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ABSTRACT 
 
This paper summarizes key physical, safety, and environmental data for refrigerants including those widely 
used historically, in common use today, and under consideration for future use.  The text outlines the pro-
gression through successive generations of refrigerants.  Two tables, one sorted by standard designations to 
facilitate location of specific refrigerants and the second sorted by normal boiling points, present data for 284 
refrigerants, many of them blends.  The paper explains the tabulated parameters and identifies the data 
sources used.  Additional tables contrast the latest scientific data with corresponding regulatory values.  The 
authors have published similar summaries in the past, on approximately a four-year cycle, to support interna-
tional assessments and other studies.  The successive updates accommodate both new fluids and new or re-
fined data.  This version adds approximately 100 refrigerants, among them unsaturated fluorochemicals even 
though not yet in use except for testing by component and equipment manufacturers. 
 

1. INTRODUCTION 
 
More than 60 new refrigerants were commercialized for use either in new equipment or as service fluids (to 
maintain or convert existing equipment) in the past four years, since the preceding summary by Calm and 
Hourahan (2007).  Of them, 21 obtained standardized designations and safety classifications while most of 
the remainder are marketed with only proprietary identifiers (some without public disclosure of composi-
tions).  Most of the new blends comprise hydrofluorocarbons (HFCs) or, in some cases, blends of HFCs and 
hydrocarbons (HCs). 
 
Additional refrigerants, including blend components, still are being developed to enable completion of 
scheduled phase-outs of ozone-depleting substances (ODSs).  Significant focus is on alternatives, including 
blend components, offering lower global warming potentials (GWPs) to address climate change.  That pur-
suit forces more attention than in the past on flammable – primarily low-flammability – candidates.  Consid-
erable effort continues for examination of broader use of ammonia (NH3, R-717), carbon dioxide (CO2, R-
744), and HCs as well as blends of them or them with low-GWP HFCs.  Additional research seeks to in-
crease and improve the physical, safety, and environmental data for refrigerants, to enable screening and to 
optimize equipment performance. 
 
Despite the number of new introductions, approximately 20 older and new refrigerants, some of them blends, 
constitute the vast majority of usage on a global basis.  Even this number is likely to decline to approxi-
mately 10 or 12 – excluding those for niche applications – as older equipment (using ODSs or high-GWP 
options) is retired or replaced and as manufacturers converge on preferred refrigerants for the future.  Like-
wise, dependence on service fluids for retrofit equipment also will decline with retirements and replace-
ments. 

1.1. Refrigerant Progression 
 
The historic progression of refrigerants encompasses four generations based on defining selection criteria 
identified by Calm (2008): 

Calm JM, Hourahan GC, 2011.  “Physical, Safety, and Environmental Data for Current 
and Alternative Refrigerants,” Refrigeration for Sustainable Development (proceedings 
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• 1830s-1930s – whatever worked:  primarily familiar solvents and other volatile fluids including 
ethers, carbon dioxide (CO2, R-744), ammonia (NH3, R-717), sulfur dioxide (SO2, R-764), methyl 
formate (HCOOCH3, R-611), HCs, water (H2O, R-718), carbon tetrachloride (CCl4, R-10), hydro-
chlorocarbons (HCCs), and others; many of them are now regarded as “natural refrigerants.” 

 

• 1931-1990s – safety and durability:  primarily chlorofluorocarbons (CFCs), HCFCs, HFCs, ammo-
nia, and water. 

 
• 1990-2010s – stratospheric ozone protection:  primarily HCFCs (for transition use), HFCs, ammonia, 

water, hydrocarbons, and carbon dioxide. 
 

• 2011-? – global warming mitigation:  still in determination, but likely to include refrigerants with 
very low or no ozone depletion potential (ODP), low global warming potential (GWP), and high ef-
ficiency; candidates include, at least initially, low-GWP HFCs, unsaturated hydrofluorochemicals 
(hydrofluoro-olefins, HFOs, and hydrochlorofluoro-olefins, HCFOs, discussed below), ammonia, 
carbon dioxide, hydrocarbons, and water. 

 
GWP demarcation for acceptability is defined, at present, as having a GWP relative to CO2 for 100 yr inte-
gration of 150 or less, predicated on European regulations for mobile air conditioning (EU, 2006a and 
2006b).  A further classification scheme proposed by the UNEP Technical and Economic Assessment Panel 
(2010) distinguishes between very low (or ultra-low) with GWP < ~30, very low with GWP < ~100, low 
with GWP < ~300, moderate with GWP < ~1000, high with GWP < ~3,000, very high with GWP < ~10,000, 
and ultra-high with GWP > ~10,000.  The rationale for approximate rather than rigid range delimiters (for 
example, ~30 rather than 30 or ~10,000 rather than 10,000) is unclear. 
 

1.2. Unsaturated Hydrofluorochemicals 
 
Facing regulatory pressures to eliminate refrigerants with high GWPs, the major refrigerant manufacturers 
have aggressively pursued unsaturated fluorochemicals (Calm, 2008; Brown 2009; Leck, 2010).  They are 
chemicals consisting of two or more carbon atoms with at least one double or triple bond between two or 
more of them as well as fluorine, hydrogen, and possibly also chlorine or other halogens. 
 
Contrary to widespread perceptions, use of unsaturated compounds as refrigerants is not completely new.  
Two unsaturated hydrocarbons, ethylene (CH2=CH2, R-1150) and propylene (CH3CH=CH2, R-1270), have 
been used as refrigerants for more than half a century.  Interestingly, the first refrigerants used in large chill-
ers with turbo (centrifugal) compressors were unsaturated hydrochlorocarbons (HCCs), namely R-1130 (a 
blend of cis- and trans-stereoisomers of CHCl=CHCl, “dielene” as then known) and R-1120 (CHCl=CCl2, 
“trielene”), introduced in 1922 and 1925, respectively (Calm and Didion, 1997).  Several blends emerged in 
the late 1990s that incorporated R-1216 (CF2=CFCF3, hexafluoropropene), an unsaturated fluorocarbon (FC 
or FO) also identified as an unsaturated perfluorocarbon (PFC or PFO), though the choice was unfortunate in 
light of its toxicity.  The renewed focus on unsaturated chemicals, primarily unsaturated fluorochemicals, 
seeks to minimize both the ODP and GWP of future refrigerants. 
 
Unsaturated fluorocarbons also are identified as fluoro-olefins or more specifically as fluoro-alkenes with a 
double bond or fluoro-alkynes with a triple bond.  The double or especially triple carbon-carbon bond(s) 
make(s) the compounds more reactive.  That leads to rapid decomposition in the lower atmosphere, because 
such fluoro-alkenes and fluoro-alkynes are less stable in the presence of oxidative reactants there.  Some also 
are subject to photolytic decomposition.  The result is short atmospheric lifetime and, thereby, very low ODP 
and GWP.  The higher reactivity also leads, in some cases, to higher toxicity, thus disqualifying some candi-
dates.  The higher molecular complexity increases production costs as do both process stringency and finish-
ing steps to minimize associated impurities that are highly toxic or other otherwise undesirable. 
 
The unsaturated HFC (hydrofluoro-alkene or hydrofluoro-olefin, HFO) family is a focal example.  Such 
compounds have different extents of fluorination, selected to obtain desired properties and as a trade-off 
between flammability, with low fluorine content, and typically increasing GWP and cost with higher fluorine 
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content.  Chemical producers are pursuing alternatives for the most widely used low-, medium-, and high-
pressure refrigerants.  Among the unsaturated HFCs, various R-1225 isomers previously pursued seem aban-
doned predicated on toxicity findings.  R-1234yf (CH2=CFCF3) in particular is being widely considered both 
as a single-compound refrigerant and as a blend component.  Manufacturer announcements also indicate 
pursuit of R-1234ze(E) (CHF=CHCF3), R-1243zf (CH2=CHCF3), and other R-1234 and R-1243 isomers and 
enantiomers.  Some manufacturers are pursuing unsaturated HCFCs (also identified as hydrochlorofluoro-
alkenes or hydrochlorofluoro-olefins, HCFOs), notably R-1233 isomers, to obtain similar benefits with re-
duced or avoided flammability, but they introduce a trade-off concern with ODP albeit still extremely low. 
 
Opponents of unsaturated fluorochemicals argue, often vehemently, that they pose additional environmental 
or safety hazards not justified with existence of available “natural refrigerant” alternatives.  The extent of 
long-term acceptability of unsaturated HFCs (HFOs) or more broadly unsaturated hydrohalochemicals is 
uncertain, though a number of initial studies by Papasavva et al. (2009), Kajihara et al. (2010), Luecken et 
al. (2010), and others suggest potentially tolerable environmental consequences. 
 

2. DATA SUMMARY 
 
Tables 1 and 2 provide summary data for refrigerants in historic or current use – among them some undergo-
ing renewed interest for broader application – as well as candidates recently examined and/or under consid-
eration for future use.  The tables cover both single-compound refrigerants and blends, but exclude proprie-
tary blends for which the composition (the components) and/or formulation (the component proportions) 
have not been disclosed. 
 
The data presented, from left to right in the tables, are: 
 

IDENTIFIERS 
 

• refrigerant number, if assigned, in accordance with American Society of Heating, Refrigerating, and 
Air-Conditioning Engineers Standard 34 (ASHRAE, 2010a and 2010b):  A revision to an interna-
tional standard (ISO, 2005b and 2008) is in preparation, but not yet final, as the primary document 
for designation and safety criteria, but the proposed designation systems are essentially consistent. 

• chemical formula, in accordance with the International Union of Pure and Applied Chemistry con-
vention (IUPAC, 1979) or, for blends, the blend composition and formulation, the latter expressed as 
percentages by mass, in accordance with ASHRAE Standard 34 (ASHRAE, 2010a and 2010b) 

 
PHYSICAL DATA 
 

• molecular mass calculated using the updated IUPAC atomic weights (Wieser and Berglund, 2009) 
• normal boiling point (NBP) or, for blends, the bubble point temperature at 101.325 kPa (14.696 psia) 

based for those included on REFPROP 9.0 (Lemmon et al., 2010) 
• critical temperature (TC) or, for blends, the calculated pseudo-critical temperature based for those in-

cluded on REFPROP 9.0 (Lemmon et al., 2010) 
• critical pressure (PC) or, for blends, the calculated pseudo-critical pressure based for those included 

on REFPROP 9.0 (Lemmon et al., 2010) 
 
SAFETY DATA 
 

• occupational exposure limit (OEL) in ppm v/v for an 8 (sometimes 10) hr day and 40 hr work week 
on a time-weighted average (TWA):  They include the Threshold Limit Value (TLV) assigned by the 
American Conference of Governmental Industrial Hygienists (ACGIH), Workplace Environmental 
Exposure Level (WEEL) by the American Industrial Hygiene Association (AIHA), Recommended 
Exposure Limit (REL) by the U.S National Institute for Occupational Safety and Health (NIOSH), 
maximale Arbeitsplatz-Konzentration (MAK values) by Deutsche Forschungsgemeinschaft (DFG), 
OEL by the Japan Society for Occupational Health (JSOH), Permissible Exposure Limit (PEL) by 
the U.S. Occupational Safety and Health Administration (OSHA) though somewhat older, or a con-
sistent limit by manufacturers or other sources if none of the preceding exist.  The OEL value is pre-
ceded by a “C” for values that are ceiling limits, not to be exceeded, rather than TWA limits. 
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• lower flammability limit (LFL) in % concentration in ambient air:  Where evident, the included val-
ues are those determined in accordance with ASHRAE Standard 34 (ASHRAE, 2010a and 2010b).  
There is significant variation in reported values, due both to differences in measurements among 
separate laboratories and, in some cases, determination with older versions of the standard (for ex-
ample using a different vessel size or ignition source) or different evaluation standards. 

• heat of combustion (HOC) determined in accordance with ASHRAE 34 (ASHRAE, 2010a and 
2010b) 

• safety classification, if assigned, in accordance with ASHRAE 34  (ASHRAE, 2010a and 2010b):  
The leading letters A and B signify “lower” and “higher” toxicity, respectively, based on occupa-
tional exposure limits.  The numbers 1, 2, and 3 indicate “no flame propagation,” “lower flammabil-
ity,” and “higher flammability,” respectively, at specified test conditions predicated on both LFL and 
heat of combustion.  The acronym “wff” signifies that either the worst case of formulation or the 
worst case of fractionation for flammability, both as defined in Standard 34 (ASHRAE, 2010a), is 
flammable in either the vapor or liquid phase.  A recent modification to this standard, also proposed 
for International Organization for Standardization Standard 817 (ISO, 2008), subdivides group 2 
based on the burning velocity, with 2L implying those more difficult to ignite (ASHRAE, 2010a).  
Some of the classifications are followed or replaced by lower case letters that indicate: 

d:  a prior classification was deleted and the refrigerant no longer has a safety classification 

p:  a classification assigned on a provisional basis 

r:  a recommended revision or addition as shown, but pending final approval and/or publication 

Note that ASHRAE 34 and ISO 817 classifications differ for blends predicated on an addendum to 
ASHRAE 34 that bases the flammability component of classifications on the worst case of fractiona-
tion (ASHRAE, 2010a, and ISO, 2008).  ISO 817, at least at this point, continues to show dual clas-
sifications, namely with the flammability class as formulated and for the worst case of fractionation. 

 
ENVIRONMENTAL DATA 
 

• atmospheric lifetime (τatm) in years:  Note that τatm normally is not indicated for blends since it is 
ambiguous whether the lifetime pertains to the blend as formulated, a modified formulation as some 
components decompose more rapidly than others, or the most enduring component. 

• ozone depletion potential (ODP) relative to R-11 (a CFC):  ODPs indicate the relative ability of re-
frigerants (and other chemicals) to destroy stratospheric ozone.  The values included reflect the latest 
scientific consensus data as adopted in the WMO (2010) Scientific Assessment.  Additional, consis-
tent ODP data are included as available from other assessments or peer-reviewed publications for re-
frigerants for which consensus ODPs were not adopted.  The ODPs indicated for blends are calcu-
lated mass-weighted averages (Calm, 2010) based on the latest accepted IUPAC atomic weights 
(Wieser and Berglund, 2009) for the components. 

• global warming potential (GWP) relative to CO2 for 100 year integration based on the values re-
ported in the IPCC (2007) Fourth Assessment Report and as updated in the WMO (2010) Scientific 
Assessment.  The values shown are direct GWPs.  Indirect and net GWPs are discussed in IPCC 
(2007) and WMO (2010), and they should not be confused with TEWI- and LCCP-type analyses that 
are application-specific and combine direct-GWP with energy-related impacts (see, for example, 
UNEP, 2011).  Despite reporting of consensus GWP values to three digits of precision, the docu-
mented uncertainties are of the order of ±35% (WMO, 2010, table 5a-4) and higher for some refrig-
erants and other chemicals.  Accordingly, the actual precision is significantly lower than implied in 
the reported values.  Future assessments are likely to continue to refine the data.  Additional, consis-
tent GWP data are similarly included from other assessments or peer-reviewed publications for re-
frigerants for which consensus GWPs were not adopted.  The GWPs indicated for blends are calcu-
lated mass-weighted averages (Calm, 2010) based on the latest accepted IUPAC atomic weights 
(Wieser and Berglund, 2009) for the components.  The GWP values shown as “~20” or “<20” in Ta-
bles 1 and 2 for hydrocarbons reflect uncertainty in calculation, for which there is no scientific con-
sensus on averaged global values at this time.  The approximations shown lie in the ranges of uncer-
tainty.  Further study is needed using three-dimensional (3D) models for diverse release scenarios to 
determine representative GWPs for chemicals with very short atmospheric lifetimes (IPCC, 2005 
and 2007), including most saturated and especially unsaturated hydrocarbons, as discussed below. 
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The 284 refrigerants included in table 1 (slightly fewer in table 2 due to deletion of those without reliably 
known boiling points) represent less than a third of the 910 currently tracked in the Refrigerant Database 
(Calm, 2010).  This database identifies the sources for specific data and, for most refrigerants, additional data 
as well as conflicting values reported by different investigators.  The primary sources for the data presented 
herein are cited in the above discussion of parameters.  The data and their limitations should be verified in 
the referenced source documents, particularly where use of the data would risk loss to life or property.  In-
clusion herein, and for safety data in particular, does not imply verification or endorsement.  REFPROP 
(Lemmon et al., 2010) and similar models can be used to calculate further properties for the included and 
additional refrigerants.  Despite tabulation herein of 284 and tracking of 910 refrigerants, the bulk of histori-
cal and current use by original equipment manufacturers is much fewer – approximately a dozen at a given 
time – to accommodate various operating temperatures, compressor and heat exchanger types, and applica-
tions.  The larger quantities reflect specialized needs, additional aftermarket service fluids for which there are 
many vendors with local and regional markets, publicized developmental blends, historical refrigerants of 
which most have been phased out, and abandoned candidates that had significance in recent years.  The au-
thors speculate that approximately a dozen refrigerants (single compound and blends) will again represent 
the majority of use upon completion of the current and subsequent transitions, to the fourth and predictable 
fifth generations, respectively. 

2.1. ODP and GWP Data for Regulatory and Reporting Purposes 
 
The ODP and GWP data in tables 1 and 2 reflect the latest consensus determinations based on scientific as-
sessments.  However, the reduction requirements and allocations under international agreements and provi-
sions in many national regulations pursuant to them use older data or estimates.  Table 3 compares the cur-
rent scientific ODPs to the “regulatory” ODPs used in the Vienna Convention for the Protection of the Ozone 
Layer and the subordinate Montreal Protocol on Substances that Deplete the Ozone Layer.  Table 4 similarly 
contrasts consensus GWPs with those for reporting and emission reductions under the United Nations 
Framework Convention on Climate Change and the subordinate Kyoto Protocol. 

 
 

Table 3:  Scientific and Regulatory ODPs 
for BFC, CFC, and HCFC Refrigerants 

  ODP 

refrigerant scientific a regulatory b 

    11   1.0      1.0     
    12   0.82    1.0     
    12B1   7.9      3.0     
    13    1.0     
    13B1 15.9    10.0     
    21    0.04   
    22   0.04     0.055 
  113   0.85     0.8     
  114   0.58     1.0     
  115   0.57     0.6     
  123   0.01     0.02   
  124   0.02     0.022 
  142b   0.06     0.065 

a as adopted in the latest Scientific Assessment 
(WMO, 2010).  These ODPs are semi-empirical 
except for HCFC-123, which is a modeled value of 
0.0098, based on its short atmospheric lifetime. 
b Montreal Protocol (UNEP, 2009) 

Table 4:  Current Consensus and Reporting 
GWPs for HFC and PFC Refrigerants 

 GWP a 

refrigerant scientific b reporting c 

14       7,390  6,500 
23       14,200  11,700 
32       716  650 

116       12,200  9,200 
125       3,420  2,800 
134a     1,370  1,300 
143a     4,180  3,800 
152a     133  140 
218       8,830  7,000 
227ea   3,580  2,900 
236fa   9,820  6,300 

C318       10,300  8,700 
744       1  1 

a for 100 yr integration 
b as adopted in the latest Scientific Assessment 
(WMO, 2010) 
c Kyoto Protocol (UNFCCC, 2004, and IPCC, 
1995) 
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2.2. Ozone Depletion Potentials 
 
The ODPs presented in tables 1 and 2 are semi-empirical values except that for R-123 (an HCFC), for which 
a model-derived value was adopted as more indicative in the latest international scientific assessment 
(WMO, 2010).  Semi-empirical ODPs are calculated values that incorporate adjustments for observed at-
mospheric measurements.  The approach is conceptually more accurate than other metrics, but the data 
needed are difficult to measure precisely and it is still evolving with further and improved measurements and 
understanding.  Other ODP indices include modeled, time-dependent, and regulatory variants (Calm and 
Hourahan, 2007 and 2011; WMO, 2010).  Modeled data are determined by large programs that calculate 
impacts based on decomposition paths, rates, atmospheric conditions, and the influences of additional ozone 
depleting substances.  Determinations increasingly employ three-dimensional (3D) models, especially for 
refrigerants and other chemicals with short atmospheric lifetimes.  Time-dependent ODPs use chemicals 
other than R-11 as the reference to emphasize impacts for selected, typically short, timeframes.  Normalizing 
values to short-lived compounds accentuates near-term impacts, but discounts long-term effects.  Time-
dependent ODPs are not cited often, particularly since the release of ozone-depleting substances already has 
peaked and recovery of the stratospheric ozone layer is underway.  Regulatory ODPs generally reflect old 
data used to set phaseout steps, determine compliance with the Montreal Protocol, and allocate production 
quotas in national regulations.  The ODP values listed in the annexes to the Montreal Protocol, for example, 
have not been updated since 1987 for CFCs and 1992 for HCFCs.  A note in the Protocol indicates that the 
values “are estimates based on existing knowledge and will be reviewed and revised periodically,” but that 
has not happened yet (UNEP, 2009). 
 
2.3. Data for Very Short-Lived Substances (VSLSs) 
 
Refrigerants and other chemicals with lifetimes of 0.5 yr or less fall in a special category identified as Very 
Short-Lived Substances (VSLSs) for atmospheric environmental metrics (WMO, 2010).  Emissions of ODSs 
with very short lifetimes at equatorial latitudes have more stratospheric impact (deliver more chlorine, bro-
mine, or iodine to the stratosphere) than those at mid- and high-latitudes.  The difference results from atmos-
pheric circulation patterns with predominantly downward convection at the poles (cold air sinking) and up-
ward convection (warm air rising) at the equator.  Longer transit times allow for more near-surface decom-
position.  Specific location, altitude, season, and local atmospheric conditions also come into play.  While the 
longer-lived ODSs account for the majority of stratospheric halogen loading, halogenated VSLSs and their 
degradation products also contribute.  Likewise, because VSLS emissions are unlikely to be evenly distrib-
uted globally, their radiative forcing (used to calculate GWPs) using global mean conditions may be subject 
to error (WMO, 2010). 
 
The VSLS implications apply for some historic refrigerants such as R-30 (methylene chloride, an HCC) and 
to others gaining new or renewed attention, such as R-E170 (dimethyl ether) and R-13I1 (CF3I, a fluoro-
iodocarbon, FIC).  They also apply to many hydrocarbons and especially to unsaturated hydrocarbons such 
as R-1150 (ethylene) and R-1270 (propylene).  Accordingly, the lifetimes for refrigerants included in tables 1 
and 2 for VSLSs generally are local rather than global lifetimes.  Likewise, VSLS ODP and GWP values are 
local approximations.  Atmospheric scientists typically cite separate values for the mid-latitudes, where most 
population centers exist, and equatorial regions, for which resulting ODPs and GWPs typically are higher.  
Still, even the higher equatorial ODPs and GWPs generally are so much lower, than values for long-lived 
chemicals, that a single value – though imprecise globally – suggests an order of magnitude for comparisons. 
 
For substances with lifetimes not significantly exceeding 0.5 yr (under approximately 1.5 or even 2 yr), 
global values based on 3D modelling, weighted for multiple emission locations, account for the significant 
decomposition fraction before reaching the upper atmosphere.  The short atmospheric lifetime of 1.3 yr for 
R-123 (an HCFC) was the basis for the exception in its ODP determination, using a 3D-modeled rather than 
semi-empirical value, in the latest scientific assessment (WMO, 2010). 
 

3. CONCLUSIONS 
 
Driven by scientific findings, regulatory requirements, and market pressures, a fourth generation of refriger-
ants appears imminent.  The governing selection criteria for the new generation will add low GWP – initially 
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150 or less for 100 yr integration – to old requirements for suitability, safety, and materials compatibility.  
The new generation must offer high efficiency or the change to address low GWP will backfire with in-
creased, rather than decreased, net greenhouse gas emissions.  The tabulated data identify and provide sum-
mary physical, safety, and environmental data to facilitate screening and comparisons for historic, current, 
and candidate refrigerants. 
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