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Intersecting socio-demographic transformations and warming climates por-
tend increasing worldwide heat exposures and health sequelae. Cooling
adaptation via air conditioning (AC) is effective, but energy-intensive and
constrained by household-level differences in income and adaptive capacity.
Using statistical models trained on a large multi-country household survey
dataset (n = 673,215), we project AC adoption and energy use to mid-century at
fine spatial resolution worldwide. Globally, the share of households with
residential AC could grow from 27% to 41% (range of scenarios assessed: 33-
48%), implying up to a doubling of residential cooling electricity consumption,
from 1220 to 1940 (scenarios range: 1590-2377) terawatt-hours yr.™, emitting
between 590 and 1,365 million tons of carbon dioxide equivalent (MtCO,e). AC
access and utilization will remain highly unequal within and across countries
and income groups, with significant regressive impacts. Up to 4 billion people
may lack air-conditioning in 2050. Our global gridded projections facilitate
incorporation of AC’s vulnerability, health, and decarbonization effects into

integrated assessments of climate change.

Climate change impacts are increasingly being felt'?, with increased
heat exposures being a ubiquitous outcome®*, leading to serious
negative health consequences’® . Adoption of cooling, in particular air
conditioning (AC), as an adaptation to heat is rapidly expanding®™®,
but it is characterized by stark inequalities—across countries and
regions™ as well as among households that differ in their capacity to
adapt®. While AC'’s shielding effects confer potentially large health
benefits'®”, its use can increase the demand for energy in ways that can
adversely affect electricity systems stability and planning'®", envir-
onmental pollution—including feedback emission of greenhouse gases
and climate policy?***?, and households’ energy burdens and economic
well-being®. These challenges are projected to become increasingly
significant as the climate warms. Cooling appliances already account
for nearly 20% of global electricity use by buildings™. In turn, the
operations of the building sector represents 30% of global final energy
consumption and cause 26% of global energy sector carbon dioxide

(CO,) emissions?*. About two thirds of the 1.6 billion AC units installed
globally are in residential buildings, accounting for about half of the
total 1,200 terawatt (TW) of installed cooling capacity.

A growing literature investigates AC adoption as a heat adaptation
strategy. Prior studies differ in their methodology (e.g., empirical
models'®*?8 or bottom-up engineering simulations?>?>°), context and
spatial scale (e.g. city-*** or country-level**) and/or geographic
scope (e.g. multi-country'®*?* or global®?” analysis, see Supple-
mentary Table 1 for key features of globally-relevant projection studies
on AC and utilization). Nevertheless, a comprehensive global picture of
the potential inequalities in the future expansion of AC, and attendant
energy poverty implications of increased cooling electricity use,
remains elusive’~°, Because income constraints may limit households’
operation of available residential AC****, it is critical to elucidate the
intensive margin of adaptation (i.e., utilization), and its conditional
dependence on technology adoption on the extensive margin®*,
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Additionally, local climates, community-level institutions and infra-
structures, and households’ demographic and socioeconomic char-
acteristics influence these joint adaptation decisions, but in ways that
could potentially be context-specific. The latter possibility points to
the need to account for heterogeneity in household responses as a
driver of inequality in future access to space cooling, energy demand
consequences and environmental implications within and across
countries and world regions.

Here, we rise to this challenge by assembling and analyzing a
multi-country database of household-level microdata covering more
than 500 sub-national administrative units in 25 countries (see Sup-
plementary Fig. 1 and Supplementary Table 2). These countries
represent 62% of the world’s population and account for 73% of the
global electricity consumption. The dataset describes a rich set of
characteristics (see Supplementary Table 3 for a complete list of
variables) of 673,215 households. We augment the microdata with
country- or sub-national-level external data on electricity prices and
use external gridded data on urbanization to characterize the degree
of urbanization of the region in which a household lives, as well as
historical meteorological reanalysis data to construct climate variables
(see Methods). We use the resulting dataset to train two-stage classi-
fication and regression models of AC adoption and AC impact on
residential electricity use (Fig. 1a). We evaluate different model speci-
fications (Supplementary Tables 6-7) to show why our preferred pre-
diction framework is a random forests (RF) machine learning (ML)
model, which uses regression tree algorithms to implement flexible
non-parametric estimations which capture non-linear relations among
variables (see Methods). The estimated non-linear conditional prob-
abilities of AC ownership (Ist stage model) and expected values of
electricity consumption (2nd stage) are illustrated by examining par-
tial dependence and elasticities (Fig. 1d-e; see Methods), with the aim
of connecting econometric estimation goals and ML prediction
methods**. We demonstrate the ability of the trained models to assess
the probability of AC ownership and the level of AC electricity use in
unsampled locations conditional on local household and geographical
characteristics. We then use the validated models (Supplementary
Figs. 4 and 5) to generate global gridded predictions and projections of
current and future AC uptake and use under an array of socio-
economic and climate change scenarios (see Supplementary Table 5
for a description of the assumed future evolution of socio-economic,
demographic, and climate drivers in each scenario) based on the
validated models (Fig. 1c). We leverage the global coverage and high
granularity of our estimates to study the current and projected
inequalities in the distribution of AC and its usage and identify critical
areas of vulnerability in need of actions to increase adaptive capacity.
We also draw implications for energy use and carbon dioxide equiva-
lent emissions. Our results can support decision makers at the inter-
section of public health, infrastructure planning, and energy and
climate policy. The resulting datasets are publicly available® and can
be the basis for more informed heat vulnerability and impact
assessments.

Results

Inequitable air-conditioning access and use worldwide

Our model-based validated (Supplementary Figs. 4 and 5) predictions
for 2020 for the world show a high heterogeneity in the distribution of
AC across and within regions and countries based on sub-national
units defined over a regular global grid with a spatial resolution of 0.5
arc-degrees (Fig. 2a), reflecting the interaction of different climatic
conditions and the distribution of population and its socio-economic
attributes (Supplementary Figs. 3, 8). Existing areas of high con-
centration of household AC ownership (>50%) are clearly visible in
North America, Southern Europe and North Africa, the Middle East,
South Africa, Southern Latin America, Japan, Eastern China, and Aus-
tralia. Looking at 2050 (Fig. 2b displaying Shared Socioeconomic

Pathway (SSP) 2(45) scenario; refer to Supplementary Fig. 11 for
SSP1(26), SSP3(70), and SSP5(85) scenarios), areas with high AC own-
ership rates will expand as a result of a warmer climate, rising affluence
levels and socio-demographic change (see Supplementary Table 5).
Such growth is particularly strong in areas with currently low levels of
AC penetration, such as South-East Asia (+96 million households,
scenario mean), e.g. Indonesia, and Eastern Asia (+41 millions), e.g.
Northern India, sub-Saharan Africa Africa (+72 millions), while it will
grow more slowly in Central Europe (+30 millions), North Africa and
the Middle East (+24 millions) and portions of Latin America (+33
millions) because of already higher current AC prevalence rates (North
America), climate heterogeneity and low propensity to use AC
(Europe).

In terms of electricity consumption for AC use, the maps in Fig. 2c,
d suggest that the total electricity use for AC tends to be strongly
correlated with population density only in areas of high AC penetra-
tion, such as the United States, Eastern Asia, and Mediterranean
countries. In the rest of the world, AC electricity use tends to be more
concentrated in the proximity of larger urban centers. By 2050, new
areas with high concentration of demand of are projected to emerge in
India, Mexico, and East and South-East Asia. In per-household (HH)
terms, we estimate that in 2020 families owning AC consumed an
average of 2000 kilowatt-hours HH™ yr! for cooling, noting that such
figure has very large differences across regions: for instance, in North
America it stands at 5,445 kilowatt-hours HH™ yr, while in sub-
Saharan Africa at 985 kilowatt-hours HH™ yr™. By 2050, we project the
average consumption to range between 1,967 - 2289 kilowatt-hours
HH?! yr!, depending on the scenario considered. Supplementary
Fig. 14 provides a summary of regional trajectories, while Supple-
mentary Tables 8, 9 report country-level statistics for the projected AC
ownership and AC electricity consumption, as well as the corre-
sponding Gini indexes of within-country inequality.

Zooming in and looking at within-region and within-country pat-
terns, we observe that growing inequalities will affect the African
continent, where AC gains prominence in North African countries and
areas of Southern Africa, while it will remain less available to the
majority of the population of the sub-Saharan African region. A similar
pattern is projected in India, Indonesia and South East Asia: irrespec-
tive of a considerable growth in the national AC penetrations, large
fractions of the population will remain vulnerable to acute heat. In
China, AC use will also soar, with a very strong growth in the intensive
margin. Looking at Central and Latin America, strong inequalities are
found irrespective of similar heat exposure. For instance, the highest
AC penetration rates are projected in Argentina and coastal areas of
central Brazil, while populations in the highly exposed northern part of
South America will reach significantly lower AC access. Conversely, AC
penetration and use are projected to grow more homogeneously
across Southern European and Mediterranean countries, another key
hotspot of chronic heat exposure. Penetration in the United States,
Australia, and Japan, being already close to saturation, will grow more
moderately.

While these inequalities may also derive from differences in local
climates, our analysis shows that within each region and country AC
prevalence is and will persistently be unequally distributed across
income groups in SSP2(45), as seen in Fig. 3a (see Supplementary
Figs. 15-17 for additional scenarios). This income-stratified assessment
reveals inequalities are observed in all regions: such differences are
explained both by income availability inequalities, and by geographical
correlations between income levels and heat exposure (noting that
both globally and within each of the seven macro-regions considered,
countries with highly different income levels exist). Globally, the low-
est quintile of income AC penetration is expected to grow from a mean
of about 17% to 21-39% by 2050, whilst in the highest our projections
suggest a growth in the mean value from 52% to about 56-60%. It is
worth noting, as seen from Supplementary Fig. 19, that the AC
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Elasticity of air—conditioning ownership probability

Fig. 1| Statistical framework and estimated prediction ranges of the analysis
presented in this paper. a Flowchart of the residential air-conditioning (AC) ana-
lysis. b Countries covered in the household survey global pool database.
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Fig. 2 | Global gridded projections for residential air-conditioning (AC) own-

ership and use inequality. Maps and bar charts of AC ownership (% and count of
households) (a, b) and (c, d) household AC electricity consumption (gigawatt-hours
yr! and terawatt-hours yr™), historical (2020 and 2050 for Shared Socioeconomic
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Pathway (SSP) scenario 2(45). Coupled Model Intercomparison Project Phase 6
(CMIP6) Global Climate Models (GCM) enemble median (exluding 'hot models'?).

Supplementary Figs. 11-13 in the Supplementary Information provide similar maps
and bar charts for SSP scenarios 1(26), 3(70) and 5(85).

availability gap between the top and lowest income quintiles is pro-
jected to enlarge in sub-Saharan Africa and South Asia, where we
observe the largest increase in AC adoption among the richest
households belonging to the fourth and fifth quintile of the income
distribution, while in the other regions it is expected to shrink or
remain similar.

Figure 3 b reveals that also household AC electricity consumption
is also unequally distributed across income quintiles both globally and
within most regions. Interestingly, both at a global scale and within a
number of regions (and mostly Middle East & North Africa, Europe &
Central Asia and Latin America & Caribbean) we find electricity con-
sumption to have a regressive distribution. Families in low-income
quintiles - largely because of their geographical distribution with
respect to heat exposure - are consuming similar or higher quantities
of electricity to families in higher quintiles within that specific region
(for reference, Supplementary Fig. 3 provides a bivariate global map of
historical Cooling Degree Days (CDD) exposure and income distribu-
tion). Due to lower incomes, this has a significant regressive effect on
household energy expenditure. Future socio-economic transforma-
tions and growing heat exposure as a result of climate change are
found to worsen this energy poverty implication (see Supplementary

Fig. 20 for a comparison of the distributions in the AC electricity
change between the top and lowest income quintiles). For instance,
families in the second income quintile of Middle East & North Africaare
projected to consume more than families in any other quintile.
Examining within-region and within-country heterogeneity across
quintiles, a decision-relevant scale mirroring the jurisdictions in which
policy makers act, we observe that the regressive impact of AC elec-
tricity consumption growth is largely a result of income inequality and
heat exposure differences within regions. For instance, in the Middle
East and North Africa (MENA) region, some of the hottest areas (e.g.
regions of the Arabic peninsula or southern Egypt) overlap with the
areas with the lowest income levels in the region. A similar pattern can
be traced in North America, where the Southern part of the United
States and several regions of Mexico are found to be both very hot and
poorer than the average; a similar dynamic is found in South Asia, with
large areas of Bangladesh and Pakistan being both low-income and
heat exposed. Finally, in sub-Saharan Africa - where the highest income
difference between the first and the last quintile is found - few coun-
tries represent the bulk of the households in the highest income
quintile (e.g. South Africa, parts of Angola and the Republic of Congo).
Within-country, the Gini indexes of electricity consumption
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Fig. 3 | Distribution of household air-conditioning (AC) penetration (%) and
residential sector average AC electricity consumption (kilowatt-hours/house-
hold yr ', kWh/HH/yr), by income quintile and region, Shared Socioeconomic
Pathway (SSP) scenario 2(45). a ranges of air-conditioning penetration; b ran-
ges of AC electricity consumption. Note that income quintiles are defined based on
each specific region’s income distribution in year 2020, and therefore the global

== 2050, SSP245

Income quintiles are calculated within each region.

pool panel pools together households belonging to each quintile of different
regions. The range of values in each boxplot are based on the projections calculated
with the Coupled Model Intercomparison Project Phase 6 (CMIP6) Global Climate
Models (GCMs) enemble median (exluding "hot models™?). Note: facets have spe-
cific y-axis ranges to better emphasize differences among scenarios. Supplemen-
tary Figs. 15-17 report quintile-level projections for additional scenarios.

(Supplementary Table 9) reveal that the strongest inequality is found
in several low-income countries (we refer to the World Bank 2024
income level country classification*®), mostly located in sub-Saharan
Africa (Kenya, Tanzania, Ethiopia), in a set of upper-middle income

countries (e.g. Fiji, Brazil), but also in some high-income countries
(Netherlands, Italy). In most countries, within-country inequalities in
AC utilization are expected to decline by 2050, although with large
differences across scenarios.

Nature Communications | (2024)15:7874


www.nature.com/naturecommunications



www.nature.com/naturecommunications



www.nature.com/naturecommunications



www.nature.com/naturecommunications



www.nature.com/naturecommunications



https://www.cable.co.uk/energy/worldwide-pricing/
https://www.cable.co.uk/energy/worldwide-pricing/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52028-8

demographic transformations to be homogeneous within each
country.

External validity and gridded predictions validation
Besides cross-validation at the household level for model training,
hyperparameters tuning, and testing, the models output data are
also benchmarked against both national AC rates derived from both
the household survey training data, and on recent AC ownership
statistics from alternative sources™. Note that grid-cell level
model outputs for the base year 2010 are compared with survey
data and statistics which span between 2011-2019 (depending on
the country; see Supplementary Table 2 for reference). Thus, part of
the observed bias might be owing do different year of reference in
the survey and modeled data.’

Supplementary Fig. 5 illustrates the results of such comparison.
The results (yielding R? values of 97% and 92% for aggregated survey
data and national statistics, respectively) show that our estimates are
broadly consistent with both aggregated training data and national
statistics from external sources (including in countries which are not
part of our training data pool). This finding provides important evi-
dence for the reliability of our gridded projections, their representa-
tiveness at the country-level, and their external validity.

Greenhouse gas emissions estimation

We assess the consequences of increased AC energy use in terms of
carbon dioxide emissions by combining the gridded AC electricity
consumption projections with country or regional-average
(depending on data availability) power sector emission factors of
different SSP scenarios from the Intergovernmental Panel on Cli-
mate Change (IPCC) Sixth Assessment Report (AR6) Database’™.
Such emission factors are multiplied by the sum of the estimated AC
electricity in each country.

Decomposition analysis of projection drivers

To conclude, we carry out a decomposition analysis of the projections
by recursively re-estimating the projections changing the input data to
the model one driver per time, and letting the other drivers constant at
their base year level. Supplementary Fig. 21 illustrates the results of this
supplementary analysis for both AC penetration and electricity
consumption.

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

Data availability

The input data required to replicate the analysis and the output data
generated in this study and the source data to replicate the figures
have been deposited in the Zenodo database under accession code
12697821, https://doi.org/10.5281/zenodo.12697821. The output grid-
ded data and the underlying machine learning (ML) model trained on
household survey data are made publicly available for future use. In
particular, we release global netCDF files with a 0.5 arc-degree spatial
resolution (about 55km at the equator) and 10-year time resolution for
the period 2010-2050 for the SSP scenarios 1(26), 2(45), 3(70), and
5(85). Dataset for three variables is made available: (i) the AC pene-
tration rate, defined as the fraction of households living at grid cell i in
year t owning at least one AC unit; (ii) the population of reference,
derived from Gao et al.”” which can be used as a weight to aggregate AC
penetration rates at different spatial scales; (iii) the total AC electricity
consumption (in gigawatt-hours yr™), defined as the electricity con-
sumed for AC utilization by households at each grid cell i in year ¢. In
addition, source data to replicate figures and tables are provided with
this paper. Source data are provided with this paper.

Code availability
The replication code can be accessed through the following Github
repository: https://doi.org/10.5281/zenodo.12671063.
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