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Abstract: This article provides an overview of residential vapor-compression air conditioners oper-
ating under high ambient temperatures (HAT). For the purpose of this article, a minimum temper-
ature criterion, 40 °C and above, was developed to evaluate studies that were conducted at HAT.
Several HAT organizations and projects were launched with the purpose of assessing the perfor-
mance of low-GWP (GWP = global warming potential) refrigerants when operating under HAT and
accelerating the transition to such refrigerants. Previous studies of air conditioner improvements
(i.e., for condensers, evaporators, compressors, and refrigerants) were discussed under HAT condi-
tions. This article also explores the challenges, the possible design modifications, and several limi-
tations of air conditioners operating under HAT. Condenser improvements showed an 18 to 50%
higher coefficient of performance (COP) and an 8 to 30% higher cooling capacity. Only one study
was found for evaporator enhancement under HAT which improved the COP by ~7% and cooling
capacity by ~10%. Experimental compressor improvements achieved 2 to 17 °C lower discharge
temperature and up to 15% higher cooling capacity, whereas the COP ranged from —4% to +3% of
the baseline values. Under HAT conditions, several A2L refrigerants exhibited an attractive perfor-
mance compared to R-410A while none outperformed R-22 in terms of both cooling capacity and
COP. Considering R-22 alternatives, all Al refrigerants exhibited lower COP, A2L refrigerants
achieved comparable COP, and A3 refrigerants reached higher COP.

Keywords: high ambient temperature; hot ambient; hot climate; air conditioning; global warming;
climate change; cooling

1. Introduction

The purpose of this article is to evaluate previous reports related to residential air
conditioning systems under high ambient temperatures (HAT) and provide an overview
of what has been carried out in this area to date. Most studies investigated residential air
conditioners at a wide range of temperatures and hence it can be difficult and time-con-
suming to evaluate the results only at HAT, especially since there is no common temper-
ature cut-off. Therefore, this article can be helpful for researchers who are interested in
this topic for the following reasons: (i) it defines a criterion that segregates the moderate
and high ambient temperatures, (ii) it shows the improvements of each technique com-
pared to the baseline under HAT, (iii) it helps in avoiding repeated research work, (iv) it
illustrates how A2L and A3 refrigerants operate under HAT compared with baseline re-
frigerants (e.g., R-410A and R-22), and (v) it recommends promising techniques for further
development of AC units with A2L refrigerants under HAT. Lastly, to the best of the au-
thors” knowledge, there is no review article that particularly discusses residential air con-
ditioners operating under HAT. Section 1 reviews the main issues associated with HAT
and their impacts on different regions of the world. Section 2 explains the approach fol-
lowed to find interdisciplinary articles related to this study. Section 3 provides a brief
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description of different HAT organizations and projects. Section 4 discusses the literature
studies of the main components of residential vapor compression systems operating un-
der high ambient temperatures. In Section 5, various design modifications for residential
air conditioners under high ambients are explored. Limiting factors of air conditioners
operating under HAT conditions corresponding to Kuwait and Phoenix, Arizona, USA
are investigated in Section 6. Section 7 summarizes the primary findings of the Section 4
literature studies.

Air conditioners operating under HAT must overcome high summer loads, high dis-
charge temperature, and performance degradation. Consequently, to reduce both direct
and indirect emissions, regulatory jurisdictions have added more requirements such as
minimum energy efficiency and environmentally friendly refrigerants. The use of air con-
ditioners in hot regions will be increasingly popular as a result of population and eco-
nomic growth, which may affect the environment adversely, directly and indirectly if no
mitigation measures are taken. Therefore, the problem becomes more complex and needs
design modifications to alleviate the unit performance degradation, accelerate the use of
environmentally friendly refrigerants, and comply with the minimum energy require-
ments under HAT conditions.

1.1. Climate Change

Since the discovery of modern electric air conditioners by Willis Carrier, there are
now ~2 billion air conditioning units that have been installed globally [1]. The use of air
conditioning has improved living standards by reducing heat exposure and providing
comfortable indoor conditions. Hence, it became a necessity rather than a luxury in hot
climates. In 2018, the percentage of households with air conditioners reached ~90% in
some countries (i.e., USA and Japan) and less than 10% in other countries [1]. Moreover,
~69% of the installed units worldwide are attributed to China, the USA, Japan, and Korea,
respectively, from highest to lowest. However, this is expected to change substantially in
the next 30 years. The use of air conditioners will become increasingly popular as a result
of population and economic growth, especially in hot regions [1]. By 2038, installed units
are expected to double, reaching 4 billion units. India is expected to be the second-largest
country in installed household air conditioners. The expansion of installed units is ex-
pected to improve human wellbeing in hot countries but can adversely affect the climate.
In 2018, the International Energy Agency (IEA) stated that the energy consumption of air
conditioners, including electric fans, accounted for 10% of global energy consumption and
is expected to triple in the next 30 years [1]. The expected boom of air conditioners will
cause a high electricity demand that utilities must be able to provide without harming the
environment. “Growing demand for air conditioners is one of the most critical blind spots
in today’s energy debate”, according to the IEA Executive Director [2].

Air conditioning systems interact with the environment mainly in three ways: elec-
tricity consumption, refrigerant leakage to the atmosphere, and heat rejected to the ambi-
ent. Electricity is produced primarily by burning fossil fuels, which represent ~63% of
global electricity sources [3]. This process involves the releasing of greenhouse gases
(GHG), mainly CO, into the atmosphere and eventually contributes to global warming.
In fact, 25% of global GHG is due to electricity and heat production, which are the largest
global sources of GHG [4]. Hence, the increase in the number of air conditioners indirectly
increases the amount of CO:z in the atmosphere. Moreover, refrigerators and air condition-
ers have been using several types of working fluids since the last century including: chlor-
ofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and hydrofluorocarbons
(HECs).

A leakage of those fluids can occur multiple times during the lifecycle of an air con-
ditioner, for several reasons. Unfortunately, the environmental effects of those substances
were not always well perceived when they were introduced. Later on, researchers discov-
ered the environmental effect of these refrigerants, which are depleting the ozone layer
and acting as potent GHG, up to 1000 times stronger than CO2. Moreover, the way that
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air conditioners work is to pump heat from the indoors to the outdoors, which can worsen
the heat island effect and increase the cooling demand [5,6]. For example, a study con-
ducted in Phoenix, Arizona, USA found that while the effect of waste heat was negligible
during the day it was substantial at night. Up to 1 °C of ambient temperature increase was
observed at night, which may lead to a negative feedback loop between energy consump-
tion and the heat island effect [7,8].

In 1984, a catastrophic impact of refrigerants was discovered —an ozone hole over
Antarctica, and was attributed to the released chemicals (i.e., CFCs and HCFCs). As a re-
sult, the Vienna Convention was held in 1985 and was followed by the adoption of the
Montreal Protocol in 1987, which mandated a total phase-out of HCFCs and CFCs [9].
HFCs were used as replacements for the banned refrigerants but as mentioned above they
have a high effect on global warming. The world also started to observe that the earth’s
average temperature has been increasing since the pre-industrial era due to human activ-
ities that involved high emissions of GHGs [10], especially in the last 4 decades. Conse-
quently, in 1997, the Kyoto Protocol was adopted to limit and reduce GHG emissions,
especially in industrialized countries. There is a continuation of the United Nations
Framework Convention on Climate Change (UNFCCC) meetings since the Kyoto Protocol
with the goal of preventing harmful human activities from interfering with the climate
system, including the Paris Agreement in 2015, which aims to limit global warming to
well below 2 °C compared to pre-industrial levels. In fact, the earth’s temperature was
recorded in 2016 as the highest on record and was estimated to be ~1 °C warmer than the
pre-industrial level [11]. In 2016, an important update to the Montreal Protocol was made
in the Kigali Amendment and ratified by ~170 countries. This amendment aims to phase
down the production and consumption of HFCs by more than 80% by 2047, and eventu-
ally limit the earth’s temperature increase to below 1.5 °C.

Now that we have better scientific evidence on the environmental effects of human
activities and the expected population growth, several measures can be taken to protect
the environment. Further reductions in CO: emissions can be achieved by using alterna-
tive low global warming potential (GWP) refrigerants, energy-efficient systems, and more
clean energy sources. Various alternative low-GWP refrigerants were found as suitable
replacements but the search is still ongoing for high ambient temperature (HAT) coun-
tries. Furthermore, air conditioning manufacturers are improving the systems through
several component changes (i.e., fans, compressors, etc.). Higher energy efficiency can also
be promoted by governments in several ways, such as by setting minimum efficiency re-
quirements and giving incentives to those who adopt them. For example, the Department
of Energy (DOE) in the USA has imposed a minimum energy efficiency standard on ap-
pliances while the USA Environmental Protection Agency (EPA) developed the ENERGY
STAR program to provide a label on efficient appliances in the market [12,13]. According
to the IEA, a reduction of ~40% in energy demand can be achieved, in 2040, by following
efficient cooling strategies [1].

1.2. High Ambient Temperature Regions

The high ambient temperature (HAT) exemption of the Kigali Amendment included
34 countries where suitable alternative refrigerants did not appear to exist [14]. Fifteen of
those countries are recognized by the United Nations (UN) as least developed countries
(LDC), contributing ~2.5% of the world population [15]. According to the UN, LDCs are
at high risk of any disaster (i.e., economic, natural, epidemic) and have more than 75% of
their population living in poverty [15]. Therefore, they need special consideration when
implementing changes related to global warming. Gulf Cooperation Council (GCC) coun-
tries are also included in the exemption due to extreme temperatures in the summer.

The ANSI/ASHRAE standard 169-2021 [16] classified thermal climate zones based on
Heating or Cooling Degree Days (HDD or CDD). The use of only average temperatures
to classify thermal climate zones, however, can be misleading by averaging out an im-
portant factor—temperature variations. The CDD Equation (1), shown below, measures
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how hot the temperature is during a period of days relative to a reference temperature
[17]:

Thigh — Tu
CDD = Z [% - TReference] 1)

Figure 1 shows the Cooling Degree Days (CDD) and average high temperature of the
hottest month in a number of HAT countries [18,19]. The included HAT countries were
selected based on location, average high temperature, and economic condition. Since all
exempted HAT countries lie in the Northern Hemisphere, 12 countries from various re-
gions of Africa (i.e., Western, Central, Eastern, and Northern) and 7 countries from West-
ern Asia (i.e., the Arabian Peninsula) were selected. Omitted HAT countries are not ex-
pected to show significantly different results given that their average high temperatures
are within the range of the included HAT countries. Furthermore, Phoenix, Arizona, USA
was included in the analysis since it has considerably high summer temperatures, yet is
not included in the exemption of the Kigali Amendment. It must be noted that there is
more than one climate zone for large countries, which can give different CDD and tem-
perature values. Moreover, CDD or average high temperature does not show the humid-
ity levels in which some coastal countries may have mildly hot temperatures but ex-
tremely high humidity values. However, in this study, we are more concerned with the
ambient temperature and its effect on the air conditioning system.

CDD 10°C
8000 50
Extremely Hot Region -
7500
& [ '7 - — 40
7000 ol —
— — — O
6500 H_ = = =
O < = — ] 08
Very Hot Region =
5500 o
sooo - _BL -
Hot Region foes
4500 10
4000
3500 0
> o & > NG N N S > o X O & & S o @ 3
(9 o N @ N N e A 12 & S G > Vol N G & Q
'b"%l- g\’b@ Q,Q\§) & Q'§OO (o’l'S$<> fé“’o’ - ‘;\% &q’ 7S N dé& © .vgb q;'}\k ? 0& ‘?'{\l\‘o @3\
: QS 1 >
o & o g
Q:"F\(\ & xi\“’o(\ o i g
Na
(’b
(F‘é [—CDhD Avg. High Ambient Temperature (°C)

Figure 1. Average high ambient temperature for the hottest month of the year [18] and CDD*®10 [19]
for a number of high ambient temperature countries and regions.

ASHRAE classification of climate zones is shown in Table 1, where Climate Zone 0,
or Extremely Hot, was introduced in 2013 [20]. Despite the fact that approximately 10% of
USA counties have shifted to a warmer climate zone, no location falls under the Extremely
Hot zone [20,21]. “For the HAT exemption to apply, a country must have an average of at
least two months per year over ten consecutive years with a peak monthly average tem-
perature above 35 °C”, according to the exemption criteria of the Montreal Protocol [14].
Table 2 shows that almost all HAT countries defined by the Montreal Protocol fall under
the Extremely Hot zone, while Phoenix, Arizona, USA lies in the Very Hot zone. The av-
erage high temperatures for the hottest month of the year range from 32 °C to 46 °C for
Togo and Kuwait, respectively. In comparison, the average high temperature for Phoenix,
Arizona, USA is relatively high, but the CDD is the lowest, which implies that the summer
season can reach very high temperatures, yet the yearly values are tolerable. On the other
hand, Togo has the lowest average high temperature but a relatively high CDD value due
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to moderate summer temperatures and almost constant ambient temperature throughout
the year, ranging approximately from 23 to 32 °C [18].

Table 1. Thermal climate zone definitions from ASHRAE STANDARD 169-2021 [16.]

Thermal Zone Name

SI Units

Extremely hot
Very hot
Hot
Warm
Mixed
Cool
Cold
Very cold

N N U W NP O

Subarctic/arctic

6000 < CDD10°C
5000 < CDD10°C < 6000
3500 < CDD10°C < 5000
CDD10 °C < 3500 and HDD18.3 °C < 2000
CDD10 °C < 3500 and 2000 < HDD18.3 °C < 3000
CDD10 °C < 3500 and 3000 < HDD18.3°C < 4000
4000 < HDD18.3°C < 5000
5000 < HDD18.3°C < 7000
7000 < HDD18.3 °C

From the previous examples of Togo and Phoenix, Arizona, USA it was clear that
applying either the ASHRAE classification or the HAT definition of the Montreal Protocol
may result in regions with mild temperatures, such as Togo, or omit regions with high
ambients such as Phoenix, Arizona, USA. Furthermore, since there was no temperature
cut-off for HAT countries in the previously mentioned methods, it is essential to define a
temperature threshold for the purpose of this study. Based on the mean of average high
temperatures of Extremely Hot countries exempted by the Montreal Protocol, in Table 2,
high ambient temperature (HAT) conditions are defined here to be 40 °C and above, for

the subsequent sections.

Table 2. Average high temperature for the hottest month of the year [18] and CDD°10 [19]

Average High Ambient

Country Station ! CDD°10! Temperature (°C) 2 Climate Zone
Benin Parakou, BJ (2.61 E,9.36 N) 6412 36 Extremely Hot
Burkina Faso Ouagadougou, BF (1.51 W,12.35 N) 7081 39 Extremely Hot
Central African Republic Bangui, CF (18.52 E,4.40 N) 6270 34 Extremely Hot
Chad Ndjamena, TD (15.03 E,12.13 N) 7086 41 Extremely Hot
Djibouti Camp Lemonier, DJ (43.15 E,11.55 N) 7387 41 Extremely Hot

Gambia Banjul/Yundum, GM (16.63 W,13.20 N) 5933 34 Very Hot
Guinea-Bissau Bissau Aeroport, GW (15.65 W,11.89 N) 6258 35 Extremely Hot
Mali Bamako/Senou, ML (7.95 W,12.53 N) 6730 39 Extremely Hot
Niger Niamey-Aero, NE (2.17 E,13.48 N) 7675 41 Extremely Hot
Senegal Tambacounda, SN (13.68 W,13.77 N) 7415 40 Extremely Hot
Togo Lome, TG (1.25 E,6.17 N) 6574 32 Extremely Hot
Kuwait Kuwait International Airport, KW (47.98 E,29.22 N) 6784 46 Extremely Hot
Iraq Al Najaf International Airport, IQ (44.40 E,31.99 N) 6124 45 Extremely Hot
Qatar Doha International Airport, QA (51.57 E,25.26 N) 7087 41 Extremely Hot
UAE Abu Dhabi InternationalNA)irport, AE (54.65E,24.43 7100 0 Extremely Hot
Saudi Arabia King Khaled Imegi‘g’gi{f“}’(’“’ 5A (16.72 6492 13 Extremely Hot
Bahrain Bahrain International Airport, BH (50.63 E,26.27 N) 6784 38 Extremely Hot
Oman Seeb International Airport, OM (58.28 E,23.59 N) 6946 38 Extremely Hot

X Phoenix Sky Harbor International Airport, AZ, US

USA, Arizona y (11201 W 3343 N) P 5360 41 Very Hot

Egypt Luxor, EG (32.71 E,25.67 N) 6118 41 Extremely Hot

! Obtained from [19] over the period of 1 Decemebr 2020 to 31 November 2021. 2 Obtained from [18]

over the period of 2014 to 2021.
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1.3. Challenges at High Ambient Temperatures
1.3.1. Energy Consumption and AC Performance

The energy efficiency and cooling capacity of air conditioners degrade as outdoor
temperature increases. In most studies mentioned in this article, the degradation becomes
substantial at high ambient temperature (HAT) conditions (i.e., 40 °C and above). The en-
ergy efficiency of an air conditioner can be described by its coefficient of performance
(COP), which equals cooling capacity divided by energy consumption. Hence, the de-
crease in COP is observed with not only lower cooling capacity but even higher energy
consumption. The ideal COP, COPqrpor = T /(Ty — T,) — in Kelvin, can be used to ex-
plore the effect of outdoor temperatures on a system'’s performance. For example, when
the indoor temperature is held constant at 18 °C, while the outdoor temperature is in-
creased from 35 °C to 55 °C, the degradation of ideal COP is ~54%. In addition, the per-
formance of an air conditioner can be greatly affected by refrigerant type, therefore, alter-
natives not only must have low GWP but show similar performance to the replaced re-
frigerants. As a result, an exemption of 34 developing countries was given to delay the
phase-down of HFCs due to the apparent absence of suitable alternatives under HAT con-
ditions [14].

An increase in energy consumption and demand during elevated ambient tempera-
tures imposes high loads on electricity providers to satisfy the peak load demand. For
example, household air conditioners in Kuwait account for 67% of residential electricity
consumption and 72% of residential peak demand [22]. The ubiquitous usage of air con-
ditioners poses heavy loads on electricity grids and increases the risk of power outages.
This may even require investments in new systems. Consequently, fossil fuel power sta-
tions will release even higher amounts of GHGs which, in turn, increase global warming.
Lundgren-Kownacki et al. [8] expect the increase in cooling demands to be more focused
on fast-growing dense cities in tropical and subtropical regions. Moreover, as the global
warming effect is increasing, hot regions are expected to have higher temperatures for
longer periods and even more frequent heat waves [23]. The USA EPA stated that if the
USA climate warms by 1 °C, an increase in electricity demand for cooling is expected to
be 5 to 20% higher. This may strain the electricity grid and lead to power outages [24].
Since there appears to be no viable alternative refrigerant available for HAT countries,
they are expected to move from HCFC to HFC refrigerants which have significant Global
Warming Potential (GWP) values. As discussed in the previous section, all HAT countries
are considered developing countries in Article 5 of the Montreal Protocol, and 15 countries
are recognized as least developed countries (LDC) [15,25]. It is clear that the majority of
those countries do not have the cutting-edge technology or advanced research and devel-
opment (R & D) capability to handle this issue. Therefore, the support of developed coun-
tries is much needed to overcome this obstacle and transition to efficient air conditioning
using low-GWP refrigerants.

1.3.2. Socio-Economic Impacts

The overall cost of an air conditioner includes the initial purchase price, maintenance
costs, and energy cost. Hence, all of which must be considered in addition to the system
efficiency, when comparing multiple brands. A higher efficiency system is usually more
expensive upfront but yields lower energy costs and lower rates of degradation [26]. Fur-
thermore, some low-GWP refrigerants are significantly expensive, such as R-1234yf,
which reached prices up to 10 times higher than the baseline R-134a [27]. Owing to the
Kigali Amendment, the phase down of HFCs may increase their prices due to lower global
production, especially since Non-Article 5 countries (i.e., developed nations) are sched-
uled to reduce 70% of HFC production and consumption by 2024, whereas Article 5 coun-
tries (i.e., developing nations) are scheduled to reduce only 10% until 2035 [28].

The increase in energy consumption and demand during peak hours can lead to ex-
tending power plants or even building new ones, to keep up with the demand. As a result,
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energy prices can be affected and hence consumers may pay part of this cost, especially in
the summer [29]. Looking at the total accrued expenses of an air conditioner, richer seg-
ments of society are more likely to afford the costs than poorer segments causing thermal
inequities and inequalities of heat mortality [8]. This can be even more difficult for less
developed countries (LDC) where they have less access to electricity and may end up liv-
ing in uncomfortable conditions.

1.3.3. Human Health Impact

The human body has a core temperature of 37 °C, on average, and needs a comfort-
able surrounding environment to avoid health problems related to temperature. Exposure
to high ambient temperatures for prolonged periods can cause the body to overheat lead-
ing to heat stroke, which can affect organs (i.e., brain, heart, kidney, etc.) and may lead to
death [30]. Therefore, the International Organization for Standardization (ISO) introduced
the Wet Bulb Globe Temperature (WBGT) index to assess the heat stress on individuals
who are working in hot environments [31]. The WBGT index considers four environmen-
tal factors that can contribute to human heat stress: air temperature, radiant temperature,
air speed, and humidity [32].

Sanderson et al. [33] performed an extensive study of mortality due to high ambient
temperatures and found that cases are expected to increase under global warming. Studies
have also shown that the human body can acclimatize to hot climates and thus reduce the
risk of heat exposure. However, it is not known to what extent [34]. A study conducted in
16 countries has shown the temperature of increased mortality risk varies in different re-
gions and was found to be higher in hot regions [35]. Moreover, Thompson et al. found
that higher ambient temperatures increased suicide risk and recommended that mental
health problems should be included in health response plans for high ambient tempera-
tures [36].

1.3.4. Possible Mitigations

The challenges of high ambient temperatures are complex and there is no single so-
lution to overcome those concerns. There are several solutions that can help in reducing
the impact of high ambient temperatures which should be implemented by individuals
and governments. Awareness campaigns to educate people about the current climate
change dilemma and how to improve their energy consumption behavior should be a top
priority for regulatory authorities. Additionally, average individuals must understand the
benefit of transferring to a more efficient system (i.e., lower energy bills, longer life span,
better performance, less environmental impacts, etc.). Governments must implement ef-
fective strategies for supporting consumers and encouraging them to use efficient sys-
tems. Those strategies include subsidizing efficient air conditioners, subsidizing new low-
GWP refrigerants, setting minimum thermostat temperatures during peak hours, and im-
posing minimum energy standards. Successful implementation of such solutions will save
energy for individuals and utilities as well as reduce CO: emissions.

2. Research Methodology

The purpose of this article is to evaluate previous studies related to residential air
conditioning systems under high ambient temperatures and provide an overview of what
has been carried out in this area so far. Initially, a minimum temperature criterion was
developed, as mentioned in Section 1.2, to evaluate studies that focused only on hot am-
bient temperatures. A systematic search was developed in a multidisciplinary manner to
include all related topics including engineering, industrial design, health, environment,
and renewable energy. The database search was conducted mainly using the “ASU Li-
brary One Search” engine, which at first assessed any air conditioning system operating
under high ambient temperatures. After careful review of each article, only those meeting
the 40 °C and above criterion were included. Lastly, the goal was changed to focus only
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on high ambient temperatures for residential air conditioning systems. It is noted that
throughout the review process, new topics were discovered to be related to the purpose
of this study, and hence further research was conducted.

3. High Ambient Temperature Organizations and Projects

As mentioned in Section 1.3.1 the performance of an air conditioner degrades sub-
stantially at higher ambient temperatures. Hence, a major concern is how low global
warming (GWP) alternative refrigerants perform under high ambient temperatures
(HAT). To tackle this problem, the US Department of Energy, in cooperation with Oak
Ridge National Laboratory, initiated an alternative refrigerant evaluation program specif-
ically under HAT [37,38]. The program goal was to study the performance of low-GWP
alternatives and compare them with R-410 and R-22, as baselines. International experts
from various areas guided the program to ensure successful implementation. Moreover,
the United Nations Environment Programme (UNEP) and United Nations Industrial De-
velopment Organization (UNIDO) sponsored two more programs with the same objec-
tive. The first was Promoting Low-GWP Alternative Refrigerants in the Air Conditioning
Industry for High Ambient Conditions (PRAHA), while the second was the Egyptian Pro-
gram for Promoting Low-GWP Refrigerants (EGYPRA) [39,40]. Lastly, the Air Condition-
ing, Heating, and Refrigeration Institute (AHRI) conducted the Low-GWP Alternative Re-
frigerants Evaluation Program (Low-GWP AREP), through AHRI participants [41]. The
main findings of the ORNL and AHRI Low-GWP AREP programs are summarized in
Section 7.

3.1. Oak Ridge National Laboratory (ORNL)

The ORNL high ambient temperature program aimed to find low-GWP alternatives
for CFCs and HCFCs in mini-split and rooftop air conditioners [37,38]. The program eval-
uated alternative low-GWP refrigerants in ~136 tests using soft-optimized mini-split air
conditioners, provided by Carrier, and drop-in rooftop units, provided by SKM and Petra,
under ambient temperatures up to 55 °C. Each test (i.e., drop-in and soft-optimized) in-
cluded units designed for R-22 and R-410A as baselines. The alternative refrigerant selec-
tion was guided by an expert panel that included subject experts from different countries
and UNEP and UNIDO personnel. Program results at high ambient temperatures (HAT)
are shown in Section 7.

It must be observed that each testing program had different procedures, units, testing
conditions, and levels of testing (i.e., drop-in, soft-optimized, purpose-built). Therefore,
the results are not meant for direct comparison but, altogether, the findings can be used
to understand the overall behavior of each alternative refrigerant. More comprehensive
insights can be obtained by including additional factors such as metering device adjust-
ments, charge quantity, and compressor speed to avoid any misinterpretation when com-
paring different systems [42].

3.2. AHRI Low-GWP Alternative Refrigerants Evaluation Program (AREP)

In response to the global warming effect of HFCs and other refrigerants, AHRI
launched an industry-wide program (Low-GWP AREP) to assess new refrigerants and
accelerate the transition to low-GWP refrigerants [41]. The evaluation of alternative refrig-
erants was performed in different applications including air conditioners, ice makers, and
chillers. The program included a major category of tests under high ambient temperatures
(HAT). Those reports include drop-in and soft-optimized testing with wide capacities of
R-410A residential systems. AHRI required participating companies to conduct the tests
at their facility using their own equipment, except for measuring the heat transfer coeffi-
cient. Nevertheless, AHRI played an important role in coordinating companies to avoid
any duplicative work. All test reports were published and can be found on the AHRI web-
site. Program results at high ambient temperatures (HAT) are shown in Section 7.
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3.3. Promoting Low-GWP Refrigerants for Air-Conditioning Sectors in High-Ambient
Temperature Countries (PRAHA)

PRAHA was a project that aimed to support the assessment of alternative refriger-
ants for air conditioners in high ambient temperature (HAT) countries [40,43,44]. The pro-
ject was implemented by UNEP and UNIDO in two phases: PRAHA-I and PRAHA-IIL.
PRAHA had seven local participating manufacturers from Saudi Arabia, Bahrain, Kuwait
and the United Arab Emirates, and six international technology providers. PRAHA-I of-
fered collaborative work in the regional air conditioning industry which involved build-
ing prototypes and testing alternative refrigerants and identifying minimum energy re-
quirements for new systems. In addition, the project was able to coordinate with various
component manufacturers to design compressors that are able to work efficiently with
alternative refrigerants under HAT. The main findings of PRAHA-I are: (i) viable alterna-
tive refrigerants do exist at HAT but their optimization required some design modifica-
tions, and (ii) risk assessment is needed in order to safely use flammable refrigerants in
HAT countries.

The second phase, PRAHA-II, focused on three elements: capacity building, design
optimization, and risk assessment. The first element was able to create a platform that
facilitated cooperation and exchange of knowledge among governments, research insti-
tutes, and industry associations. As a result of this awareness, the local industry started
testing potential alternative refrigerants to boost the selection process. The second element
focused on assessing and optimizing the prototype units. The design assessment involved
some modeling work to evaluate the system performance with different components. It
was highlighted that a major performance degradation occurred at ambients higher than
46 °C, and hence units were tested at this temperature. The aim of the last element was to
provide a risk assessment of using flammable alternative refrigerants in HAT countries.
An example of a risk assessment model was provided to test its applicability throughout
the life cycle of the equipment. Furthermore, PRAHA recommended that HAT countries
expand the assessment by incorporating several actual factors (e.g., local practices, cul-
tural aspects). This can achieve a better model of tailored risk assessment, especially since
the criteria for acceptable tolerances may differ among different countries.

3.4. Egyptian Program for Promoting Low-GWP Refriferants (EGYPRA)

EGYPRA is a project implemented by UNEP and UNIDO and initiated by the Arab
Republic of Egypt [39]. The program aimed to test 19 purpose-built prototypes with ded-
icated compressors from several manufacturers, and 16 base units using eight alternative
refrigerants under high ambient temperatures (HAT), while R-410A and R-22 are base-
lines. The systems were split and central units were tested at OEM labs at four different
indoor/outdoor temperatures according to the Egyptian Organization for Standardization
and Quality (EOS). It must be noted that testing conditions were different than ORNL and
AHRI-AREP and hence the refrigerants had different behaviors. Higher cooling capacities
were obtained at T4, than at T; outdoor temperatures (i.e., Thigp = 50°C and T5 =
46 °C). This was attributed to the difference between indoor and outdoor temperatures,
which affects the system efficiency, as explained in Section 1.3.1.

4. Residential Vapor Compression Systems at High Ambient Temperatures

Table 3 summarizes the studies on air conditioner improvements under HAT condi-
tions. Further details on each study are provided below.
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Table 3. Summary of studies related to air conditioner improvements at HAT conditions.

Authors

Objective Results

Hajidavalloo and
Eghtedari [45]

T. Wang et al. [46]

Achieved higher COP, higher cooling capacity, lower
compression ratio, lower electric current consumption,
and higher mass flow rate

Analyzed the improvement of direct evaporative cool-
ing (DEC) on a 1.5-ton split-unit condenser

I tigated the enh ts of direct ti

r\ve.s 1gate ¢ . ancements o 1rec. evaPora ! VLower compressor work, higher COP, and sub-cooling
cooling (DEC) applied to the condenser inlet air using,
R-410A improvements

Studied the performance improvement for window airSubmerged sub-cooler achieved up to ~5% higher COP

Shen and Bansal [47] conditioners when using submerged sub-cooler and/orwhile using both sub-cooler and slinger achieved up to

slinger ~7% higher COP

Eidan et al. [48]

Investigated the effect of direct evaporative cooling

Achieved high i ity and high P
(DEC) on the condenser inlet air in dry-hot climates chieved higher cooling capacity and higher CO

Bahman and Groll
[49]

Experimentally evaluated an interleaved evaporator
circuitry using a 17.6 kW environmental control unitAchieved higher COP and higher cooling capacity
(ECU) with R-407C

Al-Bakri and Ricco
[50]

Investigated the heat transfer performance of a hori-The condensation HTC increases with (i) higher mass
zontal microchannel condenser (i.e., local heat transferflow rate per unit area, (ii) higher vapor quality, (iii)
coefficient) using R-410A and a specifically designedsmaller hydraulic diameter, and (iv) lower ambient
test facility temperature

Lopez-Belchi [51]

Thy d i test at high lity,
Assessed the performance of R-134a, R-513A, and R- © pressure rop. 19 greatest at fugher quatty, mass
flow rate, and ambient temperature

1234vyf usi ini-ch 1 d t densi
34yf using a mm: C an?e con en:,er at con ensmgThe HTCs
temperatures of 40 °C, 50 °C, and 60 °C

are highest at high quality and mass flow rate
but lower ambient temperatures

Ketwong et al. [52]

Studied three factors affecting air temperature whenln hot-dry climates lower water-to-air mass ratio is rec-
implementing DEC: FW temperature, mass ratio of wa-ommended to achieve higher COP improvements while
ter to air, and air wet-bulb temperature (WBT) for bothin hot-humid climates, a higher water-to-air mass ratio
humid and dry climates. is recommended

Yang et al. [53]

Investigated an atomization cooling element (ACE) Achieved higher cooling capacity, lower power con-

sumption decreased, and higher COP

that uses condensate water to reduce the ambient air
before entering the condenser

Ding et al. [54]

Introduced a modified air source heat pump (ASHP)

system that aims to provide additional sub-cooling andImproved cooling capacity, increased power consump-
compressor injection, at medium pressure, by thetion, and lowered discharge temperatures.

means of an auxiliary circuit

Kang et al. [55]

At constant valve opening, there was a substantial dis-
Investigated the effect of liquid injection technique us-charge pressure increase beyond the 15% injection ratio.
ing an accumulator heat exchanger (AHX) At constant mass flow rate, the cooling capacity and

COP decreased as the injection ratio increased

X. Wang et al. [56]

Investigated two vapor-injection methods in an R-410AThe cooling capacity increased by 14 and 15%, and COP
11 kW residential heat pump increased by 4 and 2%, for IHXC and FTC, respectively

Bahman et al. [57]

The vapor injection method, at HAT, had higher COP

improvements for all refrigerants except R-1234yf and
Investigated the effect of two technologies on compres-provided lower discharge temperatures for all refriger-
sors: liquid flooded with regeneration and vapor injec-ants except R-32, compared to oil flooding

tion with economizing The vapor injection method showed the best perfor-
mance when using R-410A while oil flooding had better
performance using R-1234yf

Ribeiro [58]

Investigated the feasibility of using a novel refrigerat-The compressor shell temperature was always within 10
ing circuit to cool the outer shell of a compressor in a°C from the condensing temperature

compact vapor compression unit used at telecommuni-The cooling loop allowed the unit to work reliably un-
cation stations der a higher temperature range

Bahman et al. [59]

Assessed the improvement of retrofitting economizedThe EVI system improved the cooling capacity and COP
vapor injection (EVI) in a 17.6 kW environmental con-for both superheated injections by 12.7 and 3.1%, and
trol unit (ECU) saturated injections by 11.8 and 1.3%, respectively.
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The discharge temperature was lower by 5 and 1.7 °C
for saturated and superheated injections, respectively.

Higher ambient temperatures decreased viscosities but
Investigated the reliability of an R-290 rotary compres-did not have a major effect on solubility
J. Wuetal [60] sorunder various conditions using mineral oil and syn-Higher suction temperatures increased viscosities and
thetic oil (i.e., PAG) decreased solubility
Higher ambients decreased bearing film thickness

Investigated the variations of dynamic pressure and oilAt surface roughnesses of 0.2 and 0.6 um, the peak con-
C. Wang et al. [61] viscosity of an R-290 rotary compressor using a 2.82tact forces were 3 and 174 N, and the minimum oil film
kWi room air conditioner thicknesses were 0.44 and 0.6 um, respectively

Fluids with low critical temperature exhibited a large
Simulated the performance of a vapor compression sys-reduction in cooling capacity, while the compressor
Motta et al. [62] tem with R-22 and four alternatives: R-134a, R-290, R-power increase was unaffected
410A and R-407C Adding a liquid-line/suction-line heat exchanger im-
proved the COP for all refrigerants

Compared the performance of R-22 and R-410A in aThe performance degradation was higher for R-410A as
split air conditioning system outdoor temperature increased

At 544 °C outdoor temperature, R-410A exhibited
lower cooling capacity and COP compared to R-22
R-407C had lower cooling capacity, lower COP, and
higher power consumption, compared to R-22

Payne et al. [63]

Assessed the performance of R-407C in a 5.28 kW win-

D L. [64
evotta et al. [64] dow air conditioning unit designed for R-22

Discharge pressure of R-407C was higher than R-22

Assessed the performance of R-290 as a drop-in using aR-290 had lower cooling capacity, higher COP, and

D L
evotta et al. [63] 5.13 kW window air conditioner designed for R-22  lower power consumption, compared to R-22

The discharge pressure of R-290 was lower than R-22
R-1270 had higher cooling capacity, and higher COP
Investigated the possibility of using alternative drop-incompared to R-407C
Westphalen [66] refrigerants instead of R-407C in an environmental con-The ECU size could be reduced by 50 mm (i.e., conden-
trol unit (ECU) ser height) and still maintain the baseline refrigerant
performance

Investigated the feasibility of R-161 in a residential airR-161 exhibited lower cooling capacity, higher COP,

Y. Wu et al. [67
uetal [67] conditioner and lower discharge temperature compared to R-22

R-32 had higher cooling capacity, similar COP, and 20
Compared the drop-in performance of R-32 and R-to 30 °C higher discharge temperature compared to R-

Barveand Cremaschiy, 0\ ing a 17.6 kW split heat pump with R-410A410A

68
[68] in residential applications R-1234yf had 50% lower cooling capacity, higher COP,
and lower discharge temperature compared to R-410A
DR-5 achieved higher cooling capacity and higher COP
d to R-410A, while DR-4 exhibited 1 1-
. Assessed the characteristics of new low-GWP refriger-fjompare . © . whe exiuhied Tower €00
Biswas and ing capacity and higher COP compared to R-410A

ants DR-4 and DR-5 as a drop-in, using a 17.6 kW split

Cremaschi [69] heat pump with R-410A in residential applications

Optimization increased the cooling capacity of DR-4 by
5 to 8% and COP by 2 to 6%, with respect to values from

the drop-in test

R-290 had lower cooling capacity and higher COP com-
pared to R-22, while R-1270 achieved higher cooling ca-
pacity and higher COP, compared to R-22

Investigated the performance of R-290 and R-1270 in a

J-H. Wuetal. [70] 2.4 kW wall room air conditioner designed for R-22

After retrofitting the larger displacement compressor,
the cooling capacity increased by approximately 9 and
15% while COP decreased by about 9 and 2%, for R-290

and R-1270, respectively

R-290 system had the smallest optimum charge, power
Compared the performance of R-22 and three alterna-consumption, condensing temperature, pressure ratio,
tives: R-410A, R-407C, and R-290, in 3.52 and 7.03 kWwand highest COP
residential split air conditioners Results showed that R-290 had the smallest value of
TEWI

Joudi and Al-Amir
[71]
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Sethi et al. [72]

The cooling capacity and COP for R-444B were within
2% of R-22, while R-407C had 2 to 3% lower cooling ca-

Evaluated alternative low-GWP refrigerant of R-22 in apacity and 4 to 7% lower COP compared to R-22

6.2 kW mini-split ai diti
fh TRHL-SPAL atr condrtioner R-444B had the lowest direct environmental impact due

to its low GWP, low charge, and energy efficiency

R-22 alternatives: A2L had slightly higher discharge
temperatures, cooling capacity within 5%, and COP
Evaluated alternative low-GWP refrigerants of both R-within ~10%, while A3 had lower discharge tempera-

Abdelaziz et al. [37] 410A and R-22, using soft optimized 5.25 kWu mini-tures, ~8% higher COP but within 10% lower cooling ca-

split air conditioners pacity
All R-410A alternatives were A2L and showed promis-
ing results as alternatives at high ambients

Abdelaziz et al. [38] for R-410A and R-22, using 27.2 and 38.7 kW roof top.

Evaluated drop-in alternative low-GWP refrlgerantsL 412(R-447B) and ARM-71a achieved higher COP and

units higher cooling capacity, compared to R-410A

ARM-20a achieved about 1% higher COP and L-20A(R-
444B) achieved about 2% higher cooling capacity, com-
pared to R-22

Taira et al. [73]

At the same cooling capacity, the HFO mix had higher
Investigated the performance of low-GWP HFO-mixcompressor speed, higher power input, and lower COP
refrigerant R-32/R-125/R-1234yf (67/7/26) and R-32 us-compared to R-32.
ing a 7.1 kW mini-split air conditioner The discharge temperature of R-32 was higher by 3.5 to
5.5 °C than the HFO mix

Orug et al. [74]

R-22 had the highest cooling capacity, lowest compres-
Evaluated R-22 drop-in alternatives, R-422A, R-422D,sion ratio, and highest COP, while R-424A had compa-
R-417A, and R-424A using a 2.05 kWu split air condi-rable performance
tioner with a rotary compressor and capillary tube ex-R-424A discharge temperature, cooling capacity, and
pansion device COP were lower than the baseline by 19 °C, 20%, and
2.5%, respectively

4.1. Evaporators and Condensers
4.1.1. Introduction

Condensers are heat exchangers responsible for rejecting heat from the vapor com-
pression system and are placed downstream from the compressor (i.e., operating at high
pressures). In residential air conditioning systems, condensers are usually air-cooled and
have aluminum fins for heat transfer enhancements (i.e., due to larger surface area). In a
typical condenser, the refrigerant enters as a superheated vapor and leaves as a sub-cooled
liquid, which can be factored into three stages: de-superheating, condensation, and sub-
cooling. During the two-phase condensation stage, refrigerant velocity decreases due to
the density increase when the refrigerant state changes from vapor into liquid [75]. The
sub-cooled liquid at the exit sustains the metering device performance and helps increase
the cooling capacity by allowing larger amounts of liquid to enter the evaporator (i.e., if
there is no sub-cooling, there is a chance of flashing due to liquid-line pressure drop). For
the condenser to reject heat, its temperature must be sufficiently higher than ambient air
and any increase in ambient temperature requires higher condensing temperatures. With
that being said, high ambient temperatures can bear higher loads on the compressors,
lower the COP significantly, and increase the risk of compressor shutdown [46,48].

Microchannel heat exchangers are increasingly being used due to their lighter
weight, smaller size, higher contact surface-area-to-volume ratio, reduced refrigerant
charge, and providing similar heat transfer compared to conventional designs [50,51,76].
Their effectiveness is increased through internal and external fins and they can be used as
condensers and evaporators [76]. The channels in micro and mini channel heat exchangers
have hydraulic diameters less than 3 mm [77]. Fluid flow characteristics and heat transfer
can be different when using microchannels instead of conventional size channels [78]. Al-
Bakri and Ricco [50] found that condensation at near-critical pressure resulted in unique



Energies 2022, 15, 2880

13 of 45

heat transfer behavior and could not be predicted by the literature studies. Lépez-Belchi
[51] attributed the increase in the heat transfer coefficient (HTC) of mini-channels to the
flow pattern that reduces the liquid film leading to lower liquid resistance between the
core gas and tube wall. In addition, he also mentioned the small hydraulic diameter effect
on internal shear stress which can lead to high frictional pressure drop.

Many researchers evaluated the improvement resulting from pre-cooling air before
entering the condenser using direct evaporative cooling (DEC). This cost-effective method
showed promising enhancements in COP and cooling capacity, especially in hot—dry cli-
mates [45,46,52]. A common configuration is with a cooling pad placed at the inlet of the
condenser, causing additional pressure drop, and injecting feedwater (FW) at the top of
the media pad. Another study used a disk type atomization cooling element (ACE) to
spray water droplets radially into air entering the condenser (i.e., this system required
modifications that are explained in the literature section) with the use of condensate water
from the evaporator, which can be questioned in desert climates (i.e., very low humidity).

On the other hand, evaporators are heat exchangers responsible for absorbing heat
into the vapor compression system and placed upstream of the compressor (i.e., operating
at low pressures). When the low-temperature two-phase refrigerant enters the evaporator,
heat transfers from the return air and boils off the refrigerant into a vapor state. The re-
frigerant is usually superheated before entering the compressor to avoid liquid compres-
sion. Unlike condensers, evaporators deal with external sensible and latent heat transfer
(i.e., from the air side) and they must be designed properly based on the climate and build-
ing demand. The evaporator coil must be sufficiently lower than the dew-point tempera-
ture (DPT) of the return air to make sure condensation is taking place, and evaporator
temperature fluctuations can adversely affect the supply air condition. During refrigerant
boiling, the kinetic energy is increased leading to higher pressure drops along the coil
which reduce the evaporator saturation temperature. Uniform fluid distributions (i.e., re-
frigerant side and air side) are critical to achieving the desired cooling capacity without
degrading system performance. Refrigerant maldistribution in parallel flow channels can
be caused by (i) coils of different lengths or diameters, and (ii) uneven distribution of lig-
uid—vapor at channel inlets, while air maldistribution can be affected by (i) evaporator
geometry, (ii) fans, and (iii) dirty coils [79].

Several studies were conducted to assess the effect of air maldistribution and found
a reduction in heat exchanger performance by up to 30% [80]. Another study by Choi et
al. [81] found maximum cooling capacity degradations of 8.7% and 30% for air and refrig-
erant maldistribution, respectively. It must be noted that the effects of non-uniform dis-
tributions may lead to different conclusions based on the combinations of different factors
(i.e., either exacerbate or outbalance the effects) [79,80,82]. Bahman and Groll [49] dis-
cussed passive and active controls (i.e., active control regulates the mass flow rate to con-
trol the exit superheat while passive control controls the exit superheat through design
modification) to improve the evaporator performance under HAT. The passive control
(i.e., interleaved circuitry) was preferred due to its reliability and lower implementation
cost, and attractive improvements for both COP and cooling capacity at HAT. Studies re-
lated to condenser or evaporator improvements at HAT are discussed in Section 4.1.2 and
summarized in Table 3.

4.1.2. The Literature

Hajidavalloo and Eghtedari [45] experimentally analyzed the improvement of direct
evaporative cooling (DEC) on a 5.28 kW (1.5 RT) split-unit condenser under high ambi-
ent temperatures of 35 °C, 44 °C, and 49 °C. Experiments were conducted in two runs,
with and without DEC, at each ambient temperature. Results showed significant improve-
ments at ambient temperatures of 35 to 49 °C with 31.7 to 50.6% higher COP, 16.4 to 20.1%
higher cooling capacity, 13 to 17% lower compression ratio, 11.6 to 20.3% lower electric
current consumption, and 9.7 to 6% higher mass flow rate. It must be noted that greater
improvements were observed at higher ambient temperatures.
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T. Wang et al. [46] experimentally investigated the enhancements of direct evapora-
tive cooling (DEC) applied to the condenser inlet air of a purpose-built system (i.e., similar
to residential AC) using R-410A. The experiment was conducted in two runs with and
without DEC under various outdoor temperatures including 44.5 °C. The evaporator and
condenser air velocities were set to 1.6 m/s and 1.14 m/s, respectively, while the evapora-
tive cooling pad was made from porous cellulosic paper. Experimental results showed
improvements in sub-cooling, reduced compressor work, and increased COP by 18%, at
44.5 °C. Furthermore, the authors conducted a cost analysis based on USA water and elec-
tricity prices and showed that DEC is economically viable at high ambients.

Shen and Bansal [47] experimentally analyzed the performance of a window air con-
ditioner (WAC) using a modified heat pump design model (HPDM) and evaluated the
effectiveness of both a submerged sub-cooler and slinger (i.e., a ring placed around the
condenser fan blades to collect and spray water in the ambient air entering the condenser).
The unit had a cooling capacity of 2.93 kW (0.8 RT) with a single-speed rotary compressor
and fin-tube evaporator and condenser. Moreover, the fin-tube sub-cooler was submerged
in a water container, which used condensed water from the evaporator coil, placed down-
stream to provide additional sub-cooling. Results showed COP improvements when us-
ing a submerged sub-cooler of up to ~5% while using both sub-cooler and slinger achieved
up to ~7%, over the range of ambient temperatures ~32.2 to 43.3 °C.

Eidan et al. [48] experimentally investigated the effect of direct evaporative cooling
(DEC) on the condenser inlet air of a purpose-built system with a capacity of 7.0 kW (2.0
RT) under dry-hot climates (i.e., 10% RH = relative humidity, and 45 °C, 50 °C, 55 °C DBT
= dry-bulb temperature). Three air velocities were imposed across the evaporative pads (1
m/s, 2 m/s, and 3 m/s) in which the highest velocity showed the highest pressure drop
yielding the lowest evaporative cooling efficiency. Results showed significant improve-
ments when applying evaporative cooling for all runs: lower compression ratio, higher
refrigerant mass flow rate, higher cooling capacity by ~27 to 33%, and higher COP by ~17
to 33%.

Bahman and Groll [49] experimentally evaluated an interleaved evaporator circuitry
using a 17.6 kWu (5.0 RT) environmental control unit (ECU) with R-407C under outdoor
temperatures up to 51.7 °C. Local air velocities were measured at the face of the evapora-
tor to determine the maldistribution of the airflow. Based on the percentage of airflow at
different locations, the arrangement of the interleaved circuitry was determined (i.e., re-
frigerant exiting a circuit with high airflow was redirected to a circuit with low airflow
and so on) which yielded an additional refrigerant pressure drop of ~20 kPa compared to
an unmodified evaporator. Results found that refrigerant superheat distribution was uni-
form across the interleaved evaporator circuitry (i.e., differences ranged from 1 °C to 5
°C). Moreover, the COP improved by 5.9 to 7.7% while cooling capacity improved by 8.4
to 10.6%, at outdoor temperatures of 40.6 to 51.7 °C.

Al-Bakri and Ricco [50] experimentally investigated the heat transfer performance of
a horizontal microchannel condenser (i.e., local heat transfer coefficient) using R-410A and
a specifically designed test facility. Ambient temperatures were 35 and 45 °C while con-
densing pressures were 70 and 80% of refrigerant critical pressure (i.e., near-critical). It
was found that the condensation HTC increases with (i) higher mass flow rate per unit
area, (ii) higher vapor quality, (iii) smaller hydraulic diameter, and (iv) lower ambient
temperature. Results were validated using literature correlations and found unsatisfac-
tory discrepancies which are attributed to the high operating conditions (i.e., ambient tem-
perature and condensing pressure). The authors recommended further experimental anal-
ysis using R-410A at critical conditions to have a better understanding of heat transfer in
microchannel condensers.

Lépez-Belchi [51] experimentally and numerically assessed the performance of R-
134a, R-513A, and R-1234yf using a mini-channel condenser at condensing temperatures
of 40 °C, 50 °C, and 60 °C. The effect of variable flow rate, saturation pressure, vapor qual-
ity, and tube geometry was evaluated by studying both (i) local HTC, and (ii) frictional
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pressure drop, for the three refrigerants. Experimental results showed that the pressure
drop is greatest at higher quality, mass flow rate, and ambient temperature. The HTCs are
highest at high quality and mass flow rate but lower ambient temperatures. After validat-
ing the experimental data with model predictions from the literature, it was found that R-
134a had the best thermal performance. Total equivalent warming impact (TEWI) analysis
found R-513 applicable for very limited conditions while R-134a is better in most cases.

Ketwong et al. [52] theoretically studied the performance of direct evaporative cool-
ing (DEC) for dry and humid conditions under ambient temperatures up to 40 °C. The
feedwater (FW) temperature was varied in three scenarios: (i) less than air inlet wet-bulb
temperature (WBT), (ii) equals air inlet WBT, and (iii) higher than air inlet WBT. Moreo-
ver, the mass ratio (MR: water mass flow rate to air mass flow rate) varied from 0.2 to 2.0.
Numerical results showed that DEC was more effective in lowering ambient air tempera-
tures, in hot-dry climates than in hot-humid climates. At 40 °C ambient temperature and
30 °C FW temperature, hot—dry conditions (30% RH) required lower MR to reduce ambi-
ent air temperature since the FW temperature was higher than air inlet WBT, while hot-
humid conditions (70% RH) required higher MR to reduce the ambient air temperature
since the FW temperature was lower than the air inlet WBT. Furthermore, simulation has
shown that the lower the FW temperature the higher the improvement that could be
reached for both climates.

Yang et al. [53] experimentally investigated a method that uses condensate water to
reduce the ambient air before entering the condenser, under ambient temperatures, up to
43 °C. A 2.65 kW (0.75 RT) split unit, with R-22, was modified by changing the fan ori-
entation (i.e., blowing towards the condenser instead of sucking air) and installing an at-
omization cooling element (ACE) disk on the fan. The effect of installing the ACE and
changing the fan orientation was explored. Results at 43 °C showed that when using con-
densed water with an ACE disk, cooling capacity increased by 8.1%, power consumption
decreased by 9.5%, and COP increased by 20%. The only concern with this method is when
the condensate water is insufficient (i.e., in dry climates), the performance is expected to
degrade and become lower than the baseline unit.

4.2. Compressors
4.2.1. Introduction

Compressors (i.e., positive displacement) are mechanical devices responsible for rais-
ing the pressure of the refrigerant by decreasing its volume and circulating the refrigerant
in the cycle from high to low pressure. The low pressure-temperature refrigerant under-
goes a compression process exiting as superheated with a high pressure-temperature
state. It is imperative that the inlet refrigerant state is vapor otherwise the compressor
(sometimes called a vapor pump) can be damaged since liquids are incompressible. There
are several methods in real air conditioning systems that can provide proper superheating
upstream of the compressor including an electronic expansion valve (EEV), thermostatic
expansion valve (TXV), and an accumulator. The compression ratio (CR), absolute dis-
charge pressure divided by absolute suction pressure, is key in identifying the compressor
load. When the load on a compressor increases from higher ambient temperature or lower
indoor temperature, the CR increases accordingly, indicating higher power consumption
and lower performance [54,56,83]. Compressors in residential air conditioners are usually
cooled by the refrigerant itself, hence proper mass flow rate and suction temperature must
be maintained to provide sufficient cooling. Another important variable is the lubricant
viscosity, which changes according to different operational parameters. The oil type must
be compatible with the refrigerant and should maintain acceptable viscosities under var-
ious conditions. Yokozeki [84] discussed the behavior of viscosity and solubility of refrig-
erant-oil mixtures and the importance of choosing suitable oil viscosity and degree of sol-
ubility to avoid lowering system performance. When the ambient temperature increases,
the discharge temperature and pressure will also increase so that the condenser is at a
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sufficiently higher temperature than the ambient, and hence heat can be rejected from the
system. As a result, the CR will increase and the unit performance will decrease (i.e., lower
cooling capacity, higher energy consumption, and lower COP). Therefore, compressors
play a critical role in determining the cycle behavior and must be given special attention
when developing improvements needed for HAT. Residential air conditioning compres-
sors currently used are positive displacement types (i.e., reciprocating, rotary, and scroll).

Several methods of improving the compressor performance were initially developed
for extreme low ambient temperatures and were found to be applicable for high ambient
temperature applications in which cooling capacity can be greatly enhanced [57,85]. Two
techniques were investigated for improving compressor performance: (i) liquid flooded
compression (i.e., using oil), and (ii) refrigerant vapor injection. The latter was found to
be effective in enhancing cooling capacity and increasing COP in certain conditions. It can
be implemented by injection at intermediate pressure using an economizer: flash tank (i.e.,
injecting saturated vapor or liquid—-vapor mixture), or an internal heat exchanger (i.e., in-
jecting superheated vapor) [56,57,59]. On the other hand, (i) oil-flooded compression, and
(ii) liquid refrigerant injection techniques, at the accumulator inlet, were evaluated to
identify possible improvements in preventing high discharge temperature and compres-
sor overheating [55,57]. In addition, exploiting a heat exchanger between the compressor
inlet and condenser outlet (i.e., regenerator) prevents wet-compression, increases the sub-
cooling, and hence improves the cooling capacity as well [55,57]. Many improvements
were evaluated in the literature for compressors in residential air conditioners but for the
purpose of this study, only feasible studies at HAT are discussed in Section 4.2.2 and sum-
marized in Table 3.

4.2.2. The Literature

Ding et al. [54] introduced a modified air source heat pump (ASHP) system that aims
to provide additional sub-cooling and compressor injection, at medium pressure, by the
means of an auxiliary circuit (i.e., economizer heat exchanger, thermostatic expansion
valve TXV, and solenoid valve). The auxiliary circuit starts from the condenser outlet to
the compressor inlet, which can be used by activating the solenoid valve based on ambient
temperatures. The condensing temperature reached 60 °C while the evaporating temper-
ature was maintained at 2 °C. Results showed that using the auxiliary circuit improved
cooling capacity, increased power consumption, and lowered the discharge temperatures.
It must be noted that the compressor power increase was more significant at higher am-
bients (i.e., higher condensing temperatures), while the increase in cooling capacity was
at the expense of a lower COP. Despite the lower COP, the supplementary circuit in-
creased the operating range and the compressor reliability at HAT.

Kang et al. [55] investigated the effect of the liquid injection technique using an accu-
mulator heat exchanger (AHX) in a 9 kW (2.6 RT) vapor compression cycle at 43 °C am-
bient temperature. The first test, without liquid injection, was conducted by varying the
mass flow rate and measuring the superheat and sub-cooling effects. It was observed that
the sub-cooling and superheat effects decreased with higher mass flow rate and higher
evaporating pressure. The second test, with liquid injection, was conducted by varying
the liquid injection ratio at two operating conditions: (i) constant valve opening, and (ii)
constant flow rate. At condition (i) there was a substantial increase in the discharge pres-
sure beyond the 15% injection ratio, while at condition (ii) the cooling capacity and COP
decreased as the injection ratio increased. Therefore, the authors recommended optimiz-
ing the system performance by using higher flow rates at lower injections while limiting
the flow rates at high injection ratios to ensure discharge pressure values are within an
acceptable range.

X. Wang et al. [56] experimentally investigated two vapor injection methods in an R-
410A 11 kW (3.13 RT) residential heat pump at 46.1 °C outdoor DBT where the baseline
compressor was replaced with a vapor-injected scroll compressor. The two methods were
the flash tank cycle (FTC) and the internal heat exchanger cycle (IHXC). The injection ratio
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for both methods varied to reach optimum performance, in which IHXC allowed for a
wider range of ratios than FTC due to the use of a thermostatic expansion device. Moreo-
ver, the second-stage expansion valve used in the FTC was replaced with a larger one,
rated for 18 kW (5.1 RT), and showed an improved performance. It was found that the
IHXC and FTC had comparable performance improvement at 46.1 °C compared to the
baseline, in which cooling capacity increased by up to ~14% and COP increased by up to
~4%.

Bahman et al. [57] numerically investigated the effect of two technologies on com-
pressors: (i) liquid flooded with regeneration using a polyolester (POE) oil as a flooding
agent, and (ii) saturated vapor injection with a flash tank economizer. A parametric study
was conducted for the four refrigerants, R-410A (baseline), R-290 (propane), R-32, and R-
1234yf, using the two technologies at different ambient temperatures of 25 to 55 °C. At
HAT (i.e., 40 °C and above), the vapor injection method achieved higher COP improve-
ments for all refrigerants except R-1234yf, compared to oil flooding. Moreover, vapor in-
jection provided lower discharge temperatures for all refrigerants except R-32, compared
to oil flooding. It must be noted that R-32 had extreme discharge temperatures of ~110 °C
and hence, special attention must be paid when used at high ambients. Finally, the vapor
injection method showed the best performance when using R-410A, while oil flooding
had better performance using R-1234yf.

Ribeiro [58] experimentally investigated the feasibility of using a novel refrigerating
circuit to cool the outer shell of a compressor in a compact vapor compression unit used
at telecommunication stations, at ambient DBT up to 55 °C. The experiment was con-
ducted using a linear compressor with a maximum operating temperature of 85 °C due to
glued parts. It was found that the compressor shell temperature was always within 10 °C
from the condensing temperature, in which at 55 °C ambient the condensing temperature
was ~70 °C and the shell was ~79 °C. The cooling capacity was observed to increase at
higher ambient temperatures due to the greater effect of increased evaporator tempera-
ture than increased condenser temperature.

Bahman et al. [59] experimentally assessed the improvement of retrofitting econo-
mized vapor injection (EVI) in a 17.6 kW (5.0 RT) environmental control unit (ECU) de-
signed for military applications in extreme weather. The unit used R-407C as a working
fluid and was tested under ambient temperatures up to 51.7 °C. A plate heat exchanger
(PHX) economizer with EEV was used instead of a flash tank, due to the easier control of
injected mass vapor flow rate. Experimental results showed that superheated and satu-
rated vapor had better performance than the baseline case. Additionally, at HAT, the EVI
system improved cooling capacity and COP for superheated injection by up to 12.7 and
3.1%, while for saturated injection, improvements were up to ~11.8 and 1.3%, respectively.
On the other hand, the discharge temperature was lower by 5 and 1.7 °C for saturated and
superheated injections, respectively.

J. Wu et al. [60] investigated the reliability of an R-290 rotary compressor under var-
ious conditions including ambients of 35 °C, 46 °C, and 55 °C, using mineral oil (MO) and
synthetic oil (i.e., PAG = polyalkylene glycol). The performance of the R-290 rotary com-
pressor, using PAG oil, was compared with different refrigerants —R-32, R-22, and R-
410A —at similar cooling capacities (i.e., using different stroke volume compressors). Un-
der various testing conditions, the following was observed: (i) higher ambient tempera-
tures decreased viscosities but did not have a major effect on solubility, (ii) higher suction
temperatures increased viscosities and decreased solubility, and (iii) higher ambients de-
creased bearing film thickness. Therefore, from tests (ii) and (iii), higher suction superheat
can be used to compensate for the lower viscosity values (i.e., mineral oil but not synthetic
oil) and hence avoid a too low oil film thickness that may lead to metallic contact.

C. Wang et al. [61] experimentally investigated the variations of dynamic pressure
and oil viscosity of an R-290 rotary compressor using a 2.82 kW (0.8 RT) room air condi-
tioner under ambient temperatures up to 50 °C. Results found that as outdoor temperature
increased, the compression process took longer to reach higher discharge pressures.
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Moreover, the load on the crank part at 50 °C was nearly double the load at 30 °C. As the
ambient temperature increased, there was a decrease in cooling capacity, COP, and min-
eral oil viscosity. Numerical simulations, at a 50 °C outdoor temperature, showed that at
a surface roughnesses of 0.2 and 0.6 um, the peak contact forces were 3 and 174 N, and
the minimum oil film thicknesses were 0.44 and 0.6 pm, respectively. Hence, controlling
the oil sump viscosity or using higher viscosity oil should be considered to maintain ac-
ceptable oil film thickness at high ambients.

4.3. Refrigerants
4.3.1. Introduction

Refrigerants play a substantial role in determining the performance of vapor com-
pression cycles. They are used as working fluids to transfer heat between indoor and out-
door environments essentially by exploiting their latent heat characteristic. The most com-
mon refrigerants groups discussed in this section include chlorofluorocarbons (CFCs), hy-
drochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), hydrofluoroolefins
(HFOs), and hydrocarbons (HCs). The history of refrigerants has evolved in four genera-
tions, which is well explained by Calm [86]. In 1985, the Vienna Convention was held with
the objective of protecting the environment from harmful effects of ozone layer depletion
[87], while in 1987 the Montreal Protocol was held with the aim of controlling and ulti-
mately eliminating ozone-depleting substances (ODS) which created an ozone hole over
Antarctica [86,88]. The Montreal Protocol is considered the most successful environment
protection agreement, ratified by 198 countries, which provided a different ODS phase-
out timetable for developed and developing countries [89]. In developed countries, CFCs
and HCFCs were totally phased out by 1996 and 2020, respectively [90]. In developing
countries, CFCs were phased out in 2010 while HCFCs are delayed until 2030 [90]. As a
result, HFCs were introduced as a third-generation refrigerant due to their zero ozone
depletion potential (ODP), relatively low flammability, and suitable thermophysical prop-
erties [91].

In 1997, the Kyoto Protocol was adopted with the goal to limit and reduce greenhouse
gases (GHG), in which HFCs were designated as one of them [92]. In fact, HFCs are con-
sidered strong GHG and their impact on global warming can be 100 to 1000 times larger
than CO: per unit mass [93]. This raised a concern about their impacts as they become
increasingly used as alternatives to ODS in air conditioning and refrigeration applications
[94]. Researchers suggested that HFC emissions are projected to reach 9 to 19% of global
CO2 emissions by 2050 if no mitigation measures are taken [95]. Therefore, the Kigali
Amendment (2016) was introduced with the goal of protecting the ozone layer and the
climate and was agreed upon by more than 170 countries [96]. The amendment, which
came into force in 2019, aims to phase down the consumption of HFCs by more than 80%
over the next 30 years [96]. Consequently, fourth-generation refrigerants are meant to re-
place the high-GWP HFCs with low-GWP alternatives (i.e., HFO/HFC blends, HFOs,
HCs) [9,97]. Concerns were expressed about whether new alternatives are suitable under
high ambient temperature (HAT) conditions, and an exemption was given to HAT coun-
tries which allowed for a delay in HFC reduction [14,98]. Since developed countries, such
as the USA, have already phased out HCFCs, they are transitioning from high to low-
GWP refrigerants [99]. On the other hand, HAT organizations are putting efforts into help-
ing HAT countries bypass the high-GWP refrigerants and instead transition from HCFCs
directly to low-GWP refrigerants [97].

Total equivalent warming impact (TEWI) is a measure of a refrigerant’s impact on
global warming, which takes into account both direct, due to leakages, and indirect emis-
sions, from electricity consumption. It is worth mentioning that direct emissions represent
about 2.9% of global GHG while indirect emissions represent about 4.9% of global GHG
[100]. Hence, it is imperative for alternative refrigerants to also demonstrate adequate en-
ergy efficiency and cooling capacity, especially under HAT conditions. Furthermore, the
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performance of air conditioners (i.e., COP and cooling capacity) degrades substantially at
high ambient temperatures. This adds complexity for HAT countries where low GWP
might not be sufficient to reduce TEWI if the energy performance of the system is signifi-
cantly penalized [68].

There are several organizations that have evaluated air conditioning systems (i.e.,
ORNL, PRAHA, AHRI, and EGYPRA) at various testing conditions under HAT, as de-
scribed in Section 3. Depending on the system type and alternative refrigerant, different
testing levels can be conducted, as defined in detail by AHRI low-GWP AREP. A drop-in
test is the simplest type that only allows for minor changes: (i) charge optimization, (ii)
expansion valve adjustment, and (iii) compressor speed adjustment [101]. A soft-opti-
mized test allows additional modifications including (i) compressor displacement and/or
motor size, (ii) use of variable speed compressor motor, (iii) flow control, (iv) lubricant,
(v) size of tubing, and (vi) ratio of heat transfer area of condenser and evaporator, at con-
stant total area [101]. Fully optimized types of equipment are those built specifically for
certain refrigerants which is a more complex and time-consuming process. Despite the
potential of higher efficiency levels for the fully optimized method, most tests conducted
by organizations and companies are either drop-in or soft-optimized. Abdelaziz et al. [37]
suggested that depending on measurement uncertainties, the performance is expected to
improve slightly with further soft-optimization and substantially with additional engi-
neering work. The engineering work can be any change to the unit beyond soft-optimiza-
tion and drop-in modifications such as compressor cooling technologies and increasing
the total area of heat exchangers (i.e., evaporator and condenser).

Refrigerants are classified in the ANSI/ASHRAE Standard 34-2019 according to two
hazards involved, toxicity and flammability [102]. Lower toxicity is denoted by class A
while higher toxicity is denoted by class B. Flammability is divided into four groups: high
flammability denoted by class 3, low flammability denoted by class 2, mildly flammable
denoted by subclass 2L, and non-flammable denoted by class 1. For example, an A2L re-
frigerant is non-toxic and mildly flammable (i.e., low burning velocity). An alternative
refrigerant selection must consider several factors including environmental impact,
thermo-physical properties, chemical properties, and safety. Despite there being no upper
limit for GWP when nominating refrigerants, the candidate must show a significant re-
duction in GWP relative to the baseline [101]. Moreover, the performance of the alterna-
tive low-GWP refrigerant must be evaluated to limit indirect emissions. Desirable thermo-
physical properties include high enthalpy of vaporization, high thermal conductivity,
high critical temperature, and low vapor and liquid viscosities [71]. Low-GWP refriger-
ants include pure HCs, inorganics, HFOs, and HFO/HFC blends; blends can be either ze-
otropic or azeotropic. Many alternative refrigerants that have attractive (i.e., low) GWP
and ODP values are categorized as flammable refrigerants, hence adding another chal-
lenge related to personal safety and risks associated with using flammable refrigerants
[103]. Mildly flammable refrigerants (A2L) have been used in Japan for about a decade in
residential air conditioners [104]. Furthermore, the EPA has approved the use of low-GWP
hydrocarbon refrigerants, subject to use conditions, in various air conditioning and refrig-
eration applications (e.g., vending machines, room air conditioning units) [99]. Studies
carried out for alternative refrigerants in residential air conditioning systems under high
ambient temperature conditions are discussed in Section 4.3.2 and summarized in Table
3.

4.3.2. The Literature

Motta et al. [62] simulated the performance of a vapor compression system with R-
22 (HCFC-type) and four alternatives: R-134a (HFC-type), R-290 (HC-type), R-410A (HFC-
type), and R-407C (HFC-type), at an outdoor DBT of 25 to 55 °C. The results showed that
R-410A had a higher degradation than other refrigerants, as the outdoor temperature in-
creased. It was concluded that fluids with low critical temperature exhibited a large re-
duction in cooling capacity, while the compressor power increase was unaffected. The
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author performed a similar analysis after adding a liquid-line/suction-line heat exchanger
to the cycle. This modification improved the COP for all refrigerants which varied de-
pending on the different refrigerants” molar heat capacity.

Payne et al. [63] experimentally compared the performance of R-22 and R-410A in a
split air conditioning system. The outdoor DBT ranged from 27.8 to 54.4 °C, while the
indoor condition remained unchanged. Refrigerants had a comparable performance at
low outdoor temperatures but the performance degradation was higher for R-410A as the
outdoor temperature increased. The cooling capacity was similar at a 35 °C outdoor tem-
perature but the R-410A COP was lower than R-22 by 4%. When the outdoor temperature
increased to 54.4 °C, the cooling capacity and COP of R-410A were lower than R-22 by
approximately 9 and 15%, respectively. The authors used identical evaporators and con-
densers, similar design compressors, and different lubricants. Furthermore, the authors
conducted a higher outdoor temperature test at 68.3 °C using a customized compressor.
R-410A reached a supercritical condition at the condenser inlet without noticeable
changes in noise level or system operation.

Devotta et al. [64] experimentally assessed the performance of R-407C in a 5.28 kWi
(1.5 RT) window air conditioning unit designed for R-22. Outdoor DBT/WBT varied from
35 °C/30 °C to 46 °C/24 °C, while indoor DBT/WBT ranged from 27 °C/19 °C to 29 °C/19
°C. R-407C had approximately 2 to 8% lower cooling capacity, 8 to 13% lower COP, and 6
to 7% higher power consumption, compared to R-22. The discharge pressure of R-407C
was higher by 11 to 13% than R-22. In this study they also simulated the finned-tube heat
exchangers, using the EVAP-COND model developed by the National Institute of Stand-
ards and Technology (NIST), USA [105]. The model accuracy was within +3% of experi-
mentally measured cooling capacities. It was used to further investigate the performance
of heat exchangers for each fluid. Simulation results showed that both refrigerants had the
lowest evaporator and condenser capacity at the highest outdoor temperatures. Simulated
pressure drops of R-407C in the evaporator and condenser were lower than R-22 by up to
~16 and 41%, respectively. Despite the lower performance of R-407C, using it as a retrofit
can extend the R-22 unit’s life. It should be noted that retrofitting R-407C involved proce-
dures for changing the unit’s oil.

Another similar study was conducted by the same authors [65] to experimentally as-
sess the performance of R-290 (the HC propane) as a drop-in using a 5.13 kWwu (1.5 RT)
window air conditioner designed for R-22. Identical test conditions were applied. R-290
had an approximately 6 to 10% lower cooling capacity, 3 to 8% higher COP, and 12 to 13%
lower power consumption, compared to R-22. The discharge pressure of R-290 was lower
by ~13 to 18% than R-22. The authors used the same model, which was within +4% of the
experimentally measured cooling capacities, to simulate the performance of heat exchang-
ers. The worst performance of the heat exchangers was observed at the highest outdoor
temperature for both fluids. Simulated pressure drops of R-290 in the evaporator and con-
denser were lower than R-22 by up to ~48%. Moreover, R-290 had up to 22% lower con-
densing pressure and up to 3% lower evaporating pressure compared to R-22.

Westphalen [66] investigated the possibility of using alternative drop-in refrigerants
instead of R-407C in a 17.6 kW (5.0 RT) environmental control unit (ECU). Different HC
refrigerants were investigated based on their characteristics and R-1270 (propylene) was
selected for the experimental test. Baseline and alternative refrigerants had similar char-
acteristics except that R-1270 did not exhibit temperature glide. This was a concern for the
microchannel heat exchangers design used in the ECU, which did not easily allow opti-
mization for high-glide refrigerants. Experimental findings at a 51.7 °C outdoor DBT
showed that R-1270 had a 12% higher cooling capacity and a 10% higher COP compared
to R-407C. This improvement was partially attributed to the elimination of temperature
glide when using R-1270. The author concluded that the condenser height could be re-
duced by 50 mm and still maintain the baseline refrigerant performance.

Y. Wu et al. [67] investigated the feasibility of R-161 (HFC-type) in a residential air
conditioner. Theoretical simulations were conducted to investigate the performance of
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three refrigerants: R-161, R-22, and R-290 under various conditions. Theoretical results
showed that R-161 had a better thermodynamic performance than R-290, a lower cooling
capacity than R-22, and the highest COP. R-290 had the lowest discharge temperature.
Furthermore, experimental analyses were conducted to verify the findings for R-161 and
R-22 using a 3.5 kW (1.0 RT) residential air conditioning system where outdoor DBT
ranged from 27 to 48 °C. At 48 °C, R-161 had a lower cooling capacity, higher COP, and
lower discharge temperature than R-22 by 5.1%, 10.0%, and 3 °C, respectively.

Barve and Cremaschi [68] experimentally compared the drop-in performance of R-
32 (HEC-type) and R-1234yf (HFO-type) using an R-410A 17.6 kW (5.0 RT) split heat
pump in residential applications. The unit was tested at various outdoor DBTs including
43 °C and 46 °C. Experimental findings showed that R-32 had about a 10% higher cooling
capacity, similar COP, and a 20 to 30 °C higher discharge temperature than R-410A. On
the other hand, R-1234yf had a 50% lower cooling capacity, higher COP, and a lower dis-
charge temperature. The unsatisfactory cooling capacity of R-1234yf, even after optimiz-
ing the thermostatic expansion valve (TXV), eliminated the refrigerant as a possible drop-
in replacement.

Biswas and Cremaschi [69] experimentally assessed the characteristics of low-GWP
refrigerants DR-4 and DR-5 as drop-in replacements, using an R-410A 17.6 kW (5.0 RT)
split heat pump in residential applications. The unit was tested at various outdoor DBTs
including 43 °C and 46 °C. The experimental assessment showed that DR-5 had up to 4%
higher cooling capacity, up to 7% higher COP, and a higher discharge temperature than
R-410A. At the same testing conditions, DR-4 showed up to 18% lower cooling capacity,
up to 6% higher COP, and a lower discharge temperature than R-410A. Optimization of
refrigerant charge and TXV increased the cooling capacity of DR-4 by 5 to 8% and COP by
2 to 6% with respect to values from the drop-in test, however, there was no significant
improvement for DR-5.

J. H. Wu et al. [70] experimentally investigated the performance of R-290 and R-1270
in a 2.4 kWu (0.7 RT) wall room air conditioner designed for R-22 under ambient temper-
atures up to 40 °C. At 35 °C, the experimental results showed that R-290 had a 5% lower
cooling capacity and about a 10% higher COP compared to R-22. On the other hand, R-
1270 had about a 2% higher cooling capacity and about a 1% higher COP compared to R-
22. It was observed that, as the outdoor temperature increased, the cooling capacity of R-
290 and R-1270 showed higher degradation rates than R-22. Moreover, the study also car-
ried out refrigerant charge distribution tests since the practical charge was always higher
than the allowable charge of flammable HC refrigerants. It was found that for both refrig-
erants, up to 63% of the charge was within the condenser and about 18% in the compres-
sor. Hence, the authors suggested further investigations are needed on how to reduce the
charges within the condenser, compressors, and liquid lines.

Joudi and Al-Amir [71] experimentally compared the performance of R-22 and three
alternatives: R-410A, R-407C, and R-290, in 3.52 and 7.03 kW (1.0 and 2.0 RT) residential
split air conditioners. Outdoor DBT varied from 35 to 55 °C to replicate the hot arid climate
of Iraq. Experimental results showed that the R-290 system had the smallest optimum
charge, power consumption, condensing temperature, pressure ratio, and highest COP.
TEWI analysis was conducted for all refrigerants using the two air conditioning systems
at variable outdoor temperatures. Results showed that R-290 had the smallest value of
TEWI. Hence, R-290 is a very attractive candidate for R-22 replacement under high ambi-
ent temperatures.

Sethi et al. [72] evaluated alternative low-GWP replacement refrigerants for R-22 in
a 6.2 kW (1.8 RT) mini-split air conditioner under high ambient temperatures. Experi-
mental results under ambients up to 52 °C found that R-444B (HFC-type) was 5% more
efficient than R-407C across most of the operating range. Life cycle climate performance
(LCCP) was carried out to determine the environmental impacts of each refrigerant under
summer ambient conditions in Kuwait. The LCCP analysis showed that the indirect im-
pacts of each refrigerant showed significantly higher contributions to global warming
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than the direct impacts (i.e., ranging from 98.4 to 99.8% of the total contributions). Never-
theless, future electricity generation is likely to be less carbon-intensive, hence, the indirect
impacts should be less important and the benefit of using low-GWP refrigerants would
be greater.

Abdelaziz et al. [37] conducted an extensive evaluation of alternative low-GWP re-
placements for both R-410A and R-22, using soft optimized 5.25 kW (1.5 RT) mini-split
air conditioners provided by Carrier. Outdoor DBT varied from 27.8 to 55 °C while indoor
DBT/WBT ranged from 26.7 °C/19.4 °C to 29 °C/19 °C. The alternative refrigerant selec-
tion was guided by an expert panel, consisting of members of various nations, UNEP, and
UNIDO personnel. R-22 alternative refrigerants were N-20B, DR-3, ARM-20B, L-20B(R-
444B), R-290, and DR-93, while R-410A alternatives were R-32, DR-55, L41(R-447A), ARM-
71A, and HPR-2A. R-22 alternatives showed promising results at high ambients where
two of the A2L refrigerants had slightly higher discharge temperatures, cooling capacity
within 5%, and efficiency approximately within 10%; A3 refrigerants had lower discharge
temperatures, about 8% higher efficiency but within 10% lower cooling capacity. On the
other hand, all R-410A alternatives were A2L and showed significant potential as alterna-
tives at high ambients. R-32 had consistently better efficiency and capacity but 12 to 21 °C
higher discharge temperatures.

Another similar study was conducted by ORNL [38] to evaluate drop-in alternative
low-GWP refrigerants for R-410A and R-22, but this time using two roof top units where
the first was 27.2 kWu (7.7 RT) provided by SKM and the second was 38.7 kW (11.0 RT)
provided by Petra. R-22 alternatives were L-20A (R-444B), ARM-20b, DR-7 (R-454A), and
ARM-20a, while R-410A alternatives were DR-55, L.41z (R-447B), ARM-71a, and R-32. Out-
door and indoor testing conditions were similar to the mini-split experiment mentioned
previously. The experimental results found that at high ambient, L41z (R-447B) and ARM-
71a had more than 7% higher COP and 3% higher cooling capacity compared to R-410A.
However, all R-410A alternatives exhibited higher discharge temperatures. For the R-22
alternatives, at high ambients, ARM-20a had 0.8% higher COP and L-20A (R-444B) had
1.8% higher cooling capacity compared to R-22. It was noted that all refrigerants including
the baseline showed a substantial efficiency degradation at higher ambient temperatures.
Moreover, the testing units were designed for R-22 or R-410A, hence alternative refriger-
ants should not be expected to outperform the baseline refrigerants. Nevertheless, their
performance could be expected to improve when manufacturers implement design mod-
ifications.

Taira et al. [73] explained the refrigerant market status for residential AC in Japan. In
fact, R-410A had been phased out and R-32 was selected as a better alternative. In this
study, the authors investigated the performance of low-GWP HFO-mix refrigerant R-
32/R-125/R-1234yf (67/7/26) and R-32 using a 7.1 kW (2.0 RT) mini-split air conditioner
under temperatures up to 52 °C. A variable frequency drive compressor was used to eval-
uate the system performance at different speeds, and electrical expansion was also used
to regulate the mass flow rate as needed. It was found that at the same cooling capacity,
the HFO mix had a higher compressor speed, lower discharge temperature, 72 W higher
power input, and 6.3% lower COP compared to R-32. The authors explored the possible
reasons for the HFO mix behavior and concluded that R-32 is superior to the HFO mix
because of its latent heat characteristic, especially under high ambient conditions.

Orug et al. [74] experimentally evaluated R-22 drop-in alternatives, R-422A (HFC-
type), R-422D (HFC-type), R-417A (HFC-type), and R-424A (HFC-type) using a 2.05 kW
(0.6 RT) split air conditioner with a rotary compressor and capillary tube expansion de-
vice. Ambient DBT ranged from 35 to 41 °C, while indoor DBT was set to 18 °C. Results
showed that R-22 had the highest cooling capacity, lowest compression ratio, and highest
COP, while R-424A had comparable performance. Discharge temperatures were highest
for R-22 whereas R-424A had the lowest discharge temperatures. Finally, at an ambient of
41 °C, R-424A discharge temperature, cooling capacity, and COP were lower than the
baseline by 19 °C, 20%, and 2.5%, respectively. Therefore, R-424A was the best alternative
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refrigerant, however, its GWP is higher than R-22 which makes it unfavorable due to its
higher GWP and cost.

5. Practical Design Modifications for High Ambient Temperatures

Air conditioner manufacturers are usually obligated to certify their products before
selling them in the markets and the certification requirements vary based on the minimum
energy efficiency of local regulations. Policymakers are following this win-win strategy to
curtail electrical demand, mitigate environmental impacts, and reduce utility bills for con-
sumers. Davis et al. [106] conducted a study in Mexico City to evaluate the effect of re-
placing house appliances with efficient models and found higher energy consumption for
replaced air conditioners. This was attributed to the consumer behavior that must be con-
sidered carefully in the evaluation of energy-efficiency programs. The performance of air
conditioners is usually rated in two methods: (i) Energy Efficiency Ratio (EER), “the ratio
of cooling capacity in Btu/h to the total power in Watts at 95°F/75°F outdoor and 80°F/67°F
indoor DBT/WBT”, and (ii) Seasonal Energy Efficiency Ratio (SEER), “the total heat re-
moved from the conditioned solace during the annual cooling season in Btu divided by
the total electrical energy in Watt*hours consumed by the air-conditioner during the same
season” [107]. Both COP and EER represent the ratio of the cooling capacity to the input
power, where EER has units of Btu h W~ and COP is unitless. Equation (2) can be used
to convert between the two quantities:

EER = COP * 3.41 ()

In the USA, there are different minimum efficiency requirements for residential cen-
tral AC depending on the region (i.e., North, Southeast, and Southwest) that must be met
when selling an AC unit [108]. Nowadays, the minimum cooling efficiency of the Southern
and Northern regions are 14 SEER and 13 SEER, and both are going to rise in 2023 to ~15
SEER and 14 SEER, respectively [109]. It must be noted that an additional minimum EER
is required for the Southwest region only (i.e., Arizona, California, New Mexico, and Ne-
vada) [110]. On the other hand, Kuwait has a minimum of 9.6 EER for direct-expansion
(DX) units with and without inverters in 2022, and 10 EER starting in 2024 while phasing
out DX units without inverters [111]. It must be noted that the previously mentioned EER
value for Kuwait is measured at 46 °C, not 35 °C. The Air Conditioning, Heating, and
Refrigeration Institute (AHRI) provide certification programs for air conditioners to en-
sure the products perform according to manufacturers’ published claims, in which tests
are conducted by an approved independent third-party laboratory and administered by
AHRI. Those globally recognized certification programs help (i) manufacturers to distin-
guish their products in the market, sell more products and comply with local regulations,
and (ii) customers to confidently compare different units’ efficiencies (i.e., that are tested
under similar conditions) [112]. In addition to the standard test condition T1 at 35 °C out-
door DBT, AHRI provides a wider range for high ambient countries, such as GCC coun-
tries with T3 being at 46 °C and T4-Kuwait being at 48 °C [113,114].

A motivation to know the practical modifications followed by AC manufacturers led
to comparing units that are currently available in different markets. Four USA air condi-
tioning companies were compared with three GCC companies to determine the main dif-
ferences among nineteen air conditioners (i.e., 10 GCC units and 9 US units) working un-
der high and mild ambient temperatures. The units include split, mini-split, packaged,
and wall-mount types with a cooling capacity range from 10.55 to 26.38 kW (3.0 to 7.5
RT). The selection was random but the availability of detailed unit specifications was very
limited and hence reduced the number of companies and units. The following observa-
tions were made:

1. The average energy efficiency ratio (EER) for the USA market is ~6% higher than in
the GCC. This can be attributed to the more stringent regulations in the USA.
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2. Almost all companies provided the EER and cooling capacity at the AHRI T1 condi-
tion.

3. Avery limited number of AC companies provided face areas of evaporators and con-
densers.

4. The average condenser face area per ton and indoor air cubic feet per minute (CFM)
per ton were inconclusive. This could be due to the use of mini-channel heat exchang-
ers and the implementation of other design modifications.

5. The average condenser CFM per ton values were in the range from ~800 to 1100
CFM/ton.

6. Only GCC companies provided performance tests at 52 °C. This could be due to local
regulations. For example, Kuwait requires the unit to work at 52 °C for at least two
hours without tripping or overheating [111].

7. Both USA and GCC companies provided allowable operating temperatures of 52 °C
while two ducted mini-split units of a GCC company had a 55 °C allowable temper-
ature. In general, USA companies are providing a wide temperature range to meet
the Southwest ambient temperatures, however, units are not allowed for installation
unless they meet the minimum criteria for both SEER and EER ratings [115].

8.  No GCC company provided the SEER value of any unit. This explains the higher
importance of using EER when rating units operating under high ambient tempera-
tures for long periods [108].

Due to the limited results found from the previous survey, further investigations
were conducted to find common manufacturers” design modifications for high ambient
temperatures (HAT). The USA regulations have set a minimum EER and SEER for the hot
climate region (the Southwest) and alerted manufacturers to adhere to specific installation
requirements. Some of the requirements can be critical in hot ambients such as (i) an out-
door and indoor unit combination must match the minimum certification ratings in the
region, (ii) when the outdoor unit is not matching the indoor unit, the details of the indoor
coil must be mentioned including face area, fin density, fin and tube materials, (iii) the
outdoor temperature that locks out the low capacity operation when using a two-capacity
compressor must be mentioned, and (iv) only a 5% variation is allowed in the face area
and total fin surface area of the outdoor coil [116-118]. The two-capacity (or two-stage)
compressor is a single or group of compressors operating with only two stages of capacity
(i.e., a full compressor stage and a low compressor stage), according to AHRI 210/240
[107]. These specific requirements can be very helpful in assuring only efficient units are
installed and can also help in future research and development purposes. A study con-
ducted by the Proctor Engineering Group and AMAD explored the possible modifications
of air conditioner components at a 46 °C ambient temperature, which are illustrated in
Table 4 [119].

Table 4. Possible design modifications of residential air conditioners for high ambient conditions
(46 °C) [119].

Component Modification Note
Increase face area Space constraint
Uniform airflow distribution is critical
Increase number of tube rows Higher pressure drop in air-side and refrigerant-side
Improved refrigerant circuit ~ Can be predicted via simulations and optimized based on airflow distribution
Evaporators/Con- configuration Can raise manuf.acturlr'lg challfenges
densers Improved fin design Geometry and higher fin density

Higher air-side pressure drop and susceptible to trapping more dust
Higher ratio of surface area to volume

Flat tube micro-channel Lower air-side pressure drop

Issues with moisture drainage if used as evaporator

Desuperheater Heat exchanged with ambient air or suction-line refrigerant
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Compressor Customized models

Increased durability under high ambient temperatures
Can increase the unit cost significantly

Indoor: centrifugal type blowers with a molded Styrofoam housing, cross flow
fans

Outdoor: propeller type fans

In dry climates, running indoor fan after compressor shut-off can provide fur-

Indoor/outdoor fans ther air cooling by evaporating coil moisture for limited periods

Fans and Motors

Higher airflow can improve the heat transfer through larger diameter or higher
RPM

Higher flow rates can increase fan power draw, increase noise, and raise con-
cerns related to condensate drainage

Electronically Commutated = Higher efficiency even at reduced speeds, compared to conventional perma-
Motor (ECM) nent split capacity (PSC) motors

Fan cycling

Controls

Ability to circulate air using the fan when the compressor is off
Inverter-driven variable speed compressor can lower consumption at lower de-

Variable speed controls mands

The benefit can be eliminated during periods of high demand

Design modifications are expected to achieve better annual performance when opti-
mized based on the dominant climate conditions. Thus, when a unit is designed for the
highest ambient temperatures that rarely occur, the system can be oversized for long pe-
riods of the year leading to unnecessary penalties [120]. For example, oversized conden-
sers can reduce the head pressure and compression ratio to some extent, yet the pressure
should not be too low to ensure sufficient refrigerant mass flow rate is circulated and
hence components work properly. Therefore, the optimized design depends on several
factors and there is no specific change followed by manufacturers. Table 5 shows different
design features found in units sold in the GCC market.

Table 5. Air conditioner design features found in HAT units sold in the GCC market.

Component

Feature

Compressor

Internal protection from high discharge temperature
Overcurrent protection
Low pressure and high pressure protection
Voltage protection
Cooled by refrigerant to limit discharge temperature
Two-stage compressor and variable speed
Short cycling protection
Limiting liquid refrigerant in the compressor for improved durability

Evaporator/Condenser

Copper tubes with copper or aluminum fins
Tubes: internally grooved, rifled, and ripple finned
Fin: corrugated, lanced, and louvered
Integral sub-cooler for condensers

Motor/Fan Electronically Commutated Motor (ECM)
Motor thermal protection
Motor protection from water, particles, and solid objects
Housing Thermal insulation for evaporator section

Under HAT, the condensing temperature can reach high values so that enough heat
rejection is taking place (i.e., it must be sufficiently higher than the ambient temperature),
which can lead to excessive discharge temperatures and compressor tripping. The con-
denser size must be suitable to lower the temperature difference (i.e., between the refrig-
erant and the ambient air) and hence reduce the discharge temperatures. Design
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modification toward a high efficiency can be achieved through the use of a larger heat
exchanger surface area (i.e., condenser and evaporator), which helps in reducing the tem-
perature difference, discharge temperature, and compression ratio, leading to improved
compressor performance. In certain situations where both extreme and mild temperatures
can occur, the condenser can have variable speed fans which can be regulated based on
the ambient temperature. Moreover, at high humidity levels, the evaporator coil should
be sufficiently low for dehumidification to take place, but it can be slightly higher in dry
climates. The idea is to trade the latent cooling capacity for sensible cooling capacity and
hence increase the sensible cooling efficiency [121]. Bhatia [122] explored the heat rejection
of air-cooled condenser coils and the factors affecting their performance, including the
condenser fan designs. The condenser fans were designed for either (i) draw-through air-
flow which has uniform air distribution across the coil but passes the hot discharge air
over the fan and drive motor, or (ii) blow-through airflow which passes ambient air over
the fan and drive motor but has less uniform air distribution across the coil. Noting that
different refrigerants yield different behaviors depending on their characteristics, as men-
tioned in Section 4.3, the modification must also consider the type of refrigerant used. For
example, in the AHRI-AREP test [123], evaluating R-32 as an alternative refrigerant for R-
410A required a lower compressor speed to match the baseline cooling capacity and when
the ambient temperature increased to ~49 °C, its discharge temperature increased signifi-
cantly to its maximum allowable limit (i.e., 121 °C) and the unit stopped working.

6. Air Conditioner Limitations at High Ambient Temperatures
6.1. Climate

Scorching summer ambient temperatures can reach above 50 °C in the shade in the
GCCregion [49,72], leading to a limited unit performance in conjunction with higher cool-
ing needs. A comparison between Kuwait and Phoenix, Arizona, USA climates was con-
ducted to investigate the potential unit degradation resulting from high ambient temper-
atures. The hottest period of the day, for both locations, was found to be from approxi-
mately 9 a.m. to 5 p.m. (Figure 2) [124]. Subsequently, annual high ambient temperature
(HAT) hours were evaluated for Kuwait and Phoenix (i.e., ASHRAE climate zones 0 and
1, respectively) to analyze the necessity for more efficient air conditioners in such climates.
In 2017, Phoenix and Kuwait's annual hours, where ambient temperatures are 40 °C and
above, were found to be ~423 and ~1430 h, respectively [124]. They are distributed over 2
months in Phoenix (~7.1 h/day) while over 5 months in Kuwait (~9.5 h/day). Figure 3
shows the average annual temperatures, from 9 a.m. to 5 p.m., for Kuwait and Phoenix.
Therefore, it is essential to use efficient air conditioners (i.e., rated and certified for high
temperatures) in Kuwait, but for Phoenix, a meticulous evaluation must be conducted to
avoid any penalties for oversizing the unit when operating under mild temperatures.
Moreover, an evaluation of average temperature increase in both locations, from 2010 to
2021, was conducted to assess the climate change effect on HAT seasons (i.e., June and
July for Phoenix, Arizona, USA; May to September for Kuwait) [125]. Figure 4 shows the
increased values to always be higher for the Kuwait HAT season, except in 2013 and 2016.
The temperature increase in the Kuwait HAT season has always been higher than 1.2 °C
over the past 6 years, raising another concern of global warming that is aggravating even
the HAT levels of Kuwait.
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Figure 2. Hourly temperature distribution for Phoenix, Arizona, USA and Kuwait in 2017 [124].
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Figure 3. Annual high ambient temperature (HAT), averaged from 9 a.m. to 5 p.m., for Kuwait and
Phoenix, Arizona, USA [124].
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The air conditioning process of residential air conditioners (i.e., split, mini-split, win-
dow and packaged) requires both cooling and dehumidification, which makes the indoor
coil temperature a very critical factor in providing the proper thermal comfort. The dehu-
midification process takes place when the indoor return air passes over the evaporator
cooling coil at a temperature lower than the air dew-point temperature (DPT), yet it must
not be set very low (i.e., below 0 °C) to avoid coil freezing. In hot-humid climates, the
dehumidification needs can be as critical as sensible cooling, especially in regions with
very high relative humidities. The total air heat content can be attributed to sensible and
latent heat, in which latent heat represents the moisture content. Hence, hot-humid cli-
mates bear additional cooling loads on the evaporator, which are attributed to increased
moisture removal, leading to higher energy consumption. In addition, evaporators im-
pose a very large pressure drop in the vapor compression cycle, and increased load fluc-
tuations can adversely affect the cycle performance. As a result, the evaporating temper-
ature is particularly limited in hot-humid climates than in hot-dry climates.

6.2. Components

Before discussing the performance limitations of an air conditioning unit under HAT,
it is essential to understand how the unit efficiency is determined. As we mentioned in
Section 5, there are some design modifications followed by manufacturers to improve the
unit performance under HAT conditions, and there is no specific single strategy. Engi-
neering judgment is the primary determinant of what modifications are needed and if the
unit will reach the desired efficiency considering those changes [126]. The modifications
are carefully optimized based on several factors including space, application type, ambi-
ent conditions, availability, economic feasibility, reliability, and mandatory regulations.
A good design philosophy is to consider the annual peak temperatures but mainly design
the system based on the ambient temperatures that occur for the longest periods through-
out the year. If a scroll compressor is operating with a higher compression ratio than op-
timal, the gas is over-compressed leading to higher energy consumption than needed.
While if it is operating with a lower compression ratio than optimal, the gas will not reach
the desired discharge pressure until it floods back to the scroll pockets and some of it is
then compressed twice, leading to higher energy consumption.

An air conditioning system consists of main and auxiliary components in series,
where each component has its own limitations (e.g., compressor, condenser, and evapo-
rator). The compressor is the heart of the unit and it is critical to know how it performs
based on the selection of the remaining main parts. Proper condenser design at high am-
bient temperatures is crucial in determining how the compressor will function, where
higher rates of heat rejection lead to lower compression ratio and hence lower work. Evap-
orators usually have high-pressure drops due to the increase in refrigerant velocity as
evaporation is taking place leading to unwanted losses and contributing to a higher com-
pression ratio. On the other hand, compressors have several limitations that must not be
exceeded to avoid performance degradation or compressor damage. Suction superheat at
the compressor suction or return gas temperature is usually specified by compressor man-
ufacturers to be maintained at a minimum value to prevent liquid refrigerant flood back
that can cause serious lubrication issues (e.g., oil dilution). Since many HAT compressors
are refrigerant cooled, the superheat should not be too high to avoid the compressor over-
heating. Moreover, compressors also must have a limited discharge temperature to avoid
premature compressor failures resulting from excessive wear and oil breakdown.

Favorable refrigerants are to be used especially under high temperatures, as dis-
cussed in the refrigerants Section 4.3.1. Another limitation is the use of A2L (mildly flam-
mable) or A3 (highly flammable) refrigerants under high ambients, which can improve
the system performance but are subject to additional design requirements to minimize the
chance of system failure leading to a refrigerant leak and hence creating a fire hazard.
Environmental impacts also limit the options of refrigerants since the new trend is to-
wards zero ODP and extremely low (or zero) GWP.
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6.3. System Performance

The compressor’s operating envelope represents the allowable simultaneous con-
densing and evaporating temperatures that are determined based on refrigerant and oil
mixtures. For high ambient temperatures it is vital to use compressors with an extended
operating range to ensure smooth operation at normal evaporator temperatures, but high
condensing temperatures. If the unit is not guaranteed to operate within those limits, com-
pressor protective measures must be added, which are often seen in high ambient tem-
perature AC units (Section 5). To assess the effect of changing evaporating or condensing
temperatures on the pressure ratio, the evaporating temperature was varied by 7 °C
whereas the condensing temperature was held constant, and vice versa. The saturation
temperatures in the evaporator and condenser were assumed to be 10 °C different from
the indoor and outdoor temperatures, respectively. Three refrigerants were compared, as
shown in Figure 5, and they display the same behavior. The increase in compression ratio
from changing the indoor temperature, 26 °C to 19 °C, was higher than from changing
the outdoor temperature from 39 °C to 46 °C for all refrigerants (Table 6) [127-129].
Therefore, it is crucial to maintain the evaporator temperature at the design condition
during high ambient temperatures to avoid an unwanted rise in the compression ratio
leading to higher compressor work [71].
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Figure 5. Effects of variable outdoor and indoor temperatures on compression ratio.

Table 6. Effects of variable outdoor and indoor temperatures on the compression ratio (CR).

R-22 R-410A R-407C
CR increase % 19.9% 20.5% 20.2%
iable I
VariableIndoor o itude 0.51 0.53 0.52
CR increase % 16.2% 16.5% 16.3%
Variable Outd
ariable Outdoor - itude 0.43 0.44 0.43

6.4. Irreversibilities

At high ambient temperatures, the need for cooling increases since more heat enters
the houses. However, unfortunately, the COP and cooling capacity of the unit drops sig-
nificantly at high temperatures, presenting a limitation in the operating range of the unit,
and a need for using more efficient units that can operate under HAT. The Carnot COP,
mentioned in Section 1.3.1, represents the system’s maximum theoretical efficiency ac-
cording to the first law of thermodynamics and depends only on indoor and outdoor tem-
peratures. Actual COPs are always less than ideal and most of the experimental studies
showed drastic declines at higher ambients. The reason can be attributed to the irreversi-
bilities of the air conditioner components, especially when operating at high ambient tem-
peratures. Yumruta et al. [130] numerically analyzed how different condensing and
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evaporating temperatures would affect the exergy losses (i.e., irreversibilities) in a vapor
compression system. It was found that at higher temperature differences between the
evaporator and indoor air, exergy losses are increased in the evaporator. Similar behavior
was observed for the condenser, where higher temperature differences led to higher ex-
ergy losses in the condenser. Kalaiselvam and Saravanan [131] experimentally tested
scroll compressors and recommended some operating conditions to minimize the com-
pressor irreversibilities: 4 °C evaporating temperature, 35 to 40 °C condensing tempera-
ture, within 65 °C discharge temperature, and 14 °C suction temperature. Ahamed et al.
[132] reviewed different studies of exergy analysis for vapor compression systems and
found that decreasing the condenser temperature or increasing the evaporating tempera-
ture improved the system COP, whereas the total system irreversibility was decreased.
Bahman and Groll [133] experimentally investigated the components’ irreversibilities of
Environmental Control Units (ECUs), at capacities of 5.28, 10.55, and 17.58 kW (1.5, 3.0,
and 5.0 RT), at a 51.7 °C outdoor DBT. The analysis showed that irreversibility contribu-
tions were significant for three system components: the compressor up to 42.5%, the evap-
orator up to 32.9%, and the condenser up to 22.4%. The 5-ton ECU’s evaporator showed
the highest irreversibility due to high refrigerant pressure drop (i.e., at the evaporator
distributor) and air maldistribution.

6.5. Operation and Maintenance

People’s behavior can also limit the performance of air conditioners from operation
and maintenance aspects. A study conducted in Florida found that unmaintained air con-
ditioners operating for long periods (i.e., more than ~1500 h/year) are susceptible to in-
creased degradation rates, especially for larger capacity systems. The air conditioning unit
degradation is another major AC-limiting factor leading to higher energy consumption
with less ability for cooling, where the reasons for continuous degradation can be at-
tributed, but not limited to, coil fouling, filter clogging, and refrigerant charge problems
[26].

6.6. Possible Improvements

1. Proper control of indoor DBT during high ambient temperatures can compensate for
the performance degradation due to high outdoor DBT. For example, setting an in-
door thermostat at moderate temperatures can provide higher cooling capacity and
higher COP of the unit, which leads to lower energy consumption and cost.

2. Applying optimized design modifications, Section 5, to maintain the overall system
performance and achieve stable operation under harsh conditions.

3.  Performing routine maintenance as recommended by local manufacturers to sustain
the system performance and avoid higher operational costs.

4. Positioning the outdoor unit to face North or East can reduce the amount of direct
sunlight as opposed to West or South facing.

5. Proper unit sizing, installation procedures, air distribution, and duct designs also
have significant effects but are not included in this study.

7. Results and Discussion

Air conditioners operating under high ambient temperatures (HAT) must overcome
high summer loads, high discharge temperatures, and performance degradation (i.e.,
lower cooling capacity and COP). Regulatory jurisdictions have added more requirements
such as minimum energy efficiency and environmentally friendly refrigerants. Consider-
ing all previous factors, the problem becomes more complex and requires design modifi-
cations to comply with them. The climate change motivated the transition to low-GWP
(A2L) refrigerants and ongoing efforts are underway to ensure the workability under high
ambient conditions. In addition to the research completed by different entities, four main
organizations conducted extensive work to investigate different A2L refrigerants under
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HAT (Section 3). The following results include two of those organizations (i.e., ORNL and
AHRI Low-GWP AREP) and all related research articles found in the literature, where all
of them comply with our definition of high ambient temperature, 40 °C and above, as
mentioned in Section 3.1. It was found that the definition of the Montreal Protocol for hot
countries, Section 3.1, was in compliance with the hottest ASHRAE climate zone. Never-
theless, a more stringent temperature was defined for the purpose of investigating the air
conditioner performance and degradation, especially since most studies detected higher
performance degradation at temperatures above 40 °C. Furthermore, due to the limited
comprehensive resources in such areas, it was decided to focus on electric residential sys-
tems to investigate the drawbacks of each individual component.

7.1. Condensers and Evaporators

There were several studies conducted for the improvement of heat exchangers (i.e.,
evaporators and condensers) under HAT (Figure 6 and Table 7). Condenser improve-
ments in the range from ~18 to 50% for COP and 8 to 30% for cooling capacity were
achieved through direct evaporative cooling (DEC). Moreover, two studies tested mini-
channel condensers at HAT where Al-Bakri and Ricco [50] found unique condensation
heat transfer coefficients (HTC) at near-critical pressure and recommended further testing
at critical pressures. Nevertheless, both studies [50,51] agreed that local HTC increases at
higher quality and mass flow rate, but decreases at lower ambient temperature. On the
other hand, only one study was found describing evaporator improvements at HAT [49],
which showed improvements of ~7% in COP and ~10% in cooling capacity. This method
implemented passive controls to improve the refrigerant circuitry based on the external
air flow.

The Effect of Applying Different Technologies to Condensers/Evaporators
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Figure 6. Improvements of different technologies applied to either evaporator or condenser
[45,46,48,49,53].
Table 7. Details of condenser or evaporator improvements for each method.
li -
Method Refrigerant Size Test Type Outd.o.or Coo 1n.g Ca cor Note Reference
Condition  pacity
Direct evaporative 1.5 ton .
A E 1 49.0 ° +20.19 +50.69 - 4
cooling N/ (53 kW] xperimenta 9.0 °C 0.1% 50.6% [45]
Direct ti
frect evaporative R-410A N/A  Experimental 445 °C N/A  +18.2% - [46]
cooling
Direct evaporative R-22 20ton g erimental  50.0 °C  +303%  +22.9% (48]
cooling [70kWa] P : o7 i
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Interleaved evaporator 5.0 ton 406 to 51.7 At average val-
circuitry R-407C [17.6 Experimental o, c ’ +9.5% +6.8%  ues for tests [49]
kW] 1,2, and 3
Air cooling using con- R-22 08ton — p erimental  43.0 °C +81%  +20.0% - 53]
densade water (ACE) [2.8 kW]

A mini-channel heat exchanger shows attractive characteristics in increasing the sur-
face area and decreasing refrigerant charge, which are essential considerations for HAT
air conditioners. The mini-channel heat exchangers could also be tested under HAT with
A2L refrigerants (i.e., mildly flammable) since charge limitations are applied for flamma-
ble refrigerants. Direct evaporator cooling has shown significant improvements, espe-
cially under hot-dry conditions, but water availability is a major concern. Few studies
explored the possibility of utilizing condensate water, recognizing that the amount can be
insufficient in dry climates, and hence it is not recommended to depend solely upon it.
The literature also revealed only a very limited number of studies conducted on evapora-
tor improvements. Bahman and Groll [133] discussed the irreversibility of an environmen-
tal control unit (ECU) and showed that evaporator losses can be very significant under
HAT. Hence, an active control method, where the refrigerant can be regulated to control
the exit superheat, could be investigated under HAT and compared with passive control
improvements [49].

7.2. Compressors

Many compressor improvements found at high ambient temperatures were essen-
tially induced from studies related to low ambients. Experimental and numerical im-
provement techniques found in the literature are (i) vapor injection, saturated or super-
heated, at the intermediate stage, (ii) liquid flooding, (iii) accumulator heat exchanger
(AHX), and (iv) external shell cooling. Moreover, some studies analyzed the compressor
reliability and the behavior of lubricants under HAT conditions.

Table 8 shows the experimental vapor injection methods [54-56] achieved up to 3%
higher COP, 15% higher cooling capacity, and 4.5 °C lower discharge temperature. This
method requires installing an additional economizer, which is either an internal heat ex-
changer or flash tank, where both types showed comparable performance, but the former
provides wider mass flow rate control [56,59]. The cooling capacity improvement is at-
tributed to the higher sub-cooling resulting from using an economizer. Additionally, the
optimized numerical analysis showed potential for significant improvements using a new
compressor (i.e., larger envelope and designed for higher condensing temperature) and
properly sized economizer, as shown in Figure 7 [59]. Liquid flooding, using POE oil, was
also numerically investigated and demonstrated that only R-1234yf had high improve-
ments in COP, yet higher discharge temperatures, and hence needs further experimental
testing [57]. Suction-line liquid injection through AHX, Figure 7, showed significant dis-
charge temperature reductions of up to ~17 °C at the cost of lowering the COP by ~4.2%
when using R-22 [55]. An external shell cooling method, using refrigerant, was conducted
experimentally for a compact size compressor and led to attractive improvements [58].
This method is not included in Figure 7 and Table 8 since it was applied to a compact
vapor-compression unit and was compared to thermoelectric coolers which yielded about
75% COP improvement under HAT. Moreover, it needs further investigation using resi-
dential size compressors, since the heat generated inside the compressor can be far from
the surface and hence make it more difficult to apply such external cooling.
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Figure 7. Improvements of different technologies applied to compressors under HAT conditions
[54-56,59].
Table 8. Details of compressor improvements for each method.
Outdoor
Cooling Ca- Disch
Method Injection  Refrigerant  Size Test Type!  Condi- oolng t-a 1scharge Note Reference

it T t
tion pacity emperature

Economizer heat

Vapor injection

R-22 NA  Experimental  N/A +5.3% 0 450 00°Ccondens o

exchanger ing temperature
Suction-line re- Injection ratio
Accumulator frigerant injec- R-22 26 ton [9.1 Experimental  43.0 °C +02% —42% -169 °C  15%usingopen  [55]
heat exchanger . kWin]
tion EEV 36%
Flash tank ~ ooturatedvapor o yoa  BLtON g erimental 461 °C  +150% +22%  N/A  At26%injection
injection [10.9 kW] ratio (56]
Internal heat ex- Superhe.ate.d vas b 410A 3.1ton Experimental  46.1 °C 13.9%  43.0% N/A At 20% 1r.1]ect10n
changer por injection [10.9 kW] ratio
Saturated vapor 5.0 ton . 2
- 1 e +10.0% +0.1% -25°
injection R-407C [(17.6 KWa] Experimental  46.1 °C 10.0% 0.1% 2.5 °C
Plate heatex-  Superheated va- 4, 50ton Experimental 461 °C  +10.8% +1.9% -1.8 °C 2 [59]
changer por injection [17.6 kW]
hy - . imi
Superheated va-  p yoyc SOION N erical 461 °C +333%  487% 7.1 °C Optimized
por injection [17.6 kW] model

1 All compressors used are scroll types. 2 Shown data are at average values for tests 1, 2, and 3.

The compressor improvement techniques mentioned above can be extended to ex-
perimentally assessing mildly flammable refrigerants (A2L) under HAT, especially for the
high discharge temperature challenge of R-32. Since numerical analysis showed R-32
could reach high discharge temperatures when using a vapor injection technique, two-
phase injection within allowable compressor limits could be tested. Of note, this technique
has higher costs, is difficult to control, and provides small improvements when compared
to vapor injection [57]. In addition, increasing the injection ports at the compressor may
lead to only slight improvements and hence it is not always feasible [57]. Utilizing an ac-
cumulator heat exchanger showed significant discharge temperature reductions for R-22
and could also be used for assessing R-32 under HAT.

Other studies explored the effects of high ambient temperature (HAT) on the com-
pressor internals and oil viscosity. It was found that HAT decreased oil viscosity and the
film thickness of bearings and increased the risk of metallic contact [61]. Moreover, at 50
°C ambient temperatures, the load on the crank of a rotary compressor was found to be
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double the load at 30 °C, while the compression process took longer periods to reach dis-
charge pressure [61]. Therefore, the following techniques can be used to lower the risk of
damaging the compressor internals: (i) maintain relatively higher suction temperatures,
(if) use relatively higher viscosity oils, (iii) limit the compression ratio, (iv) use bearings
with lower surface roughness, and (v) shut-off controls at excessive temperatures.

7.3. Refrigerants

Many studies were conducted to test different refrigerant performances at high am-
bient temperature (HAT) for the purpose of replacing R-22 and R-410A. The test levels are
mainly drop-in and soft-optimized, as explained in Section 4.3.1. The data presented here
include: (i) all related literature studies including ORNL results for both R-22 and R-410A
and (ii) the AHRI low-GWP AREP program. A comparison among different refrigerants
is shown in the following data based on: (i) cooling capacity, (ii) COP, (iii) discharge tem-
perature, (iv) refrigerant classification, (v) indoor and outdoor temperatures, and (iv) unit
size. The refrigerants are not meant to be compared directly since each test was subject to
different test levels and conditions, but the data can help in determining the general be-
havior of each refrigerant under certain test conditions. The selection of new refrigerants
is essentially dictated by the climate protocols that aim to lower the environmental im-
pacts. Hence, using low GWP and zero ODP will most likely lead to higher flammability,
which adds complexity to the system and more safety requirements. With that being said,
the mildly flammable refrigerants (A2L) show attractive performance and are being tested
by several researchers.

Table 9 shows all related studies found in the literature with the aim of replacing R-
22 with different refrigerants (i.e., A1, A2L, and A3 types). It is obvious that there isno Al
refrigerant that outperformed R-22, and they all had lower COP with a wide range of
cooling capacities (Figure 8). R-424A showed a similar COP but at the cost of a signifi-
cantly lower cooling capacity. Moreover, A2L R-444B refrigerant reached a similar COP
and slightly higher cooling capacity than R-22, while ARM-20a had a slightly higher COP
but lower cooling capacity. ARM-20a showed a substantially lower discharge temperature
by 22 °C. In general, most A2Ls are within 4% of the R-22 cooling capacity and within
COP reductions of up to 15% (Table 9). Most A3 refrigerants showed higher COP than R-
22 but almost all of them had a lower cooling capacity. The interesting behavior of R-1270
was observed when a larger displacement compressor was used (i.e., higher mass flow
rate), which significantly improved the cooling capacity at comparable COP and had a
slightly lower optimum refrigerant charge [70]. For the same study, R-290 showed cooling
capacity improvements but much lower COP values, which explains the importance of
using an optimum-sized compressor for each refrigerant. It is noted that discharge tem-
peratures of both R-290 and R-1270 were not given in their respective studies (Table 9).

Table 9. Experimental results for R-22 alternative refrigerants at HAT conditions.

Dis-
. Baseline ! Cooling Outdoor
System ize Bas'elme Alternative Tes Cooling Ca- Ind(,“?r Capac- COP!? charge Condi- Leg-3 Reference
Type Refrigerant Level . Condition =, Temper- ., end
pacity/COP ity 1 tion
ature
Residential
1.0 ton DBT/WBT DBT/WBT
hy R-22 R-161 A 29k . -5.19 10.09 -3° 7
eatApng [3.5 kW] 6 NIA 29KWwl0.68 7 ocngee D1%  #100%  B°C ygaczec ® (671
R-290 -1.8% +19.4%
1.0 ton (2.0 ton) (-4.0%)  (+3.1%) DBT
Residential [3.5 kW] R-407C 3.0 kWw/2.32 DBT/WBT -12% -6.0%
- ° [m}
split AC 2.0 ton R-22 (2.0 ton) N/A (6.7 kWw/2.60) 25°C/19°C (-1.0%)  (-6.1%) N/A 4055(";50 (71]
[7.0 kW] R-410A +3.2% -5.4%
(2.0 ton) (+2.3%)  (-9.3%)
. DBT/WBT
SPHEAC o R-22 R-410A N/A 93 kWw/2.28 26.7°C/194 -9.0%  -150%  NJ/A DBT 0 [63]
system 54.4°C

°C
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Window 15ton R-407C ]I;]r/A 42KWw/184 DBTWBT 79%  -135% DBT/WBT [64,65]
AC  [5.3 kW] R-290 _izp 41KWw/1.76 29°C/19°C -9.7%  +2.8% 46°C/24°C ’
R-290
(20% larger disp. -11.3% +3.7%
Wall room 0.7 ton compressor) DBT/WBT (-2.9%) (-7.1%) DBT/WBT
AC  [2.5KkWu] R-22 R-1270 N/A 24KWal087 7 o ngec 20%  -57% NIA - goocpacc 2 (70l
(20% larger disp. (+13.0%)  (-7.1%)
COmpressor)
N-20B -145% -105%  -7°C
DR-3 Soft -12.0% -145%  -4°C
Mini split 1.5 ton ARM-20B  opti- DBT/WBT -3.0%  -11.0%  +3°C DBT
AC  [B3kWel NP2 La0a (R-444B) mize LORWHILI ogociiooc —40%  —7.0%  +6°C 52°C,55°C (371
R-290 d 95%  +75%  -13°C
DR-93 -75%  -145%  -2°C
77 ton L-20A (R-444B) +1.8%  -53%  -2°C
Rooftop ARM-20b  Drop DBT/WBT +12%  -105%  -8°C DBT
27.1 R-22 19.8 kWen/1.84
AC IEW] DR-7 (R-454A)  -in OBKWW/L84 sgociigon 40.6%  -140%  -11°C 52°C * (38]
" ARM-20a -6.8%  +0.8%  -22°C
N DBT/WBT ) DBT/WBT
Mlz‘épht : 61381:&?] R22 Eﬁé‘;}é N/A 52 kWu/1.80 32°C/13°C J_'ég; _5%0/ N/A  53°C/32°C % [72]
R 29°c/19°C " - 46°C/29 °C
. 0.6 ton Drop DBT o n o 0o DBT
Split AC pikwe K2 R-424A o L7KWe241 5 20% 2.5% 19°C a1 [74]

! Values are approximated from graphs at the mentioned average outdoor conditions unless they
are numerically presented by author(s). ?Only high ambient temperatures were selected (i.e., 40
°C and above). 3 Symbols are illustrated in Figure 8.

PERFORMANCE OF R-22 ALTERNATIVE REFRIGERANTS
1.2
Blue: A1  Black: A2L  Red: A3 ‘ AT = (Toudoor—Tindeor)avy
® AT =21.0°C Capacity = 1.0 ton
A AT =13.0°C Capacity = 0.7 ton
120 (=} O AT =245°C Capacity = 1.0 ton
R-290 X AT =15.0°C Capacity = 1.5 ton
O AT =23.0°c Capacity = NFA
115 R-161 +AT =27.7°C  Capacity = 7.7 ton
<> AT =19.0°c Capacity = 1.5 ton
R-290 % AT = 17.0°C Capacity = 1.8 ton
110 < — AT =23.0°C Capacity = 0.6 ton
; R-290 b4 R-290 (2 ton) R-407C (2 ton)
s ARM-20a
: R-290 R-444B
S A G R-407C
@ 100 . #
o is R-290 (20% larger =~ R-407C L-20A (R444B)
Q R-424A disp. compressor)
085 N-20B ﬁ* m +
L-20A (R-444B) X R-410A A
R-1270 (]
0.90 X DR-3 R-407C % & R-410A (2 ton)
DR-93
0.85 X lo) °x ARM-20B + ARM-20b R-1270 (20% larger
. disp. compressor)
RA10A DR-7 (R-454A)
0.80
0.80 0.85 0.90 0.95 1.00 1.05 1.10
Q/Qg_;2

1.15

Figure 8. Experimental results for R-22 alternative refrigerants at HAT conditions, where Q is cool-

ing capacity.

All the literature studies evaluated only A2L refrigerants as R-410A alternatives. In
Table 10, R-1234yf showed extremely low cooling capacity which was attributed to the
need for additional system modifications, beyond charge and TXV optimization, which
led to lower flow rates and pressure ratios [68]. Most of the remaining alternatives showed
improvements in both cooling capacity and COP, however, all of them had higher dis-
charge temperatures than R-410A, except for refrigerant DR-4 (i.e., had lower discharge
temperatures at the cost of considerably lower cooling capacity). Therefore, the behavior
of any nominated refrigerant must be carefully observed under high ambient tempera-
tures. The discharge temperatures of R-32 are higher than R-410A, ranging from ~16 °C
to 30 °C, which makes it imperative to utilize compressor cooling technologies and large
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condensers. Moreover, after soft optimizing the split system using drop-in DR-5 refriger-
ant, there was a negligible change in performance but higher discharge temperatures
which makes it a better drop-in alternative. All R-410A replacement refrigerants in Table
10 are plotted in Figure 9 excluding R-1234yf [37,38,68,69].

Table 10. Experimental results (except for AHRI Low-GWP AREP) for R-410A alternative refriger-
ants at HAT conditions.

Baseline ! Discharge

t Baseli I li t Leg-
System Size AS€NE  Alternative Test Level Cooling Ca- nd(.)(?r Coo 1.ng1 COP! Tempera- Ou ?lf)or 2 eg3 Reference
Type Refrigerant . Condition Capacity 1 Condition * end
pacity/COP ture
R-32 +10.0% -1.0% +30°C DBT
Drop-i N/A N/A O
R-1234yf o oP / / ~49.0%  +7.0%  -29°C  43°C,46°C [68]
DR-4
Residential 5.0 t
eS; lelrt‘ a [ 17%“ Rualon  (Softoptimi- -165%  +5.0%  -9°C
heatp i kw.h] zation) N/A DBT  (-9.0%) (+10.0%) (-2°C) DBT o (69]
f .
pump DR-5 P 211°C  +35%  +60%  +3°C  43°C,46°C
(Soft optimi- (+3.0%)  (+7.0%) (+8°C)
zation)
R-32 +12.0% +5.5% +21°C
. . .. L15ton DR-55 . DBT/WBT 0 +3.0% +8°C
M lit ft opti- DBT
H;;ép " 53  R410A L4l (R-447A) S?ni;):)dl BAKWWIO7 29 °C/19  —45%  +40%  +14°C o X 137]
kW] ARM-71A °C -3.5% +2.0% +8°C §
HPR-2A 0 +5.5% +14 °C
11 ton DR-55 DBT/WBT +1.9% +3.5% +7°C
L41z (R-447B) . N +1.3% +8.0% +10°C DBT
Rooftop AC 155/37] R-410A ARM-71a Drop-in  30.7 kWw/1.80 29 c‘(C:/19 12.9% +7.6% 7°C 52°C, 55°C + [38]
h
) R-32 +5.9% 0 +19°C
1 Values are approximated from graphs at the mentioned average outdoor conditions unless they
are numerically presented by the author(s). 2 Only high ambient temperatures were selected (i.e.,
40 °C and above). 3 Symbols are illustrated in Figure 9.
PERFORMANCE OF R-410A ALTERNATIVE REFRIGERANTS
15 From studies found in the literature
07 = (Tystagr=Tyanr)o0 Lat2 -
ezl o sonpamis = Loe -7
x AT=245°C Capacity=15ton HPRZA ARM-71a
110 + AT=245°C Capacity =11.0ton c ARM-71A
All are classified as A2L (Red) ARM-T1a u DR-5 (Soft
3 + N R-32 (soft:
X % HPR2A [g DR-5A (soft-optimized) °
1.05 e} DR-5A(R-4548) DR-55 = A DR-5 R-32 X
DR-4 L41 (R-4474) X B o -F R-32 (soft-optimized)
é HPR2A,
o ARM-71A DR-5A DR-55 4Rz
g x * PR-85: pR-ss imi fa]
o -55 (soft-optimized) R-32
S L-41-2(R-347A) + 2
D2y-60 L-41-1(R-446A) R-32
095 (]
i L-41a R-32
a
leILAHRI Low-GWP AREP b
0.90 | +aT = 19.4%C Capamlyirflafeﬁ\mdwrinmwr)m‘éu‘?“C Capacity = 6.0 ton D2Y-60 (soft-optimized) R-1234yT (soft-optimized)
A AT =22.3°C Capacity =5.0 fon o 5°C Capacity = 4.0 ton
XAT =250°C  Capacity =5.0 ton oA A4°C Capacity = 3.5 ton A&
wAT =222°C Capacity =1.5ton »AT=194°C Capacity =35ton
AAT =19.4°C Capacity =3.0 fon + AT =20.0°C Capacity =3.0 ton
All alternative refrigerants are classified as A2L (Black)
DEE(I 80 0.85 0.90 0.95 1.00 1.05 1.10 1.15
Q/Qp 4108

Figure 9. Experimental results for R-410A alternative refrigerants at HAT conditions, where Q is
cooling capacity.

The AHRI low-GWP program [123,134-142], discussed in Section 3.2, conducted sev-
eral tests under high ambient temperatures, Figure 9 and Table 11. All R-410A alternatives
are A2L types, and many of these refrigerants showed higher COP and cooling capacity
than R-410A. R-32 with soft-optimization achieved the highest performance among all re-
frigerants, however, the discharge temperature was higher by ~16 °C. R-32 discharge tem-
peratures for different experiments ranged from 16 to 26 °C. Various refrigerants had
higher COP and similar cooling capacity to R-410A with only a small increase in discharge
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temperature of less than 10 °C. Hence, A2L refrigerants are capable of replacing R-410A
but their flammability requires further risk assessment under HAT to decide which level
of replacement is recommended (i.e., soft optimized or new equipment).

Table 11. AHRI Low-GWP AREP results for R-410A alternative refrigerants at HAT conditions.

Svstem Baseline Test Baseline ! Indoor Cooling Discharge Outdoor e
y Size Refrig- Alternative Cooling Ca- o Capac- COP! Tempera- Tempera- g3 Reference
Type Level . Condition = 1 2 end
erant pacity/COP ity ture ture
DR-55 +0.4% +4.1% +4.6 °C DBT
Rooftop  40ton 0\ pgp  Softopti- 121 212?!?/]1354 #21% +40% +202°C 405 °Cto O [123]
AC  [14.1kWu] mized  kWw225 00 7 e TR ‘ o
DR-5A C +34% +6.7%  +6.2°C 51.7 °C
. DBT/WBT DBT
Rooftop 6.0 ton Soft-opti- 18.1 . o . o o
AC 211 kWa R-410A R-32 mized KWi/2.48 26.6°C/19.4 +12.5% +6.0%  +20.7°C 40.5°C to < [134]
°C 54.4°C
DBT/WBT DBT
Rooftop 5.0 ton . 14.5 . o . R o
AC [17.6 kWa] R-410A DR-55 Drop-in KWi/2.29 26.6°C/19.4 -04% +5.0% +4.6 °C 46.1°C, A [135]
°C 51.7°C
ARM-71a -2.8% +7.0% +7.9°C
DR-5A(R- s s .
. 454B) 0.8% +6.4%  +9.0°C
plit sys- DBT/WBT _, ., o o
temheat 0N pajoa TPRIA boin 74 KWa/L87 267 *C/15.6 43% +32%  +16°C DBT x [136]
um [10.6 kW] L-41-1(R- oc o . . 51.7 °C
p 446A) -3.0% -05%  +14.7°C
L-41-2(R- . . .
447A) 3.8% -1.1% +8.2°C
L-41-2 -0.5% +10/2'4 +6.4°C
o
DBT/WBT  _ 7o o, o DBT
Rooftop 5.0 ton ARM-71A ) 14.5 0.7% +8.1%  +6.9°C
AC [17.6 kWa] R-410A HPR2A Drop-in KWin/2.29 26.7 c‘(C:/l9.4 +12% 49.0%  +13.5°C 46.1 Og, 51.7 u [137]
DR-5A -2.6% +3.1% +9.2°C
R-32 -0.9% -7.0% +26 °C
DBT/WBT
. . DBT/WBT 46.1°C/25.7
lit A 0Ot ft-opti- 11.4
Ssp ;temc : 1ggkown  Re410A R3O ?ni;eill 8.4 kWu/2.02 28.9°C/189 +13.6% o H159°C oC . [138]
Y b °C ° 51.7°C/27.7
°C
Alr DBT/WBT
source 3.0 ton Soft-opti- -11.9 DBT
R-410A D2Y- S5k 2.4 ° -7.89% -1.6° A 1
heat  [10.6 kW] 0 60 mized 8.5 kWu/ 267 02/19'4 8% % 6°C 46.1°C [139]
pump
Air R-32 +5.5% -21%  +18.1°C
source 3.0 ton D2Y-60 DETIWET 010 25% -115°C DBT
) R-410A - Drop-i S5k 2.4 ° TR e o TRk 14
heat  [10.6 kWu] 0 rop-in - 8.5 kWw/2.4 267 og/ 19.4 ) . . 461 °C * [140]
pump L-41a -11.0% -5.8% +6.7 °C
Split sys- _ DBT/WBT
3.5 ton Soft-opti- 10.9 N o o g DBT
tem heat (12.3 kWer] R-410A R-1234yf mized KWi/2.64 26.7 0C/19.4 +0.1% -8.7% 17.8 °C 46.1°C (@) [141]
pump C
Split sys- DBT/WBT
3.5 ton . . . o _=no o DBT
te;rkrllt;o\t [12.3 kW] R-410A R-32 Drop-in KWin/2.64 26.7 o((i:/19.4 +1.8% -5.3%  +23.2°C 46.1°C . [142]

! Values are approximated from graphs at the mentioned average outdoor conditions unless they
are numerically presented by author(s). ? Only high ambient temperatures were selected (i.e., 40
°C and above). *Symbols are illustrated in Figure 9.

8. Conclusions

This article provides an overview of residential vapor-compression air conditioners
operating under high ambient temperatures (HAT). For the purpose of this article, a min-
imum temperature criterion, 40 °C and above, was developed to evaluate studies that
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were conducted at HAT. Several HAT organizations and projects (i.e., ORNL, AHRI
AREP, EGPYRA, and PRAHA) were launched with the purpose of assessing the perfor-
mance of low-GWP refrigerants when operating under HAT and accelerating the transi-
tion to such refrigerants. Previous studies of air conditioner improvements (i.e., for con-
densers, evaporators, compressors, and refrigerants) were discussed under HAT condi-
tions. This article also discussed the challenges, the possible design modifications, and
several limitations of air conditioners operating under HAT. The main challenges at high
ambient temperature are (i) the reduced efficiency, (ii) the higher energy consumption,
(iii) the high discharge temperature associated with promising A2L refrigerants, (iv) the
higher minimum energy efficiency requirements, and (v) the ambient temperature in-
crease due to global warming,.

Climate limitations were explored for Kuwait and Phoenix, Arizona, USA, and the
following was observed:

e  The yearly HAT season of Kuwait was found to be ~5 months and therefore design-
ing efficient air conditioners for such a climate is necessary.

e  The yearly HAT season in Phoenix, Arizona, USA was found to be ~2 months, and
hence a careful evaluation must be conducted to avoid any penalties for oversizing
the unit when operating under mild temperatures.

e  Over the past 6 years in both Kuwait and Phoenix, Arizona, USA, the average
temperatures during the HAT seasons increased by up to ~1.7° C over the period
1981 to 2010, indicating already high ambient temperatures are increasing even
further.

e  After surveying the units sold in the USA and GCC regions, it was found that both
provided allowable operating temperatures of up to 52 °C.

e InKuwait, the units are certified by meeting the minimum value of EER, while in the
Southwest region of the USA, the unit must meet the minimum values of both EER
and SEER.

Main findings and suggested improvements:

e  Refrigerant R-32 showed the highest improvements in terms of cooling capacity and
COP, however, the discharge temperature was too high for a conventional unit to run
continuously without tripping.

e  Refrigerants DR-5, DR-5a, and ARM-71a showed better performance than R-410A
but a slightly higher discharge temperature of +2 to +9 °C, which is expected to be
mitigated using compressor and condenser enhancements techniques.

e  The compressor cooling techniques that yielded the highest improvements (i.e.,
lowest discharge temperatures) are saturated vapor injection and accumulator heat
exchanger at the suction line.

e Condenser improvements were mainly related to evaporative cooling techniques
which showed significant improvements in cooling capacity and COP.

e Theirreversibilities of evaporators were found to be significant at HAT and only one
study of evaporator improvement was found under such conditions. The evaporator
circuitry was interleaved based on the air maldistribution, which showed
considerable improvements in cooling capacity and COP but needs to be
implemented at the design stage.

e The TEWI and LCCP analyses showed that the indirect impact poses a significantly
higher effect on the environment than the direct impact for an air conditioner
operating under HAT conditions and hence, the energy efficiency remains the
dominant obstacle that needs further improvement. Therefore, to meet the purpose
of lowering global warming and CO: emissions, HAT countries should only allow
the transition to similar or better energy efficiency A2L units.

Recommended research paths:

e  Several studies assessed microchannel condensers under HAT using a bespoke test

facility where one of them, at near-critical pressure, found a unique heat transfer
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behavior and recommended further testing at critical pressure to have a better
understanding of the heat transfer behavior.

e Evaporators can be assessed using active control methods which control the
refrigerant flow to obtain a uniform exit superheat.

e  The literature studies with the purpose of evaluating the performance of different
A2L and A3 refrigerants compared to the baseline R-410A provided sufficient data
and hence further assessments are not recommended.

e Risk assessments represent a major concern for the next transition to mildly
flammable refrigerants and hence, any further development in this area can
significantly accelerate the transition to A2L or even A3 refrigerants.

9. Future Work

This article was primarily focused on residential air conditioners only, while the fol-
lowing ideas could be further investigated at HAT:

1. Applying active controls of evaporator refrigerant flow to regulate the exiting super-
heat.

2. Investigating the condensation behavior of a microchannel condenser at critical pres-
sure since it showed unique findings at near-critical pressure.

3. Applying external cooling techniques to the compressor shell using an additional
heat exchanger (e.g., coolant can be refrigerant or phase change material).

4. Investigating the energy savings when using a two-stage compressor compared to a
single-stage under real HAT conditions.

Author Contributions: Conceptualization, M.A. and P.E.P.; methodology, M.A.; software, M.A_;
validation, M.A. and P.E.P.; formal analysis, M.A. and P.E.P.; investigation, M.A. and P.E.P.; re-
sources, M.A. and P.E.P.; data curation, M. A.; writing—original draft preparation, M.A.; writing —
review and editing, P.E.P.; visualization, M. A ; supervision, P.E.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: M.A. gratefully acknowledges the support of The Public Authority for Applied
Education and Training—College of Technological Studies, Kuwait.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  The Future of Cooling— Analysis —IEA. Available online: https://www.iea.org/reports/the-future-of-cooling (accessed on 6 Jan-
uary 2022).

2. Air Conditioning Use Emerges as One of the Key Drivers of Global Electricity-Demand Growth—News—IEA. Available online:
https://www.iea.org/news/air-conditioning-use-emerges-as-one-of-the-key-drivers-of-global-electricity-demand-growth  (ac-
cessed on 20 January 2022).

3. Electricity Mix—Our World in Data. Available online: https://ourworldindata.org/electricity-mix (accessed on 6 January 2022).

4.  Global Greenhouse Gas Emissions Data | US EPA. Available online: https://www.epa.gov/ghgemissions/global-greenhouse-gas-
emissions-data (accessed on 6 January 2022).

5. Learn About Heat Islands|US EPA. Available online: https://www.epa.gov/heatislands/learn-about-heat-islands (accessed on
6 January 2022).

6. Excess Heat from Air Conditioners Causes Higher Nighttime Temperatures|ASU News. Available online:
https://news.asu.edu/content/excess-heat-air-conditioners-causes-higher-nighttime-temperatures (accessed on 6 January 2022).

7.  Salamanca, F.; Georgescu, M.; Mahalov, A.; Moustaoui, M.; Wang, M. Anthropogenic heating of the urban environment due to
air conditioning. J. Geophys. Res. 2014, 119, 5949-5965. https://doi.org/10.1002/2013]D021225.

8.  Lundgren-Kownacki, K.; Hornyanszky, E.D.; Chu, T.A.; Olsson, J.A.; Becker, P. Challenges of using air conditioning in an in-

creasingly hot climate. Int. J. Biometeorol. 2018, 62, 401-412. https://doi.org/10.1007/s00484-017-1493-z.



Energies 2022, 15, 2880 40 of 45

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Groll, E.A. Update on Refrigerants: Past, Present and Future. ASHRAE Chapter Meetings. 2021. Available online:
https://www.ashrae.org/professional-development/learning-portal/instructor-led-training/ashrae-instructors/eckhard-a-groll
(accessed on 6 January 2022).

Causes of Climate Change |US EPA. Available online: https://www.epa.gov/climatechange-science/causes-climate-change (ac-
cessed on 6 January 2022).

Climate Change: Global TemperatureNOAA Climate.gov. Available online: https://www.climate.gov/news-features/under-
standing-climate/climate-change-global-temperature (accessed on 6 January 2022).

U.S. Environmental Protection Agency and U.S. Department of Energy. ENERGY STAR®. Available online: https://www.ener-
gystar.gov/ (accessed on 7 January 2022).

Energy Efficiency —Site. Available online: https://www.regulations.doe.gov/eecompass/energy-efficiency (accessed on 6 Janu-
ary 2022).

OzonAction Kigali Fact Sheet No. 9—Technical Issues: High Ambient Temperature|Ozonaction. Available online:
https://www.unep.org/ozonaction/resources/factsheet/ozonaction-kigali-fact-sheet-no-9-technical-issues-high-ambient-tem-
perature (accessed on 7 January 2022).

Least Developed Countries| UNCTAD. Available online: https://unctad.org/topic/least-developed-countries (accessed on 7 Jan-
uary 2022).

ANSI/ASHRAE Standard 169-2021; Climatic Data for Building Design Standards. American Society of Heating, Refrigerating
and Air-Conditioning Engineers: Atlanta, GA, USA, 2021.

Degree-Days—U.S. Energy Information Administration (EIA). Available online: https://www.eia.gov/energyexplained/units-
and-calculators/degree-days.php (accessed on 7 January 2022).

The Weather Year Round Anywhere on Earth—Weather Spark. Available online: https://weatherspark.com/ (accessed on 7
January 2022).

Heating & Cooling Degree Days—Free Worldwide Data Calculation. Available online: https://www.degreedays.net/ (accessed
on 4 December 2021).

Pacific Northwest National Laboratory for the U.S. Department of Energy. Building Energy Codes Program
(ANSI/ASHRAE/IES Standard 90.1-2016: HVAC). 2017. Available online: www.energycodes.gov (accessed on 8 January 2022).
Athalye, R.; Taylor, T.; Liu, B. Impact of Ashrae Standard 169-2013 on Building Energy Codes and Energy Efficiency. Available
online:  https://www.semanticscholar.org/paper/IMPACT-OF-ASHRAE-STANDARD-169-2013-ON-BUILDING-AND-Atha-
lye-Taylor/320bcf954de579fab3c2e2e680f4b45a2bd40ebf (accessed on 8 January 2022).

Alajmi, T.; Phelan, P. Modeling and forecasting end-use energy consumption for residential buildings in Kuwait using a bottom-
up approach. Energies 2020, 13, 1981. https://doi.org/10.3390/en13081981.

US EPA and Climate Change Division. Climate Change Indicators in the United States. 2014. Available online:
www.epa.gov/climatechange/indicators (accessed on 8 January 2022).

Climate Change and Heat Islands|US EPA. Available online: https://www.epa.gov/heatislands/climate-change-and-heat-is-
lands (accessed on 7 January 2022).

Article 5: Special Situation of Developing Countries | Ozone Secretariat. Available online: https://ozone.unep.org/treaties/mon-
treal-protocol/articles/article-5-special-situation-developing-countries (accessed on 7 January 2022).

Fenaughty, K.; Parker, D. Evaluation of Air Conditioning Performance Degradation: Opportunities from Diagnostic Methods.
2018. Available online: www.fsec.ucf.edu (accessed on 8 January 2022).

Sherry, D.; Nolan, M.; Sherry, N.; Associates-NSA; Seidel, S. HFO-1234yf: An Examination of Projected Long-Term Costs of
Production I. Why is the Production Cost of Hydrofluoroolefin (HFO)-1234yf Important? Available online:
https://www.1234facts.com (accessed on 8 January 2022).

OzonAction Kigali Fact Sheet No. 5—HFC Baselines and Phase-Down Timetable|Ozonaction. Available online:
https://www.unep.org/ozonaction/resources/factsheet/ozonaction-kigali-fact-sheet-no-5-hfc-baselines-and-phase-down-time-
table (accessed on 7 January 2022).

Prices and Factors Affecting Prices—U.S. Energy Information Administration (EIA). Available online: https://www.eia.gov/en-
ergyexplained/electricity/prices-and-factors-affecting-prices.php (accessed on 8 January 2022).

Heatstroke—Symptoms and Causes—Mayo Clinic. Available online: https://www.mayoclinic.org/diseases-conditions/heat-
stroke/symptoms-causes/syc-20353581 (accessed on 8 January 2022).

ISO—ISO 7243:2017 —Ergonomics of the Thermal Environment— Assessment of Heat Stress Using the WBGT (Wet Bulb Globe
Temperature) index. Available online: https://www.iso.org/standard/67188.html (accessed on 8 January 2022).

Parsons, K. Heat Stress Standard ISO 7243 and Its Global Application. 2006. Available online: https://pub-
med.ncbi.nlm.nih.gov/16922180/ (accessed on 9 January 2022).

Sanderson, M.; Arbuthnott, K.; Kovats, S.; Hajat, S.; Falloon, P. The use of climate information to estimate future mortality from
high ambient temperature: A systematic literature review. PLoS ONE 2017, 12, e180369. https://doi.org/10.1371/jour-
nal.pone.0180369.

Hanna, E.G.; Tait, P.W. Limitations to thermoregulation and acclimatization challenge human adaptation to global warming.
Int. ]. Environ. Res. Public Health 2015, 12, 8034-8074. https://doi.org/10.3390/ijerph120708034.



Energies 2022, 15, 2880 41 of 45

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Vicedo-Cabrera, A.M.; Scovronick, N.; Sera, F.; Royé, D.; Schneider, R.; Tobias, A.; Astrom, C.; Guo, Y.; Honda, Y.; Hondula,
D.M,; et al. The burden of heat-related mortality attributable to recent human-induced climate change. Nat. Clim. Change 2021,
11, 492-500. https://doi.org/10.1038/541558-021-01058-x.

Thompson, R.; Hornigold, R.; Page, L.; Waite, T. Associations between high ambient temperatures and heat waves with mental
health outcomes: A systematic review. Public Health 2018, 161, 171-191. https://doi.org/10.1016/j.puhe.2018.06.008.

Abdelaziz, O.; Shrestha, S.; Munk, J.; Linkous, R.; Goetzler, W.; Guernsey, M.; Kassuga, T. Alternative Refrigerant Evaluation
for High-Ambient-Temperature Environments: R-22 and R-410A Alternatives for Mini-Split Air Conditioners. 2015. Available
online: https://www.energy.gov/eere/buildings/downloads/alternative-refrigerant-evaluation-high-ambient-temperature-en-
vironments-r (accessed on 25 October 2021).

Abdelaziz, O.; Shrestha, S.; Shen, B.; Elatar, A.; Linkous, R.; Goetzler, W.; Guernsey, M.; Bargach, Y. Alternative Refrigerant
Evaluation for High-Ambient-Temperature Environments: R-22 and R-410A Alternatives for Rooftop Air Conditioners. 2016.
Available online: https://www.energy.gov/eere/buildings/downloads/alternative-refrigerant-evaluation-high-ambient-temper-
ature-environments--0 (accessed on 25 October 2021).

United Nations Environment Programme and United Nations Industrial Development Organization. EGYPRA —Promotion of
Low-GWP  Refrigerants for the Air Conditioning Industry in Egypt—Report. 2019. Available online:
https://wedocs.unep.org/xmlui/handle/20.500.11822/32719 (accessed on 8 January 2022).

Promoting Low-GWP Refrigerants for Air-Conditioning Sectors in High-Ambient Temperature Countries (PRAHA) | UNEP—
UN Environment Programme. Available online: https://www.unep.org/resources/report/promoting-low-gwp-refrigerants-air-
conditioning-sectors-high-ambient-temperature (accessed on 8 January 2022).

AHRI Low-GWP Alternative Refrigerants Evaluation Program. Available online: https://www.ahrinet.org/arep (accessed on 8
January 2022).

Wang, X.; Amrane, K. AHRI Low Global Warming Potential Alternative Refrigerants Evaluation Program (Low-GWP AREP)
Summary of Phase II Testing Results. 2016. Available online: http://docs.lib.purdue.edu/iracc/1586 (accessed on 9 January 2022).
United Nations Environment Programme and United Nations Industrial Development Organization. Promoting Low-GWP
Refrigerants for Air-Conditioning Sectors in High-Ambient Temperature Countries Phase II: Project Report. 2019. Available
online: https://wedocs.unep.org/handle/20.500.11822/32721;jsessionid=F650A A2B1F5332A47B0F4515C62A073B (accessed on 9
January 2022).

United Nations Environment Programme and United Nations Industrial Development Organization. Promoting Low-GWP
Refrigerants for Air-Conditioning Sectors in High-Ambient Temperature Countries (PRAHA): Project Report. 2016. Available
online: https://www.unido.org/our-focus/safeguarding-environment/implementation-multilateral-environmental-agree-
ments/montreal-protocol/finding-climate-friendly-ways-cool-down (accessed on 9 January 2022).

Hajidavalloo, E.; Eghtedari, H. Performance improvement of air-cooled refrigeration system by using evaporatively cooled air
condenser. Int. J. Refrig. 2010, 33, 982-988. https://doi.org/10.1016/j.ijrefrig.2010.02.001.

Wang, T.; Sheng, C.; Nnanna, A.G.A. Experimental investigation of air conditioning system using evaporative cooling conden-
ser. Energy Build. 2014, 81, 435-443. https://doi.org/10.1016/j.enbuild.2014.06.047.

Shen, B.; Bansal, P. Assessment of Environmentally Friendly Refrigerants for Window Air Conditioners Assessment of Envi-
ronmentally Friendly Refrigerants for Window Air Conditioners. 2014. Available online: http://docs.lib.purdue.edu/iracc/1425
(accessed on 23 December 2021).

Eidan, A.A.; Alwan, K.J.; Alsahlani, A.; Alfahham, M. Enhancement of the Performance Characteristics for Air-Conditioning
System by Using Direct Evaporative Cooling in Hot Climates. Energy Procedia 2017, 142, 3998-4003.
https://doi.org/10.1016/j.egypro.2017.12.311.

Bahman, A.M.; Groll, E.A. Application of interleaved circuitry to improve evaporator effectiveness and COP of a packaged AC
system. Int. |. Refrig. 2017, 79, 114-129. https://doi.org/10.1016/j.ijrefrig.2017.03.026.

Al-Bakri, B.A.R,; Ricco, P. Condensation heat transfer coefficient for rectangular multiport microchannels at high ambient tem-
perature. Int. ]. Heat Mass Transf. 2019, 138, 866-878. https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.048.

Lopez-Belchi, A. Assessment of a mini-channel condenser at high ambient temperatures based on experimental measurements
working with R134a, R513A and R1234yf. Appl. Therm. Eng. 2019, 155, 341-353. https://doi.org/10.1016/j.ap-
plthermaleng.2019.04.003.

Ketwong, W.; Deethayat, T.; Kiatsiriroat, T. Performance enhancement of air conditioner in hot climate by condenser cooling
with cool air generated by direct evaporative cooling. Case Stud. Therm. Eng. 2021, 26, 101127.
https://doi.org/10.1016/j.csite.2021.101127.

Yang, H.; Pei, N; Liu, L.; Fan, M.; Qin, Y. Experimental study on the effect of condensate water on the performance of split air
conditioning system. Energy Rep. 2021, 7, 840-851. https://doi.org/10.1016/j.egyr.2021.01.037.

Ding, Y.; Chai, Q.; Ma, G,; Jiang, Y. Experimental study of an improved air source heat pump. Energy Convers. Manag. 2004, 45,
2393-2403. https://doi.org/10.1016/j.enconman.2003.11.021.

Kang, H.; Lee, S.; Kim, Y. Effects of liquid refrigerant injection on the performance of a refrigeration system with an accumulator
heat exchanger. Int. |. Refrig. 2008, 31, 883-891. https://doi.org/10.1016/j.ijrefrig.2007.10.002.



Energies 2022, 15, 2880 42 of 45

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Wang, X.; Hwang, Y.; Radermacher, R. Two-stage heat pump system with vapor-injected scroll compressor using R410A as a
refrigerant. Int. ]. Refrig. 2009, 32, 1442-1451. https://doi.org/10.1016/;.ijrefrig.2009.03.004.

Bahman, A.M.; Groll, E.A.; Horton, W.T.; Braun, ].E. Technologies to Improve the Performance of A/C Systems in Hot Climate
Regions Technologies to Improve the Performance of A/C Systems in Hot Climate Regions. 2014. Available online:
http://docs.lib.purdue.edu/iracc/1431 (accessed on 25 October 2021).

Ribeiro, G.B. A novel vapor-compression refrigeration loop for high ambient temperatures. Int. J. Refrig. 2016, 70, 103-107.
https://doi.org/10.1016/j.ijrefrig.2016.07.004.

Bahman, A.M.; Ziviani, D.; Groll, E.A. Vapor injected compression with economizing in packaged air conditioning systems for
high temperature climate. Int. J. Refrig. 2018, 94, 136-150. https://doi.org/10.1016/j.ijrefrig.2018.07.024.

Wu, J.; Shi, H.; Li, J. Analysis on the reliability of R290 rotary compressor in the high ambient temperature. Int. ]. Refrig. 2020,
110, 132-141. https://doi.org/10.1016/j.ijrefrig.2019.10.012.

Wang, C.; Wu, J.; Du, Y.; Lei, B. Lubricating condition evaluation of the rotary compressor under high ambient temperature.
Int. ]. Refrig. 2020, 118, 220-229. https://doi.org/10.1016/j.ijrefrig.2020.05.027.

Motta, S.F.Y.; Domanski, P.A. Performance of R-22 and Its Alternatives Working at High Outdoor Temperatures. 2000. Availa-
ble online: https://docs.lib.purdue.edu/iracc/464/(accessed on 10 January 2022).

Payne, W.V.; Domanski, P.A. A Comparison of An R22 and An R410A Air Conditioner Operating at High Ambient Tempera-
tures,” 2002. Available online: http://docs.lib.purdue.edu/iracc/532 (accessed on 25 October 2021).

Devotta, S.; Padalkar, A.; Sane, N. Performance assessment of HCFC-22 window air conditioner retrofitted with R-407C. Appl.
Therm. Eng. 2005, 25, 2937-2949. https://doi.org/10.1016/j.applthermaleng.2005.03.002.

Devotta, S.; Padalkar, A.; Sane, N. Performance assessment of HC-290 as a drop-in substitute to HCFC-22 in a window air
conditioner. Int. ]. Refrig. 2005, 28, 594—604. https://doi.org/10.1016/j.ijrefrig.2004.09.013.

Westphalen, D. Converting a Military Environmental Control Unit to Propylene Refrigerant. 2006. Available online:
http://docs.lib.purdue.edu/iracc/840 (accessed on 11 January 2022).

Wu, Y,; Liang, X.; Tu, X.; Zhuang, R. Study of R161 Refrigerant for Residential Air-conditioning Applications. 2012. Available
online: http://docs.lib.purdue.edu/iracc/1189 (accessed on 11 January 2022).

Barve, A.; Cremaschi, L. Drop-in Performance of Low GWP Refrigerants in a Heat Pump System for Residential Applications.
2012. Available online: http://docs.lib.purdue.edu/iracc/1211 (accessed on 10 January 2022).

Biswas, A.; Cremaschi, L. Performance and Capacity Comparison of Two New LGWP Refrigerants Alternative to R410A in
Residential Air Conditioning Applications. 2012. Available online: http://docs.lib.purdue.edu/iracc/1210 (accessed on 11 Janu-
ary 2022).

Wu, J; Yang, L.; Hou, J. Experimental performance study of a small wall room air conditioner retrofitted with R290 and R1270.
Int. ]. Refrig. 2012, 35, 1860-1868. https://doi.org/10.1016/j.ijrefrig.2012.06.004.

Joudi, K.A; Al-Amir, Q.R. Experimental Assessment of residential split type air-conditioning systems using alternative refrig-
erants to R-22 at high ambient temperatures. Energy Convers. Manag. 2014, 86, 496-506. https://doi.org/10.1016/j.encon-
man.2014.05.036.

Sethi, A.; Becerra, E.V.; Motta, S.F.Y.; Spatz, M.W. Low GWP R22 replacement for air conditioning in high ambient conditions.
Int. ]. Refrig. 2015, 57, 26-34. https://doi.org/10.1016/j.ijrefrig.2015.05.013.

Taira, S.; Haikawa, D.T.; Minamida, T.; Haikawa, T.; Ota, F. Performance Evaluation of Heat pump System using R32 and HFO-
Mixed Refrigerant in High Ambient Temperature. 2016. Available online: https://docs.lib.purdue.edu/iracc/1736/ (accessed on
11 January 2022).

Orug, V.; Devecioglu, A.G.; Berk, U.; Vural, I. Experimental comparison of the energy parameters of HFCs used as alternatives
to HCFC-22 in split type air conditioners. Int. |. Refrig. 2016, 63, 125-132. https://doi.org/10.1016/;.ijrefrig.2015.11.004.

Al-Bakri, B.A.R. Micro-Channel Air Cooled Condenser Performance with Two-Phase Flow of Zeotropic Refrigerant at High
Ambient Temperatures. Ph.D. Thesis. The University of Sheffield, Sheffield, United Kingdom. 2018.

Parmar, S.K.; Patel, K.N.; Jejurkar, A.N. A Review of Air Conditioning with the Use of Mini-Channel and Micro-Channel Heat
Exchanger. Int. |. Sci. Eng. Res. 2017, 8, 86-90. Available online: http://www.ijser.org (accessed on 9 January 2022).

Kandlikar, S.G; Li, D.; King, M.R.; Garimella, S.; Colin, S. Heat Transfer and Fluid Flow in Minichannels and Microchannels; Elsevier:
Amsterdam, The Netherlands, 2006.

Kandlikar, S.G. A roadmap for implementing minichannels in refrigeration and air-conditioning systems—Current status and
future directions. Heat Transf. Eng. 2007, 28, 973-985. https://doi.org/10.1080/01457630701483497.

Mader, G.; Palm, B.; Elmegaard, B. Maldistribution in air-water heat pump evaporators. Part 1: Effects on evaporator, heat
pump and system level. Int. |. Refrig. 2015, 50, 207-216. https://doi.org/10.1016/j.ijrefrig.2014.07.006.

Blecich, P. Experimental investigation of the effects of airflow nonuniformity on performance of a fin-and-tube heat exchanger.
Int. ]. Refrig. 2015, 59, 65-74. https://doi.org/10.1016/j.ijrefrig.2015.06.029.

Choi, ].M.; Payne, W.V.; Domanski, P.A. Effects of Non-Uniform Refrigerant and Air Flow Distributions on Finned-Tube Evap-
orator Performance. 2003. Available online: https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=860899 (accessed on 9 Jan-
uary 2022)



Energies 2022, 15, 2880 43 of 45

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Timoney, D.J.; Foley, P.J. Some Effects of Air Flow Maldistribution on Performance of a Compact Evaporator with R134a. 1994.
Available online: https://doi.org/10.1016/0890-4332(94)90054-X (accessed on 9 January 2022).

Guo, W.; Wang, G.J.H.Z.D.; Ji, G.; Zhan, H.; Wang, D. R32 Compressor for Air Conditioning and Refrigeration Applications in
China. 2012. Available online: http://docs.lib.purdue.edu/icec/2098 (accessed on 9 January 2022).

Yokozeki, AM. Solubility and Viscosity of Refrigerant-Oil Mixtures. 1994. Available online: https://docs.lib.pur-
due.edu/icec/1002/ (accessed on 9 January 2022).

Xu, X.; Hwang, Y.; Radermacher, R. Refrigerant injection for heat pumping/air conditioning systems: Literature review and
challenges discussions. Int. ]. Refrig. 2011, 34, 402-415. https://doi.org/10.1016/j.ijrefrig.2010.09.015.

Calm, ].M. The next generation of refrigerants —Historical review, considerations, and outlook. Int. ]. Refrig. 2008, 31, 1123-1133.
https://doi.org/10.1016/j.ijrefrig.2008.01.013.

The Vienna Convention for the Protection of the Ozone Layer | Ozone Secretariat. Available online: https://ozone.unep.org/trea-
ties/vienna-convention (accessed on 9 January 2022).

The Montreal Protocol on Substances that Deplete the Ozone LayerlOzone Secretariat. Available online:
https://ozone.unep.org/treaties/montreal-protocol (accessed on 9 January 2022).

Montreal Protocol on Substances that Deplete the Ozone Layer —DAWE. Available online: https://www.awe.gov.au/environ-
ment/protection/ozone/montreal-protocol (accessed on 9 January 2022).

United Nations Environment Programme. Ozone Secretariat. Handbook for the Montreal Protocol on Substances that Deplete the
Ozone Layer, 14th ed.; United Nations Environment Programme, Ozone Secretariat: Nairobi, Kenya. 2020.

Miyara, A. Developments of next generation refrigerants and heat transfer. MATEC Web of Conf. 2018, 204, 00004.
https://doi.org/10.1051/matecconf/201820400004.

What is the Kyoto Protocol? [UNFCCC. Available online: https://unfccc.int/kyoto_protocol (accessed on 9 January 2022).
Hydrofluorocarbons (HFCs)|Climate & Clean Air Coalition. Available online: https://www.ccacoalition.org/fr/slcps/hydro-
fluorocarbons-hfcs (accessed on 9 January 2022).

Reducing Hydrofluorocarbon (HFC) Use and Emissions in the Federal Sector through SNAP|US EPA. Available online:
https://www.epa.gov/snap/reducing-hydrofluorocarbon-hfc-use-and-emissions-federal-sector-through-snap (accessed on 9
January 2022).

Velders, G.J.M.; Fahey, D.W.; Daniel, ].S.; Mcfarland, M.; Andersen, S.O. The large contribution of projected HFC emissions to
future climate forcing (Factsheet). 2009. Available online: https://www.epa.gov/sites/default/files/documents/fact-
sheet_velders_hfc.pdf (accessed on 10 January 2022).

The Montreal Protocol Evolves to Fight Climate Change | UNIDO. Available online: https://www.unido.org/our-focus-safe-
guarding-environment-implementation-multilateral-environmental-agreements-montreal-protocol/montreal-protocol-
evolves-fight-climate-change (accessed on 9 January 2022).

Abdelaziz, O.; Shrestha, S.; Munk, J.; Member, ].M.; Member, M.; Linkous, R.L. Evaluation of Alternative Refrigerants for High
Ambient Applications in a Mini-Split AC Unit. 2016. Available online: https://www.osti.gov/biblio/1237149-evaluation-alterna-
tive-refrigerants-high-ambient-applications-mini-split-ac-unit (accessed on 9 January 2022).

Makhnatch, P.; Mota-Babiloni, A.; Lépez-Belchi, A.; Khodabandeh, R. R450A and R513A as lower GWP mixtures for high am-
bient temperature countries: Experimental comparison with R134a. Energy 2019, 166, 223-235. https://doi.org/10.1016/j.en-
ergy.2018.09.001.

Substitutes in Residential and Light Commercial Air Conditioning and Heat Pumps|US EPA. Available online:
https://www.epa.gov/snap/substitutes-residential-and-light-commercial-air-conditioning-and-heat-pumps (accessed on 9 Jan-
uary 2022).

ITF-IIR; Morlet, V.; Coulomb, D.; Dupont, J.L. The Impact of the Refrigeration Sector on Climate Change, 35th Informatory Note
on Refrigeration Technologies. 2017. Available online: https://iifiir.org/en/fridoc/the-impact-of-the-refrigeration-sector-on-cli-
mate-change-141135 (accessed on 9 January 2022).

Participants’ Handbook: Ahri Low-Gwp Alternative Refrigerants Evaluation Program (Low-Gwp Arep). 2015. Available online:
https://www.ahrinet.org/app_content/ahri/files/research/participants_handbook2015-04-17.pdf (accessed on 9 January 2022).
ANSI/ASHRAE Standard 34-2019, Designation and Safety Classification of Refrigerants; American Society of Heating, Refrigerating
and Air-Conditioning Engineers: Atlanta, GA, USA. 2019.

Abu-Heiba, A; Patel, V.K,; Baxter, V.D.; Abdelaziz, O.; Elatar, A.F. Flammable Refrigerant Charge Limits: Can or Should These
Limits Be Higher? (Journal Article) |OSTL.GOV. ASHRAE ]. 2018. Available online: https://www.osti.gov/biblio/1459281-flam-
mable-refrigerant-charge-limits-can-should-limits-higher (accessed on 9 January 2022).

The Japan Refrigeration and Air Conditioning Industry Association. 2013. Available online: https://www jraia.or.jp/eng-
lish/about/letter/Vol.1304%20NL.pdf (accessed on 9 January 2022).

EVAP-COND, Version 5.0/NIST. Available online: https://www.nist.gov/services-resources/software/evap-cond-version-50
(accessed on 5 January 2022).

Davis, L.W.; Fuchs, A_; Gertler, P. Cash for coolers: Evaluating a large-scale appliance replacement program in Mexico. Am.
Econ. ]. Econ. Policy 2014, 6, 207-238. https://doi.org/10.1257/p0l.6.4.207.



Energies 2022, 15, 2880 44 of 45

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

AHRI. AHRI Standard 210/240, Performance Rating of Unitary Air-conditioning & Air-Source Heat Pump Equipment. 2017.
Available online: https://www.ahrinet.org/App_Content/ahri/files/STANDARDS/AHRI/AHRI_Standard_210-240_2017.pdf
(accessed on 10 January 2022).

Air Conditioner Regional Standards BrochurelDepartment of Energy. Available online: https://www.energy.gov/gc/down-
loads/air-conditioner-regional-standards-brochure (accessed on 10 January 2022).

Efficiency Requirements for Residential Central AC and Heat Pumps to Rise in 2023 —Today in Energy—U.S. Energy Infor-
mation Administration (EIA). Available online: https://www.eia.gov/todayinenergy/detail. php?id=40232 (accessed on 10 Janu-
ary 2022).

Federal Register: Energy Conservation Program: Energy Conservation Standards for Residential Central Air Conditioners and
Heat Pumps. Available online: https://www.federalregister.gov/documents/2017/01/06/2016-29992/energy-conservation-pro-
gram-energy-conservation-standards-for-residential-central-air-conditioners (accessed on 10 January 2022).

Ministry of Electricity and Water. Energy Conservation Code for Buildings, MEW/R-6/2018; Ministry of Electricity and Water: Ku-
wait City, Kuwait, 2018.

AHRI Certification. Available online: https://www.ahrinet.org/certification (accessed on 10 January 2022).

AHRI Certification Program Expands Test Conditions to Enable Greater Global Efficiency. Available online: https://www.ah-
rinet.org/news-events/news-and-shipping-releases? A=1608 (accessed on 10 January 2022).

AHRI MENA. Available online: https://www.ahrinet.org/mena (accessed on 10 January 2022).

Federal Register: Energy Conservation Program: Enforcement of Regional Standards for Central Air Conditioners. Available
online: https://www.federalregister.gov/documents/2016/07/14/2016-16441/energy-conservation-program-enforcement-of-re-
gional-standards-for-central-air-conditioners (accessed on 10 January 2022).

Code of Federal Regulations: 10 CFR 430.2 —Definitions. Available online: https://www.ecfr.gov/current/title-10/chapter-II/sub-
chapter-D/part-430/subpart-A/section-430.2 (accessed on 10 January 2022).

Code of Federal Regulations: 10 CFR Part 429 — Certification, Compliance, and Enforcement for Consumer Products and Com-
mercial and Industrial Equipment. Available online: https://www.ecfr.gov/current/title-10/chapter-II/subchapter-D/part-429
(accessed on 10 January 2022).

Code of Federal Regulations: 10 CFR 429.16—Central Air Conditioners and Central Air Conditioning Heat Pumps. Available
online: https://www.ecfr.gov/current/title-10/chapter-II/subchapter-D/part-429/subpart-B/section-429.16 (accessed on 10 Janu-
ary 2022).

Engineering Proctor; AMAD. High EER at 46 °C Kingdom of Saudi Arabia Air Conditioner Project Draft Final Report. Available
online: https://www.proctoreng.com/dnld/I104EERFinalReportPEG012113.pdf (accessed on 10 January 2022).

Djunaedy, E.; van den Wymelenberg, K.; Acker, B.; Thimmana, H. Oversizing of HVAC system: Signatures and penalties. En-
ergy Build. 2011, 43, 468—475. https://doi.org/10.1016/j.enbuild.2010.10.011.

Shapiro, C.; Aldrich, R.; Arena, L. Retrofitting Air Conditioning and Duct Systems in Hot, Dry Climates Consortium for Ad-
vanced Residential Buildings (CARB). 2012. Available online: http://www.osti.gov/bridge (accessed on 10 January 2022).
Bhatia, A. Heat Rejection Options in HVAC Systems. Available online: https://www.cedengineering.com/userfiles/Heat%20Re-
jection%200ptions%20R1.pdf (accessed on 10 January 2022).

Schultz, K.; Perez-Blanco, M.; Kujak, S. AHRI Low-GWP AREP System Soft-Optimization Tests of Refrigerant R-32, DR-5A, and
DR-55 in a R-410A 4-ton Unitary Rooftop Heat Pump-Cooling Mode Performance —TEST REPORT #56. 2015. Available online:
https://www.ahrinet.org/App_Content/ahri/files/RESEARCH/AREP_Final Reports/AHRI_Low_GWP_AREP_Rpt_056.pdf
(accessed on 11 January 2022).

White Box Technologies Weather Data. Available online: http://weather.whiteboxtechnologies.com/ (accessed on 11 January
2022).

NOAA National Centers for Environmental information. Climate at a Glance: Global Time Series. Available online:
https://www.ncdc.noaa.gov/cag/ (accessed on 13 January 2022).

Application Engineering Bulletin. Copeland 17-1251 Design Considerations for High Ambient Conditions. 1978. Available
online: http://www.hvacrinfo.com/ae_index.htm (accessed on 11 January 2022).

Freon™ 22 (R-22) Refrigerant| Hydrochlorofluorocarbon HCFC. Available online: https://www.freon.com/en/products/refrig-
erants/r22 (accessed on 11 January 2022).

Freon™ 407C (R-407C) Refrigerant|R-22 Retrofit Refrigerant. Available online: https://www.freon.com/en/products/refriger-
ants/407c (accessed on 11 January 2022).

Freon™ 410A (R-410A) Refrigerant| HFC Replacement for R-22. Available online: https://www .freon.com/en/products/refrig-
erants/410a (accessed on 11 January 2022).

Yumrutas, R.; Kunduz, M.; Kanoglu, M., Exergy Analysis of Vapor Compression Refrigeration Systems. 2002. Available online:
https://doi.org/10.1016/51164-0235(02)00079-1 (accessed on 12 January 2022).

Kalaiselvam, S.; Saravanan, R. Exergy analysis of scroll compressors working with R22, R407c, and R417a as refrigerant for
HVAC system. Therm. Sci. 2009, 13, 175-184. https://doi.org/10.2298/TSCI0901175K.

Ahamed, J.U.; Saidur, R.; Masjuki, H.H. A review on exergy analysis of vapor compression refrigeration system. Renew. Sustain.
Energy Rev. 2011, 15, 1593-1600. https://doi.org/10.1016/j.rser.2010.11.039.



Energies 2022, 15, 2880 45 of 45

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Bahman, A.M.; Groll, E.A. Application of second-law analysis for the environmental control unit at high ambient temperature.
Energies 2020, 13, 3274. https://doi.org/10.3390/en13123274.

Abbadi, E.M.; Khawaldeh, EM. AHRI Low-GWP AREP System Soft-Optimization Tests of Refrigerant R-32 in a 6-Ton Rooftop
Packaged Air-Conditioner—TEST REPORT #55. 2015. Available online: https://www.ahrinet.org/App_Content/ahri/files/RE-
SEARCH/AREP_Final_Reports/AHRI_Low_GWP_AREP_Rpt_055.pdf (accessed on 12 January 2022).

Uselton, D.; Crawford, T. AHRI Low-GWP AREP Drop-in Test of Refrigerant Blend DR-55 in a Five-Ton R-410A Rooftop Pack-
aged Unit—TEST REPORT #53 System. 2015. Available online: https://www.ahrinet.org/App_Content/ahri/files/RE-
SEARCH/AREP_Final_Reports/AHRI_Low_GWP_AREP_Rpt_053.pdf (accessed on 12 January 2022).

Burns, L.; Chen, C. AHRI Low-GWP AREP System Drop-in Tests of Refrigerant Blends ARM-71a, DR-5A (R-454B), HPR2A, L-
41-1 (R-446A), L-41-2 (R-447A) in a R-410A Split System Heat Pump—TEST REPORT #52. 2015. Available online:
https://www.ahrinet.org/App_Content/ahri/files/RESEARCH/AREP_Final_Reports/AHRI_Low_GWP_AREP_Rpt_052.pdf
(accessed on 12 January 2022).

Uselton, D.; Crawford, T. AHRI Low-GWP AREP System Drop-in Test of R-32 and Refrigerant Blends ARM-71a, HPR2A, L-41-
2 and DR-5A in a Five-Ton R-410A Rooftop Packaged Unit—TEST REPORT #47,” 2015. Available online: https://www.ah-
rinet.org/App_Content/ahri/files/RESEARCH/AREP_Final_Reports/AHRI_Low_GWP_AREP_Rpt_047.pdf (accessed on 12
January 2022).

Li, H. Robert by Goodman Manufacturing. AHRI Low-GWP AREP System Soft-Optimization Tests of Refrigerant R-32 in a 3-
ton Split System Air-Conditioner—Test Report #42. 2015. Available online: https://www.ahrinet.org/App_Con-
tent/ahri/files/RESEARCH/AREP_Final_Reports/AHRI_Low-GWP_AREP-Rpt-042.pdf (accessed on 13 January 2022).
Alabdulkarem, A.; Hwang, Y.; Radermacher, R. AHRI Low-GWP AREP System Soft-Optimized Test of Refrigerant D2Y60 in
Air Source Heat Pump—TEST REPORT #32. 2013. Available online: https://www.ahrinet.org/App_Content/ahri/files/RE-
SEARCH/AREP_Final_Reports/AHRI-Low-GWP-AREP-Rpt-032.pdf (accessed on 12 January 2022).

Alabdulkarem, A.; Hwang, Y.; Radermacher, R. AHRI Low-GWP AREP System Drop-In Tests of Refrigerants R-32, D2Y-60,
and L-4la in Air Source Heat Pump—TEST REPORT #20. 2013. Available online: https://www.ahrinet.org/App_Con-
tent/ahri/files/RESEARCH/AREP_Final_Reports/ AHRI%20Low-GWP%20AREP-Rpt-020.pdf (accessed on 12 January 2022).
Uselton, D. AHRI Low-GWP AREP System Soft-Optimized Test of Refrigerant HFO-1234yf (R-1234yf) in a Split System Heat
Pump (with Addendum)—TEST REPORT #10. 2013. Available online: https://www.ahrinet.org/App_Content/ahri/files/RE-
SEARCH/AREP_Final_Reports/AHRI%20Low-GWP%20AREP-Rpt-010_with%20addendum.pdf (accessed on 12 January
2022).

Crawford, T.; Uselton, D. AHRI Low-GWP AREP System Drop-in Test of Refrigerant R-32 in Split System Heat Pump (with
Addendum)—TEST REPORT #4. 2012. Available online: https://www.ahrinet.org/App_Content/ahri/files/RE-
SEARCH/AREP_Final_Reports/ AHRI%20Low-GWP%20AREP-Rpt-004_with%20addendum.pdf (accessed on 12 January
2022).



