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Abstract
Comfort cooling represents one of the largest end-use risks to our climate, 
and the residential sector alone is set to account for an over 0.5º C increase 
in global temperatures by 2100. A warming planet, rapid urbanization, 
growing population, and rising incomes are driving up the global demand 
for air conditioning, and under a business-as-usual growth trajectory, 
the number of room air conditioner (RAC) units in service is estimated to 
increase from 1.2 billion units today to 4.5 billion units by 2050. Much of this 
growth comes from emerging economies, which will see a five-times (5X) 
increase in the number of RACs between now and 2050.

The most advanced commercially available, vapor compression-based RACs 
have achieved only about 14% of the theoretical efficiency limit;i efforts to date 
have focused on meeting minimum performance standards and refrigerant 
transitions, and not transformative innovation in efficiency. Our analysis shows 
that conventional solutions— such as efficient building design, improved 
maintenance and operations, and driving behavior change, in combination with 
the incremental pace of technology improvement— will only address a portion of 
the challenge and cannot bring us anywhere close to neutralizing the impacts of 
the projected increase in the number of RACs. The world needs a radical change 
in comfort cooling technology, one that can effectively and assuredly offset the 
exponential increase in cooling energy demand and put us on a path to cooling 
with less warming.

i	 The	theoretical	efficiency	limit	is	the	efficiency	of	a	Carnot	cycle	operating	between	two	temperatures.	Considering	a	typical	outside	temperature	of	35	°C	and	
inside	temperature	of	27	°C,	the	maximum	possible	efficiency	(EER)	is	37.5	W/W.	The	best	available	room	air	conditioners	in	the	world	have	an	EER	of	around	six.	
This	calculation	for	a	Carnot	cycle	is	based	on	the	sensible	cooling	load	only	(i.e.,	cooling	the	air	from	a	source	temperature	of	35	°C	to	a	sink	temperature	of	27	°C)	
and	ignores	the	latent	load	impact.	In	addition,	we	believe	that	latent	load,	if	any,	can	be	met	via	a	desiccant	system	with	100%	theoretical	efficiency.	This	is	further	
in	accordance	with	the	Bureau	of	Energy	Efficiency	(BEE),	Government	of	India,	standard	test	conditions	for	evaluating	the	cooling	capacity	of	variable	capacity	
room	air	conditioners	in	India.

To offset the 5X increase in RAC cooling demand in the developing 
economies, we envision a technology solution that has one-fifth of the 
climate impact (grid-supplied electricity and refrigerant global warming 
potential [GWP] taken together) as compared to today’s standard 
products—the 5X solution. Scaling the 5X solution could be the most 
effective and certain step we can take to mitigate the climate impact 
of comfort cooling, bringing in cumulative emissions reductions of up 
to 100 gigatons by 2050, and helping us mitigate up to 0.5 °C in global 
warming impact by 2100.
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THE CHALLENGE OF 
COOLING A WARMING 
WORLD

01

The world is poised for a significant 
growth in energy requirements for 
comfort cooling. With increasing 
populations and urbanization, and rising 
temperatures exacerbated by expanding 
urban heat-islands,1 cooling is, in many 
parts of the world, no longer a luxury, 
but an urgent priority for health and 
well-being, productivity, and in extreme 
cases, survival.

The use of energy for cooling buildings 
has more than tripled between 1990 
and 2016, and is continuing to grow 
faster than for any other end use in 
buildings.2 Nearly 70% of this increase 
comes from the residential sector, 
where the potential for comfort cooling 
is the largest and continues to grow, 
particularly in developing economies. 

Globally, air-conditioning (AC) systems 
are the dominant technology to achieve 
comfort cooling, with RACs—either 
individual mini-split or self-contained 
window AC units—constituting the 
overwhelming majority (~70%) of ACs 
in use today.ii RACs are the technology 
of choice in developing markets due 
to lowest cost to access, particularly in 
the residential sector, and are expected 
to grow disproportionately to other AC 
product categories.

ii	 For	the	purpose	of	this	study,	a	room	air	conditioner	(RAC)	is	defined	as	a	self-contained	or	split-system	air	conditioner	typically	up	to	
15	KW	capacity	used	in	residential	cooling	but	that	can	also	be	used	in	the	commercial	sector.	The	use	of	the	term	“comfort	cooling”	
in	this	report	pertains	to	cooling	achieved	from	the	use	of	RACs,	unless	otherwise	specified.

While the absolute numbers projected 
by different studies vary, they 
unanimously point to an astounding 
increase in the energy used by RACs 
between 2016 to 2050—estimated to 
be over three-fold globally and five-
fold in the developing countries. Figure 
1.1 maps RAC growth projected by 
Lawrence Berkeley National Laboratory 
(LBNL), the Green Cooling Initiative (GCI), 
and the International Energy Agency 
(IEA): these studies are conducted in 
different time periods—which may 
explain the variations in projections—
with the most recent being the IEA’s 
The Future of Cooling report which 
shows that the projections have only 
increased over time.3 Several studies, 
including the IPCC’s latest report, 
highlight that the planet is warming 
faster than expected,4,5 which will lead 
to an increased demand for cooling, 
further strengthening the case for more 
aggressive growth projections in air 
conditioners.

Our analysis shows that at the current 
growth trajectory of RACs, by the year 
2100 the world may see an over 50-fold 
increase in the cooling energy demand 
since the start of the century, causing 
over 0.5oC increase in global surface 
temperatures due to RAC growth alone.
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Growth Drivers
Multiple drivers are acting concurrently to 
contribute to the escalating demand for 
comfort cooling.

A Warming Planet: The average rate of change 
of global average surface temperature since 
1901 is 0.7°C–0.9°C per century. However, this 
rate of change has nearly doubled in the 
period since 1975 (1.5°C–1.8°C per century).6 Per 
the international State of the Climate in 2017 
report,7 the 10 warmest years on record have 
all occurred since 1998. Looking back to 1998, a 
pattern emerges: except for 2011, each new year 

is one of the top 10 warmest on record at that 
time.

Available data points to the fact that our planet 
is warming at an increasing rate. Global average 
surface temperatures are expected to rise 
between 2oC and 5oC at current warming rates 
by 2100, making summers longer and hotter.8 
The average number of cooling degree days 
(CDDs) across the globe have been on the 
rise, particularly in the recent few decades. An 
IEA study projects that CDDs will increase by 
around 25% globally by 2050,9 with the biggest 
increases occurring in already hot places where 
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Figure 1.1:  
Estimates of installed RAC stock worldwide by the year 2050

Note:  There are some variations in how these different studies estimate the stock of air conditioners, however these are 
limited to 10%–15% of the overall stock that represents systems other than mini splits. The LBNL study includes only mini 
splits in the residential and commercial sectors; the GCI study includes unitary air conditioners that mainly include split 
residential air conditioners; the RAC stock depicted by RMI is drawn from IEA 2018 report and includes mini splits and 
packaged room ACs, and all other AC types have been excluded.
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income and population are rising fastest. Africa, 
Latin America, southern and eastern Asia, and 
the Middle East could see an increase in CDDs 
ranging from 15% to 40%. 

It is worth noting that a warming planet 
would lead to increased demand for cooling, 
particularly for room air conditioners, which 
in turn would cause further global warming, 
creating a circular loop. Already a staggering 2.2 
billion people, 30% of the world’s population, are 
at risk of potentially deadly heat exposure for 
more than 20 days per year;10 and by 2100, up to 
three-quarters could experience this risk.

Population Growth: According to projections 
by Population Reference Bureau (PRB) in the 
2018 World Population Data Sheet,11 the world 
population is expected to reach 9.9 billion by 
2050, up 2.3 billion or 29% from an estimated 7.6 
billion people now. The population is growing 
by nearly 75 million people each year, with 

approximately 90% of this growth occurring in 
developing countries with warm climates. PRB 
projects that Africa’s population will more than 
double to 2.6 billion by 2050 and account for 
58% of the global population increase by that 
date. The number of people in Asia is projected 
to rise about 717 million to 5.3 billion.

Urbanization: The global urban population 
is projected to grow by 2.5 billion between 
2014 and 2050, with nearly 90% of the increase 
concentrated in Asia and Africa. Several 
developing countries in these continents, 
classified as lower-middle-income countries, 
are expected to experience the fastest rate of 
urbanization in the coming decades, reaching, 
on average, 57% urban, compared to 39% urban 
in 2014.12 Rapid urbanization in this group of 
countries—including India, Indonesia, Pakistan, 
Nigeria, and several other African countries—
that are typically populous and have warm 
climates, will likely result in fewer options for 

90%
United 
States

16%
Brazil

89%
Japan & 
Korea60%

China

9%
Indonesia

7%
India

16%
Mexico

Figure 1.2: 
Households with air conditioning today (percent) 
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cooling due to dense development of high rise 
buildings, limited air flow, and exacerbated 
heat island effects. This will only increase 
dependence on air conditioners for thermal 
comfort.

Income growth: GDP growth for non-OECD 
countries will exceed 5% through 2025,13 making 
comfort cooling economical for millions of 
new consumers. Asian and African countries 
will lead global economic growth, with India 
and China in the lead at 6% and 4.5% average 
annual percent change in real GDP respectively, 
between 2015 and 2040.14 

Room air-conditioning penetration is fairly 
low in developing countries, even where the 
climate is hot and humid. For instance, only 
~7% of households in India possess an AC, 
despite having extremely high cooling needs 
(Figure 1.2).15 

But AC ownership in households and its use 
is rising rapidly in India and other hot and 
humid countries as incomes rise, access to 
electricity improves, and prosperity becomes 
more widespread. Simultaneously, the market 
is experiencing falling AC prices due to the 

increasing scale of production. In short, air 
conditioning is becoming accessible for more 
and more people. IEA’s analysis of average per-
capita income and AC ownership shows that 
the rate of household ownership of AC rises with 
economic development and incomes, and rises 
very sharply in the case of the hottest and most 
humid countries. 

The combined effect of these drivers—warming 
global temperatures and the most populous 
and warm parts of the world seeing large 
increases in population, urbanization, and 
purchasing power—creates ripe conditions for 
an exponential rise in the demand for room air 
conditioners to meet comfort cooling needs.

Concurrent with these drivers is the increasing 
recognition of cooling as a social imperative. 
Cooling is essential for achieving many of 
the Sustainable Development Goals (SDGs) 
and is closely tied to human well-being and 
productivity. The recent SEforALL report Chilling 
Prospects draws attention to the social and 
economic impacts of heat stress and lack 
of access to cooling.16 The report shows that 
approximately 1.1 billion people face cooling 
access risks and are exposed to heat extremes 

Figure 1.3:  
Multiple drivers contribute to the sharp rise in global RAC demand 

INCOME GROWTH
GDP growth for non-
OECD countries will 
exceed 5% through 
2025, making comfort 
economical for millions 
of new consumers
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A WARMING PLANET 
Global average 
temperatures expected 
to rise over 2.0°C by 
2100, making summers 
longer and hotter

POPULATION 
GROWTH 
Population is growing by 
over 75 million 
people/year, with 90% of 
growth in developing 
countries

URBANIZATION 
Global urban 
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projected to grow 
by 2.5 billion by 
2050.
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with little or no means—and in some cases 
even no access to electricity—to allow for 
thermal comfort. This number will only grow as 
populations and global temperatures increase. 
The SEforALL report also points out that by 
2050, work-hour losses by country are expected 
to be more than 2% across the globe and as 
high as 12% (worth billions of US dollars) in the 
worst-affected regions of South Asia and West 
Africa. Even a 2% per capita loss per year means 
that, over the next 30 years, growth in GDP per 
capita will be less than half as much as if the 
excessive heat had not occurred. Against this 
backdrop, globally there is increased activity 
and government focus on access to cooling, 
electrification, and enabling thermal comfort 
for all, which will further the demand and 
penetration of air conditioners.

Worldwide Growth Outlook 
for Room Air Conditioners 
(RACs)

Synthesizing and building upon the existing 
body of knowledge on the worldwide RAC 
market and its anticipated growth, we have 
developed a Growth and Impact Assessment 
(GIA) model for RACs.iii The model strives to 
estimate the most current set of RAC growth 
projections and more importantly, draws out 
the greenhouse gas (GHG) emission impacts of 
the RAC growth trajectory and what it means in 
the context of our global climate commitments. 
Further, we utilize the model to chart out 
potential solution scenarios that are discussed 
in sections 02 and 03 of this report.

iii	 The	construct	and	key	assumptions	underlying	RMI’s	Growth	and	Impact	Assessment	model	are	provided	in	Appendix	I	of	this	report.
iv	 For	India,	a	3%	annual	improvement	in	efficiency	has	been	assumed	until	2030	based	on	BEE’s	information.	Past	2030	an	EER	increase	of	0.5%	annually	is	

considered	until	2050.
v	 A	5%	improvement	in	cooling	energy	demand	considers	the	adoption	of	building	codes	at	a	slow	to	moderate	pace	in	India.	This	improvement	potential	is	

assumed	to	be	valid	for	all	regions	of	the	study	as	developing	countries	are	yet	to	see	the	construction	of	most	of	their	building	stock	and	developed	country	
households	would	begin	to	require	modest	retrofits	for	their	old	building	stock.

vi	 In	October	2016	at	the	28th	Meeting	of	the	Parties	to	the	Montreal	Protocol	in	Kigali,	the	Parties	to	the	Montreal	Protocol	adopted	the	Kigali	Amendment	
whereby	the	Parties	agreed	to	phasedown	HFCs	under	the	Montreal	Protocol.	The	amendment	will	ensure	that	industrialized	countries	bring	down	their	HFC	
production	and	consumption	by	at	least	85%	compared	to	their	annual	average	values	in	the	period	2011-2013.	A	group	of	developing	countries	including	
China,	Brazil	and	South	Africa	are	mandated	to	reduce	their	HFC	use	by	85%	of	their	average	value	in	2020-22	by	the	year	2045.	India	and	some	other	
developing	countries	—	Iran,	Iraq,	Pakistan,	and	some	oil	economies	like	Saudi	Arabia	and	Kuwait	—	will	cut	down	their	HFCs	by	85%	of	their	values	in	2024-26	
by	the	year	2047.	

For projecting the worldwide RAC growth 
outlook between the years 2016 and 2050, 
our model considers the following baseline or 
“business-as-usual” scenarios:

 Reference Scenario (RS): In this business-as-
usual growth scenario, we assume that the 
current adopted or committed policies will 
move forward per established timelines, and 
that the government will fully act on its 
commitments (such as for clean energy and 
grid emissions reduction). Specifically, the 
Reference Scenario takes into account:

• Continued improvement of the energy 
efficiency ratio (EER) of RACs at a 
weighted average annual rate of 0.5%.iv

• Impact of continued adoption of 
building energy codes leading to 5% 
reduction in cooling energy demand in 
2050.17, v

• Achievement of planned grid emissions 
reduction by various governments.18

• Inclusion of planned reduction in 
transmission and distribution losses in 
world regions, where known.

• Advancing penetration of inverter 
technology to 80% of the air conditioner 
market, in each of the regions in our 
analysis.

 Reference Scenario—Isolating Cooling 
Impacts (RS-C): The same as the Reference 
Scenario except for maintaining a constant 
grid emissions factor throughout future 
years in order to isolate the emission 
impacts due to cooling alone. 

 Reference Scenario—Kigali Phasedown 
(RS-K): The same as the Reference Scenario, 
but adds in the successful implementation 
of the Kigali phasedown plan.vi 
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Key Findings of the 
Reference Scenario

If the global demand for cooling continues 
to increase on a business-as-usual trajectory, 
the number of RACs in service is estimated to 
increase from 1.2 billion units today to 4.5 billion 
units by 2050—a nearly 3.7-times increase. 
Developing countries will see a five-fold 
increase in RAC demand over the same period. 
An IEA study suggests that the global average 
rate of household ownership of ACs is expected 
to increase from just over 30% in 2016 to almost 
67% in 2050.19 

Nearly 70% of the projected growth comes from 
the emerging economies in the tropics and 
the subtropics. Air conditioner sales in Brazil, 
India, and Indonesia are growing at 10%–15% per 
year.20 

This rise in the RAC stock is certain to cause a 
spike in the demand for electricity required to 
power these appliances, stressing the power 
infrastructure and necessitating the need for 
significant additional generation capacity. 
IEA’s Future of Cooling Report estimates US$1.2 
trillion in capital spending for the additional 
generation capacity required between 2017 
and 2050. The impact will be felt the most in 

Figure 1.4:  
Global room air conditioner stock projections by region 2016–2050 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

20
16

20
18

20
20

20
22

20
24

20
26

20
28

20
30

20
32

20
34

20
36

20
38

20
4

0

20
4

2

20
4

4

20
4

6

20
4

8

20
50

M
ill

io
n

 u
n

it
s

China India Middle East United States Indonesia

Japan & Korea European Union Mexico Brazil Rest of the
world



| 7SOLVING THE GLOBAL COOLING CHALLENGE: 
How to Counter the Climate Threat from Room Air Conditioners

developing countries, where the per capita 
cooling energy consumption (from RACs) is 
relatively low and is expected to see major 
growth.

The Reference Scenario presents the following 
highlights of the worldwide growth outlook for 
RACs:

 China and India account for more than half 
of the global expansion in the number and 
capacity of RACs. The two countries alone 
will have a total RAC stock of more than two 
billion. African countries are also expected 
to follow a similar trend as temperatures rise 

vii	 The	electricity	use	includes	end-use	consumption	and	transmission	and	distribution	(T&D)	losses	for	each	region.	Due	to	limited	data	availability,	T&D	losses	
decline	over	the	years	for	India	and	Mexico	only;	for	other	countries	they	remain	constant	at	2016	levels.

and cooling becomes key to productivity 
and even at the extreme, survival. 

 While the Reference Scenario assumes a 
steady improvement in the efficiency of 
RACs, the global average EER in 2050 falls 
far short of the potential already available in 
the best performing units in most markets 
today. 

 Global energy use for space cooling from 
RACs—almost entirely in the form of 
electricity—is projected to jump from 2,300 
terawatt hours (TWh) in 2016 to 7,700 TWh in 
2050.vii This more than three-fold (~3.3x) 

Figure 1.5:  
Total and per capita electricity consumption from RACs by region—Reference Scenario
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increase is driven predominantly by the 
residential sector.

 The emerging economies are driving the 
bulk of the projected growth in energy use 
for space cooling, with India, China, and 
Indonesia alone contributing about half of 
the global TWh increase. India’s cooling-
related energy demand from RACs soars 
from just 94 TWh in 2016 to 1,890 TWh in 
2050—a 20-fold increase. Indonesia also 
observes a staggering 15-fold increase in its 
RACs-related energy demand, reaching 670 
TWh over the same period. 

 In China, the energy demand for space 
cooling from RACs doubles to reach 910 
TWh in 2050. Despite a significant rise in 
RAC stock, China’s energy demand does not 
grow at a similar pace to India’s or 
Indonesia’s, primarily because of the higher 
penetration of inverter air conditioners in 
that market.

 The energy consumption of RACs in the 
United States also increases, but only 
marginally from about 600 TWh in 2016 to 
820 TWh in 2050 owing to already high 
ownership levels of air conditioners in 
households.

 India emerges to become the world’s largest 
energy user for space cooling in 2050. The 
per capita energy use for space cooling from 
RACs (Figure 1.5) increases from mere 72 
kWh (one of the lowest in the world) to 1,140 
kWh owing to rapid urbanization and 
growing affluent middle class that desires a 
better quality of life and health.

 Indonesia and Middle East countries also 
see a major hike in RAC ownership levels. By 
2050, these countries will be on par with the 
United States in terms of per capita energy 
use for space cooling.

 Other developing countries such as Mexico, 
Brazil, and many African countries also show 
a similar growth trend, with a nearly two-to 
five-fold jump in their per capita energy use 
for space cooling over the same period. 

Impacts of Cooling Growth
Space cooling is set to become the single 
largest user of electricity in buildings overtaking 
appliances and plug loads. Although greater 
access to cooling and thermal comfort is a 
social imperative and supports the SDGs, it 
comes with large-scale impacts on global 
GHG emissions and required electricity 
generation capacity and peak load, particularly 
in economies with large populations and hot 
climates. Additionally, growing air conditioner 
usage will add more warming to an already 
warming planet. Our Growth and Impact 
Assessment model for room air conditioners 
draws out the magnitude of these impacts.

Impacts on the electric infrastructure: Per 
the projected growth, room air conditioning 
will account for around 16% of global electricity 
demand in 2050. In terms of electricity use, 
this is equivalent to adding two new countries 
to the world with the current total electricity 
consumption footprint of the US.21 Developing 
countries, where penetration of air conditioners 
is yet to happen in the future, will be the most 
affected as the electricity demand from RACs 
doubles by 2030, and grows to up to five-fold 
by 2050. The three major emerging economies 
(China, India, and Brazil) alone will need about 
3,000 TWh of electricity generation in 2050 to 
meet the demand from RACs, equivalent to the 
total electricity consumption of the European 
Union today.22 

New power generation: The Reference 
Scenario estimates that by 2050, 2,000 
gigawatts (GW) of new generation capacity 
will be needed to supply the incremental 5,400 
TWh of electricity to operate the RACs annually. 
This is approximately equivalent to the current 
annual electricity consumption of the US, 
Japan, and Germany combined.23 India alone 
would contribute to a third of this new capacity 
demand to supply the electricity to an installed 
stock of over a billion RACs by 2050.
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Figure 1.6:  
Share of RAC electricity consumption in total electricity consumption—Reference Scenario

Figure 1.7:  
New power generation capacity to meet the peak demand from RACs by 2050—Reference Scenario 
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We cannot solve this magnitude of growth by 
adding renewables alone. A case in point is that 
last year (2017), our record year of solar growth, 
with 94 GW of total solar generation deployed 
globally,24 was eclipsed by the incremental load 
of new RACs added to the grid, estimated at 
approximately 100 GW.viii Moreover, trying to 
offset the RAC growth impacts with renewables 
will require significant infrastructure 
preparedness to handle that scale of distributed 
generation, and will also prove to be an 
expensive and resource-intensive solution as 
compared to switching to next-generation 
cooling technology.

Peak load impacts: Air conditioning can have 
a disproportionately large impact on the peak 
electricity load of a region. For instance, it 
represents about 30% of current and forecasted 
summer load in warm climates such as 
California, and can even triple the summer load 
in very hot areas such as New South Wales, 
Australia.25 In Delhi, India, about 40%–60% of the 
total summer load comes from air conditioners. 
Even in a cold region such as the United 
Kingdom, the rise of residential air conditioning 
is estimated to account for 39 GW of the total 73 
GW peak demand by 2050.26 

Under the Reference Scenario, our analysis 
suggests that RACs will contribute about 3,200 
GW to the global peak electricity load in 2050. 

 India is expected to have a total peak power 
demand of 405 GW by 2030,27 and the 
expected growth in RACs will contribute 
40% to this peak alone. 

 Similar trends are observed in China where 
the RACs would alone contribute about 55% 
to the national peak demand by 2025.28

 In Indonesia, total electricity peak demand 
is expected to reach 73 GW by 2030, of 
which about 40% will be attributable to 
RACs.29

viii	 This	is	based	on	the	following	calculation:	93	GW	is	the	load	of	RACs	produced	in	China	in	2017;	China	produces	about	70%	of	the	total	worldwide	RACS,	so	
that	puts	the	worldwide	load	estimate	at	133	GW;	we	assume	20%	replacement	stock	and	80%	new	(incremental).	Hence	the	incremental	load	of	new	RACs	
added	to	grid	is	~100	GW.	

ix	 In	order	to	focus	on	the	emissions	impact	of	the	RAC	growth	from	this	point	forward,	our	model	assumes	the	baseline	year	2016	as	year	one	for	the	purpose	of	
calculating	cumulative	emissions.	

Impact on global GHG emissions: Our analysis 
acknowledges the Nationally Determined 
Contributions (NDCs) made by the countries 
under the Paris Agreement to transition 
toward a cleaner power mix by increasing 
the renewables penetration. The Reference 
Scenario therefore includes the improvements 
in the grid emission factor worldwide. In this 
scenario (RS), the cumulative emissions from 
RACs—calculated for the year 2016 onwards—
are estimated to be 132 gigatons by 2050.ix 
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The total annual emissions from RACs see a 
substantial increase, with the 2050 annual 
emissions growing to 2.5 times that of the 
annual RAC emissions in 2016.

We also understand that targets could be 
difficult to sustain as planned policies may not 
pan out—the withdrawal of the United States 
from the Paris Agreement being the prime 
example. Our analysis therefore presents an 
alternative view maintaining a constant grid 
emission factor in order to isolate the emission 
impact of RAC operation. In this scenario (RS-
C), the resulting cumulative emissions are 
estimated to be 167 gigatons of CO2 equivalent 
(CO2e) by the year 2050. 

The total (direct and indirect) emissions from 
RAC operation will continue to contribute an 
increasing share of the global carbon dioxide 
emissions (from primary energy) through 
2050, doubling to about 15% from the 2016 
levels. Developing countries, mainly India, 
Mexico, Brazil, and Indonesia, will observe this 
trend more prominently owing to the soaring 
electricity demand from RAC growth. 

As we analyze the emission impact of an 
increasing number of RACs, it would be remiss 
not to consider the mitigation potential of 
the Kigali Amendment, which is already set in 
motion. Though the Kigali Amendment is not 
yet ratified by many of the signatory countries, 

Figure 1.9:  
Share of RAC-related CO2e emissions (Reference Scenario) as percent of total CO2 emissions from primary energy
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including the US, and therefore its impacts not 
yet assured, for the purpose of our analysis we 
assume its full implementation. Our analysis 
suggests that successful implementation of 
the Kigali Amendment will have a notable 
impact on the direct emissions footprint 
(that is emissions resulting from refrigerants) 
associated with RAC operation—estimated 
to be approximately 90% of the annual direct 
emissions in 2050 (RS)—as the world transitions 
to lower global-warming-potential refrigerants. 
The reduction in cumulative CO2e emissions is 
estimated to be 23 gigatons by the year 2050 
(RS-K), which amounts to a 17% reduction in the 

x	 The	climate	scientists	at	IPCC	estimated	the	total	carbon	budget	of	2,900	GT	of	CO2e	(accounting	for	non-CO2	forcing)	with	a	66%	probability	to	limit	the	
warming	to	below	2°C	above	pre-industrial	levels.

total cumulative emissions as compared with 
the Reference Scenario. While this is a huge 
positive, refrigerants account for about a third 
of total emissions from mechanical cooling, and 
only about one fifth in developing countries 
(owing to generally higher grid emission 
intensity factors in these countries) where the 
bulk of the future RAC stock will reside (Figure 
1.4). Indirect emissions, from the electricity 
consumption by the cooling equipment, are 
a much larger portion of the total emissions 
related to comfort cooling, leaving a large gap 
to be addressed. 

Envisioning that the Kigali Amendment is able 
to achieve its intended objectives, it still leaves 
us with a huge demand for electricity and 
associated emissions, as cooling appliances, 
particularly room air conditioners, evolve to 
become a basic necessity for a better quality 
of life and health in a warming world. The 
unresolved problem is clearly the indirect 
emissions. We must explore an alternative way 
to more rapidly decrease direct emissions.

What This Means in a 
Nutshell    

Studies show that by the year 2017, we 
already exhausted a substantial portion of 
the total carbon budget estimated by the 
climate scientists in order to achieve the Paris 
Agreement goal: to keep global warming to less 
than two degrees above pre-industrial levels 
by the year 2100. Per the different scenarios 
envisioned by the climate science community, 
this leaves us with a mere 350 to 700 gigatons 
(GT) of permissible CO2e emissions for the 
remainder of the century.30, x Based on our 
analysis, RAC growth alone could add an 
estimated 132 (RS) to 167 GT (RS-C) of CO2e 
emissions, cumulatively, between now and 
2050—amounting to nearly 25% to 50% of the 
remaining carbon budget, and expanding 

Figure 1.10:  
Impact of Kigali Amendment on annual CO2e 
emissions (direct and indirect) from RAC operation
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beyond the remaining carbon budget when 
projected through to 2100—potentially derailing 
the Paris Agreement goal. 

Our analysis projects over 0.5°C increase in 
global temperature by 2100 just from the end 
use of the RAC segment of the comfort cooling 
market.xi Thus, RACs are achieving cooling at 
the cost of adding more warming to an already 
warming planet. The scientific community 
predicts that by the end of this century, if 
carbon emissions continue on their current 
trajectory, three-quarters of humanity will face 
some exposure to potentially deadly heat. 

xi	 To	determine	the	warming	caused	by	RACs	alone	by	the	year	2100,	we	extend	our	GIA	model	beyond	the	year	2050	to	2100.	To	project	the	future	RAC	stock,	a	
metric,	“number	of	RACs	per	capita”	was	developed.	Using	the	United	Nations	population	estimates	for	year	2100,	we	assume	a	scenario	where	wider	access	
to	cooling	has	been	achieved	and	the	penetration	of	RACs	is	approximately	0.7–0.8	per	person.	Extending	our	GIA	model	assumptions	for	RS	and	RS-C	to	
the	year	2100,	the	total	emissions	from	RACs	alone	are	about	476	(RS)–786	GT	(RS-C)	of	CO2e.	An	IPCC	AR5	report	suggests	a	linear	relationship	between	
cumulative	total	emissions	and	mean	surface	temperature.	This	allows	us	to	relate	the	total	carbon	budget	(2,900	GT	CO2e)	to	a	temperature	rise	of	2°C,	and	
applying	the	same	linear	logic,	the	total	(indirect	and	direct)	emissions	from	RACs	alone	would	correspond	to	an	increase	of	0.3°C–0.55°C	by	the	year	2100.

It is clear that the energy consumption 
associated with mechanical cooling combined 
with the atmospheric impact of the refrigerants 
utilized by these systems represents one of 
the single largest end-use risks to the climate. 
While the Kigali amendment to the Montreal 
Protocol was a huge accomplishment, it alone 
is not sufficient, necessitating a still-urgent call 
to action to holistically neutralize the impacts of 
cooling. 
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HOW THE WORLD IS 
RESPONDING TO THE 
COOLING CHALLENGE 

02

Two recent international agreements—
the Paris Agreement and the Kigali 
Amendment to the Montreal Protocol—
have brought attention to the close 
linkages between cooling, energy 
demand, and climate change. The Paris 
Agreement, approved in December 2015, 
aims to limit the global temperature 
rise this century to less than 2°C above 
pre-industrial levels and to pursue 
efforts to limit the temperature 
increase even further to 1.5°C. The 
2016 Kigali Amendment targets the 
impacts of hydrofluorocarbons (HFCs)—
greenhouse gases with high global 
warming potential, primarily utilized as 
refrigerants in cooling equipment—and 
commits 197 countries to phasing down 
HFC use by 80% over the next 30 years. 

xii	 Project	Drawdown	ranks	refrigerant	management,	and	particularly	phasing	out	of	HFCs	per	the	Kigali	accord,	as	the	number	one	
solution	(the	single	largest	in	terms	of	emissions	reduction	potential)	to	control	global	warming.	

With its focus on eliminating damaging 
refrigerants associated with comfort 
cooling, the Kigali Amendment has been 
called the world’s “single largest real 
contribution” to meeting the Paris goals, 
and promises significant reduction 
in emissions from refrigerants.31, xii 
However, indirect emissions from the 
electricity consumption of the cooling 
equipment are a much larger portion of 
the emissions related to comfort cooling, 
leaving a large gap to be addressed. 
Thus, to neutralize the impacts of the 
imminent growth in cooling, a lot more 
needs to be done toward minimizing the 
electricity utilized for comfort cooling. In 
other words, significant improvements 
are required in the operational efficiency 
of the cooling equipment that we use.
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Air Conditioner Industry 
Overview

Cooling is the fastest growing end-use 
consumer of generated electricity; however, 
it is still rooted in the 100+ year old vapor 
compression technology. Vapor compression 
systems are convenient to use in all climate 
conditions and applications, and can provide 
precise temperature control. Over the past 
century, this incumbent technology has seen 
little competition, and none that has been 
successful at scale.

The AC industry has steadily improved the 
incremental energy efficiency of AC systems 

through the introduction of many individual 
technologies that collectively improve overall 
system efficiency, including: multi- and 
variable-speed drives; novel compressor, fan, 
motor, and heat exchanger designs; electronic 
expansion valves; and advanced controls. In 
addition, government policies and market 
transformation strategies (such as mandatory 
minimum energy performance standards and 
labeling programs) have driven up equipment 
efficiencies by varying degrees across the globe. 
However, even in the best of cases, the changes 
have been incremental. And while the floor is 
slowly inching upward, the ceiling of what is 
possible is still far from sight.
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Energy efficiency of most-stringent label compared to best-in-class AC units
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A recent IEA report highlights that the average 
efficiency of air conditioners sold today is 
less than half of what is typically available on 
shelves.32 LBNL’s research (figure 2.1) also points 
out that in many regions, the most stringent 
energy labels lag behind the best-in-class AC 
units.

The pace of evolution of the AC industry is 
alarmingly slow even considering best available 
technology, especially when compared with 
some of the recent technological innovations 
in the century such as LED lighting, solar 
photovoltaic panels, and electric vehicles. 
Our analysis indicates that the AC industry 
has reached only about 14% of its maximum 
theoretical efficiency as defined by the Carnot 
cycle. In comparison, LEDs have achieved 67%–
89% of their theoretical maximum efficiency,33 

solar photovoltaics (PV) have achieved 28%–
53%,34 both as costs have declined.

The rapid acceleration in adoption and the 
downward cost-curves of solar PVs and LEDs are 
due to not just technology but also leveraging 
materials, know-how, and processes from other 
industries that scaled; and utilizing the right 
push and pull factors through a combination 
of policy and regulations as well as financial 
and market based mechanisms. Also, in both 
these examples, the innovations were driven 
by competition with an existing technology 
or system: LEDs were in competition with the 
incandescent and fluorescent technologies, and 
solar PV distributed generation was chasing the 
levelized cost of fossil fuel generation.

However, the AC industry has seen no 
mainstream competing technology over 
the past century, and even though there are 
several innovative technologies, they largely 
remain below the ‘radar’. As for the incumbent 
technology, there hasn’t been an impetus to 
drive to transformational innovation, resulting 
in largely just incremental improvements. 
There are several reasons that contribute to 
the sluggish pace of innovation in the industry, 
discussed below.

The Market Failures
Misplaced consumer emphasis on low first 
cost versus operational cost: Typically, AC 
purchasing decisions are made on the basis 
of first cost, and most consumers are neither 
aware of nor understand the rating systems 
that represent a proxy for the operational costs 
of the AC equipment during its lifetime. Further, 
in many instances the purchasing decision is 
made by someone who will not be operating 
and paying for the equipment’s use—such as 
builders and developers—further skewing the 
decisions in favor of lower first costs. This market 
demand for low first cost has driven the AC 
industry to focus on scale, resulting in a highly 

Figure 2.2:  
Theoretical maximum efficiency achieved by 
different industries
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consolidated industry; low first cost requires 
economies of scale, thus the largest players will 
tend to win, especially for a mature technology. 
The AC manufacturers pursue high volumes 
of sales through low prices to consumers, at 
efficiencies that simply meet or marginally 
exceed the Minimum Energy Performance 
Standards (MEPS).

Consolidated industry with high barriers 
to entry: The AC manufacturing industry has 
become highly consolidated with economies 
of scale being key to growth, and the majority 
of the market share is consequently now 
controlled by just a small number of large 
corporations. There are fewer than 500 AC 
manufacturers worldwide, with two Chinese 
companies controlling over 35% of global room 
air conditioner production, according to K-CEP 
China.35 In fact, China manufactures 70% of 
the global RACs. Very high barriers to entry in 
the industry—such as necessary economies 
of scale and access to distribution—act to 
prevent start-ups and smaller companies from 
making headway. As a recent market report 
points out,36 the threat from a new entrant 
causes a negligible impact to the present 
players because of research and development 
and technical requirements needed to enter 
into the AC market. The importance of brand 
recognition to consumers leading to heavy 
marketing costs also adds to the barriers of 
entry. 

Policy framework typically focuses on 
conservatively elevating the floor, and 
not assessing the height of the ceiling: 
Government policies are mostly focused on 
eliminating the least-efficient ACs, and not 
as much on advancing adoption of the most 
efficient ones. Policymakers employ MEPS to 
incrementally raise the lower level of acceptable 
efficiencies, and use standards and labels, like 
Energy Star in the United States, to encourage 
consumers to purchase the most energy-
efficient options available. While MEPS have 

been relatively successful, in many parts of the 
world the most stringent labels and standards 
lag far behind the best-in-class AC units in the 
market.37 In these cases, manufacturers have 
little to gain from making their best-performing 
products even more efficient.

Research shows that policy-driven incremental 
improvements in technology have resulted in 
a 1.7% average increase in efficiency per year 
globally since 1990.38 While this represents 
positive progress, it is not enough to offset 
the massive increase in future electricity 
requirement for RACs. 

Market conditions create no real impetus to 
drive radical innovation: There is no individual 
competing technology that is recognized as 
providing an equivalent level of thermal comfort 
as a conventional air conditioner. In extreme 
heat, air conditioning is generally viewed as the 
only option to stay cool. So while air conditioner 
manufacturers are competing against one 
another in terms of cost and features, they are 
not in competition with another technology 
that will drive the kind of technological 
innovation we have seen in other industry 
sectors. In a sense, the vapor compression 
technology can be viewed as having a 
monopolistic hold over comfort cooling. In 
contrast, examples in adjacent industries show 
us that competition among technologies has 
led to radical and rapid innovation in recent 
decades. 

As a result of these market failures, the vapor 
compression technologies have been slow to 
change, as historic trends show. Innovations 
in equipment have occurred over years, and 
market adoption of new products with higher 
first costs—even if offset by lower operating 
costs—can take time. Government policies 
promoting or mandating the use of more 
efficient equipment also take time to develop 
and implement.
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Conventional Solutions and 
Strategies 

With the heightened focus on cooling and 
its evolving growth as a global challenge, the 
body of work on cooling is expanding. Several 
credible research entities and think tanks have 
been actively contributing to this topic with 
noteworthy reports and research. For instance, 
LBNL, IEA, and GCI have a robust body of work 
in this space, including particular focus on 
room air conditioners.xiii The recent body of 
work highlights the magnitude of the growth 
in cooling demand and its resulting impacts, 
and draws attention to a call for action. The 
possible solutions are also discussed albeit at a 
high-level. These solutions collectively advocate 
a long-term policy framework incorporating 
regulations, equipment efficiency, information 
and capacity building programs, and incentives 
to reduce both cooling-related energy 
consumption and refrigerant emissions.

Based on our literature review, the known 
and recommended strategies to address the 
cooling challenge fall within the following broad 
categories:

1. Policy and regulatory measures to reduce 
cooling-related energy: Developing and 
ensuring enforcement of effective policies 
is viewed as a key lever for driving market 
transformation toward efficient cooling 
practices. The IEA Future of Cooling report 
suggests a combination of regulation, 
information, and incentives as the basic 
formula for an effective policy suite. The 
regulations include minimum energy 
performance standards (MEPS) and building 
energy codes; information measures 
include equipment energy labels and 
capacity-building programs; and incentives 
include taxes and subsidies. Various studies 
suggest that the combination of elevating 
MEPS, enforcing building code adoption 

xiii	 This	is	not	meant	as	an	exhaustive	list	and	several	other	noteworthy	examples	exist.	We	note	the	ones	above	as	we	have	drawn	upon	their	body	of	work	for	the	
purpose	of	our	analysis.	

and compliance, and utilizing market 
transformational levers is the key part of the 
solution in addressing the global cooling 
challenge.

 Studies also suggest that complementing 
MEPS and building codes with simple 
solutions, such as cool roofs, vegetation, and 
shading, can play a role in lowering overall 
energy demand for cooling in the buildings 
sector where able to be deployed at a 
material scale.

2. Capacity building and skill development: 
The Kigali Cooling Efficiency Program 
estimates that effective optimization, 
monitoring, and maintenance of cooling 
equipment has the potential to deliver 
substantial electricity savings of up to 
15%–20%.39 This could translate into an up 
to 13% reduction in total cooling emissions, 
including GHG emissions from refrigerants. 
Poor maintenance practices and lack of 
trained service technicians are significant 
issues in the developing world, resulting 
in reductions in equipment efficiency 
as well as refrigerant leakage. With 4.5 
billion RAC appliances entering operation 
by 2050, training on installation and 
maintenance must increase rapidly and 
ahead of the demand curve to maintain an 
environmentally friendly industry.

3. User behavior adaptations: Demand-
side management programs, improved 
operations and maintenance practices, 
and user behavioral adaptations, such as 
adaptive thermal comfort standards, could 
achieve operational efficiencies in comfort 
cooling.

4. Consumer awareness: Enhancing 
consumer awareness toward both the 
impacts of cooling and efficient equipment 
choices is viewed as a critical link in driving 
the solutions to our cooling challenge.
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The desired outcomes through these strategies 
are:

 Improved energy performance of buildings 
including efficient envelope and building 
design for new construction and retrofits for 
existing buildings undergoing renovation 
programs 

 Increased energy efficiency of cooling 
equipment

 Improved operational efficiency of 
equipment, improved maintenance and 
servicing practices to ensure equipment 
efficiency, and potentially user behavior 
adaptations toward energy efficient 
operations

 Market transformation toward higher 
adoption of more efficient cooling 
equipment

All of these recommended strategies are being 
practiced, in varying degrees, in some parts 
of the world today. While their theoretical 
potential is promising, in reality, there are 
many implementation barriers that prevent 
scaling. Solutions such as driving behavior 
change, enforcing efficient building design, 
and building retrofits can be incredibly hard to 
mainstream and require long timeframes for 
impactful scaling. For instance, in some parts 
of the world, even though building codes exist, 
their adoption and enforcement is still too low 
to be effective.

In addition to the four broad solutions 
discussed above, studies recommend 
international collaboration on cooling-related 
research and a robust and collaborative 
research and development ecosystem to 
nurture innovations in technology. Certainly a 
critical need for addressing the global cooling 
challenge, this is not something that is in 
practice today, and needs to become a part of 
the solution going forward.

xiv	 Due	to	limited	availability	of	data	for	all	the	model	countries,	we	assume	the	cooling	energy	reduction	potential	through	building	envelope	improvements	would	
follow	the	trends	in	the	United	States	for	all	developed	countries	and	follow	the	trends	in	India	and	China	for	developing	countries.

Impact of Conventional 
Strategies: How Far Can 
They Take Us?

Our analysis tries to map out the potential 
impact of the conventional solutions with 
respect to the Reference Scenario, to see how 
far these solutions could take us in terms of 
neutralizing the impacts of future RAC growth. 
We define this as the Improved Scenario, which, 
for the sake of discussion, ambitiously assumes 
overcoming most of the implementation 
barriers achieving unhindered progress toward 
the recommended strategies.

Our Improved Scenario takes into consideration 
strict compliance with progressively more 
stringent building energy codes that focus on 
building envelope improvement, improved 
practices for refrigerant recovery at end of life, 
and accelerated improvements in the operating 
efficiency of air-conditioning units being added 
to the installed base, in addition to meeting 
the HFC phase-down requirements under the 
Kigali Amendment. The specific assumptions 
that we incorporated into the Improved 
Scenario include:

 Building envelope improvements (thermal 
insulation driven by building codes) have 
the potential to achieve a 7.5% reduction in 
cooling demand in 2050 in developed 
countries. Similarly, developing countries 
could achieve a 15% reduction in cooling 
demand in 2050, considering that a 
significant portion of the building stock is 
yet to be built.40, xiv

 The development of adequate methods to 
ensure refrigerant recovery at the end of life 
of the equipment. This progressively 
increases up to 50% in 2050. 

 Enforcing stringent MEPS to ensure that 
the average efficiency improvement of 
RACs occurs at twice the rate of the 
Reference Scenario.



| 21SOLVING THE GLOBAL COOLING CHALLENGE: 
How to Counter the Climate Threat from Room Air Conditioners

 Ensuring full compliance to the HFC phase-
down requirement laid down under the 
Kigali amendment to the Montreal Protocol. 
For the purpose of analysis, all the countries 
follow Group 1 A5 parties, with starting the 
year 2024 to freeze HFC production.xv 

Figure 2.3 depicts the Improved Scenario, 
mapping out the conventional solutions and 

xv	 This	midpoint	is	adopted	because	the	non-A5	parties	have	2019	as	a	starting	year	while	the	Group	2	A5	parties	have	a	starting	year	of	2028	to	begin	their	
compliance	to	the	Kigali	Amendment.	

xvi	 Additional	strategies,	such	as	behavioral	adaptations,	cool	roofs,	vegetation,	and	shading,	can	help	optimize	or	lower	the	cooling	energy	demand	of	the	
building	sector.	While	quantification	of	their	impact	lies	outside	the	scope	of	our	analysis,	we	acknowledge	that	when	utilized	in	combination	with	the	proposed	
efficiency	measures	in	the	Improved	Scenario,	such	strategies	may	augment	the	positive	outcomes.	

xvii	 Approximately	75	GT	is	the	projected	cumulative	emissions,	in	the	year	2050,	of	the	new	RAC	stock	that	comes	into	use	in	the	year	2016	and	onwards.	For	an	
apples-to-apples	comparison	with	the	cumulative	emissions	of	the	2016	stock,	we	accumulate	the	emissions	of	the	2050	stock	over	the	same	time	period	(35	
years).	Even	with	the	grid	improvements	envisioned	in	the	latter	part	of	the	century,	the	cumulative	emissions	over	35	years	of	the	3.3	billion	new	RACs	amount	
to	over	170	GT.	

strategies to study the extent to which they 
can potentially neutralize the impact of RAC 
growth.xvi

Our analysis suggests that neutralizing the 
climate impact of the projected increase in 
the number of RACs between now and 2050 
requires a reduction to the tune of nearly 
75 gigatons of cumulative emissions.xvii 
The Improved Scenario, after assuming 

Figure 2.3:  
How far the conventional strategies can take us
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aggressive steps across policy, technology, and 
operation and maintenance practices, if fully 
implemented, results in about 40 gigatons of 
reduction in emissions by 2050—half of which 
comes from an assumed full compliance to 
the HFC phase-down requirement laid down 
under the Kigali Amendment. It is worth noting 
that the Kigali Amendment is not yet ratified 
by many of the signatory countries, including 
the US, and therefore its intended impacts 
are not yet assured. Thus, the takeaway is that 
conventional solutions envisioned under the 
Improved Scenario cannot bring us anywhere 
close to neutralizing the climate impact of the 
exponential growth in RACs.

The big gap, and hence area of opportunity, lies 
in the reduction of the indirect emissions, which 
are three to five times greater than the direct 
emissions and yet only see a marginal reduction 
through conventional strategies. Aggressive 
improvement in technology holds the key. 
As our analysis points out, just doubling the 
market average efficiency improvement rate 
from current levels results in an 8% reduction, 
equivalent to 10 gigatons of CO2e emissions. 
There is a definite need for radically efficient 
air-conditioning technologies, as an assured 
and impactful path to neutralize the significant 
impacts of cooling and to keep us aligned with 
our global climate change commitments.

Call for Action: The Need for 
a Step-Change 

The remaining carbon budget to pursue 
efforts to limit Earth’s temperature increase 
to 1.5°C, as outlined by the Paris Agreement, is 
vanishingly small and will be exhausted by 2030 
at current emissions rates. Even aiming to limit 
temperature rise to well below 2°C will require 
unprecedented actions. 

In the recently published Exponential Climate 
Action Roadmap,41 the scientific community 
strongly advocates an immediate shift from 
incremental to exponential actions, proposing 
that in order to reduce the risk of dangerous 
climate change, the greenhouse gas emissions 
must peak by 2020, approximately halving every 
decade thereafter until 2050. The report also 
stresses that this is technologically feasible and 
economically attractive but the world is not yet 
on this path.

It is clear that conventional solutions, 
incremental changes, and even deployment of 
renewables will not be enough to neutralize the 
increasing emissions due to the unprecedented 
increase in air-conditioning demand. The 
world needs a radical change in comfort 
cooling technology, one that can effectively 
and assuredly offset the 5X increase in cooling 
energy demand in developing economies and 
put us on a path to cooling with less warming.
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SOLVING THE GLOBAL 
COOLING CHALLENGE: 
THE 5X SOLUTION

03

The soaring demand for space cooling 
addresses a critical developmental 
and social need but at the same time 
represents one of the single largest 
end-use risks to the climate. It is clear 
that the world needs a breakthrough 
air-conditioning technology, one that 
meets the world’s booming demand for 
cooling without contributing to runaway 
climate change. To achieve a profound 
climate impact, this technology must 
simultaneously address the indirect 
emissions from electricity and the direct 
emissions from refrigerants (potentially 
accelerating the contemplated phase 
out under Kigali).  

xviii	 To	determine	the	mitigation	impact	from	rapid	scaling	and	adoption	of	the	5X	solution,	we	adopt	the	methodology	similar	to	that	
adopted	for	evaluating	the	climate	impact	of	RACs	alone	(Refer	to	footnote	x).	Extending	our	GIA	model	assumptions	to	the	year	
2100,	the	total	emissions	from	RACs	alone	in	a	5X	Scenario	are	about	90	GT	CO2e	while	the	emissions	are	about	476	GT	in	RS	and	
786	GT	in	RS-C.	Using	the	linear	relationship	between	cumulative	total	emissions	and	mean	surface	temperature,	the	adoption	
of	a	5X	solution	would	mitigate	up	to	696	GT,	which	corresponds	to	the	prevention	of	up	to	0.5°C	rise	in	the	surface	temperature	
by	the	end	of	the	century.	This	climate	impact	is	a	combination	of	reduction	in	direct	and	indirect	emissions	from	refrigerant	and	
electricity	use	in	RACs.			

Along these lines, we envision a radical 
room air conditioner solution: one that 
will have at least five times (5X) less 
climate impact than today’s standard 
RAC units, through a combination of 
indirect and direct emissions, in order 
to effectively offset the five-fold increase 
in cooling demand in the developing 
world. In order to be scalable, this 
solution must also be resource efficient 
and cost-effective. Our analysis suggests 
that a 5X solution for residential cooling, 
if achieved, could prevent up to 100 
gigatons of CO2e emissions by 2050 (as 
compared to RS-C), and mitigate up to 
0.5°C of global warming by 2100,xviii all 
while enhancing thermal comfort and 
well-being for people across the globe. 
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Potential Impacts of the 5X 
Solution

Utilizing our GIA model, we map the 
effectiveness of the 5X solution in terms of 
neutralizing the impacts of the escalating 
room air-conditioning demand. Our 5X 
Scenario analysis shows that developing a 
room air-conditioning solution that combines 
exponential improvement in technology 
efficiency with environmentally friendly 
refrigerants can serve the global cooling 
needs with nearly 7.5 times (7.5X) fewer annual 
emissions as compared with the RS in the 
year 2050. The annual emissions in the 5X 
Scenario continue on a downward slope (Figure 
3.1) compared with the Improved Scenario. 
The 5X solution saves up to 100 gigatons of 

cumulative emissions by 2050 (Figure 3.2), 
which is equivalent to replacing around 400 
GW of new coal-fired generation capacity with 
renewable energy today. In order to achieve 

these outcomes and effectively neutralize the 
impacts of the cooling growth, the need for 
the development of a 5X solution is immediate, 
followed by rapid market adoption in order 
to avoid substantial lock-in during the next 
decade. Historically, the industry always 
responds to the anticipated government 
policies well in advance. With this in mind, our 
analysis assumes an adoption curve for the 5X 
solution such that: the market-entry year for 
the 5X solution is 2022, with a 5% share of the 
sales; by the year 2030, it achieves around 80% 
share of the annual sales; and by the year 2040, 
it achieves an almost 100% market share of the 
annual sales. A view into the learning rates and 
technology adoption in adjacent industriesxix—
such as renewable energy—tells us that such 
rapid adoption is possible with the right market 
forces, particularly when the demand is led by 

xix	 Learning	rate	(also	referred	to	as	the	learning	curve)	is	the	reduction	
in	up-front	cost	resulting	from	a	doubling	in	cumulative	production	
volume.	
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Annual emissions from RAC operations between 2016 and 2050
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the developing economies,xx and that a super-
efficient cooling solution could achieve the 
same first cost as today’s standard units in less 
than 10 years.

In terms of electricity consumption, the radically 
efficient technology that uses a low-GWP 
refrigerant consumes about 1,800 TWh in 2050 
(5X Scenario)—about 75% less than the total 
global demand in RS. This is a huge reduction 
from the Improved Scenario itself—about 3,800 
TWh, clearly underscoring the need for a rapid 
advancement and adoption of a breakthrough 
technology. The scale of impact of the 5X 
solution is further amplified by the fact that the 
total electricity consumption in 2050 is about 
20% less than that in 2016, despite a 3.7-times 
growth in RAC stock over the same period. 

Over 50% of the total 5,900 TWh reduction 
achieved by the 5X Scenario is through only 

xx	 The	rapid	price	fall	in	solar	PV	and	wind	energy—considered	astonishing	by	the	energy	experts—defied	any	learning	curve	predictions	by	economists,	and	
by	huge	margins.	In	reviewing	the	development	of	solar	and	wind	generation	markets,	experts	say	that	it	“happened	because	market	forces	in	‘developing’	
economies	—especially	China	and	India—work	faster	than	any	‘learning	curve’”	experts	could	draw.	https://www.energytoday.net/economics-policy/credit-
renewables-learning-curve/	(site	accessed	10/30)

xxi	 The	construction	cost	of	a	natural	gas	power	plant	($696/kW)	was	considered	as	benchmark	to	evaluate	the	savings	potential.

five countries—China, India, Indonesia, Mexico, 
and Brazil—reinforcing their contribution to the 
global cooling growth and the scale of benefits 
that these governments can leverage by 
adopting such a breakthrough technology. 

Between 2016 and 2050, while the Reference 
Scenario will need an additional 2,000 GW of 
power generation capacity to meet the peak 
demand from RACs, our analysis suggests 
that adopting a 5X solution can completely 
neutralize this need. This essentially means 
that peak demand from all the RACs in 2050 
will be met by existing grid capacity despite 
a 3.7-times growth in the installed stock. In 
monetary terms, this translates to savings of 
about US$1.4 trillion on capital investment in 
power generation capacity alone.42, xxi These 
savings will be even higher as our analysis does 
not factor in the avoided cost of the required 
grid infrastructure improvements.

Figure 3.2:  
Comparison of cumulative CO2e emissions from 2016 to 2050 across scenarios
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The benefits of a 5X solution are not just 
restricted to governments but will also flow 
down to the end consumers. Our analysis 
suggests that about US$130 billion in 2030, 
and up to US$1 trillion in 2050, in operational 
costs will be saved by consumers of these 
major growth markets by shifting to the 5X RAC 
technology.43, xxii

India, as the world’s largest growth market for 
RACs, stands to benefit significantly from the 
adoption of the 5X solution. Per our analysis, 
adoption of this technology could reduce India’s 
estimated peak loads by around 400 GW in 
2050 while resulting in the curtailment of about 
1,300 TWh required to operate these units—
almost equivalent to India’s total electricity 
consumption today.44

xxii	 The	electricity	prices	in	the	five	markets	(China,	India,	Indonesia,	Mexico,	and	Brazil)	were	considered	to	increase	at	an	average	consumer	price	inflation	rate	
between	2016	and	2050.		

xxiii	 The	emission	intensity	of	the	Indian	economy	in	the	year	2005	is	estimated	to	be	0.96	kg	CO2	per	US$	in	constant	2010	dollars.

By 2050, India’s avoided cumulative emissions 
from the 5X solution are estimated to be 
16 gigatons, which essentially neutralizes 
the climate impact of total carbon dioxide 
emissions (from primary energy) of the country 
over the last decade.45 The impact of switching 
from today’s standard RAC technology to the 
5X solution becomes all the more critical if 
India is to successfully achieve its Nationally 
Determined Contributions (NDCs) in line with 
the Paris climate goals.46 Our analysis shows 
that the 5X solution alone could reduce the 
emission intensity of the Indian economy by 15% 
in the year 2030 (from 2005 levels)—nearly 40% 
of the NDC target.47, xxiii This, when combined 
with the country’s renewable energy target of 
175 GW by 2022, could achieve a 48% reduction 
in the emissions intensity, putting the Indian 

Figure 3.3:  
Electricity consumption from RAC operation in 2050

RS Savings- improved
Scenario

Savings-
5X Scenario

5X Scenario

RS- 2050 5x Scenario- 2050 Electricity savings Share of electricity savings-
envelope improvement

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

Te
ra

w
at

t 
h

ou
rs

7,692

148

3,633

1,798

2,113



| 27SOLVING THE GLOBAL COOLING CHALLENGE: 
How to Counter the Climate Threat from Room Air Conditioners

economy on a sustainable growth pathway. By 
ensuring rapid scaling and uptake of the 5X 
solution, the country could save about US$380 
billion—a whopping 15% of its GDP in 2016.48 

Furthermore, we believe that the 5X solution 
will actually impact the larger AC market, and 
not just the 70% of the market dominated by 
mini splits and self-contained window RACs, 
as the innovation spurred by the 5X solution 
cascades through the cooling industry.

5X Innovation Is Achievable 
Today

We believe that a 5X solution for comfort 
cooling is achievable even with technology 
largely available today. In order for this solution 
to achieve five times less climate impact, it 
would have to be four- to five times more 
energy efficient, in combination with utilizing 
low-GWP refrigerants. 

xxiv	 The	RMI	energy	model	assumes	the	following	characteristics	for	a	baseline	test-building:	a	New	Delhi	apartment	(middle	unit),	south	facing,	20%	window-to-
wall	ratio,	approximately	100	m2,	with	four	occupants.

Current best-in-class units are already over two 
times more energy efficient than the market 
average, and when combined with optimization 
strategies for available low-GWP refrigerants 
they could be up to 2.5 times more efficient. 
Converting this to a climate impact we quickly 
arrive at 3.5 times due to the elimination of 
high GWP direct emissions. Furthermore, most 
advanced commercially available units have 
only achieved 14% of theoretical maximum 
efficiency. A number of emerging technologies 
hold promise and offer several hypothetical 
pathways to 5X that involve using technologies 
and low-GWP refrigerants in combination. 

To test a potential pathway to a 5X solution 
utilizing known technologies, we created 
an energy model simulating a baseline test 
building in New Delhi, India.xxiv The model 
assumes a baseline 1.5 ton fixed-speed air-
conditioner unit with a 3.5 EER, used in 
conjunction with a stand-alone dehumidifier 
to maintain 60% relative humidity. The model 

Figure 3.4:  
Electricity consumption from RAC operation in RS and 5X Scenario in India    
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results, summarized in Figure 3.5, underscore 
the 5X potential and highlight the following:

 Proven enhancements of conventional 
vapor compression systems can achieve a 
2.5X increase in efficiency.49, xxv RMI energy 
modeling shows that the best-in-class 
variable refrigerant flow (VRF) mini splits 
offer a large (approximately 60%) savings 
opportunity due to part-load performance. 
Further efficiencies can be achieved by 
improving heat exchanger performance for 
both the condenser and evaporator and by 
using low-GWP refrigerants. Tests by Oak 
Ridge National Laboratory (ORNL) on R290 
found 7% to 11% efficiency savings for direct 
replacement.50 

 Free cooling and advanced 
dehumidification can bring us to a 3.5X 

xxv	 RMI	energy	modeling	using	data	from	BEOPT	for	US	SEER	33	Mini	Split	(COP	5.4).	
xxvi	 RMI	energy	modeling	based	on	VRF	scenario	with	added	ventilation	fan	2°C	delta	T,	cooling	to	22°C.	
xxvii	 Our	analysis	assumes	50%	losses	due	to	shading.

more efficient solution.51, xxvi RMI energy 
modeling shows that free cooling alone can 
save up to 6% energy relative to VRF without 
this feature. Additional savings can be 
achieved using advanced dehumidification 
options such as: desiccant dehumidification 
with thermal recharge (including 
compressor waste heat, outdoor ambient or 
solar thermal), and reheat accomplished 
with compressor waste heat and/or sensible 
exchange with ambient temperatures.

 Solar photovoltaics could be integrated into 
the outdoor unit of the air conditioner. 
Substantial savings can be achieved even 
assuming large losses due to shading, etc. 
xxvii The RMI energy model shows up to 482 
kWh/year output for a 1.4 m2 panel in New 
Delhi. Solar thermal or combined PV 
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Figure 3.5:  
Pathway for a 5X efficiency solution using conventional technologies 
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thermal systems could provide added 
benefit especially for dehumidification. 

 Adding in the climate impact of a low-GWP 
refrigerant would take this solution beyond 
the 5X less overall climate impact.

Other emerging technologies that have a 
potential to be incorporated into the 5X solution 
include:

 Combining evaporative cooling with 
desiccant dehumidification. Integrated 
systems utilizing these technologies have 
shown over 40% improvement potential 
(e.g., NREL’s DEVap system, Van Zyl cycle, 
Pennington cycle).52

 Alternative heat pump cycles (such as, 
magnetocaloric cooling).  

 Deep space radiative cooling using 
advanced heat-rejecting materials is 
another promising area of research. The 
research is still at an early-stage and the 
irradiance of deep space radiative materials 

has the theoretical potential to improve by 
up to 10 times.

Market Landscape to Enable 
the Technology to Scale

It is clear that the technology landscape largely 
exists today to support a leap to a 5X lower 
climate impact solution. What is needed are the 
signals of future demand found in a supportive 
market landscape in order to stimulate 
transformation of the current air-conditioning 
market. Understanding the current market 
barriers, a robust market ecosystem can be 
created to support accessibility and ultimately 
scalability of the 5X solution.

Cost and affordability are going to be key 
factors in the successful adoption of the 5X 
technology. Often, first cost is cited as a key 
barrier to technology advancement. However, 

Figure 3.6:  
RAC efficiency versus cost: India example
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historic examples show us that first cost 
and technology efficiency can be effectively 
decoupled with the right market factors. India’s 
air conditioner MEPS program led by BEE (see 
Figure 3.6) saw an efficiency increase of 30% 
from 2006 to 2016, while the inflation-adjusted 
prices dropped over 35%; Korea’s Energy 
Frontier Program led to an efficiency increase 
of over 100% from 2008 to 2015, while prices 
dropped by 20%; and, Japan’s Top Runner 
Program lead to an efficiency increase of 100% 
from 1995 to 2005, while prices dropped over 
80%.53

A historic view of the pace of technology 
adoption in adjacent industries tells us that a 
super-efficient cooling solution could achieve 
the same first cost as today’s standard units in 
less than 10 years while enabling consumers to 
enjoy dramatically lower operating costs.

Once a 5X solution is identified, a variety of 
market factors can help enable the technology 
to scale.

 Direct government procurement in which 
all government facilities procure 
equipment on the basis of lowest lifecycle 
cost, allowing 5X technology to scale 
sufficiently to step onto the cost learning 
curve.

 Demand aggregation, such as through 
government purchasing programs, can 
drive down costs while guaranteeing 
demand. For example, EESL’s Super 
Efficiency Air Conditioning Programme in 
India (2017) used demand aggregation to 
procure an Indian Seasonal Energy 
Efficiency Ratio rating of 5.2—better than 
currently available 5-star RACs at 4.5—at 
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Figure 3.7:  
Projected 5X solution costs vs. current market average at different learning rates.64
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prices 25%–30% lower than the average 
market price of the 5-star RACs in India.

 Advanced market commitments (AMCs) 
provide a further signal of demand, again 
helping to lower market barriers to entry. 

 In line with the step-change in technology, a 
step-change in MEP—not just the 
incremental moves we have largely seen to 
date—will support the scaling of the 5X 
solutions.

 Supporting financing mechanisms such as 
on-bill financing, subsidies, incentives, and 
other structures can help consumers 
manage the higher initial first cost of next-
generation technology. These mechanisms 
must be flexible and country- or region-
specific in order to align and leverage local 
conditions and practices.

A coalition of policymakers, manufacturers, 
financiers, and major buyers that line up 
potential investments, influence standards, 
and secure advance market commitments can 
together effectively prime the market for the 
breakthrough technology.

While diverse market mechanisms are 
important to achieve scalability, mobilizing 
public awareness and consumer demand will 
be absolutely critical to transform the air-
conditioning industry. Sensitizing consumers 
about the operating costs versus the first costs 
of efficient equipment is only a part of it. As 
regions continue to grow warmer and face 
degrading air quality, it is becoming important 
to link issues of efficiency with issues that 
consumers may care about a little bit more, 
like public health. Public awareness about how 
cooling is connected to climate change and 
pollution has to be elevated to a level where 
buying a super-efficient appliance is no longer 
only a first-cost-based decision, but one that the 
consumers base on lifecycle cost and the health 
and well-being of their children. 

Conclusion

It is possible to solve the global cooling 
challenge and enable thermal comfort for all 
without warming the planet: the solution lies 
in a breakthrough cooling technology with 
five times less climate impact. This solution is 
within our reach. The societal, environmental, 
and global benefits of such a solution are far-
reaching—the cumulative emissions reduction 
by 2050, estimated to be up to 100 gigatons, 
would be equivalent to immediately making 
all 28 countries in the European Union carbon 
neutral. The resulting electricity savings would 
avoid about US$1.4 trillion in capital investment 
in unnecessary power generation capacity, 
freeing up this capital for other developmental 
and national priorities. Universal adoption of the 
5X more efficient technology could bring global 
climate goals within reach, as well as safeguard 
the well-being of populations, particularly those 
living in heat-stressed areas. 

The magnitude of the cooling challenge serves 
as an urgent call to action. The world has the 
technical savvy to find the solution: but the 
critical need is for the global change agents to 
come together to demonstrate future demand 
necessary to catalyze and scale this solution. 
To get the innovative, energy-efficient cooling 
solutions into the hands of those that need 
them most, cross-sector work is required to 
effectively disrupt the industry, stimulate 
innovation, prime air-conditioning markets, and 
improve accessibility.

The need of the hour is for global, national, 
and local coalitions to come together in order 
to spur the industry, stimulate innovation, and 
prime the markets. 

The clock is ticking—do we allow inertia to 
define us or do what humankind has done 
through the ages and look to innovation to 
move us forward?  
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The growth and impact assessment (GIA) model developed for the purpose of this study estimates 
the growth in installed stock of room air conditioners (RACs) between years 2016 and 2050 and 
evaluates the emissions (direct and indirect) and electricity impact, among other aspects, under five 
scenarios for ten regions. 

The assumptions and inputs for our GIA model are detailed below:

 Estimating the increase in the number of RACs in different regions:

� In this study, RACs include mini-split and window air conditioners in the residential and 
commercial sector. Our analysis shows that about 95% of the residential and 48% of the 
commercial ACs are mini-splits and window units.

� RAC installed stock in 2016:

Region Residential RACs Commercial RACs Total RACs

China 406,206,865 62,780,546 468,987,411

India 20,171,226 6,139,069 26,310,295

Middle East 29,975,073 8,701,497 38,676,570

United States 171,154,950 45,355,384 216,510,334

Indonesia 6,981,292 2,412,627 9,393,919

Japan & Korea 146,000,000 29,996,749 175,996,749

European Union 37,994,275 22,657,295 60,651,570

Mexico 6,798,179 4,228,824 11,027,003

Brazil 13,845,064 6,698,499 20,543,563

Rest of world 155,562,379 40,235,451 195,797,830

� Compound annual growth rate (CAGR) of RACs between 2016 and 2050:

Region CAGR RAC stock 2016–2030 CAGR RAC 
stock 2030–2040 CAGR RAC stock 2040–2050

China 5.0% 1.7% 0.6%

India 16.7% 11.7% 4.7%

Middle East 5.5% 4.7% 2.6%

United States 1.4% 1.1% 0.8%

Indonesia 13.7% 8.2% 4.0%

Japan & Korea 1.2% 0.6% 0.3%

European Union 4.0% 2.8% 2.3%

Mexico 8.2% 6.3% 3.65%

Brazil 5.2% 6.7% 4.2%

Rest of world 4.9% 5.2% 4.2%

Source: IEA (2018a) 
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� Annual sales of RACs in 2016:

Region Residential RAC sales Commercial RAC sales Total RAC sales

China 38,552,040 5,805,822 44,357,863

India 2,934,564 967,637 3,902,201

Middle East 3,996,676 967,637 4,964,313

United States 11,362,984 3,870,548 15,233,532

Indonesia 997,327 483,819 1,481,146

Japan & Korea 11,000,000 1,935,274 12,935,274

European Union 7,952,290 1,451,456 9,403,746

Mexico 971,168 483,819 1,454,987

Brazil 988,933 145,146 1,134,079

Rest of world 6,848,658 3,241,584 10,090,242

 Common assumptions for the model

� Market average energy efficiency ratio (EER) in 2016

Region EER (W/W)

China 3.18

India 3.10

Middle East 2.98

United States 2.81

Indonesia 2.95

Japan & Korea 2.91

European Union 2.79

Mexico 2.74

Brazil 2.88

Rest of world 2.93

Source: “Global Exchange on Efficiency: Cooling,” IEA (2018), accessed on October 2018, https://www.iea.org/exchange/cooling/; 
“Schedule 3: Room Air Conditioners,” Table 2.6, Bureau of Energy Efficiency (2016), https://www.beestarlabel.com/Content/Files/
Schedule3A-RACS9jun.pdf 

� Refrigerant assumptions

Refrigerant charge (kg) 1.1 kg/ton

Refrigerant leakage rate (%/year) 10%

End of life refrigerant loss (%) 100%

Recharge at loss of (%) 35%

Life of AC (years) 10

Source: Shah et. al, Benefits of Leapfrogging to Superefficiency and Low Global Warming Potential Refrigerants in Room Air 
Conditioning, 2015
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� Grid emissions intensity

• In all the scenarios (except the RS-C), we determined the grid emission intensity decline 
rate to acknowledge the latest commitments and policies of different nations. This was 
determined based on the IEA World Energy Outlook 2017 “New policies scenario.” Where 
the data is not available, we use a 1.82%/year decline rate, the predicted global average 
rate.54

• The following table provides the grid emissions intensity considered in the study for the 
year 2016 and the annual decline rate for each region.

Region kg CO2/kWh CAGR
2016–2050

China 0.98 2.04%

India 0.96 1.70%

Middle East 0.65 1.29%

USA 0.48 1.01%

Indonesia 0.79 1.82%

Japan & Korea 0.55 1.56%

European Union 0.33 3.16%

Mexico 0.63 2.15%

Brazil 0.09 3.31%

Rest of world 0.76 1.82%

Source: IEA (2017), World Energy Outlook 2017; Shah et. al, Benefits of Leapfrogging to Superefficiency and Low Global 
Warming Potential Refrigerants in Room Air Conditioning, 2015

� Inverter AC market

• We assume that the inverter AC market share in 2016 for China, India, and Japan & Korea 
regions are 60%, 10%, and 95% respectively, based on data from a recent LBNL report.55 We 
assume that the inverter AC market share in the European Union (EU) is 80% based on the 
study which suggests the 2007 penetration level of 65%.  

• Due to limited data availability, we assume that the 2016 market share of inverter ACs in all 
the other emerging economies (in the study) will be similar to that of India (i.e., 10% in 2016). 
For the United States, we assume that the trends are similar to the EU.

• We assume the projected Indian inverter AC market share to grow as expected—30% 
by 2018 and 50% by 2020.56 This trend is assumed to be followed by all the emerging 
economies. 

• To estimate the number of inverter ACs in different regions by 2050, we assume that 
inverter ACs in each region will achieve a market share of 80% (where it falls short), 
increasing at 5%/year, and then get saturated. 

• We assume that the inverter AC unit consumes about 75% of the total power of a fixed 
speed AC unit.57

� Transmission and distribution losses

• The transmission and distribution (T&D) losses of the electricity grid are considered to be 
the average of the last three years according to World Bank data.
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Region T&D losses (%)

China 5.7%

India 18.9%

Middle East 10.2%

USA 6.1%

Indonesia 9.3%

Japan & Korea 3.8%

European Union 6.5%

Mexico 14.1%

Brazil 16.5%

Rest of world 10.1%

• Due to limited data availability, we assume a constant T&D loss for all regions through 2050 
except India and Mexico. Per available information, the T&D losses for India and Mexico are 
assumed to decrease to 7.2% and 8.6% by 2050, respectively.58,59

� Annual usage hours of the RACs 

• The annual usage of air conditioners depends on a variety of factors ranging from 
temperature and humidity levels to occupant behavior. Our research from different studies 
and regions is compiled below to show the annual usage of room air conditioners.

Region Usage hours/year

China 545

India 1,600

Middle East 4,672

USA 1,600

Indonesia 2,263

Japan & Korea 720

European Union 520

Mexico 1,643

Brazil 1,679

Rest of world 720

Source: Liu et al, The Life Cycle rebound effect of air conditioner consumption in China, Applied Energy 184 (2016), 1026-1032; 
Fridley et al, Technical and Economic analysis of Energy Efficiency of Chinese Room Air Conditioners, 2001; Shah et. al, Benefits 
of Leapfrogging to Superefficiency and Low Global Warming Potential Refrigerants in Room Air Conditioning, 2015; “Climate 
Change Knowledge Portal,” The World Bank Group, accessed on October 2018, http://sdwebx.worldbank.org/climateportal/index.
cfm?page=country_historical_climate&ThisCCode=KOR 

• We assume that the annual usage hours increase at a CAGR of 0.7%/year in all scenarios 
(except 5X) for each region corresponding to a 25% increase in number of cooling degree 
days by 2050.60
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� Other common assumptions:

• Our analysis assumes a continued improvement of the energy efficiency ratio (EER) of 
RACs at a weighted average annual rate of 0.5% (except in the Improved Scenario).61, xxviii

 Scenario specific assumptions

� Reference scenario (RS):

• We assume a continued adoption of building energy codes leading to 5% reduction in 
cooling energy demand in 2050.62,xxix

� Reference Scenario—Isolating Cooling Impact (RS-C):

• We assume that the grid emissions intensity factor remains constant at year 2016 levels. 

• Other aspects of the reference scenario such as improvements from T&D losses and 
building codes remain unchanged in this scenario.

� Reference Scenario—Kigali Phasedown (RS-K):

• We assume a complete phase out of refrigerant R410a by the year 2035. The use of R32 
(GWP 675) gradually increases between 2022 and 2035 replacing R410a. Our analysis shows 
that to achieve the Kigali Amendment goals, the world will have to transition to a further 
low-GWP refrigerant. A refrigerant with a GWP of about 50 will gradually replace R32 from 
the year 2035 onwards to capture the entire market by the year 2050.

• We assume that all the countries follow Group 1 A5 parties, with starting year 2024 to 
freeze HFC production. This midpoint is adopted because the non A5 parties have 2019 
as a starting year while the Group 2 A5 parties have a starting year of 2028 to begin their 
compliance to the Kigali Amendment. 

• Other aspects of the reference scenario remain unchanged in this scenario.

� Improved Scenario

• We assume that building envelope improvements (thermal insulation driven by building 
codes) have the potential to achieve a 7.5% reduction in cooling demand in 2050 in 
developed countries. For developing countries, we assume that a 15% reduction in cooling 
demand can be achieved in 2050 as a significant portion of the building stock is still to be 
built.63, xxx

• We assume the development of adequate methods to ensure refrigerant recovery at the 
end of life of the equipment. This progressively increases up to 50% in 2050. 

• We assume that minimum efficiency performance standards (MEPS) are made stringent 
to ensure that the efficiency improvement of RACs occurs at twice the rate of the reference 
scenario. The market average EER of RACs in each region is thus improved at a steady rate 
and would reach to around 80% of the current best technology available in each region.

xxviii	For	India,	a	3%	annual	improvement	in	efficiency	has	been	assumed	until	2030	based	on	BEE’s	information.	Past	2030	an	EER	increase	of	0.5%	annually	is	
considered	until	2050.

xxix	 A	5%	improvement	in	cooling	energy	demand	considers	the	adoption	of	building	codes	at	a	slow	to	moderate	pace	in	India.	This	improvement	potential	is	
assumed	to	be	valid	for	all	regions	of the	study	as	developing	countries	are	yet	to	see	the	construction	of	most	of	their	building	stock	and	developed	country	
households	would	begin	to	require	modest	retrofits	for	their	old	building	stock.

xxx	 Due	to	limited	availability	of	data	for	all	the	model	countries,	we	assume	the	cooling	energy	reduction	potential	through	building	envelope	improvements	would	
follow	the	trends	for	United	States	for	all	developed	countries	and	follow	the	trends	in	India	and	China	for	developing	countries.
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• We assume full compliance to the HFC phase-down requirement laid down under the 
Kigali amendment to the Montreal Protocol. For the purpose of analysis, all the countries 
follow Group 1 A5 parties, with starting year 2024 to freeze HFC production.xxxi 

 � 5X Scenario

• To achieve a 5X climate impact, our 5X solution assumes a technology that uses  four times 
less electricity in combination with a low-GWP refrigerant (such as R290).

• We acknowledge the fact that the industry always responds to the anticipated government 
policies well in advance. The adoption curve for the 5X solution follows a trend such that 
by the year 2030 it gains an 80% share of the annual sales, and by the year 2040 it achieves 
an almost 100% share of the annual sales. It thus achieves the Kigali Amendment goals by 
itself.

• We understand that a super-efficient technology could result in increased usage and 
electricity consumption because of the rebound effect. Therefore, we assume a 5% increase 
in RAC operating hours by 2050 to account for this rebound effect.

• We assume that the strict implementation of building codes (as assumed in the Improved 
Scenario) will continue to flow in the 5X scenario.

xxxi	 This	midpoint	is	adopted	because	the	non-A5	parties	have	2019	as	a	starting	year	while	the	Group	2	A5	parties	have	a	starting	year	of	2028	to	begin	their	
compliance	to	the	Kigali	Amendment.	
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