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Abstract

The high global warming potential (GWP) of current refrigerants in cooling equipment based on
the vapor-compression cycle has triggered a major effort to find and implement more
environmentally benign alternatives. Here, we review the basics of the vapor-compression cycle
together with the safety, environmental, and thermodynamic constraints that have led to the
current and next generation of refrigerants. The development of new fluids has focused on
fluorinated olefins, known as hydrofluoroolefins (HFOs), and blends that contain HFOs. Many
of these are slightly flammable, presenting tradeoffs between safety and environmental
considerations. Engineers also have options with a resurgence of the “natural refrigerants”
(ammonia, carbon dioxide, propane and isobutane). Innovative system designs that reduce the
required quantity of refrigerant may allow a wider choice of refrigerants.

Introduction

Refrigeration and cooling are pervasive in modern society, from the refrigerated cold chain that
provides us fresh meats and vegetables, to the air conditioning of homes and offices and the
cooling of data servers that enables the internet and global communications. Refrigeration is
viewed by some as one of the 20 most-transformative engineering achievements of the 20™
century(/). The demand for cooling will continue to increase for many years because of
improving economic conditions globally along with changing regional climate.

Heat normally flows from hot to cold, but refrigeration enables a reversal of that flow to either
make something colder (such as refrigeration, air conditioning, or process cooling) or upgrade
heat from a cold ambient source (heat pumps). A wide variety of methods and systems exist to
provide refrigeration, and the most common type is based on the vapor-compression cycle. The
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key to these systems is the working fluid, the refrigerant, that transports heat around the cycle
through phase changes (boiling and condensation).

Although refrigeration provides tremendous societal benefits, it comes with environmental costs.
Refrigeration accounts for 7.8% of total global greenhouse gas emissions, with 63% of that from
“indirect” emissions(2) stemming from the energy that drives the equipment. This value reflects
the environmental impacts of the largely fossil-fuel-based energy sector. Focusing on the
refrigerant, the switch to fluids with substantially lower direct global warming impact could avert
nearly 3% of global greenhouse emissions, with larger impacts in the future as the use of
refrigeration and air-conditioning grows.

At the turn of the 20'" century, early refrigerants were flammable or toxic, so they were mainly
used in industrial systems. Ammonia, widely used in ice-making plants, was toxic and
flammable, although difficult to ignite. Smaller systems used toxic sulfur dioxide or flammable
and toxic methyl chloride. The demand for safer refrigerants—suitable for use in homes and
public spaces—prompted the development of a class of halogenated compounds known as
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), also called “freons.” These
compounds are nonflammable and have low toxicity, making them seemingly perfect
refrigerants. However, they are long-lived in the atmosphere and transport chlorine to the
stratosphere. They also have a high direct global warming impact. The environmental
consequences of the CFCs and HCFCs began to be recognized in the 1970s, and chlorine from
them was definitively linked to the depletion of stratospheric ozone in 1986(3). In 1987 an
international treaty, the Montreal Protocol, first phased down and, with later revisions, ultimately
phased out the CFC and HCFC refrigerants.

A related class of chemicals, the hydrofluorocarbons (HFCs) were brought to market in the
1990s as replacements. The HFCs contain no chlorine and thus have zero ozone depletion
potential (ODP), but they retain the heat-trapping characteristics of the CFCs and HCFCs as
quantified by the global warming potential (GWP), which is a measure of the climate impact of a
gas relative to that of carbon dioxide (CO.). The value is calculated over some time horizon,
most commonly 100 years, denoted GWP100. Values for GWP1oo vary from less than one for
some of the new refrigerants to 23500(4) for SF¢, an insulating gas used in electrical equipment.
The GWPig for the most common CFCs and HCFCs range from 1800 to 14 000.

By the early 2000s, the potential climate impacts of the HFCs were beginning to be considered.
The HFCs generally have lower GWP than the CFCs and HCFCs that they replaced, and their
introduction enabled a relatively rapid transition away from the CFCs, thus averting some
climate impacts(5). Although current HFC emissions are estimated to contribute less than 0.02 K
to warming at the surface, a business-as-usual scenario with increasing emissions would lead to a
more substantial climate impact; one estimate by Velders et al. is from 0.3 to 0.5 K by the end of
the century (6, 7).

A further amendment to the Montreal Protocol, known as the Kigali Amendment, was negotiated
in 2016. It phases down the high-GWP HFCs, calling for an eventual reduction of 85 % in GWP-
weighted production by 2036 in developed countries, with later dates in other parts of the world.
The details of this phase down are left to each country. These are promulgated by the
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Environmental Protection Agency (EPA) Significant New Alternatives Program (SNAP)
regulations in the United States and the “F-Gas” regulations of the European Union (EU).

Once again, the refrigeration industry is searching for replacements for the fluids vital to the
operation of its equipment. We survey current developments to find and implement replacement
refrigerants, discuss the resurgence of long-known natural refrigerants, and review system
innovations that would allow the use of alternative refrigerants or otherwise reduce
environmental impacts.

Basics of vapor-compression refrigeration

Vapor-compression refrigeration systems exploit two fundamental properties of all fluids: (i)
The boiling temperature varies with pressure, and (ii) a change in phase (liquid boiling to a vapor
and condensing back to a liquid) is accompanied by the absorption or release of heat. A common
example is that the boiling temperature of water is raised above 100 °C as pressure increases in a
pressure cooker. Likewise, the boiling temperature of a refrigerant varies with pressure, and by
manipulating the pressure of a refrigerant at different points in a refrigeration cycle it can boil at
a low pressure and low temperature while absorbing heat. By compressing the resulting
refrigerant gas to a higher pressure, it condenses back to a liquid and releases the heat at a higher
temperature (Fig. 1). Depending on the desired effect, the basic cycle can be used either to heat
an object (heat pump heating) or cool an object (air conditioning and refrigeration).

The refrigerant is not consumed in this process, but cycled indefinitely. Only when refrigerant
escapes into the atmosphere through leaks or poor technique in service and disposal does the
ODP or GWP of a refrigerant actually affect the environment. Thus, the direct GWP of a
refrigerant resulting from emissions of the refrigerant to the atmosphere is distinct from the
indirect GWP effects resulting from the energy required to drive the cycle, such as CO»
emissions from a power plant burning a fossil fuel. The ratio of indirect to direct effects varies
with the refrigerant, application, and energy supply of a region. With proper service practices
that minimize leaks, the indirect effects are dominant in most cases.

Vapor-compression systems are used in a wide range of devices, from small refrigerators to
massive central systems that provide many megawatts of cooling capacity to serve an entire
university campus, office park, or industrial complex. The compressors fall into three broad
categories, (1) reciprocating compressors (analogous to a typical automobile engine) and other
types of linear compressors, (ii) rotary compressors, including screw, scroll, rolling piston, spool
and other single or multi-vane types, in which the pressure rise results from progressive
reduction in the volume of cavities within the machine on a continuous basis, and (iii) kinematic
compressors, including radial and axial turbines (analogous to jet engines), which impart kinetic
energy to a flow of gas; the kinetic energy is then converted to a pressure rise. The basics of
compressor technology are mature in general, but innovative system designs can allow the
different types of compressors (and the corresponding types of refrigerants) to be used in a wide
variety of new applications.



Vapor-compression systems dominate refrigeration in both numbers and refrigeration capacity.
Reasons for this dominance include the maturity of the technology, ease of manufacturing, and
scalability from small to very large systems. The use of an evaporating fluid to provide the
cooling effect is a convenient method of moving heat in a compact and effective way compared
to most alternative technologies.

Constraints—How did we get here?

The desired and required criteria of a refrigerant have been laid out over the years (Table 1) (8-
10). Many of these criteria are not strictly required to realize a functioning refrigeration system,
but are mandated by codes, standards, and regulations. Standards define best practices and are
usually voluntary. Codes define required practices and are enforced by various government
agencies. Codes often incorporate the practices defined in standards. The most widely recognized
refrigeration safety standard in the United States is American National Standards Institute
(ANSI)/American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
Standard 15(11), which is codified in the electrical and mechanical codes adopted by local or
state governments. The equivalent international standard is International Organization for
Standardization (ISO) 5149(12). Environmental criteria are imposed by national or local
regulations, often in response to international agreements, such as the Montreal Protocol.

The refrigerants themselves are classified in the parallel ANSI/ASHRAE Standard 34(/3) and
ISO Standard 817(/4). The safety classification consists of a letter indicating toxicity, with “A”
indicating “lower toxicity” and “B” indicating “higher toxicity.” The flammability classification
is “17, “2L”, “2”, or “3” ranging from 1 for refrigerants exhibiting “no flame propagation” in a
standardized test (such as the CFCs and many of the HFCs) to 3 for “higher flammability” (such
as hydrocarbons). Of special relevance to some of the newer refrigerants is the “A2L”
classification, which indicates “lower toxicity” and “lower flammability.” Standard 34 and ISO
817 also define a standard nomenclature for refrigerants (Fig. 2).

Over the years, the desired criteria have become increasingly stringent. Before the 1930s,
refrigeration systems were largely in industrial settings, such as ice plants and cold stores, and
ammonia emerged as the preferred refrigerant. The availability of the non-flammable, low-
toxicity CFCs and HCFCs opened up new markets in domestic and commercial refrigeration and
air-conditioning which quickly grew to surpass the industrial refrigeration market. Calm reviews
the history of refrigerants and characterizes this period as “safety and durability” (/5). The
HFCs are part of the “third generation” of refrigerants, characterized by Calm as “ozone
protection”(15).

Faced with the mandate to phase out the CFCs and HCFCs and the newer mandate to phase
down the HFCs, four primary approaches exist to find replacements: (i) a “design compatible”
replacement, which involves finding a new fluid with thermodynamic properties similar to those
of existing refrigerants while avoiding undesirable characteristics, thus enabling use of existing
technologies with minimal retooling and disruption; (i) selecting a fluid based on environmental
(or other) properties and redesigning equipment as necessary to deal with operational changes
(such as a higher operating pressure), possible hazards, and materials compatibility issues; (iii)
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implementing new thermodynamic cycles, including separating the heat load from the latent load
(associated with dehumidification); and (iv) implementing a completely different technology,
such as thermoelectric devices [He and Tritt(/6)] or thermocaloric cooling systems(/7). Brown
and Domanski provide a summary that outlines the range of alternative cooling technologies
(18). We discuss the first two of these primary approaches in this Review.

Thermodynamic requirements of a refrigerant

Refrigeration cycles are governed by thermodynamics. The thermodynamic properties of a fluid
include its vapor pressure, density and heat capacity, and these determine the operating pressures
of a refrigeration system along with having a substantial impact on the energy efficiency. The
nature of the vapor-compression cycle requires a volatile fluid, and these will be small molecules
(typically based on one to four carbons) with boiling points generally from —50 °C to +30 °C.

The search for the ideal refrigerant has been a recurrent theme throughout the history of
mechanical refrigeration. There exists, however, no single ideal refrigerant. The desired
properties of the refrigerant depend on the type of equipment and the operating conditions
(primarily heat sink and source temperatures). McLinden et al. at National Institute of Standards
and Technology carried out a systematic search for suitable refrigerants (/9-21). The key
thermodynamic parameters were the liquid-vapor critical temperature and pressure, and the heat
capacity of the vapor. The results indicated limited options for new refrigerants, and most of the
low-GWP options were at least slightly flammable. The search identified many of the newer
fluids already under consideration, but only added a few candidates, most of which had unknown
hazards.

New refrigerants

Most refrigerating systems in the world use fluorocarbon refrigerants. Faced with required
changes, a transition to fluids with similar thermophysical properties enabled redesign and
retooling costs to be minimized and hence facilitated a rapid response to the restrictions on CFCs
and HCFCs. HFCs were established as the preferred replacement within a decade, and the
Antarctic ozone layer is recovering(22). However, even early in the development of these
replacements their high GWP was recognized as an issue. For example, in 1993, the automotive
industry underwent a two-year complete transition from CFC-12 (dichlorodifluoromethane) to
HFC-134a (1,1,1,2-tetrafluoroethane). This was by far the fastest transition of any refrigeration
application. But HFC-134a’s GWP1oo of 1300(4), although lower than that of R-12 was still
above limits set by the 1992 United Nations Framework Convention on Climate Change. In 1995
work began to move away from HFC-134a to CO; or another low-global-warming refrigerant,
and in 2006, the European Union passed Directive 2006/40/EC (the MAC Directive), which
mandated that by 2011 new vehicle models must switch to a refrigerant with GWP1p0 < 150.

Hydrofluoroolefins (HFOs) were identified as the most promising replacements. “Olefin” refers
a class of organic chemicals with a double bond between carbon atoms. The double bond is
highly reactive to naturally occurring hydroxyl radicals in the atmosphere, resulting in



atmospheric lifetimes of days to weeks for the HFOs, compared with years to decades for the
HFCs. Thus, the GWP100 for most of the HFOs are under 1(4). The HFOs are a subset of the
HFCs, but their environmental characteristics are so different that they are almost universally
referred to by the HFO label. The HFOs have been known to the chemical industry since the
1930s and were investigated early on as possible refrigerants. On the basis of numerous patents,
the majority of the research was centered around their role as precursors to fluoropolymers.

Among the HFOs, those based on the three-carbon propene (propylene) have boiling points in a
suitable range for refrigerants and have been the focus of development efforts. As the hydrogens
on propene are substituted with fluorine, the flammability decreases. Propene-based HFOs with
three or fewer fluorines are flammable, and those with five or six are nonflammable. A
pentafluoropropene isomer [HFO-1225ye(Z), cis-1,2,3,3,3-pentafluoropropene] was investigated
in the Cooperative Research Program of SAE International in 2006 to 2007(23), but there were
toxicity concerns. The fully-fluorinated HFO-1216 (hexafluoropropene) is also toxic.

Attention then turned to isomers of tetrafluoropropene, and specifically HFO-1234yf (2,3,3,3-
tetrafluoropropene). This fluid exhibits some flame propagation in a standardized test and so has
a safety classification of A2L under ANSI/ASHRAE Standard 34(/3). In practice, HFO-1234yf
is difficult to ignite, and its flame is unstable and easily extinguished. HFO-1234yf is now used
in a majority of new automotive air-conditioning systems and is expected to be nearly
universally used in the coming years in the E.U., Unites States, and Japan. This comes as HFC-
134a use in automotive systems is mandated to be phased out in these regions by 2017, 2021, or
2023, respectively(24). Most of Asia, including China, continues to use HFC-134a. Another
isomer of tetrafluoropropene (HFO-1234ze(E), trans-1,3,3,3-tetrafluoropropene) has been
commercialized primarily as a foam-blowing agent, although it is also used as a refrigerant in
chillers(24).

The four-carbon HFO-1336mzz(Z) (cis-1,1,1,4,4,4-hexafluorobutene) has been commercialized
as a foam-blowing agent and chiller refrigerant (often as a component of a blend with HCO-
1130(E) (trans-1,2-dichloroethene), known as R-514A(13)). HFO-1336mzz(Z) is nonflammable
and has low toxicity but operates at a pressure too low for many types of refrigeration systems.
The related isomer HFO-1336mzz(E) (trans-1,1,1,4,4,4-hexafluorobutene) has also been
studied(25). Other HFOs that are being developed include HFO-1132a (1,1-difluoroethene),
which is used as a feedstock in fluoropolymers and has a very low boiling point of —83 °C (/3). It
would be used in low-temperature applications or to increase the pressure of blends.

HFO-1123 (1,1,2-trifluoroethene) is an unstable molecule that is subject to a disproportionation
reaction at high temperatures and pressures. Nevertheless, one company is pursuing it as a
replacement for R-410A, arguing that the hazard could be mitigated by blending it with other
refrigerants, such as HFC-32 (difluoromethane)(26, 27).

Other olefins contain both fluorine and chlorine and are termed hydrochlorofluoroolefins
(HCFOs). These have a small but non-zero ODP. However, they also have extremely short
atmospheric lifetimes and very small GWP. HCFO-1233zd(E) (¢rans-1-chloro-3,3,3-
trifluoropropene), with ODP < 0.0004(28) has been commercialized as a refrigerant in chillers
(and also as a foam-blowing agent)(24). HCFO-1224yd(Z) (cis-1-chloro-2,3,3,3-
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tetrafluoropropene) has been classified under ANSI/ASHRAE Standard 34, and its
thermodynamic properties have been studied(25).

The working fluid in most refrigeration systems is actually a mixture of the refrigerant and a
lubricant, which provides lubrication to the moving parts of the compressor. The oil migrates
throughout the system and, thus, must be miscible with the refrigerant. The HFO refrigerants use
similar lubricants as those of the HFC refrigerants, namely polyolesters (POEs), polyvinylethers
(PVEs), polyethers (PEs), and polyalkylene glycols (PAGs). Each have different application
advantages and disadvantages depending on usage, temperature and equipment. For the HCFOs,
the added chlorine in the molecule allows for use of mineral oils (MOs), poly-a-olefins (PAOs),
and alkylbenzene (AB) lubricants, as well as the POEs, depending on the application.

None of the HFOs, however, are a direct replacement for R-410A, which is a blend of HFC-32
and HFC-125 (pentafluoroethane) and is used in the majority of small air-conditioning systems.
In turn, R-410A was the replacement for HCFC-22 (chlorodifluoromethane) in many
applications. ASHRAE Standard 34 list numerous blends that have been proposed as a means to
tailor thermodynamic properties to match an existing fluid to enable a direct substitution in
existing equipment or to obtain a nonflammable blend. These often contain some combination of
HFO-1234yf, HFO-1234ze(E), HFC-134a, and HFC-125; many of these are summarized by
Kujak and Schultz (10, 29). To suppress flammability, relatively high concentrations of HFC-
134a and/or HFC-125 are required, and these blends have GWP100 values that range from 540 to
more than 2000. These numbers are too high to meet the eventual 85 % phase-down target of the
Kigali Amendment. Many of these blends are intended for retrofit applications, and although
they can be considered only as interim solutions, they do enable a lower GWP in existing
equipment.

A second approach is to accept a 2L flammability classification in exchange for a much reduced
GWP (GWPig0 of 100 to 500). However, these fluids require additional safety measures for
implementation in the marketplace. HFC-32 makes up a substantial fraction of many of these
blends. This approach has been used, for example, to mimic the properties of R-410A.

The carbon-carbon double bond in the HFOs results in a much-reduced atmospheric lifetime, but
this increased reactivity can have other consequences. The stability of the HFOs within the
sealed refrigeration system is generally satisfactory(30), but polymerization is possible. Many of
the HFOs were initially studied as polymer precursors, and HFO polymers are fluorinated
analogs of the common plastic polypropylene. Much of the information on HFO polymerization
is anecdotal, although Richter et al. report the results of stability testing on HFO-1234yf;
polymerization was associated with high temperatures and high pressures (exceeding those
typically encountered in refrigeration systems) and also by the presence of air (which is excluded
in properly maintained refrigeration systems) (37) .

The atmospheric breakdown products of the HFOs are receiving increased attention. Any
compound with a —CF3 group in the molecule has the potential to react in the atmosphere to form
trifluoroacetic acid or TFA (CF3CO:H). TFA readily dissolves in water and is quickly rained out
of the atmosphere. The compound is toxic to aquatic life and does not readily degrade. The
breakdown of one kg of HFO-1234yf yields one kg of TFA. This compares with a TFA yield of
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23 % for HFC-134a and 10 % for HFO-1234ze(E)(32). Natural sources of TFA exist along with
a natural background level in the oceans. Because of the very short atmospheric lifetimes of
HFOs, localized deposition of TFA is a concern(32, 33), and accumulation is possible for basins
that do not drain to the ocean.

No consensus exists on whether TFA presents a problem. The World Meteorological
Organization in its 2018 assessment of ozone depletion stated that: “Atmospheric degradation of
HFC-1234yf ... produces TFA. Potential impacts beyond a few decades of this TFA source
could require future evaluation due to the environmental persistence of TFA and uncertainty in
future emissions of HFC-1234yf ...” (28). The 2018 United Nations Environment Programme
(UNEP) Technical Options Committee assessment(34) states: “Further research into the
environmental impact of ... TFA and long term accumulation effects from existing and
alternative HFC/HFO refrigerants is needed.”

Resurgence of the natural refrigerants

Ammonia, CO and the hydrocarbons all have zero ODP and very low GWP, making them
environmentally attractive possibilities. Collectively, these are referred to as “natural
refrigerants” because they occur in nature, although ammonia is a manufactured chemical, the
hydrocarbons are refined from petroleum, and CO; is a byproduct of various industrial processes.
From a safety standpoint, water would be the ultimate refrigerant, and is also included in this

group.

The natural refrigerants have long been used in industrial systems, in part because of the
relatively high cost of fluorocarbons. Many consider ammonia to be a superior refrigerant
because of its thermodynamic properties, and application is relatively easy in large, low-
temperature systems.

Lorentzen sparked interest in CO> in a wider range of refrigeration systems, and it is being used
across a wide range of systems such as supermarkets, ice rinks, heat pump water heaters, IT
cooling, automotive air conditioning and industrial freezers (35). But to engineer CO; systems to
be as efficient as simple fluorocarbon systems requires greater complexity which usually makes
them more expensive to construct and maintain.

Hydrocarbons are used for refrigeration in oil refineries. In this case, the entire plant is designed
to handle large tonnages of flammable product so that the flammability hazard of a hydrocarbon
refrigerant is readily dealt with.

In very small systems, such as domestic refrigerators, isobutane is commonly used because it
gives efficient performance at low cost. The quantity required is also sufficiently low to make the
flammability hazard feasible to manage. The use of hydrocarbons in refrigerators was kick-
started in 1992 when the environmental group Greenpeace championed the idea of a household
refrigerator that uses a hydrocarbon refrigerant and coined the name “Greenfreeze”. Greenpeace
collected orders for this product before it was even produced and recruited a near-bankrupt
manufacturer in the former East Germany to make it. By 2020, every major refrigerator
manufacturer had hydrocarbon units in their product range and these accounted for 75 % of
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global household refrigerator production.(24) Although only a small fraction of current
refrigerators in North America use hydrocarbons, the EPA SNAP regulations list HFC-134a as
“unacceptable” effective 1 January 2021(36), and isobutane is a leading replacement candidate.

The middle ground, in terms of system size and complexity, for example residential central air-
conditioning systems, is where the greatest debate on refrigerant choice occurs. Ammonia is not
suitable for small systems or those in close proximity to the general population, and the charge of
hydrocarbon, usually propane or isobutane, is larger than can be used without incorporating
substantial safety measures.

In the United States, the SNAP regulations allow the use of CO; in applications that include
refrigeration, air conditioning, process cooling, and refrigerated transport. Ammonia is allowed
in industrial settings as well as a wider range of applications provided that a secondary coolant
loop is used to isolate the ammonia (in a machine room, for example) from the general public.
Hydrocarbons are allowed in household refrigerators and retail stand-alone display cases subject
to a maximum charge of 150 g. The progression of refrigerants over time in several
representative applications is illustrated in Fig 3..

New system configurations

In many cases the successful application of alternative refrigerants requires the adoption of
alternative system configurations—especially for CO», the physical properties of which are
substantially different to those of the fluorocarbons being replaced. Frequent steps have been
made to improve efficiency, and many variations on the basic vapor compression cycle exist.
Our focus is limited to innovative system configurations that allow either (i) substantially
reduced refrigerant charge; or (ii) use of new classes of refrigerants in a given application.

Several manufacturers and research groups have demonstrated a wide range of refrigeration
systems that use ammonia but with greatly reduced charge size compared with traditional
technologies(37, 38). These systems have mainly been applied to cold storage facilities where
ammonia is familiar, but they have also been used in indirect systems where the ammonia
remains separate from the building occupants. A reduced refrigerant charge would also mitigate
the hazards of hydrocarbon-based systems.

Many reduced-charge designs use microchannel heat exchangers for the condenser and
evaporator. The refrigerant flow channels in these designs have dimensions of less than 1 mm.
Heat transfer in such small channels is increased, and the channels often have internal fins or
other structures to further enhance heat transfer. Many parallel channels are incorporated into a
single extrusion to reduce pressure drops. This contrasts with more traditional designs in which
refrigerant flows in plain round tubes with a diameter of about 10 mm. Microchannel heat
exchangers also represent a means of increasing the efficiency of refrigeration equipment apart
from the benefit of reduced refrigerant charge(39).

A variation on the reduced-charge theme is to use a secondary loop in an indirect system. This
has long been done with large, central system chillers for air conditioning, which cool a flow of
water that is pumped to remote air handlers (water-to-air heat exchangers) to provide cooling
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throughout a building. This arrangement both minimizes and contains the refrigerant to a
machine room. By avoiding long refrigerant-filled piping runs, leakage of refrigerant is also
greatly reduced. This approach can be very effective in supermarkets, replacing leak-prone
piping runs of R-404A (GWP100 = 3943) with CO; loops to display cases (40, 41).

Refrigerants with a relatively high critical temperature—those operating at relatively low
pressures, are intrinsically more energy efficient because they avoid some of the thermodynamic
inefficiencies encountered when operating close to the critical point. But, in most types of
systems, low-pressure refrigerants suffer decreased efficiency because of pressure drops in the
condenser, evaporator and piping. Chiller systems often use low-pressure refrigerants and
operate with high efficiency because of different compressor technology and heat exchanger
designs that minimize pressure drop. High critical temperatures are associated with larger
molecules, and there are many more refrigerant possibilities as molecular size increases, simply
because more permutations and combinations for arranging atoms are possible. A number of
low-pressure, low-GWP fluids with an “A1” safety rating exist, including HFO-1336mzz(Z),
HFO-1336mzz(E), HCFO-1233zd(E), and HCFO-1224yd(Z) (/3). Cogswell and Verma, for
example, describe a small commercial air-conditioning system that uses a centrifugal compressor
and low-pressure refrigerant (42).

Water presents the extreme example of a low-pressure refrigerant, but a substantially different
design would be required to use it. Various research groups have studied such systems, and one
company is producing 35 kW systems for process cooling (such as for data centers)(43).
Whether this technology can be economically applied is an open question.

Tradeoffs

The transition from refrigerants with high ODP or GWP to less damaging alternatives has
necessitated some tradeoffs in capacity, efficiency, operating pressure, and flammability. These
have generally been accommodated by the development of more refined component and system
designs, but occasionally at the expense of higher production cost or increased system
complexity. Taking past examples, the transition from CFC-12 to HFC-134a allowed equipment
of similar volumetric capacity, but energy efficiency was decreased by 5 % to 10 %. This was
countered by improved compressor and heat exchanger design so that modern HFC-134a
equipment is more efficient than CFC-12 systems of 30 years ago. The transition from HCFC-22
to R-410A enabled smaller compressors to be used for a given duty but increased the operating
pressure of the system. The industrial refrigerant R-502 (a blend of a CFC and a HCFC) enabled
low temperatures to be achieved with a single stage compression; substitution with HFC-134a or
a blend often required a more complex two-stage compression system to keep the compressor
discharge temperature within tolerable limits.

Recently, the “lower” (class 2L) flammability of some of the HFOs has received considerable
attention, and the 2019 revision of the ASHRAE safety standard(//) spells out means to mitigate
the hazard of “2L” refrigerants. Although flammability is inherent to some of the low-GWP
refrigerants (most notably hydrocarbons), it is not inevitable. In the case of the HFOs a higher
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substitution of fluorines for hydrogens is required to suppress flammability, so that there are few
nonflammable HFOs.

The replacement of R-410A in air-conditioning equipment is a particular challenge. The good
energy efficiency of this refrigerant is related to its relatively high operating pressure. This also
yields a high volumetric capacity, which is the refrigeration effect per unit of refrigerant vapor
volume entering the compressor. A high volumetric capacity is associated with smaller-sized
equipment, and current equipment is optimized for the properties of R-410A. There are no
nonflammable, single-component refrigerants that are a direct replacement for R-410A. Moving
to a low-GWP fluid would mean either (i) a lower volumetric capacity requiring larger
equipment and (perhaps) lower efficiency; (ii) a flammable refrigerant requiring safety measures;
(ii1) use of a blend with a moderate value of GWP; (iv) extensive redesign to match the
properties of a different refrigerant (or some combination of these).

No compromise on toxicity is being seriously pursued. With the exception of a few refrigerants
for large industrial systems, all of the new fluids being developed have a toxicity classification of
“A”. The HCFO refrigerants have a nonzero ODP, but these fluids are being developed only for
industrial systems.

Summary and Discussion

The refrigerants used in vapor-compression equipment have continually evolved in response to
changing demands on safety and environmental characteristics. The (GWP) of the current
generation of refrigerants is compelling the refrigeration industry to consider new fluids. No
perfect refrigerant exists, and tradeoffs must be balanced among GWP, ODP, toxicity,
flammability, stability, energy efficiency, system complexity, refrigerant price and prospect of
long-term availability. Fluorinated olefins (HFOs) have emerged as a new class of refrigerants.
The HFOs, often blended with current HFC refrigerants, are the alternative of choice for many
applications. The so-called natural refrigerants (including ammonia, CO>, propane and
isobutane) are seeing renewed interest in a wide range of applications. Some industry sectors
have adopted a new path (for example, the use of HFO-1234yf in automotive air-conditioning or
isobutane in household refrigerators), but most sectors are still evaluating options. Innovations in
system design offer the possibility to expand the choice of refrigerant, although industry is
largely staying with conventional technology.

Although we have focused on refrigerant selection, merely swapping a high-GWP refrigerant for
one with a low GWP is not the only consideration. Safety, reliability and energy efficiency must
also be retained. The actual goal is to satisfy the objectives of refrigeration (comfort air-
conditioning or preservation of food, for example) with minimal impact on the environment,
which includes maximizing energy efficiency. In this regard, designing the system to be as
energy and resource efficient as practical is paramount. In addition, the equipment must be
properly operated (for example, by not over-cooling a space) and maintained to realize maximum
energy efficiency. The benefits of careful building or process design to minimize the heat load
served by the air-conditioning or refrigeration system has the greatest influence of all. Best of all,
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there is a resurgence of interest among industry engineers in the development of new systems
and refrigerants to meet the energy consumption and environmental needs of tomorrow’s society.
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R-1234ze(E)

conformation (if applicable); E = trans, Z = cis
isomeric designation (if applicable) W Y
number of fluorines K)‘\
number of hydrogens + 1 v

number of carbons — 1 (omit if Ng = 1) “
number of double bonds (omit for saturated compounds)

“R” = “refrigerant”; composition-designating prefixes also
allowed (e.g., CFC, HFC, HFO)

F

Figure 1. Alpha-numeric soup—refrigerant nomenclature. ASHRAE Standard 34 and ISO
Standard 817 define a nomenclature (“R-numbers”) for refrigerants. Here, the HFO trans-
1,3,3,3-tetrafluoropropene is taken as an example. Additional rules apply for refrigerant blends
and inorganic molecules (e.g., CO; is R-744).

Table 1. Requirements of a refrigerant

e Chemical
o Stable for the life of the system
e Health and Safety
o No/minimal flammability
o Low toxicity
e Environmental
o Zero/de minimis ODP
o Low GWP
o Minimal secondary environmental impacts
(e.g., water and local air pollution)
o Maximum energy efficiency
e Thermodynamic
o Properties matched to the application and
system
¢ Product sustainability
o Long operational life
o Maximize recyclable content
o Minimize material use
e Practical
o Materials compatibility
o Reasonable cost

14



/// heat rejected to ambient critical point

L| Condenser 2

i

< =

o 85
=1 3
. . S Q> &

Expansion device 5 N
a N 2
£ &
Compressor @ 3

T,| Evaporator 1 mg[]kt A 1
///‘ heat absorbed from \

conditioned space

Entropy

Figure 2. Vapor compression cycle. Vapor compression refrigeration systems operate by boiling
a working fluid (i.e., the refrigerant) in the evaporator [4 — 1] at a relatively low pressure,
thereby extracting heat from a low-temperature source (e.g., the refrigerated space); the resulting
vapor is compressed to a higher pressure [1 — 2]; it is then condensed back to a liquid [2 — 3],
with the heat of condensation rejected to a relatively high-temperature heat sink (ambient air for
most refrigeration and air-conditioning systems; the refrigerant is then reduced back to the
starting pressure to complete the cycle [3 — 4]. The figure on the right depicts the cycle on a
thermodynamic diagram; the condensation and evaporation processed are (ideally) at constant

pressure and, thus, constant temperature (for a pure fluid); the ideal compression process is at
constant entropy.
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Figure 3. Progression of refrigerants in different applications; this is a generalized representation
and other refrigerants have been used.
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