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A B S T R A C T   

As global temperatures go up and incomes rise, air conditioner sales are poised to increase dramatically. Recent 
studies explore the potential economic and environmental impacts of this growth, but relatively little attention 
has been paid to the implications for inequality. In this paper we use household-level microdata from 16 
countries to characterize empirically the relationship between climate, income, and residential air conditioning. 
We show that both current and future air conditioner usage is concentrated among high-income households. Not 
only do richer countries have much more air conditioning than poorer countries, but within countries adoption is 
highly concentrated among high-income households. The pattern of adoption is particularly stark in relatively 
low-income countries such as Pakistan, where we show that the vast majority of adoption between now and 2050 
will be concentrated among the upper income tercile. We use our model to forecast future adoption, show how 
patterns vary across countries and income levels, and discuss what these patterns mean for health, productivity, 
and educational inequality.   

1. Introduction 

Sales of residential air conditioners have tripled since 1990 to almost 
100 million units annually (International Energy Agency, 2018). That 
means that every hour, 10,000+ new residential air conditioners are 
sold somewhere on the planet. As with many durable goods, air condi
tioning adoption follows an “S”-like pattern (Gertler et al., 2016). As 
incomes rise, adoption can spike dramatically (Wolfram et al., 2012). 
Many middle-income countries are approaching the steep part of this S- 
curve, and so air conditioner sales are poised to increase rapidly (Davis 
and Gertler, 2015). 

Recent studies explore the economic and environmental impacts of 
increased use of air conditioning. Air conditioning decreases heat- 
related mortality (Barreca et al., 2016; Burgess et al., 2017; Carleton 
et al., 2018), increases productivity (Heal and Park, 2016), and im
proves learning outcomes (Park et al., 2020). But air conditioning is also 
electricity-intensive, so widespread adoption requires significant in
vestments in electricity generation and transmission infrastructure 
(Wenz et al., 2017; Auffhammer et al., 2017) and implies large increases 
in carbon dioxide emissions (International Energy Agency, 2018). In 
addition, the refrigerants used in air conditioning are themselves a 
potent greenhouse gas, exacerbating the climate impacts (Shah et al., 

2015; Shah et al., 2017). 
Relatively little attention has been paid, however, to the implications 

of air conditioning for global inequality. In this paper, we use household- 
level microdata from 16 countries to characterize empirically the rela
tionship between climate, income, and residential air conditioning. We 
compiled for this paper one of the most comprehensive household-level 
datasets ever assembled on air conditioning. With data from China, 
India, the United States, Pakistan, Nigeria, and 11 other countries, our 
data include representative samples from over 50% of the total global 
population. We match these microdata at the sub-country level with rich 
climate data. 

At the core of our model are a series of adoption curves relating 
annual household income to air conditioning adoption. In our model, we 
allow these adoption curves to differ by climate. We find that both in
come and climate predict air conditioner adoption, but that it is the 
interaction between the two that is particularly important. In relatively 
cool areas, air conditioner adoption is near zero for all income levels. In 
warmer areas, however, we find a close relationship between household 
income and air conditioner adoption, with sharp increases in air con
ditioning starting at annual household income of about $10,000 USD. 

We then combine this model with forecast income and climate levels 
to predict future adoption of air conditioning. Between now and 2050, 
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our model predicts large increases in residential air conditioning. Across 
all 16 countries our model predicts that the fraction of households with 
air conditioning will increase from 35% in 2020 to 55% in 2050. We find 
that both income and climate matter for these projections, but that in
come matters much more, explaining 85% of the growth in air condi
tioning by 2050. Our results imply therefore that income growth is far 
more important than the speed of global warming for determining future 
adoption of air conditioning. 

In contrast to previous studies, our results describe not only aggre
gate adoption, but also how outcomes vary across households with 
different income levels. Our results show that both current and predicted 
future usage of air conditioning is overwhelmingly concentrated among 
high-income households. Not only are households in high-income 
countries much more likely to own air conditioning, but within coun
tries adoption is highly concentrated among high-income households. 
The pattern of adoption is particularly stark in relatively low-income 
countries. For example, our model predicts that the fraction of house
holds with air conditioning in India will increase to 50% by 2050, but 
with pronounced differences in ownership rates between households 
with different income levels. 

This increased saturation of air conditioning could save millions of 
lives. A recent estimate in the literature implies that in India alone 
630,000 people die each year from high temperatures, with this 
increasing to 1.4 million deaths per year by 2050 (Burgess et al., 2017). 
Assuming air conditioning reduces heat-related mortality by 80% 

(Barreca et al., 2016), our predicted saturation levels imply 550,000 
fewer deaths per year by 2050 and 9.2 million fewer cumulative deaths 
by 2050, with a disproportionate number of avoided deaths occurring 
among the highest income tercile. 

Avoided mortality is just one of a broad stream of private benefits 
from air conditioning. In the paper we discuss the implications of our 
results for health, productivity, education, and human capital accumu
lation. Differential adoption of air conditioning puts vulnerable house
holds at a growing disadvantage, threatening to exacerbate existing 
disparities in society. Air conditioning is perhaps the single most 
consequential form of adaptation to climate change, and yet is simply 
unavailable to large parts of the global population. 

2. Results 

2.1. Air conditioning adoption curves 

Fig. 1 plots air conditioning adoption curves for our sixteen sample 
countries. For all countries there is a pronounced positive correlation 
between household income and ownership of air conditioning. At low 
income levels air conditioning is relatively rare but then starting at 
about $10,000 USD saturation levels increase sharply, before eventually 
leveling off at high income levels. 

These patterns are consistent with S-shaped adoption curves that 
have been widely observed for other types of durable goods (see, e.g., 

Fig. 1. Air Conditioning Adoption Curves. Notes: This figure shows air conditioning adoption curves for each of our sixteen sample countries. The blue points 
represent the average penetration of air conditioning for each income decile. The blue line is a cubic best fit through these points to illustrate the S-shaped adoption 
pattern observed in the data. The grey line is a density plot illustrating the income distribution in each country. Income levels throughout have been converted to 
2017 US PPP Dollars. 
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Fig. 2. Air Conditioning Heatmap. Notes: This figure illustrates how penetration of air conditioning varies with respect to income and CDDs pooled across our 
sixteen sample countries. The colors indicate the penetration rate. Cells are only plotted if they had a minimum of fifty observations. 

Fig. 3. Air Conditioning Heatmaps by Country. Notes: This figure illustrates how penetration of air conditioning varies with respect to income and CDDs for each of 
our sixteen sample countries. The colors indicate the penetration rate. Cells are only plotted if they had a minimum of fifty observations. 
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Wolfram et al., 2012; Gertler et al., 2016). Davis and Gertler (2015) 
performs a similar analysis for air conditioning, but using data from only 
a single country, Mexico. Our study expands and generalizes that pre
vious work to include a large and diverse set of countries, and to focus 
explicitly on inequality, a topic that has received very little attention in 
the literature. 

These empirical adoption curves motivate our econometric model of 
air conditioning adoption. Our preferred model uses a regularized lo
gistic regression which requires the adoption curve to have the same 
approximate shape globally, but allows the steepness to be modified by 
climate. We also allow the curve to be shifted vertically by country- 
specific factors that are not purely related to climate (e.g. prefer
ences). See supplementary materials for full details. 

2.2. Model identification 

Figs. 2 and 3 show how air conditioning varies with respect to in
come and cooling degree days (CDDs) across our 16 sample countries. 
Fig. 2 shows the pooled across our entire sample and Fig. 3 shows the 
results separately for each of our sixteen sample countries. White is used 
to denote cells where there is insufficient coverage. For example, in 
Germany most households experience fewer than 500 CDDs annually 
whereas in Ghana, most households experience more than 2000 CDDs 
annually (Biardeau et al., 2020). 

These heatmaps illustrate the inherent richness of our microdata. 
Whereas previous studies of air conditioning adoption have tended to 
focus on the United States and other high-income countries (Sailor and 
Pavlova, 2003; Biddle, 2008; Mansur et al., 2008; Rapson, 2014), our 
inclusion of a large sample of households from low- and middle-income 
countries differentiates our study and provides much more information 
on how adoption changes over lower income levels. 

There is rich variation both between and within countries, with 
households experiencing a wide range of different income levels and 
climate exposures. The heatmaps illustrate the expected pattern with air 
conditioning increasing in both incomes and CDDs, with the combina
tion of both high incomes and high CDDs leading to the most widespread 
adoption. 

Model identification relies on this broad coverage. We have good 
support for low- and medium-income households across a range of cli
mates. We also have good support for high-income households at cool 
and moderate climates. Probably the biggest challenge, however, is high 
income households in hot climates. This is perhaps unsurprising - his
torically many of the hottest places have tended to also be poorer, with 
the richest nations often located in more temperate parts of globe (e.g. 
Europe, North America). We take several steps to address this limitation 
including pooling our data in a 2000+ CDD category to ensure that we 
have a sufficient number of observations. See the Appendix for details. 

2.3. Model fit 

Fig. 4 illustrates the fit of our econometric model. Each panel pre
sents data and model predictions for a particular country. We focus here 
on how the model estimation traces out this S-shaped adoption curve as 
a function of household incomes. In our model the sensitivity of air 
conditioning adoption to changes in income is allowed to vary 
depending on the level of CDDs and vice versa. The lines therefore 
summarize how our model estimated penetration rates for air condi
tioning vary with income at a given level of CDDs. The plotted points 
then summarize the underlying observed data used to fit the model; 
specifically the points are the average penetration rate by income decile 
at a given level of CDDs. 

Overall, the model provides a good approximation to the empirical 
pattern. Country-level shifts are relatively small for most countries with 
the primary exception of the United States, which exhibits a strong 
preference for air conditioning at all income and climate levels. Air 
conditioning has long been a part of U.S. culture, and this vertical shift 

may reflect cultural preferences as well as access to cheap and reliable 
electricity. 

As we might expect, the adoption curve rises steeply as households 
surpass incomes of $10,000 USD, before flattening off as adoption ap
proaches saturation at incomes in excess of $100,000 USD. The adoption 
curves are significantly steeper for higher levels of CDDs. This indicates 
that adoption is more sensitive to changes in income in areas with hot 
climates than in areas with cool climates. 

Fig. 4 can also give some insight into how sensitive adoption is to 
changes in climate at different levels of income. The plotted adoption 
curves are all separated by equal intervals of CDDs. As such, areas where 
they are tightly bunched suggest adoption is not very sensitive to 
changes in CDDs. This bunching can be observed across the income 
distribution once CDDs have exceeded around 1500. Incremental 
warming at this point does little to steepen the adoption curve. In cooler 
climates, on the other hand, incremental warming can rapidly steepen 
the adoption curve. This is most pronounced at higher income levels 
where even modest increases in CDDs can lead to large shifts in 
adoption. 

2.4. Projections by country 

Fig. 5 plots projected air conditioning penetration by country during 
the period 2010–2050. Points represent the average level of penetration 
for a given country in 2010, 2020, 2030, 2040 and 2050. These pro
jections were calculated using our econometric model based on pro
jections for incomes, population and climate change from IIASA’s 
Shared Socioeconomic Pathways (SSPs). For income growth we assume 
equal percentage increases across the entire income distribution of each 
country in line with the growth rate of average per capita GDP. This 
means levels of relative income inequality within each country remain 
unchanged from current levels. See Appendix for details. 

Our results imply large growth in air conditioning, particularly 
among low- and middle-income countries. India experiences dramatic 
growth, from below 10% in 2010 to 50% in 2050. China grows 
dramatically as well, albeit from a higher starting point, but reaching 
almost 75% saturation by 2050. Latin American countries Mexico, 
Argentina, Paraguay, and Uruguay all grow rapidly. Air conditioning 
surges in Italy from 30% to above 50% by 2050. 

In contrast, growth is much smaller in the United States, where air 
conditioning is already near ubiquitous. If anything, further increases in 
income tend to reduce ownership gaps in the United States, with low- 
income households catching up with other households. Germany and 
Russia experience low levels of air conditioning throughout, with cli
mates that remain relatively cool even by 2050. 

Finally, the African countries Sierra Leone, Ghana, Nigeria, and 
South Africa are particularly interesting. Starting from a low base, these 
countries experience several-fold increases in air conditioning. For 
example, Sierra Leone goes from near 0% to 10% in 2050. 

Across all 16 countries our model predicts that the fraction of 
households with air conditioning will increase steadily from 26% in 
2010, to 35% in 2020, to 43% in 2030, 50% in 2040, and 55% in 2050. 
With the total population in our 16 countries expected to increase from 
3.9 billion to 4.7 billion, this implies that the total number of air con
ditioning units across our 16 countries increases from 295 million in 
2010 to 691 million in 2050. See Appendix Table 3 and Appendix Fig. 4 
for details. These aggregate projections are roughly in line with forecasts 
from previous work based on aggregate data (International Energy 
Agency, 2018). 

2.5. Key drivers of adoption 

Air conditioning adoption is driven by both rising incomes and a 
warming global climate. But which factor plays a larger role? Fig. 6 plots 
the results from a decomposition analysis we performed by country. We 
apply standard comparative statics to our model, holding fixed one 
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Fig. 4. Estimated Model for Air Condition
ing Penetration by Country. Notes: This 
figure illustrates the fit of our econometric 
model across the sixteen countries in our 
sample. The lines summarizes how the pre
dicted penetration of air conditioning from 
our model varies with income at a given 
level of CDDs. The plotted points then sum
marize the underlying observed data used to 
fit the model; specifically the points are the 
average penetration rate by income decile at 
a given level of CDDs. Points are only plotted 
if they had a minimum of ten observations.   

Fig. 5. Projected Air Conditioning Penetration by Country, 2010–2050. Notes: This figure shows how projected penetration rates for air conditioning vary with 
income levels. Colors denote the sixteen countries in our sample. Each point shows the penetration rate at a different level of average income based on estimates for 
2010, 2020, 2030, 2040, and 2050. The size of each point is scaled relative to the population of each country. 
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factor at a time. 
The results indicate that income explains 85% of the growth in air 

conditioning over this period. Global warming matters, but countries 
with warm climates like Ghana, India, Nigeria, Pakistan, and Sierra 
Leone are already warm enough to induce rapid adoption of air condi
tioning. Further warming has little additional impact on adoption, and 
so in these countries income, not climate, is the limiting factor. 

Instead, where we see global warming mattering more is in relatively 
cooler countries. Argentina, China, Italy, and Uruguay, in particular, 
have many regions which in 2010 are not quite warm enough to drive 
widespread demand for air conditioning, but the incremental warming 
between 2010 and 2050 is enough to push these areas past the threshold. 
Even in these cooler countries, however, it is notable that income growth 
remains very important. For example, in China at least 80% of the 
growth in air conditioning is driven by income, with only 20% driven by 
climate. 

2.6. Inequality in adoption 

Fig. 7 plots air conditioning shares by household income tercile for 
all 16 countries. Income terciles are calculated country-by-country, so 
this provides an opportunity to assess the within-country pattern. 

Our model predicts that air conditioning will continue to be highly 
concentrated among high-income households. Almost all income terciles 

experience rapid increases in air conditioning, including low-income 
terciles in relatively low-income countries like India. However, the 
gap between high-income and low-income households remains pro
nounced in all years. 

Interestingly, a few countries see evidence of convergence. China is a 
good example of this. Between 2030 and 2050 penetration for the high- 
income tercile grows modestly from 80% to 88%, likely reflecting 
saturation for these households. Over the same period the low-income 
tercile grows much more rapidly from 33% to 51%. Even so, this 
convergence still leaves a large gap in access to air conditioning between 
high- and low-income households. 

Furthermore, in some countries inequality actually gets worse. Take 
Pakistan, for example. By 2050 38% of households in the high-income 
tercile have air conditioning, compared to only 5% in the low-income 
tercile. A similar story is evident in many African countries with air 
conditioning penetration for the lowest-income tercile remaining below 
4% in South Africa, Nigeria, and Sierra Leone. 

Thus even by 2050 there remains a pronounced inequality gap in 
almost all countries, with low-income households substantially less 
likely to have access to air conditioning. This inequality gap has received 
relatively little attention in the existing literature, and has important 
implications for productivity, education, and health, as we discuss next. 

Fig. 6. Decomposition of Growth in Air Conditioning Penetration, 2010–2050. Notes: This figure shows the results from a decomposition analysis we performed by 
country. The grey bars indicates the baseline level of air conditioning in each country in 2010. The black points then show air conditioning penetration in 2010, 2020, 
2030, 2040, and 2050. Finally the colors indicate the fraction of growth since 2010 due to income and global warming, respectively. 
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2.7. Mortality impacts 

In India alone increased saturation of air conditioning could save 
millions of lives, with these avoided deaths concentrated in the highest 
income tercile. Estimates from Burgess et al. (2017) imply that 630,000 
people die each year in India from high temperatures, with this 
increasing to 1.4 million deaths per year by 2050 due to population 
growth and higher temperatures. 

Our model predicts large increases in air conditioning in India over 
this time period. In our preferred model, the percentage of households in 
India with air conditioning increases from 12% in 2020, to 25% in 2030, 
to 38% in 2040, and to 50% in 2050. Our model predicts large and 
persistent differences in adoption between income groups. By 2050, for 
example, our model predicts 69% adoption in the highest income tercile, 
compared to 48% and 32% in the middle- and lowest- income terciles, 
respectively. 

Previous research finds that air conditioning significantly mitigates 
heat-related mortality. Barreca et al. (2016) use 6+ decades of U.S. 
mortality data to show that U.S. heat-related mortality declined by 80% 
with the adoption of air conditioning. Assuming air conditioning will 
reduce heat-related mortality for air conditioning adopters in India by 
this same 80%, our estimates imply 550,000 fewer deaths per year by 
2050, and 9.2 million fewer cumulative deaths between now and 2050, 
with a disproportionate number of these avoided deaths occurring 
among the highest income tercile. See supplementary materials for 
detailed calculations. 

3. Discussion 

Existing estimates point to large potential growth in global air con
ditioning, as well as the accompanying strain on the energy sector and 
growth in emissions (International Energy Agency, 2018). We use data 
at the individual household level to analyze how air conditioning 

adoption will vary by income and show that many of the world’s poorest 
households will be exposed to increased heat associated with climate 
change without the important mitigating influence of air conditioning. 
We provide calculations that emphasize the differential implications this 
trend will have for mortality in the face of rising temperatures and show 
that a growing number of poorer households will succumb to heat- 
related mortality by 2050. 

Previous work has also tied heat to slower learning and lower test 
scores (Park et al., 2020). With the richer households able to insulate 
their children from rising temperatures, and children of wealthier par
ents accumulating more human capital, this bodes ill for intergenera
tional income mobility. These are just two examples – mortality and 
learning – known to be affected by heat and mitigated with air condi
tioning, but there may well be additional impacts on poor households 
without air conditioning. In the short run, as the current global recession 
brought on by the coronavirus pandemic stalls income growth, the gap 
between rich households, who already own air conditioners, and poor 
households, who are not yet able to buy them, is widening. 
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Fig. 7. Air Conditioning Penetration by 
Country by Income Tercile. Notes: This 
figure shows our predictions for air condi
tioning penetration over time and by income 
tercile. Colors denote income terciles and 
are calculated by country based on 2010. We 
plot the population-weighted average pene
tration level for each income tercile for 
2010, 2020, 2030, 2040 and 2050. The 
central line plots the average across the five 
SSP scenarios and the confidence intervals 
are based on the maximum and minimum 
values for the five SSP scenarios.   
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Appendix A. Supplementary data 

Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.gloenvcha.2021.102299. 
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