies employed to achieve
the main objectives of this study.

understand the impacts of climate change on different regions.
Population-weighted CDDs for 32 regions defined in GCAM is calcu-
lated using the following equations.

CoD® = max(T,fZ.e“"'d“y — T, 0) )
Where, i represents GCAM region i; j represents the grid cell j; CDD;
represents daily cooling degree days in grid cell j of region i; T; ;"
represents the daily heat index value in grid cell j of region i; T; >**%
represents a given point (18 °C in this paper based on numerous global
CDD studies"”**7?), which is used for measuring the amount and
duration of temperature being above this point. This choice is still a
topic of considerable discussion for long-term global assessments.
One limitation is that a uniform base temperature may not fully
capture regional variations in thermal comfort thresholds, while this
simplification facilitates global comparisons (see Limitations). More-
over, our choice of base temperature does not account for the
influence of RH, which may create a degree of inconsistency with the
heat-index approach. However, incorporating RH into the baseline
temperature would introduce seasonal and regional variations, making
global CDD aggregation and comparison less uniform and more
complex. The current compromise strikes a balance between the need
for regional specificity in the heat index approach and the practicality
of calculating CDDs using a standardized baseline temperature.
Furthermore, we conducted a sensitivity analysis using various base
temperatures (see Supplementary Fig. 5) to quantify the impact of this
parameter choice. While the results demonstrate considerable
sensitivity of absolute CDD magnitudes to the selected base
temperature, employing a consistent 18 °C base temperature is crucial
for maintaining comparability when assessing relative CDD trends
across diverse regions and scenarios.

ear _ day
CDD{] - ZdayCDDiJ 6)

Where CDD; 7" represents yearly cooling degree days in grid cell j
of region i after adding up all daily cooling degree days.

>3, CDDY" x Popy
ear
S Pop;;

@

opulation —weighted, year
i =

Where CDD; fPopuiationweighted year repyresents population-weighted CDDs of
region i; Pop;;**" represents the population amount in grid cell j of
region i.

Global change analysis model (GCAM)

GCAM model is an open-source integrated assessment model, pro-
viding long-term simulation of economic, energy, land use, water
resources and climate change interactions at global and regional
levels®. In this study, we use GCAM model in its widely used version of
5.2 to match the same base year (2010) of climate outputs from 25
GCMs. Within GCAM, the world is divided into 32 energy-economic
regions, simulating the equilibrium prices and quantities of various
energy and GHG markets in each time period and in each region in five-
year time steps from 2010 to 2100. Population and GDP are specified as
exogenous parameters to drive a range of demand sectors in GCAM,
aligned with the SSP narratives in our research. RCP scenarios are
implemented by setting climate constraints or targets for designed
years, with GCAM dynamically adjusting carbon prices to identify the
least-cost pathway to meet climate goals.

In the GCAM, the effects of climate change on cooling expendi-
tures and energy consumption for air-conditioning are estimated
within the building sector modeling, accounting for improvements in
air-conditioning efficiency and building energy efficiency (see details
in ref. 17). Specifically, rates of shell conductivity improvements are set
at 0.5% per year for industrialized countries and 0.8% per year for
medium- and low-income regions, while AC technologies improve at
rates ranging from 0.25% per year in industrialized countries to 0.58%
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per year in medium- and low-income regions over the century".
Cooling technologies in GCAM encompass various air-conditioning
cooling technologies but exclude other methods such as fans.

As shown in Eq. (8), per capita expenditures for cooling (E,) are
mainly driven by the levelized cost of the cooling services per unit
floorspace in period t (P, and the per-capita energy consumption of
cooling services (C). For convenience, it is useful to decompose C, into
floorspace per capita (fy), and the energy consumption of cooling
services per unit of floorspace (c,).

E,=CP=f P, (8)

The demand for floorspace per capita is shown below.

v\ B
f[:(S—a)X|:1—exp<_lnl(12)x/tx<é;> >}+a 9)

Where f, shows future demand for per-capita floorspace in future time
period t; s is the exogenous satiation level of per-capita floorspace, set
to different values under various SSP scenarios, indicating the level of
service demand at which increases in income do not lead to further
demands for services; [ is the per-capita GDP at 50% of the satiation
level, B is the price elasticity of floorspace demand; a is an exogenous
tuning parameter, P, is the total levelized cost of the modeled energy
services per unit floorspace in period t, tO is the base year, and I is per
capita GDP in period t.

In modeling cooling energy consumption (Eq. (10)), GCAM and
other IAMs share a focus on incorporating climatic variables, building
characteristics, and socioeconomic factors”, yet they differ in
approach and assumptions’>’*. GCAM features an endogenous,
bottom-up building sector that directly models these influences within
a single framework, while other IAMs, such as AIM-Hub” and
MESSAGEix* models, tend to rely on multi-model coupling and AC
adoption assumptions to represent cooling energy demand. Addi-
tionally, the modeling structure also influences cooling energy con-
sumption. For example, general equilibrium models, compared to
partial equilibrium models, account for costs imposed by other sec-
tors, often leading to higher costs and lower energy demand”.

¢, =kx (CDD, xn, xR, +A.xIG,) {1— exp(—lnﬂﬁ%ﬂ (10)
t
Where in period t, ¢, represents the demand of cooling services, CDD,
shows global population-weighted CDDs; 1, is the exogenous average
building shell conductance, R, is the exogenous average floor-to-
surface ratio of buildings, IG, is the internal gain heat from other
building services, and A, is an exogenous internal gain scaler.

On the basis of energy consumption for air-conditioning, we fur-
ther calculate GHG emissions from AC use across regions. Energy-
related GHG emissions, including CO, emissions from electricity use
and non-CO, emissions from power transmission, are calculated based
on different emission factors. The emission factors of power grid are
derived by the amount of electricity generated each year and the
associated emissions from GCAM model. Non-energy related GHG
emissions from AC use, such as various AC refrigerants (C,F¢, HFC134a,
HFC143a, HFC32), are modeled in detail through various air-
conditioning technologies for cooling in the GCAM (see details in
http://jgcri.github.io/gcam-doc/v5.2/emissions.html).  Additionally,
given that the range of CDD values (maximum, mean, and minimum)
derived from 25 GCM models under each SSP-RCP scenario, the energy
consumption and emissions from air conditioning also exhibit corre-
sponding ranges, thereby reducing uncertainty in the results. Global
energy demand for air-conditioning during 2015-2050 across five SSP-
RCP scenarios is shown in Supplementary Table 9.

Lorenz curve and Gini coefficient for inequality assessment

of AC use

The Lorenz curve provides a graphical representation of income or
wealth inequality within a population. It is typically depicted with the
cumulative share of income or wealth (%) on the vertical axis, and the
cumulative share of the population (%, ranked from lowest to highest
income) on the horizontal axis. The Gini coefficient, a numerical
measure of inequality derived from the Lorenz curve, ranges from O
(perfect equality) to 1 (perfect inequality). The basic income Gini
coefficient is calculated using the following formula:

G:I—ZL(PM —P)(Y;i+Y) 1)
Where G refers to economic development Gini coefficient, P; is the
cumulative share of population of region i, Y; is the cumulative share of
GDP of regional i, and n is the number of regions. We rank the regions
according to their GDP per capita to show the inequalities in economic
development.

Here, we also apply the Lorenz curve to assess the inequality in
cooling energy consumption and expenditure across different regions,
based on data obtained from the GCAM under the five SSP-RCP sce-
narios. The analysis was based on key indicators derived from GCAM:
cooling energy consumption, cooling energy expenditure, cooling
energy consumption per CDD, and cooling energy expenditure per
CDD. And following the method in Zhao et al.*’., we use the same per-
capita GDP ranking order for the other Lorenz curves to compare the
inequality in economic development with the inequality in the use of
air-conditioning.

Empirical approach for future AC stock and quantifying the
unmet income-driven cooling needs

We develop a reduced form of econometric model to forecast the
number of AC units in use under a given scenario. The response
function of AC stock is estimated for each region by applying panel
Ordinary Least Squares (OLS) in logarithmic form. Following previous
work from Diffenbaugh and Burke®, Davis, et al.*®. and Colelli, et al.*,
AC stock are determined as a function of CDDs, incomes, and urba-
nization rates. We adopt CDDs and the quadratic term of CDDs to
capture the impacts of global warming on AC demand. Per capita GDP
represents the regions’ income, and the proportion of urban popula-
tion represents the urbanization rates. The region and year fixed effect
estimation allows us to control for time-invariant and time-varying
unobservable region characteristics that may be correlated to air
condition demand. The empirical model takes the following form:

InAC,=ay+BInCDD; + B, (InCDD,-t)2 +BsIn income;, +

12)
BiInurbanization;, + BsInpop;, +A; + 6, +¢€;;

where i and t represent the region and year, respectively; dependent
variable In AC; is the natural logarithm of AC demand; income;. is per
capita GDP; urbanization;, is urbanization rate of each GCAM regions;
pop;. is population of GCAM region i in period t. To avoid the effect of
different scales of variables, we add 1 to all the variables and then take
the natural logarithm. To mitigate the potential bias induced by out-
liers within the dataset, we employed a winsorizing procedure at the 1%
and 99% distribution tails, replacing extreme observations with the
corresponding values identified at these percentiles. Hence, the actual
air-conditioning stock are estimated as follows:

AC, =€é"C _ 1 13)

We estimate the coefficients of each variable based on data from
1990-2014. Furthermore, utilizing these coefficients as pivotal para-
meters, the forecast value of logarithmic value In AC;, of the demand
for air conditioning is estimated based on the future CDDs, incomes
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and urbanization rates. Moreover, we have conducted robust analysis
and regional heterogeneity analysis to ensure the reliability and
uncertainties of our results (see Supplementary Fig. 6, Supplementary
Table 10 to 11).

Model for the Assessment of Greenhouse Gas Induced Climate
Change (MAGICC)

Since long-term climate impacts depend on cumulative GHG emissions
from AC use, we employ the climate emulator MAGICC in its version
7.5.3, which is the same version and calibration that was used by
Working Group Ill of the IPCC Sixth Assessment Report**””. MAGICC, a
reduced complexity earth system model, is widely recognized for its
satisfactorily representation of the global warming response to emis-
sions. Numerous studies have validated its bias and precision, parti-
cularly for global-mean temperature estimates, in comparison to more
complex climate models”’%. In our study, we set the climate sensitivity
of the MAGICC model to 3.0 °C, aligning with the IPCC AR6 report’s
best estimate of equilibrium climate sensitivity, which ranges from
2.5°Cto 4°C.

Our experimental design requires first calculating the emissions
from AC use under global warming scenarios, followed by assessing
the additional warming effects of these emissions within the given
scenario. Exogenous constraints imposed to simulate climate change
lead to an internal balancing in the IAM model that any increase in AC
emissions, driven by projected CDDs, is offset by emission reduc-
tions in other sectors within GCAM, maintaining the integrity of the
overall SSP-RCP emission pathway. In this case, we use MAGICC to
calculate two temperature outcomes: first, the reference warming
result corresponding to the standard SSP-RCP emission pathway; and
second, the warming result from the same pathway with the addition
of AC-related emissions as calculated by GCAM. The time step for
GHG emissions obtained from the GCAM is five years, which does not
match one-year time step in MAGICC, so we use a sliding average
method to interpolate the emissions for the intermediate years
before inputting these values into the MAGICC model. By comparing
these two temperature outcomes, we can isolate the additional
warming contribution from AC-related emissions. Given that GCAM
calculates the range of air conditioning emissions for each SSP-RCP
scenario, we utilize the maximum, mean, and minimum values of AC
emissions within each scenario to repeat the above MAGICC calcu-
lation steps, obtaining a range of potential warming effects
from AC use.

Limitations

Owing to limitations in modeling approaches and scenario design,
uncertainties persist in our estimates of total warming impact and
global inequalities in AC use. Firstly, our analysis adopted a fixed base
temperature for CDD calculations across regions. While this approach
allows for consistent comparisons across regions and scenarios, it
does not account for the potential evolution of comfort thresholds
over time. As global temperatures rise, behavioral and physiological
adaptations may lead individuals to tolerate higher indoor tempera-
tures before resorting to air conditioning, effectively increasing the
base temperature that triggers cooling demand. To provide additional
insight and characterize the uncertainty associated with this assump-
tion, we performed a sensitivity analysis using different base tem-
peratures, illustrating how variations in this parameter significantly
affect CDD calculations. Secondly, there is a mismatch between the
projected AC energy consumption from GCAM and the projected AC
stock from our econometric model. GCAM accounts for technological
advancements, energy efficiency improvements, and policy influences
across regions over time, whereas our econometric model mainly
focuses on socioeconomic factors and temperature. Consequently,
our analysis’s projections of the AC stock do not fully capture the
effects of future technological progress or regional disparities. Despite

the mismatch, our findings indicate that the discrepancy between the
model-predicted AC stock and the historical data during 2010-2014 is
approximately -4.4%, with a range of -2.1% to -5.3%. Both models show
consistent trends in the growth of AC stock and energy consumption
driven by rising income, temperature, and population, which supports
the validity of our overall findings. Lastly, our assessment does not
incorporate high-resolution cooling loads analysis, such as monthly,
daily or hourly series, which are crucial for understanding peak energy
demand and infrastructure stress during periods of extreme tem-
peratures. Regions with considerable seasonal variability, such as
South Asia, may experience surges in cooling demand during specific
months, placing substantial stress on energy infrastructure and
necessitating effective peak load management strategies. Such
improvements would provide deeper insights into the dynamics of
cooling demand, inform more effective energy infrastructure planning
and interventions aimed at mitigating climate impacts while addres-
sing the diverse cooling needs across regions.

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

Data availability

As mentioned above, this study uses various climate and socio-
economic variables from SSP database’’, World bank (https://www.
worldbank.org/en/home), SEDAC database”, Coupled Model Inter-
comparison Project Phase 6 (CMIP6)* and NASA NEX-GDDP-CMIP6
database. First, we use SEDAC database to collect historical and future
gridded data of population distribution. Second, we collect climate
variables under SSP126, SSP245, SSP370 and SSP585 scenarios with a
resolution of 0.25° x 0.25° (25km in both latitude and longitude
resolution) from NASA NEX-GDDP-CMIP6 database, while those under
SSP119 from CMIP6 database. The NASA database contains daily
average temperature and relative humidity data for the SSP126,
SSP245, SSP370, and SSP585 scenarios, but lacks data for the
SSP119 scenario. Therefore, we applied the widely used quantile
mapping method®>®' to calibrate the SSP119 data, and the robustness
analysis is shown in Supplementary Table 13. Finally, we construct a
sample dataset of 32 regions for 25 years (1990-2014) using historical
global AC stock, CDDs, per capita GDP, urbanization rate, which come
from IEA* report, CMIP6, NASA and World Bank database. Future per
capita GDP and urbanization rate are adopted from SSP database.
Source data are provided with this paper for the five main-text figures.
Selected regional output data (e.g., electricity consumption structure,
power generation structure, CO, emissions and non-CO, emissions by
sector) under different scenarios is also available in Supplementary
Data File 1-4. Source data are provided with this paper.

Code availability

The Global Change Analysis Model (GCAM) version 5.2 is an open-
source model available at (https://github.com/JGCRI/gcam-core/
releases). The MAGICC model and its source code is available at
(https://magicc.org). The additional input files of GCAM and the out-
put of MAGICC are available at (https://doi.org/10.5281/zenodo.
17899891).
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