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a b s t r a c t

Improving the efficiency of room air conditioners (RACs) could provide significant energy and
associated emissions savings, particularly in emerging economies with hot climates where the cool-
ing demand is expected to increase dramatically. To help accelerate efficiency improvements, this
study identifies ‘‘best-in-class’’ high-efficiency RAC components and products. The findings show
that manufacturers tend to minimize manufacturing costs by using RAC designs that are readily
available or standardized to their production, and they share components across various models. High-
efficiency RAC models use advanced compressor technologies optimized at a low frequency, large heat
exchangers with thermodynamically effective materials and designs, highly efficient direct current fan
motors, advanced metering devices, and smart sensors for temperature and humidity control. Recently
RAC manufacturers have been improving seasonal efficiency – better reflecting part-load operation –
especially via variable-speed (inverter) drives for compressor motors. Recent highest-efficiency RAC
models use low global warming potential (GWP) refrigerants, having transitioned from conventional
high-GWP refrigerants, in regions where RACs that use these low-GWP refrigerants are commercially
available. Recently demonstrated innovative technologies show trends toward smart hybrid designs,
evaporative cooling, and solid-state materials beyond the conventional vapor-compression technology.
This information could help policymakers improve their RAC market-transformation programs to align
with the most-efficient global technology.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The International Energy Agency (IEA) estimates that space
ooling applications were responsible for about 1 billion metric
ons of CO2 emissions and nearly 8.5% of total final electricity
consumption worldwide in 2019 (International Energy Agency,
2020). Without major efficiency improvements to cooling equip-
ment, the IEA estimates electricity demand for cooling in build-
ings could increase by up to 50% globally by 2030. In addition,
worldwide energy demand from air conditioners (ACs) is ex-
pected to increase threefold by 2050, and emissions are expected
to increase from 1135 million tons of CO2 (MtCO2) in 2016 to
070 MtCO2 in 2050. Simultaneously, in accordance with the
igali Amendment to the Montreal Protocol (adopted in 2016,
ame into force 2019), the space cooling equipment industry
s transitioning to low global warming potential (GWP) refrig-
rants. Article5 (A5) Parties, which are countries that consume
nd produce less than 0.3 kg/year of ozone-depleting substances
er capita, to the Montreal Protocol are scheduled to begin their
ransition to lower GWP refrigerants beginning in 2024, while
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E-mail address: wypark@lbl.gov (W.Y. Park).
ttps://doi.org/10.1016/j.egyr.2021.05.016
352-4847/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access a

nc-nd/4.0/).
the transition to lower GWP refrigerants is already underway
in non-A5 countries, led also by the European Union (EU) F-
gas regulations. In order to take advantage of this disruptive
transition and address the aforementioned estimated future im-
pacts from space cooling equipment, innovation to improve the
energy efficiency of space cooling equipment is of paramount
importance in the next few years from the time of this writing.
The Kigali Cooling Efficiency Program identifies cooling efficiency
in the built environment as one of six high-impact opportunities
to enhance economic output and increase job creation, via ap-
propriate policies, after the COVID 19 pandemic (Kigali Cooling
Efficiency Program, 2020). Catalyzing innovation in the efficiency
of space cooling equipment will be a key part of this effort and
will require a thorough understanding of the current ‘‘best-in-
class’’ high-efficiency AC components and products. Separately,
energy-efficiency policies typically can reduce national energy
use at the lowest cost. Such policies can accelerate the adoption of
highly efficient appliances and equipment to save energy, lower
consumer electricity costs, shave peak load, improve air qual-
ity, and reduce greenhouse gas emissions (International Energy
Agency, 2020; Kigali Cooling Efficiency Program, 2020).
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Designing effective energy-efficiency policies also requires in-
ormation about the efficiency potential of target products. Al-
hough efficiency information is generally available for high-
fficiency products, information about underlying, typically pro-
rietary technologies is limited. Without this component-level
etail, it is difficult to estimate the ‘‘technical potential’’ for ef-
iciency improvement for a particular end use, defined here as
he maximum efficiency improvement via technology diffusion
hat is technologically feasible. Technical potential differs from
arket potential, defined here as the changes in energy efficiency

hat might be expected under predicted market conditions based
n market demand and expected future trends in product de-
elopment and efficiency standards (Sathaye and Phadke, 2010).
ecause energy efficiency is limited by factors (often referred
o as market failures) related to markets, policies, and other
nfluences that inhibit technology diffusion, some technologi-
ally feasible products might not be used widely. As a result,
olicymakers are less able to address key questions related to
he national energy savings possible through widespread adop-
ion of the most-efficient feasible technologies as well as the
echnologies or design features that could enable those savings.
oom air conditioners (RACs) are one product type for which
fficiency improvements could provide significant energy sav-
ngs. In 2018, the Government of India and Rocky Mountain
nstitute launched the Global Cooling Prize (Global Cooling Prize,
021), an international innovation competition to develop super-
fficient and climate-friendly residential cooling solutions for
omes. The Global Cooling Prize target was set at a climate
mpact (including indirect emissions from energy consumption)
f five-times lower than the market average. This efficiency im-
rovement will be particularly important for emerging economies
ith hot climates where air conditioning use is expected to

ncrease dramatically (Park and Shah, 2017; Shah et al., 2017).
ecause large global manufacturers account for a significant share
f RAC markets in most regions, effectively designed energy-
fficiency policies can facilitate global diffusion of high-efficiency
roducts. Park et al. (2019) identify the need to better understand
nrealized opportunities for improving RAC energy efficiency,
dopting low GWP refrigerants, and reducing prices; this includes
aking further advantage of non-energy or co-benefits associated
ith high-efficiency RACs.
In this article, we focus on efficiency technologies in duct-

ess split (‘‘mini-split’’) systems, which are currently available or
re expected to be available commercially in the near future,
or two reasons; mini-splits constitute about 77% of RACs used
oday worldwide, and technological improvements in mini-split
ystems would also be applicable to other types of ACs, with a
ew exceptions (International Energy Agency, 2018a).

To help meet this need for detailed RAC information both to
atalyze innovation as well as to better characterize the efficiency
otential, this study identifies ‘‘best-in-class’’ high-efficiency RAC
omponents and products – which are also known as ‘‘max tech’’,
‘best-on-market’’, or ‘‘best available’’ technologies – with a fo-
us on residential and light commercial applications. Advanced
echnologies and design strategies used in commercially available
igh-efficiency RACs are documented, including those that use
ow-GWP refrigerants. Technologies and strategies that have been
emonstrated but not yet commercialized are documented as
ell. However, this study does not focus on technologies that are

n an early stage of research and development (R&D). The results
an be used to inform technology investment choices as well as
he design of market-transformation policies that maximize RAC
echnical potential.
3163
2. Methods and data

This study focuses on the technical potential of best-in-class
ductless split RAC systems used for residential and light commer-
cial applications. Ductless split RAC systems are common in the
residential and commercial sectors almost everywhere except in
the United States (U.S.), where ducted systems currently domi-
nate but the market share of ‘‘mini-split’’ (ductless) systems has
been increasing gradually (Park and Shah, 2017).

The study analyzes several economies – Australia, China, the
EU, India, Indonesia, Japan, South Korea, and the U.S. – which
account for about 70% of the global RAC market (The Japan Refrig-
eration and Air Conditioning Industry Association (JRAIA), 2019).
The RAC efficiency metric used across all economies is the en-
ergy efficiency ratio (EER), defined by International Organization
for Standardization (ISO) 5151 as follows: total cooling capacity
(CC) divided by the device’s effective power input under any
set of rating conditions. In addition, region-specific seasonal ef-
ficiency metrics are used: seasonal energy efficiency ratio (SEER)
for China, the EU, India, and the U.S.; cooling seasonal perfor-
mance factor (CSPF) for Japan; and annual performance factor
(APF) for heat pumps in China and Japan.

Collection of the study data proceeded through an intensive
and thorough process from the following sources:

(1) Databases including the Lawrence Berkeley National Labo-
ratory International Database of Efficient Appliances (Gerke
et al., 2017); country/region-specific databases including
the Energy Conservation Center Japan, the Australian Equip-
ment Energy Efficiency program, the U.S. Air-Conditioning,
Heating and Refrigeration Institute, and Eurovent; and the
Topten China and Topten EU websites, which provide infor-
mation on the best-performing appliances and equipment,
including RACs.

(2) Review of literature and recent technical reports. For exam-
ple, Park and Shah (2017) explored RAC products, including
the highest-efficiency RAC models, available primarily in
several economies – the U.S., China, India, Europe, South
Korea, and Japan – plus developing economies in Southeast
Asia. Shah et al. (2013) identified potential RAC efficiency
improvements and their incremental costs, and they esti-
mated potential total energy savings on a worldwide basis
and country-specific basis. Desroches and Garbesi (2011)
analyzed the energy savings and design characteristics of
products considered the best on the market, products con-
sidered the best engineered, and emerging technologies in
R&D for appliances and equipment.

(3) Review of product catalogs publicly available and web
searches. RAC manufacturers provide product catalogs with
technical specifications and sometimes additional docu-
mentation (e.g., service manuals, engineering data, techni-
cal data books) with detailed information.

(4) Consultation and interviews with industry and academic
experts.

(5) Review of technologies selected as finalists for the Global
Cooling Prize. Solutions eligible for this prize must have a
climate impact (related to both energy and refrigerant use)
at least five times lower than the baseline RAC impact and
an installed cost to consumers not more than double the
baseline RAC cost when manufactured at a scale of 100,000
units.

3. Results and discussion

3.1. Trends in efficiency improvement and recent high-efficiency
RACs

RAC manufacturers continue to research and develop ad-
vanced technologies to improve performance and reduce system
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Fig. 1. RAC efficiency trends in Japan. Authors’ work based on the database
of products registered in Japan’s Top Runner Program and Kimura (2010). For
RAC energy-efficiency metrics, Japan initially used COPs for cooling and heating;
however, for the second target year (2010), Japan modified test methods and
replaced the COP metric with APF to reflect actual outdoor temperature changes
and corresponding indoor thermal loads.

costs. For example, variable-speed (inverter) products that make
RACs highly efficient already dominate mature RAC markets such
as Australia, Europe, Japan, and the U.S. (Park and Shah, 2017).
Along with this trend, seasonal efficiency metrics have been
designed to estimate RAC performance based on part- and full-
load operations under local climatic conditions. These metrics are
intended to better represent product efficiency over a year of
operation. As a result, manufacturers seem to have shifted their
focus to improving seasonal efficiency that better reflects part-
load efficiency, rather than improving full-load efficiency only
as has been done historically in the industry (Richard, 2013).
Although some regional RAC seasonal efficiency metrics are con-
sistent with each other, others differ primarily owing to the
outside temperature profiles used to aggregate steady-state and
cyclic ratings into a seasonal efficiency value, as well as the
ways of evaluating performance at part-load operation in each
metric (Park and Shah, 2017). The performance of high-efficiency
RACs tends to be optimized for region-specific test standards, but
this is outside the scope of this paper.

Trends in RAC efficiency are shown in Fig. 1, given as coeffi-
ient of performance for cooling (COPc, i.e., EER, a full-load effi-
iency at an outdoor dry bulb temperature of 35 ◦C) and annual
erformance factor (APF, a seasonal efficiency) in Japan. Yoshida
2017) describes Japan’s historical efficiency improvement by
echnology development; for example, highly efficient direct cur-
ent (DC) motors were mainly developed between 2007 and 2010
achieving APF 5 or greater), and high-efficiency compressors
ere developed after 2012 (achieving APF 6 or greater) (Yoshida,
017). The Japanese Top Runner program employs a unique ap-
roach: The Top Runner efficiency target is established by the
arket’s most efficient product at the time of standard set-

ing. Still, this program provides insight into how best-in-class
echnologies can be effectively promoted by policy design.

Park and Shah (2017) find that energy-efficient models avail-
ble in several economies are produced by various global man-
facturers. The highest-efficiency RACs are typically available in
mall sizes, particularly products with CCs of 0.75-refrigeration
ons (RT; 2.5–2.6 kW) or less. In India, larger-capacity units
3164
Fig. 2. Efficiency of highest-efficiency RACs in selected economies.

(1.5 RT) are more popular, and 1-RT models have the high-
est efficiency. The efficiency of the highest-efficiency RACs cur-
rently available worldwide ranges from 5.0–6.5 in EER (Park and
Shah, 2017; International Energy Agency, 2018b). However, the
highest-EER RAC models do not necessarily achieve the highest
seasonal efficiencies. Fig. 2 shows the highest-efficiency RACs by
EER or seasonal efficiency available in several economies.

Manufacturers tend to standardize RAC designs and share
components across various RAC models to minimize manufactur-
ing costs, mainly because commercially available products have
already been proven for performance and reliability in the mar-
ket. Under this approach, manufacturers first standardize the
design of outdoor units by CC, and then they do the same for
indoor units. When a manufacturer targets RAC specifications for
a given market, it identifies optimal combinations from readily
available designs of indoor and outdoor units. The next step is to
identify optimal levels of performance in key components, such as
compressors and fan motors. Major RAC manufacturers optimize
compressor efficiency when a unit is operated at variable fre-
quency, resulting in a higher efficiency at a lower frequency. Fig. 3
shows examples of rated EER and compressor frequency by model
and CC of selected RAC models produced by a global manufacturer
in Europe and the U.S. Many RAC models in a product family tend
to share the same compressor and cabinets, whose size is related
to the heat exchanger size.

The following subsections analyze how five categories of
energy-efficient technologies are implemented in commercially
available high-efficiency (including highest-efficiency) RAC mod-
els:

(1) Compressors and inverters
(2) Heat exchangers
(3) Motors and fans
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Fig. 3. Rated EER and frequency of selected RACs in the EU and U.S.

(4) Refrigerants
(5) Metering devices and smart sensors

The final subsection discusses advanced technologies that have
yet to be commercialized.

3.2. Compressors and inverters

The compressor is the most essential part of RAC systems
ased on a vapor-compression refrigeration cycle – which con-
titute most of the RACs sold today – and improving compressor
fficiency is key to improving RAC efficiency. Manufacturers im-
rove compressor efficiency by either increasing CC or reducing
ower consumption. According to test and simulation data from
he Korea Refrigeration and Air-conditioning Assessment Center
KRAAC) for 1.5-RT RACs and components, improving the com-
ressor capacity and power input of nominal 1.5-RT RACs by 27%
nd 26%, compared to the baseline system that achieves EER 3.46,
mproves RAC system capacity and power input by about 13%
nd 11%, respectively (Fig. 4). Based on these relationships, a 35%
mprovement in compressor efficiency (by increasing capacity
5% and reducing power input 15%), compared to the baseline
ystem that achieves EER 3.46, is estimated to improve RAC
ystem efficiency by 14% (to EER 3.94).
Compressor innovations include mechanical methods to re-

uce the compressor’s volumetric capacity; the load of the
onstant-speed motor is reduced by reducing the quantity of
efrigerant that experiences compression. Another approach in-
olves varying the speed of the compressor’s motor using motor-
ontrol electronics called inverters, variable-speed drives,
r variable-frequency drives (EMERSON, 2014). Variable-speed
ystems that modulate refrigerant flow by varying the com-
ressor motor’s speed enhance RAC seasonal efficiency, because
erformance improves at reduced refrigerant flow rates (i.e., part-
oad operation), compared to RACs that cycle on and off. Im-
roving inverter efficiency enables manufacturers to optimize
ompressor efficiency when the compressor is operated across
wide range of frequencies.
Use of high-efficiency DC motors has increased the operat-

ng range of variable-speed compressors, and these compres-
ors have become more efficient, especially via reduced fric-
ion losses and minimized leakage between the high- and low-
ressure sides (Shah et al., 2013; Yoshida, 2017; Energy Conser-
ation Center Japan (ECCJ), 2006). Rotary compressors are one
f the most common types of compressors in RACs. Twin rotary
ompression has also increased compressor efficiency. For exam-
le, Daikin, based in Japan, has developed swing compressors that
ombine a vane and roller to minimize friction and refrigerant
3165
Fig. 4. Typical relationship between compressor and system capacity and power
input for 1.5-RT units. The baseline system that achieves EER 3.46 is represented
by (normalized compressor capacity, normalized system capacity) = (1, 1) in (a)
and (normalized compressor power input, normalized system power input) =

(1, 1) in (b).
Source: Korea Refrigeration and Air-conditioning Assessment Center (KRAAC)
(2017).

leakage (Zhang and Qin, 2015; Masusa et al., 1996). Gree, based in
China, has developed rotary two-stage inverter compressors with
vapor injection, which can work normally under extreme temper-
atures without increasing power consumption. Gree’s improved
two-stage vapor-injection technology has a variable-speed triple-
cylinder rotary compressor, which the company says reduces re-
frigerant leakage and improves compressor efficiency (Luo et al.,
2014; Huang et al., 2016).

Multi-pole DC motors provide higher efficiency and higher
torque per unit of volume and weight. For example, using a 6-
pole motor rather than a typical 4-pole motor boosts efficiency,
mainly because the volume of the motor can be decreased by as
much as 30%, and losses from the motor can be decreased by
as much as 20% (Shah et al., 2013). Recent energy-efficient RACs
use an 8-pole DC motor in the compressor. Other technologies
are being developed to improve DC motor efficiency further. For
example, using a neodymium magnet provides higher efficiency,
because its magnetic flux density is higher, and it replaces the
conventional motor’s ferrite element (Shah et al., 2013; Energy
Conservation Center Japan (ECCJ), 2006). Other design options
include improving geometry for the coil winding, which reduces
copper losses, and using thin silicon steel plates (e.g., Pana-
sonic’s R2 rotary compressor) or laminated steel sheets to limit
iron losses (Shah et al., 2013). Table 1 shows high-efficiency
technologies and the efficiency of final RAC products, based on
manufacturer information.
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able 1
xamples of high-efficiency compressor technologies by manufacturer.
Manufacturer Rated CC (kW) and EER

(W/W) of final RAC products
Compressor technologies, per
manufacturer information

Daikin CC 2.5–5.0 Swing (hermetic)
EER 4.6–6.1 Neodymium magnet DC motor

Panasonic CC 2.5–3.5 Rotary (hermetic)
EER 4.4–5.8 Brushless DC motor (8 poles)

LG CC 2.5–5.0 Twin rotary
EER 4.1–5.3 Brushless DC motor

Samsung CC 2.5–3.5 Twin rotary
EER 4.2–5.1 Brushless DC motor (8 poles)

Gree CC 2.6–5.2 Rotary two-stage
EER 4.7–5.4 Brushless DC motor (8 poles)

3.3. Heat exchangers

Enlarging the coil frontal area, the number of tubing rows in
he coils, or both enables compressors to operate more efficiently
wing to the larger heat-transfer area. For example, increasing
he heat-transfer area by 80% is estimated to achieve a 35%
ncrease in the efficiency of the RAC unit (not accounting for
he fans) (Shah et al., 2013; Energy Conservation Center Japan
ECCJ), 2006). According to test and simulation data from KRAAC
or 1.5-RT RACs and various components, increasing evaporator
indoor unit) size by 11% and condenser (outdoor unit) size by
2% improves RAC system efficiency by about 2% and 27%, re-
pectively (Fig. 5). In addition, further increasing the heat-transfer
rea requires improving compressor efficiency to improve overall
ystem efficiency. Based on this information, combining 50% and
00% increases in evaporator and condenser sizes, respectively,
ith a 15% improvement in compressor capacity improves RAC
ystem efficiency by about 30% (to EER 4.75) compared to the
aseline system.
However, increasing the heat-transfer area may increase the

mount of materials (e.g., copper, aluminum) used in tubes, fins,
nd housings, and it usually raises the amount of refrigerant
harge. It is also challenging to fit more heat-exchanger coils into
n RAC cabinet. In addition, the higher air flow associated with
igher heat-transfer efficiency increases noise (Shah et al., 2013;
nergy Conservation Center Japan (ECCJ), 2006).
Heat-transfer performance can also be improved via heat-

xchanger design. Copper tube and aluminum fin coil is the most
ommon design for RACs. There has been widespread use of fin-
nd-tube heat exchangers across various applications. Residential
roducts commonly use heat exchangers with tubes of 7.0 mm in
iameter, and some high-efficiency RACs have tubes with diame-
ers of 5.0 mm or less (Kim and Kim, 2015). For example, Daikin’s
TXZ_N/RXZ_N series, which includes its best-performing models,
ses a fin tube with different diameters (4 mm front and 6.35 mm
ack) using R32 refrigerant. Although a smaller-diameter tube
an increase heat-transfer performance, coils with 5-mm diam-
ter tubes are harder to manufacture owing to the material soft-
ess, and they are not as common in typical RACs.
Heat-transfer rates are higher for cooling fin patterns with

ouvered and variegated surfaces rather than smooth surfaces
e.g., using optimized slit fins in place of plain fins improved RAC
fficiency by about 10%), hence various fin patterns have been de-
eloped to maintain good heat transfer while reducing noise and
roduction costs (Erbay and Doğan, 2017). Fin surface and tube
nside-surface heat-transfer enhancement are common practices.
able 2 shows examples of fin types used in high-efficiency RAC
odels.
Designing heat exchangers for high-efficiency RAC systems re-

uires optimization of system-level performances tradeoffs. Nor-

ally, a larger (higher-capacity) heat exchanger results in higher

3166
Fig. 5. Typical relationship between heat-exchanger size and RAC system
efficiency for 1.5-RT units. The baseline system that achieves EER 3.46 is
represented by (normalized evaporator size, normalized system efficiency) =

(1, 1) in (a), and (normalized condenser size, normalized system efficiency) =

(1, 1) in (b).
Source: Korea Refrigeration and Air-conditioning Assessment Center (KRAAC)
(2017).

Table 2
Examples of fin types used in high-efficiency RAC models.
Manufacturer Rated CC (kW) and EER

(W/W) of final RAC products
Specifications, per manufacturer
information

Daikin CC 2.5–5.0 - Indoor unit: multi-slit fin, tube
(4 mm front, 6.35 mm back)

EER 4.6–6.1 - Outdoor unit: corrugated fin

Panasonic CC 2.5–3.5 - Indoor unit: slit fin
EER 4.4–5.8 - Outdoor unit: corrugated fin

LG CC 2.5–3.5 - Indoor unit: louver fin, tube
(7 mm)

EER 4.1–4.8 - Outdoor unit: louver fin

system efficiency. However, using an evaporator coil that is too
large could increase the evaporator temperature and hinder the
system’s dehumidification capability. Heat-exchanger size is also
typically constrained by the size of the cabinet. A higher heat-
transfer capacity can be achieved by a tighter heat-exchanger
design, such as one with greater fin density. However, increasing
fin density reduces the air pressure, so more power from the fan
motor is needed to transport an equivalent air volume.

3.4. Motors and fans

RACs typically have condenser and evaporator blower fans,
which are driven by variable-speed electrical motors that adjust
the airflow rate as required. The same efficiency approaches
discussed in Section 3.2 for compressor motors also apply to fan
motors, such as increasing the number of poles in DC motors
and using rare-earth magnets (Shah et al., 2013; Energy Conser-
vation Center Japan (ECCJ), 2006). Based on test and simulation
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ata from KRAAC, combining a 35% improvement in compressor
fficiency (15% capacity increase, 15% power input reduction),
0% and 100% increases in evaporator and condenser sizes, re-
pectively, and a 35% improvement in all electrical and electronic
evices improves RAC system efficiency by about 50% (to EER
.24), compared to the baseline 1.5-RT RAC system that achieves
ER 3.46 (Korea Refrigeration and Air-conditioning Assessment
enter (KRAAC), 2017).
Manufacturers improve fan designs by reducing noise and

ower demand from the fan motors and thus increasing overall
fficiency. Specifically, given a constant cabinet size, higher CC
equires a greater compressor frequency, leading to a higher
irflow rate set by the fans. Compressor frequency and airflow
ates can be adjusted to meet a target efficiency level, varying by
C. For larger-capacity units, manufacturers can also use larger
ousings (i.e., larger heat exchangers), higher airflow rates, and
ompressors with higher power output. Noise rises when air
low is higher, resulting in a potential tradeoff between increased
eat-transfer efficiency and increased noise (Shah et al., 2013;
nergy Conservation Center Japan (ECCJ), 2006). Fig. 6 illustrates
he complex tradeoff between efficiency, cooling capacity, airflow
ates, cabinet sizes, and compressor motor electric output by
howing examples of various RAC design options. In Fig. 6a, the
hree models have a constant cabinet size and compressor motor
lectric power output, resulting in lower efficiency for larger-
C models. However, airflow rate increases with increasing CC,
hich compensates for the decreased efficiency. In Fig. 6b, the
hree models have a constant cabinet size, while the largest-CC
odel (F) has higher compressor motor output and airflow rates
ompared with the other models. In Fig. 6c, the two larger-CC
odels (I and J) have larger cabinets, higher compressor motor
utputs, and higher airflow rates compared with the other two
odels (G and H).

.5. Refrigerants

In accordance with the Montreal Protocol, RAC refrigerants
ave changed several times with the goal of improving safety
nd performance while reducing environmental impacts. To min-
mize negative tradeoffs and leverage opportunities for better
erformance, RACs that use refrigerant alternatives must be re-
ptimized for the specific alternatives used. Manufacturers must
alance thermodynamic performance (e.g., capacity, temperature,
fficiency), safety conditions (e.g., pressure, toxicity, flammabil-
ty), compatibility with system materials, availability, cost, and
nvironmental impact (Goetzler et al., 2016). Typically, single
omponent replacement refrigerants for R-410A are flammable.
-32 has a higher capacity and COP than R-410A, but is
lammable, has a higher GWP and a discharge temperature ap-
roximately 20 ◦C higher than that of R-410A. Fortunately, refrig-
rant blends offer additional possibilities that are non-flammable,
ypically including R-32 as a significant component (Xu et al.,
017; Chen and Yu, 2008; Tu and Liang, 2011; Piao et al., 2012;
u et al., 2013). A recent review analyzed the new refrigerant
ixtures alternatives developed from 2015 to date as alternatives

o R-410A (Heredia-Aricapa et al., 2020).
Until 2012, most RAC manufacturers transitioned from R-

2 to R-410A. Since then, Japanese manufacturers have begun
ransitioning from R-410A to R-32. Top-tier Chinese manufac-
urers produce R-32 RACs and have also developed R-290 RACs,
ompleting retrofits of production lines. The Indian manufacturer
odrej leapfrogged R-410A and is transitioning directly from R-
2 to R-290 (Park and Shah, 2017). The highest-efficiency RACs
re being developed with low-GWP refrigerants. For example,
ome manufacturers’ high-efficiency R-32 RAC models use a heat-
xchanger tube with diameter reduced from 6 to 4 mm or from
to 5 mm to improve efficiency.
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Fig. 6. Examples of airflow rates, cabinet sizes, and compressor motor outputs
for RACs produced by two manufacturers.

In addition, laboratory tests indicate that the efficiency per-
formance of low-GWP refrigerants, including R-32 and R-290, is
at least as good as the performance of R-410A and R-22 (Erbay
and Doğan, 2017; Goetzler et al., 2016; Abdelaziz and Shrestha,
2016; Abdelaziz et al., 2015; OTS (Optimized Thermal Systems,
Inc.), 2016). In some regions, the most-efficient RAC models use
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Fig. 7. Efficiency of most-efficient RAC models – and refrigerants used in those
models – relative to MEPS or least-efficient labels, by region. For example,
the blue dot and red bar at ‘‘US (0.75RT)’’ mean that the efficiencies of the
most-efficient U.S. RAC (12.3 W/W) and the most-efficient label (ENERGY STAR)
requirement (5.27 W/W) are 3 times (300%) and 1.29 times (129%) as high as
the U.S. MEPS (4.1 W/W), for 0.75-RT units.
Source: Updated from Park and Shah (2017).

ow-GWP refrigerants (Park and Shah, 2017). In South Korea
nd the U.S., where mildly flammable refrigerants (e.g., R-32)
nd flammable refrigerants (e.g., R-290) cannot be sold on the
arket, the most-efficient RAC (ductless split) models still use
on-ozone-depleting but high-GWP R-410A. In the EU, Japan,
nd Indonesia, the most-efficient models generally use low-GWP
-32. In China, the most-efficient models use R-410A or low-
WP R-32. In India, the most-efficient models use low-GWP R-32
r R-290, or high-GWP R-410A. Fig. 7 shows efficiencies of the
ost-efficient models relative to minimum energy performance
tandards (MEPS) or least-efficient labels, by region. Regardless
f refrigerant type in terms of GWP, RACs are available in these
egions that surpass the highest efficiency levels recognized by
abeling programs.

Research and development efforts are still underway on po-
ential low-GWP refrigerants that have attractive efficiency and
isk features; these encompass refrigerants with decreased
lammability, such as R-452B (a blend of R-125, R-1234yf, and R-
2) and R-466A (a blend of R-32, R-125, and CF-31), and natural
efrigerants such as hydrocarbons, including R-290 (Park and
hah, 2017; Honeywell Refrigerants, 2019).

.6. Metering devices and smart sensors

Metering devices control refrigerant flow. Common RAC me-
ering devices include those based on a capillary tube, fixed ori-
ice, thermal expansion valve, or electronic expansion valve. The
hermal expansion and electronic expansion valves provide the
ost accurate control. However, thermal expansion valves cannot
ontrol the wide range of refrigerant flows required by variable-
peed RACs; electronic expansion valves with well-designed con-
rol algorithms better serve those flow requirements.

Occupancy sensors reduce energy use by switching off elec-
rical devices when affected areas are vacant or inactive for pro-
onged periods. Smart sensors with advanced control algorithms
re being developed, for example, using integrated device sensors
nd intelligent home sensor networks to predict occupancy pat-
erns and save energy (Gerke et al., 2017). One manufacturer has
3168
developed RACs with integrated infrared sensors, which detect
occupant locations as well as floor and wall temperatures to
create a database of thermographic data. The intelligent sensor
processors optimize these inputs to save energy while the com-
fort of occupants is preserved. When people are in the room,
the airflow regulation for efficient operation is thought to re-
duce electricity consumption by up to 40%. When the room is
unoccupied, the system switches to an energy-saving mode that
further reduces energy use by 10% (Shah et al., 2013; Japan for
Sustainability (JFS), 2007).

Energy efficiency can also be improved via optimization of the
method for maintaining an adequately low evaporating temper-
ature to provide dehumidification. The most common approach
in the U.S. is to operate the evaporation cycle continuously at
a low enough temperature to provide dehumidification. In con-
trast, a two-stage approach is common in Japan, which allows
a higher-efficiency, high-temperature cycle of sensible cooling
to alternate with a lower-temperature dehumidification cycle
through addition of a second, dedicated expansion valve (Shah
et al., 2013). The winning technologies of the Global Cooling Prize
also optimized their dehumidification operation through smart
controls to the specific conditions required under the Prize cri-
teria (i.e., at or below 27 ◦C and 60% relative humidity) with very
little overcooling and much higher energy efficiency as compared
with the baseline unit (Kalanki et al., 2021).

3.7. Advanced technologies yet to be commercialized

Policy can help researchers and manufacturers overcome bar-
riers to achieving higher RAC efficiency and using low-GWP
refrigerants by supporting exploration of technical and economic
potential, helping small manufacturers build R&D capacity, form-
ing collaborations with global manufacturers, or establishing
other approaches aimed at technology transfer and capacity build-
ing (Park et al., 2019). In November 2019, the Global Cooling Prize
narrowed 139 applicant teams, representing 31 countries, to eight
finalists composed of established global RAC manufacturers, tech-
nology startups, and other organizations (Global Cooling Prize,
2021; Kalanki et al., 2021). The technologies employed across
these teams indicate several emerging RAC design trends, which
are described briefly here.

Evaporative cooling designs. Some applicants used the latent
heat of evaporation to lower the outdoor unit’s intake air tem-
perature via control technology that sprays water around the air
intake at high ambient temperatures and cooling loads. Other
applicants reduces the air temperature without adding humidity
by using a hybrid solution that integrates membrane technologies
with an evaporative cooling system to cool without using any
refrigerant.

Smart hybrid designs. Some applicants optimized indoor cooling
using smart operation in multiple modes of vapor-compression
refrigeration, direct evaporative cooling, and ventilation depend-
ing on outside weather conditions. Hybrid designs included fea-
tures compatible with renewable energy systems: integrating a
solar photovoltaic panel into the outdoor unit or employing DC
electrical components.

Solid-state materials. Some applicants used solid-state
barocaloric cooling technology, which uses plastic crystals to
eliminate the need for conventional vapor-compression tech-
nology. These solid organic materials behave like commonly
used refrigerants; the process of applying and releasing pres-
sure results in solid-to-solid phase changes in the crystals and
large thermal changes due to molecular reconfiguration. The

plastic crystals are purportedly widely available, low cost, and
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on-toxic. Recent research has also explored magnetocaloric ma-
erials which generate a temperature difference when exposed
o a strong magnetic field (Kitanovski, 2020). However, both
arocaloric and magnetocaloric technologies are still in an early
tage and need further research and development in order to be
eployed in commercially available cooling applications such as
ir-conditioning.

hermally-driven technologies. These technologies include re-
ent research on liquid desiccants and membrane desiccants
hich dehumidify incoming air using the desiccant (which is then
egenerated using heat) (Chen et al., 2020). Smart hybrid systems
ay include combinations of such desiccant technology. How-
ver, desiccant dehumidification technology is also apparently at
n early stage and not yet mature enough to compete on cost
erms with dehumidification by overcooling using conventional
apor compression systems. As the cooling market grows faster
n hot and humid regions of the world that use cooling systems
or both cooling and dehumidification, these technologies as
ell as hybrid systems that use both vapor compression and
esiccants are likely to become increasingly commercially viable.
owever, this will require better energy efficiency metrics and
est procedures that capture this improvement in performance
dequately.

. Summary

By documenting best-in-class technologies and design strate-
ies for ductless split RACs (focusing on residential and light
ommercial applications), this paper can help support design of
arket-transformation programs to accelerate development and
eployment of high-efficiency products. The following are our key
indings:

• To minimize manufacturing costs, manufacturers tend to
use RAC designs that are readily available (or standardized
to their production) and share components across various
RAC models that they produce.

• Historically, RAC efficiency improvements focused on full-
load operation. More recently, manufacturers have been im-
proving seasonal efficiency, which better reflects part-load
operation.

• RAC seasonal efficiency is enhanced as performance im-
proves at reduced refrigerant flow rates (i.e., under part-
load operation), compared to RACs that cycle on and off
at full speed. Variable-speed (inverter) technology greatly
improves seasonal efficiency, matching capacity with load
under most conditions and eliminating the losses associated
with RACs that cycle on and off at full speed.

• High-efficiency RAC models use advanced compressor tech-
nologies optimized at a low frequency, large heat exchang-
ers with thermodynamically effective materials and designs
including reduced-diameter tubes, highly efficient DC fan
motors, advanced metering devices, and smart sensors for
temperature and humidity control.

• Recent highest-efficiency RAC models use the low-GWP re-
frigerants R-32 and R-290, having transitioned from the con-
ventional R-410A, depending on regional standards. When
adopting a new refrigerant, manufacturers balance perfor-
mance and safety with materials considerations, cost, and
environmental impact, to achieve comparable or better per-
formance in relation to conventional refrigerants.

• Advanced technologies yet to be commercialized include
evaporative cooling, smart hybrid designs (with vapor com-
pression, evaporative cooling, and renewable energy com-
patibility), and solid-state materials that do not require the
conventional vapor-compression and refrigerant technolo-
gies.
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