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Refrigeration is a process to transfer heat from the 
objects for cooling and freezing for maintaining the 
temperature of surroundings for preservation purpos-
es and comfort. Refrigerants are the materials to use 
in air-conditioning and refrigeration system. This ar-
ticle describes the developments and history of the 
first-, second-, third- and fourth-generation refrige-
rants. Moreover, the focus is on a fourth-generation 
refrigerant, viz. HFO-1234yf having zero ozone deple-
tion potential and very low global warming potential. 
Synthesis procedure, chemistry, applications and con-
sumption norms of HFO-1234yf are explained.  
 
Keywords: Air-conditioning and refrigeration, fourth-
generation refrigerants, global warming potential, ozone 
depleting potential. 
 
REFRIGERATION and air-conditioning provide many bene-
fits to society by maintaining the temperature for living 
spaces, preservation of food and temperature control of 
industrial processes1. With technological and economical 
developments, refrigeration system is gaining much atten-
tion all over the world. Refrigeration and air-conditioning 
applications affect the environment in terms of ozone 
depletion and global warming caused by the emission of 
refrigerants. Regulation agencies are working on harmful 
refrigerants by phasing out and replacing them with envi-
ronment friendly alternatives of refrigerants. In some 
countries the focus is on reducing emissions by selecting 
suitable refrigerants, equipment design maintenance and 
inspection processes, etc.2. Selection of appropriate refri-
gerant alternatives has been an important issue for both 
HVAC (heating, ventilation and air-conditioning) and au-
tomobile industries. The global warming potential (GWP) 
of most of hydrofluorocarbons (HFCs) is very high.  
It is therefore necessary to find an eco-friendly alterna-
tive for refrigerants in order to protect the environment. It 
should also be safe and economical in term of the existing 
system, design and installation procedure and reduce 
greenhouse gas (GHG) emissions and protect the ozone 
layer3. Hydrofluoroolefins (HFOs) are considered as a 
suitable alternative with low global warming potential 
(GWP)-4. The Montreal Protocol and other such treaties 
helped in the transition of NH3, CO2, etc. (first-generation 
refrigerants) to HFO-1234yf (fourth-generation refrige-
rant). Although CO2 is considered as non-toxic and non-

flammable, it has some drawbacks such as high operating 
pressure and poor performance/efficiency under extreme 
climates. A CO2-based mobile air-conditioning system 
operates at superior operating pressure to all other con-
ventional refrigerants making it extremely difficult to 
prevent leakage. CO2 being a high-pressure system with a 
very low condensation temperature, has a reduced effi-
ciency at high temperature. It may still be more expensive 
than other alternatives at industrial scale4. The second-
generation refrigerants were based on low toxicity and 
flammability, whereas the focus of third-generation refri-
gerants was to protect the ozone layer. The fourth genera-
tion refrigerants focus on zero Ozone Depletion Potential 
(ODP), low GWP, non toxicity and non-flammability. 
Recently, HFOs with low global warming potential have 
been introduced as fourth-generation refrigerants. This 
article highlights the history of refrigerants, their classes 
and provides a brief discussion about the fourth-
generation refrigerant, HFO-1234yf.  

History of refrigerant 

The history of refrigerants can be divided into four gen-
erations of material based on the definition of selection 
criteria.  

First-generation refrigerants (1830–1930)  

In the time period between 1830 and 1930 when the  
refrigeration system was evolving, ammonia, carbon  
dioxide, sulphur dioxide, ethers, hydrocarbons and air 
were used as refrigerants. These were classified as first-
generation refrigerants. The selection of refrigerants in 
the first-generation was based on availability and what-
ever work. These refrigerants had high flammability, tox-
icity and reactivity.  

Second-generation refrigerants (1931–1990)  

In 1930, a safer class of refrigerants became available 
with chlorofluorocarbons (CFCs) and hydrochlorofluoro-
carbons (HCFCs) being classified as second-generation 
of refrigerants. The focus of these refrigerants was on re-
duced toxicity and flammability. Due to their special cha-
racteristics, such as stability, inflammability, non-toxicity 
and good material compatibility, CFCs and HCFCs were 
produced and consumed on a large scale, particularly in 
developed countries. Some other refrigerants of this  
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generation were NH3, hydrocarbons (HCs), H2O, etc. In 
1987, the Montreal Protocol was designed as a frame-
work to protect the ozone layer by phasing out the refri-
gerants which are responsible for ozone depletion.  

Third-generation refrigerants (1990–2010)  

The initial step of the Montreal Protocol was to switch 
over to CFCs to HCFCs due to ODP of HCFCs. Subse-
quently, a range of HFCs and their derivatives or blends 
was developed to meet the specifications of refrigeration 
applications. Attention was given on reduced service and 
emissions of refrigerants during service and disposal5. 
This class of refrigerants was considered as third genera-
tion. In 1994, under the United Nations Framework Con-
vention on Climate Change (UNFCCC), the Kyoto 
Protocol was designed as a concrete implementing tool to 
control GHG emissions. Both developed and developing 
countries are making efforts to reduce the use of ozone-
depleting agents as well as strengthening controls out-
lined in the Protocol.  
 Presently, HCFCs and HFCs contribute only about 2% 
of the total global warming, therefore, these are on a 
schedule to be phased out by 2030.  

Fourth-generation refrigerants (2010 onwards)  

The fourth-generation refrigerants include fluorinated 
propene (propylene) isomers with low GWP. At present, 
the most likely replacement is another new class of fluo-
rocarbon refrigerants, viz. HFOs. They have very low 
GWP and are expected to replace HFCs in many applica-
tions6. A representative of this class is HFO-1234yf.  
Figure 1 depicts the history of refrigerants. 

Classes of refrigerants  

On the basis of chemistry and chemical structure, refrige-
rants may be divided into the following three classes. 
 

 

 
 

Figure 1. History of refrigerants. 

Hydrocarbons and inorganics  

This class of refrigerants includes ammonia, CO2, water 
and hydrocarbons; they are often known as ‘natural refri-
gerants’ with zero ODP, low GWP and low toxicity. 
These refrigerants are not suitable for small cooling  
applications7. The refrigerants of this class are ethane, 
propane, butane, isobutene, etc. The drawback of these 
refrigerants is their high flammability which makes them 
unsuitable for use in refrigeration systems.  

Halocarbons  

The refrigerants of this class are CFCs, HCFCs, HFCs, 
etc. The most common ones are CFC-11, CFC-12, 
HCFC-22 and HFC-134a. CFCs were phased out due to 
their high ozone depletion potential which affected the 
stratospheric ozone.  

Hydrofluoroolefins  

HFOs are unsaturated organic molecules having carbon, 
hydrogen and fluorine. They are unstable molecules with 
low GWP and small atmospheric lifetime due to the pre-
sence of double bond. HFOs differ from traditional HFCs 
by being derivatives of alkenes rather than alkanes. There 
are two types of refrigerants in this class: HFO-1234yf 
(2,3,3,3-tetrafluoropropene) and HFO-1234ze (trans 
1,3,3,3-tetrafluoropropene) HFOs, HFO-1234yf and 
HFO-1234ze are now considered as the most promising 
fourth-generation refrigerants8,9.  

HFO-1234yf  

HFO-1234yf (2,3,3,3-tetrafluoropropene) is a fourth-
generation refrigerant with zero ODP and very low GWP 
(4). Figure 2 show, the chemical structure of HFO-1234yf.  

Properties of HFO-1234yf (2,3,3,3-tetrafluoro-
propene)  

Table 1 lists the important properties of HFO-1234yf. 
 

 
 

Figure 2. Chemical structure of HFO-1234yf. 
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Table 1. Properties of HFO-1234yf 

Chemical name  2,3,3,3-tetrafluoro prop-1-ene  
Molecular formula  C3H2F4  
Molecular mass  114 g/mol  
Physical state  Colourless gas  
Density (@25°C)  1.1 g/cm3  
Boiling point  –30°C  
Solubility in water (@25°C)  198.2 mg/l  
CAS no.  754-12-1  

 

Synthesis of HFO-1234yf  

In the literature, different methods of synthesis of HFO-
1234yf starting with different raw materials are de-
scribed. Nappa et al.10,11 described a process for the syn-
thesis of HFO-1234yf by conversion of 1,1,1,2,tetra-
fluoro-2-chloropropane in the presence of chromium (III) 
oxide catalyst and 1% alkali metal. Bektesevic et al.12 
synthesized HFO-1234yf by dehydro-halogenation of  
tetrafluorochloropropane and pentafluoropropane (HCFC-
244bb and HFC-245cb) in the presence of caustic solu-
tion. Wang and Tung13 described a process for the syn-
thesis of HFO-1234yf through dehydrochlorination of  
2-chloro-1,1,1,2-tetrafluoropropane (HCHC-244bb). It 
was found that the presence of HF decreases selective 
conversion of HCFC-244bb to HFO-1234yf. Accordingly, 
a method of removing hydrogen fluoride (HF) from such 
material was developed to improve the overall conversion 
efficiency process14,15.  
 A method for the synthesis of HFO-1234yf has been 
described by fluorination and dehydro-chlorination of 
1,1,1,2-tetrachloro-2-fluoropropane (HCFC-241bb) with 
or without a catalyst16,17. The synthesis of HFO-1234yf 
was carried out by dehydro-halogenation of pentafluoro-
propane (CH3CF2CF3) in the presence of a base and a  
catalyst chromium oxyfluoride18–21. HFO-1234yf was 
synthesized by the reaction of HCFO-1233xf (2-chloro-
3,3,3-trifluoropropene) with HF in the presence of cata-
lyst22–25. Bektesevic et al.26 described a method in which 
2-chloro-3,3,3-trifluoropropene (HCFO-1233xf) was ob-
tained by the fluorination of 1,1,2,3-tetrachloropropene 
(HCFO-1230xa) and then hydrogenation to form HFO-
1234yf. This is a relatively low-yielding process and a 
very large percentage of the organic starting material is 
converted to unwanted and/or unimportant by-products, 
including a sizeable amount of carbon black which tends 
to deactivate the catalyst used in the process. A process 
was also developed for producing HFO-1234yf by fluori-
nation of tetrafluoropropene to produce HCFO-1233xf; 
and reaction of HCFO-1233xf with HF to produce 
HCFC-244bb; followed by dehydrochlorination of 
HCFC-244bb to produce HFO-1234yf (ref. 27). Nose and 
Komatsu28 described a simple and economical method 
suitable for implementation on an industrial scale, for 
preparing 2,3,3,3-tetrafluoropropene, by 1,1,1,2,3-penta-

chloropropane (HCC-240) by reacting with HF in the 
presence of chromium-based catalyst.  
 A process was described for the preparation of HFO-
1234yf by the reaction of chlorotrifluoroethylene (CTFE) 
with methyl halide to form an intermediate product and of 
intermediate product stream with HF to produce HFO-
1234yf (ref. 29). A process for the manufacture of HFO-
1234yf from 1,1,2,3-tetrachloropropene (TCP) was  
described in three integrated steps that include: (i) R-1 
hydrofluorination of TCP to form 1233xf; (ii) hydrofluo-
rination of 1233xf to form 244bb and (iii) dehydro-
chlorination of 244bb to form HFO-1234yf (ref. 30).  
 HFO-1234yf was also synthesized using a simple and 
economical method that is suitable for implementation on 
an industrial scale. In this method HFO-1234yf was syn-
thesized by the reaction of 1,1,1,2,3-pentachloropropane 
(HCC-240db) with hydrogen fluoride31. A process was 
also developed to produce HFO-1234yf by the reaction  
of 1-chloro-1,1,2,2,3-pentafluoropropane (HCFC-235cb) 
with hydrogen gas in the presence of catalyst32. Devic et 
al.33 developed a method to synthesize HFO-1234yf by 
hydrogenation followed by dehydrofluorination of hexa-
fluoropropylene. A simple and economical process was 
developed to produce 1,1-dichloro-2,3,3,3-tetrafluoropro-
pene (CFO-1214ya) from 1,1-dichloro-2,2,3,3,3-penta-
fluoropropane (HCFC-225ca) as well as 2,3,3,3-tetra-
fluoropropene (HFO-1234yf) from 1-chloro-2,3,3,3- 
tetrafluoropropane (HCFC-244eb). A composition of  
HCFC-244eb and HCFC-225, including HCFC-225ca 
was made to react with an alkali solution in the presence 
of catalyst (phase transfer) to produce HFO-1214ya from 
HCFC-225ca as well as to produce HFO-1234yf from 
HCFC-244eb. This is a simple and economical process 
for producing HFO-1234yf without requiring purification 
of the raw material component34. The synthesis of HFO-
1234yf was also carried out by dehydrofluorination of 
HCFC-225ca in the presence of dehydrofluorination cata-
lyst, followed by hydrogenation in the presence of palla-
dium35–37.  

Applications of HFO-1234yf  

Due to its low GWP, HFO-1234yf has been used in refri-
gerants, heat transfer applications, foaming agents, pro-
pellants, blowing agents, carrier fluids, drying agents, 
buffing abrasion agents, expansion agents, gaseous  
dielectrics, sterilant carrier, particulate removal fluid, 
power cycle working fluid in liquid or gaseous form38,39. 
HFO-1234yf is also a monomer or co-polymer starting 
material for the synthesis of thermally stable and highly 
flexible rubber material, having good market potential40.  

Hazardous nature of by-product 

The by-products formed during the synthesis and use of 
HFO-1234yf are described below.  
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During synthesis: The by-products which are formed 
during the synthesis of HFO-1234yf are HF, HCl, un-
reacted hydrogen, other starting materials and interme-
diates such as HFO-1214ya. In the reduction reaction, 
reduction reactor contains the product HFO 1234yf, un-
reacted raw material CFO-1214ya, intermediate product 
1-chloro-2,3,3,3-tetrafluoropropene (HCFO 1224yd) and 
by-products such as 1-chloro-2,3,3,3 tetrafluoropropane 
(HCFC-244eb), etc. Here, the unreacted raw material 
CFO-1214ya and the intermediate product HCFO-1224yd 
can be effectively utilized by recycling them to the reduc-
tion reactor after separating them by distillation from the 
desired product HFO-1234yf. However, the by-product 
HCFC-244eb has a boiling point close to HCFO-1224yd 
and CFO-1214ya, and can be separated by distillation 
from these compounds. HCFC-244eb is returned to the 
reduction reactor together with CFO-1214ya and HCFO-
1224yd. HCFC-244eb is an inactive compound in the re-
duction reaction, and as the operation of returning it to 
the reduction reactor is repeated, its concentration in-
creases in the reduction reactor thereby lowering the  
production efficiency of HFO-1234yf (ref. 34).  
 
Atmospheric oxidation: Atmospheric oxidation of HFO-
1234yf gives trifluoroacetic acid (CF3COOH) which is 
corrosive in nature, but it does not consider as the  
hazardous material because the carbon–fluorine bond is 
stable. Due to the short life cycle of HFO-1234yf in the 
atmosphere (approximately 11 days), it degrades very fast 
resulting in low GWP. HFO-1234yf is decomposed in 
two stages to form trifluoroacetic acid (TFA)41 
 

  CF3-CF=CH2  → CF3-CF=O → CF3-COOH  
  HFO-  Fluoride of  Trifluoro  
  1234yf trifluoro acetic acid  acetic acid  
 

TFA is not very toxic and is a ubiquitous natural compo-
nent of the hydrosphere42–46. It is biodegradable47 and 
does not accumulate in animal species48. It has been con-
cluded42–48 that there is no significant risk from TFA 
formed by atmospheric degradation of HFOs.  

HFO-1234yf: replacement of HFC-134a 

Due to similarity in properties, HFO-1234yf (GWP of 4 
compared to CO2 (ref. 49)) can be used as ‘near drop-in 
replacement’ for HFC-134a, which means that automo-
bile manufacturers need not do many alterations in the 
design of the system to adopt HFO-1234yf as an alterna-
tive refrigerant due to the suitability of HFO-1234yf with 
existing refrigeration system design. As soon as its  
commercial availability is ensured, HFO-1234yf would 
replace HFC-134a, which is currently used in air-
conditioning systems in automobiles and other refrigera-

tion systems. Attempts have also been made to use blends 
of HFO-1234yf with other HFCs such as R-32 in applica-
tions such as air-conditioners for domestic purposes and 
other refrigeration systems, since HFO-1234yf and its 
blends have low GWP.  
 Brown50 studied the feasibility of HFOs as alternative 
refrigerants. There are also studies focusing on the ther-
modynamic properties of HFO-1234yf available in the  
literature51–55. Reaser et al.56 compared the thermophysi-
cal properties of HFO-1234yf with HFC-134a and R-410a 
to determine the drop-in replacement potential of the 
farmer, and concluded that the properties were compara-
ble with HFC-134a and not with R-410a. Zhang et al.57 
evaluated non-azeotropic mixtures of HFO as a replace-
ment for HFC-134a and CFC-114 in air-conditioning  
applications and high-temperature systems. It has been 
experimentally analysed HFO-1234yf can be used as a 
replacement for HFC-134a in a vapour compression sys-
tem with the 9% lower cooling capacity of HFO-1234yf 
as compare to HFC-134a, which diminishes with the use 
of internal heat exchanger58. Jung et al.59 studied HFO-
1234yf and HFO-1234yf/HFC-134a blends in three com-
positions and found that coefficient of performance 
(COP), discharge temperature and capacity of HFO-
1234yf and its blends are similar to HFC-134a, with  
decrease in flammability as the content of HFC-134a  
increases.  
 Figures 3 and 4 show a comparison of pressure–
enthalpy and temperature–entropy diagrams of HFO-
1234yf and HFC-134a respectively.  
 As can be seen from Figure 3, the specific cooling ca-
pacity of HFC-134a is significantly higher than HFO- 
1234yf while the specific compression work is slightly 
lower. The lower value of compression work of HFC-
134a causes improvement in coefficient of performance 
(COP) of refrigeration system60. Table 2 lists the thermo-
dynamic properties of HFO-1234yf compared with R-
134a (ref. 61).  
 
 

 
 
Figure 3. Comparison of pressure–enthalpy diagrams of HFO-1234yf 
and HFC-134a. 
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Figure 4. Comparison of temperature–entropy diagrams of HFO-
1234yf and HFC-134a. 
 
 
Table 2. Comparison of thermodynamic properties of HFO-1234yf  
  and HFC-134a  

Property HFO-1234yf  HFC-134a  
 

Boiling point (°C) –29  –26 
Critical point (°C) 95 102  
Vapour pressure (MPa; at 25°C)  0.677  0.665  
Vapour pressure (MPa; at 80°C)  2.44  2.63  
Liquid density (kg/m3; at 25°C)  1094  1207  
Vapor density, (kg/m3; at 25°C)  37.6  32.4  
Volumetric capacity (kJ/m3)  1577  1643  
Coefficient of performance (COP)  2.77  2.87  
COP relative to HFC-134a (%) 97  100  

 
 

Table 3. Flammability parameters of HFO-1234yf 

Property  Value 
 

Lower flammability limit (LFL)  6.5 
Upper flammability limit (UFL)  12.3  
Delta UFL – LFL  5.8  
Minimum ignition energy (mJ) 5000–10000  
Burning velocity (cm/s) 1.5  

 
 
 Low GWP and zero ODP of HFO-1234yf were com-
pared with HFC-134a as a possible alternative refrigerant 
in automotive air-conditioning and stationary refrigera-
tion applications. Ansari et al.62 compared GWP and 
ODP of HFO-1234yf with HFC-134a and concluded that 
the performance parameters of the farmer are smaller  
compared to the latter. Due to the small difference in  
values and its environmental-friendly properties, HFO-
1234yf can be a better alternative to HFC-134a. Thus, 
HFOs are the most viable emerging alternative refrige-
rants and their performance is closely similar to HFC-
134a. HFO-1234yf has been widely accepted for future 
motor vehicle air-conditioning (MVAC) systems.  

Compatibility 

Several studies on the compatibility and stability of HFO-
1234yf with other lubricants and polymers were carried 

out. The refrigerants were tested with three lubricants, 
viz. mixed acid polyester (POE), branched acid polyester 
and poly vinyl ether (PVE) oil. No degradation of  
the HFO-1234yf refrigerant–oil blend was observed.  
Similarly, compatibility studies of HFO-1234yf with 
plastics and elastomers (including electric motor winding 
insulation in hermetic or semihermetic compressors) have 
shown high stability in the presence of POE or PVE  
lubricants with similar behaviour to HFC-134a (ref. 63).  

Flammability 

HFO-1234yf was considered to be flammable on studying 
the flammability parameters such as lower flammability 
limit (LFL) and upper flammability limits (UFL) accord-
ing to the standard ASTM-E681-04. However, the results 
showed mild flammability while comparing the LFL of 
HFO-1234yf with other refrigerants61,64. HFO-1234yf has 
relatively high minimum ignition energy from 5000 to 
10,000 mJ, which indicates very low potential ignition 
source in a vehicle. HFO-1234yf also has a very low 
burning velocity (1.5 cm/s), indicating very low potential 
for ignition65. Table 3 provides the flammability parame-
ters of HFO-1234yf.  
 SAE International has already issued a press release 
stating that HFO-1234yf could be used safely worldwide 
as a refrigerant for vehicle air-conditioning systems66. 
HFO-1234yf has been accepted outside the US for use  
in future MVAC systems67. A survey by the German  
Association of the Automotive Industry (VDA) of inter-
national manufacturers revealed that they are in favour of 
using HFO-1234yf. Thus HFO-1234yf is the candidate 
for standardized, worldwide introduction of a new refri-
gerant with a low GWP66.  

Conclusion 

Thus we have provided a brief discussion on the history 
of refrigerants. These have been classified on the basis of 
their chemistry such as hydrocarbons and inorganic com-
pounds, halocarbons such as CFCs, HCFCs and HFCs 
and HFOs. Focusing on fourth-generation refrigerants, 
the properties, synthesis procedure and applications of 
HFO-1234yf have been reviewed in detail.  
 HFO-1234yf is environment-friendly refrigerant with 
zero ODP and very low GWP for use in mobile  
air-conditioning (MAC) systems. The chemistry of HFO-
1234yf is well-defined as CF3CF=CH2. It is synthesized 
by different chemical routes using HCFC-241bb, HFC-
245, HCFC-244, HCFO-1233xf, HFO-1214ya and 
HCFC-225.  
 HFO-1234yf is a good alternative for HFC-134a in 
MAC systems in the automotive industry. HFO-1234yf 
has a very low GWP compared to HFC-134a. It has some 
issues related to mild flammability, but due to low  
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burning velocity and high minimum ignition energy, 
HFO-1234yf can be safely used for mobile air-
conditioning. It is compatible with plastics and elasto-
mers (including electric motor winding insulation in her-
metic or semihermetic compressors). It has good 
miscibility with POE and PVE lubricants and shows good 
thermal stability. Atmospheric oxidation of HFO-1234yf 
gives TFA in a molar yield of essentially 100%.; howev-
er, no significant environmental impact of TFA is ex-
pected. Thus it can be concluded that HFO-1234yf can be 
safely used in refrigeration and air-conditioning applica-
tions in mobile as well as stationary systems and without 
much change in vehicle design, engineering and manufac-
ture.  
 
 
 

1. Sahu, J. C. and Mandal, B. K.; http://www.coolingindia.in/ 
blog/post/id/9952/recent-developments-in-alternative-refrigerants 
(accessed on 15 May 2016). 

2. http://www.linde-gas.ro/internet.lg.lg.rou/ro/images/refrigerant_ 
environmentalimpact_brochure_07_201254_80042.pdf?v=1.0 (ac-
cessed on 6 July 2016). 

3. Verma, J. K., Satsangi, A. and Chaturani, V., A review of alterna-
tive to R134a (CH3CH2F) refrigerant. Int. J. Emerg. Technol. Adv. 
Eng., 2013, 3(1), 300–304.  

4. Papasavva, S. and Moomaw, W., Comparison between HFC-134a 
and alternative refrigerants in mobile air conditioners using the 
GREEN-MAC-LCCP© model. In 15th International Refrigeration 
and Air Conditioning Conference, Purdue, USA, 2014, Paper 
1475, pp. 1–10.  

5. ASHRAE: Position Document on Refrigerants and their Responsi-
ble Use. 2012.  

6. Venkatarathnam, G. and Murthy, S. S., Refrigerants for vapour 
compression refrigeration systems. Resonance, 2012, 17(2), 139–
162. 

7. Brown, S., Refrigerants and global climate change. In Engineering 
Colloquium, Godderd Space Flight Center, Maryland, 2010.  

8. Nielsen, O. J., Javadi, M. S., Andersen, M. P. S., Hurley, M. D., 
Wallington, T. J. and Singh, R., Atmospheric chemistry of 
CF3CFCH2: kinetics and mechanisms of gas-phase reactions with 
Cl atoms, OH radicals, and O3. Chem. Phys. Lett., 2007, 439,  
18–22.  

9. Honeywell, Honeywell HFO-1234ze Blowing Agent, Honeywall 
Sales Specification, 2008; https://www51.honeywell.com/sm/lgwp-
fr/common/documents/FP_LGWP_FR_Honeywell-HFO-
1234ze_Literature_document.pdf (accessed on 13 July 2016). 

10. Nappa, M. J., Lousenberg, R. D. and Jackson, A., Synthesis of 
1234YF by selective dehydrochlorination of 244bb. US 8263817 
B2, 2012.  

11. Nappa, M. J., Lousenberg, R. D. and Jackson, A., Synthesis of 
1234yf by selective dehydrochlorination of 244bb. US 2012/ 
0172638 A1, 2012.  

12. Bektesevic, S., Tung, H. S., Wang, H., Merkel, D. C. and Johnson, 
R. C., Method for producing tetrafluoropropenes. US 2011/ 
0270000 A1, 2011.  

13. Wang, H. and Tung, H. S., Process for producing 2,3,3,3-tetra-
fluoropropene. WO 2013/049742 A1, 2013.  

14. Wang, H. and Tung, H. S., Process for producing 2,3,3,3-tetra-
fluoropropene. US 9416074 B2, 2016.  

15. Wang, H., Tung, H. S. and Daniel, C., Process for producing 
2,3,3,3-tetrafluoropropene. US 2014/0350309, 2014.  

16. Elsheikh, M. Y., Bonnet, P. and Chen, B. B., Process for the man-
ufacture of tetrafluoroolefins. US 2013/0035526 A1, 2013.  

17. Jackson, A., Lousenberg, R. D. and Nappa, M. J., Synthesis of 
1234yf by selective dehydrochlorination of 244bb. WO 2012/ 
006295 A1, 2012.  

18. Sharratt, A. P., Low, R. E. and McCarthy, J. C., Process for pre-
paring R-1234yf by base mediated dehydrohalogenation. US 
8822740 B2, 2014. 

19. Sharratt, A. P., Low, R. E. and McCarthy, J. C., Process for pre-
paring R-1234yf by base mediated dehydrohalogenation. US 2013/ 
0274528 A1, 2013.  

20. Elsheikh, M. Y., Bonnet, P., Keeley, O. C. N. and Chen, B. B., 
Dehydrofluorination of pentafluoroalkanes to form tetrafluoroole-
fins. US 2013/0060069 A1, 2013.  

21. Wendlinger, L., Bonnet, P., Pigamo, A. and Doucet, N., Process 
for the preparation of 2,3,3,3-tetrafluoropropene. US 2013/ 
0267740 A1, 2013.  

22. Yang, G. et al., Method for preparing 2,3,3,3-tetrafluoropropene. 
US 9,115,042 B2, 2015.  

23. Yang, G. et al., Method for preparing 2,3,3,3-tetrafluoropropene. 
EP 2756883 A1, 2014.  

24. Mukhopadhyay, S., Light, B. A., Fleming, K. M., Phillips, S. D. 
and Dubey, R. K., Gas phase synthesis of 2,3,3,3-tetrafluoro-1-
propene from 2-chloro-3,3,3-trifluoro-1-propene. US 2009/ 
0124837 A1, 2009.  

25. Johnson, R. C. and Merkel, D. C., Method for prolonging a cata-
lyst’s life during hydrofluorination. US 2010/0331583 A1, 2010.  

26. Bektesevic, S., Tung, H. S. and Wang, H., Process for producing 
2,3,3,3-tetrafluoropropene. US 2014/0235904, 2014.  

27. Kopkalli, H., Chiu, Y. and Tung, H. S., Method for producing flu-
orinated organic compounds. US 2011/0207974 A9, 2011.  

28. Nose, M. and Komatsu, Y., Process for preparing 2,3,3,3-tetra-
fluoropropene. US 8772554 B2, 2014.  

29. Van Der Puy, M., Process for the preparation of 2,3,3,3-tetra-
fluoropropene (HFO-1234yf). US 8071826 B2, 2011.  

30. Cottrell, S. A., Chiu, Y., Kopkalli, H., Tung, H. S., Uhrich, K. D. 
and Scheidle, P., Methods of making 2,3,3,3-tetrafluoro-2-pro-
pene. US 2012/0184785, 2012.  

31. Nose, M. and Komatsu, Y., Process for preparing 2,3,3,3-tetra-
fluoropropene. WO 2013/015068 A1, 2013.  

32. Nappa, M. J., Mallikarjuna, V. N. and Slevert, A. C., Processes for 
producing 2,3,3,3-tetrafluoropropene, a process for producing  
1-chloro-2,3,3,3-pentafluoropropane and azeotropic compositions 
of 1-chloro-2,3,3,3-tetrafluoropropene with hf. US 2010/0076231 
A1, 2010.  

33. Devic, M., Guillet, D., Guiraud, E. and Wendlinger, L., Method for 
preparing 2,3,3,3-tetrafluoro-1-propene. US 2010/0305370 A1, 2010.  

34. Seki, R., Okamoto, H., Takagi, H. and Kawaguchi, S., Process for 
producing 1,1-dichloro-2,3,3,3-tetrafluoropropene and 2,3,3,3- te-
trafluoropropene, US 8642820 B2, 2014. 

35. Rao, V. N. M. and Sievert, A. C., Process for producing 2,3,3,3-
tetrafluoropropene. US 2010/0022808 A1, 2010.  

36. Takagi, H. and Okamoto, H., Process for producing 2,3,3,3-tetra-
fluoropropene. US 2011/0319679 A1, 2011.  

37. Kawaguchi, S., Okamoto, H., Takeuchi, Y., Takagi, H., Watanabe, 
K. and Yanase, K., Process for producing 2,3,3,3-tetrafluoropro-
pene. US 2011/0319680 A1, 2011.  

38. Nappa, M. J., Compositions comprising 2,3,3,3-tetrafluoropro-
pene, 1,1,2,3-tetra-chloropropene, 2-chloro-3,3,3-trifluoropropene, 
or 2-chloro-1,1,1,2-tetrafluoropropane. US 9051500 B2, 2015.  

39. Wang, H. and Tung, H. S., Process for producing 2,3,3,3-tetra-
fluoropropene. US 2014/0303409 A1, 2014.  

40. Yang, G., Method for preparing 2,3,3,3-tetrafluoropropene. US 
9115042 B2, 2015.  

41. Scott, B. F., Spencer, C., Scott, A. and Mabury, Muir, D. C. G., 
Poly and perfluorinated carboxylates in North American precipita-
tion. Environ. Sci. Technol., 2006, 40, 7167–7174.  

42. Berg, M., Müller, S. R., Mühlemann, J., Wiedmer, A. and Schwar-
zenbach, R. P., Concentrations and mass fluxes of chloroacetic  



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 115, NO. 8, 25 OCTOBER 2018 1503

acids and trifluoroacetic acid in rain and natural waters in Switzer-
land. Environ. Sci. Technol., 2000, 34, 2675–2683.  

43. Frank, H., Christoph, E. H., Holm-Hansen, O. and Bullister, J. L., 
Trifluoroacetate in ocean waters. Environ. Sci. Technol., 2002, 36, 
12–15.  

44. Scott, B. F. et al., Trifluoroacetate profiles in the Arctic, Atlantic, 
and Pacific Oceans. Environ. Sci. Technol., 2005, 39, 6555– 
6560. 

45. Von Sydow, L., Grimvall, A., Boren, H., Laniewski, K. and Niel-
sen, A., Natural background levels of trifluoroacetate in rain and 
snow. Environ. Sci. Technol., 2000, 34, 3115–3118.  

46. Boutonnet, J. C. et al., Environmental risk assessment of trifluo-
roacetic acid. Hum. Ecol. Risk Assess., 1999, 5, 59–124.  

47. Kim, B. R., Suidan, M. T., Wallington, T. J. and Du, X., Bio-
degradability of trifluoroacetic acid. Environ. Eng. Sci., 2009, 
17(6), 337–342.  

48. Tang, X., Madronich, S., Wallington, T. and Calamari, D., 
Changes in tropospheric composition and air quality. J. Photo-
chem. Photobiol. B, 1998, 46(1–3), 83–95.  

49. https://en.wikipedia.org/wiki/2,3,3,3-Tetrafluoropropene (accessed 
on 12 December 2015). 

50. Brown, J. S., HFOs: new, low global warming potential refrige-
rants. ASHRAE J., 2009, 22–29.  

51. Akasaka, R., Kayukawa, Y., Kano, Y. and Fujii, K., Fundamental 
equation of state for 2,3,3,3-tetrafluoropropene (HFO-1234yf). In 
International Symposium on Next-Generation Air Conditioning 
and Refrigeration Technology, New Energy and Industrial Tech-
nology Development Organization, Tokyo, Japan, 2010.  

52. Brown, J. S., Zilio, C. and Cavallini, A., Critical review of the  
latest thermodynamic and transport property data and models, and 
equations of state for R-1234yf. In 13th International Refrigera-
tion and Air Conditioning Conference, Purdue, USA, 2010, Paper 
1130, pp. 1–9.  

53. Cang, C., Saitoh, S., Nakamura, Y., Li, M. and Hihara, E., Boiling 
heat transfer of HFO-1234yf flowing in smooth small-diameter 
horizontal tube. In International Symposium on Next-Generation 
Air Conditioning and Refrigeration Technology, New Energy and 
Industrial Technology Development Organization, Tokyo, Japan, 
2010.  

54. Higashi, Y., Thermophysical properties of HFO-1234yf and HFO-
1234ze (E). In International Symposium on Next-Generation Air 
Conditioning and Refrigeration Technology, New Energy and  
Industrial Technology Development Organization, Tokyo, Japan, 
2010.  

55. McLinden, M. O., Thol, M. and Lemmon, E. W., Thermodynamic 
properties of trans-1,3,3,3-tetrafluoropropene [R 1234ze(e)]: mea-
surements of density and vapor pressure and a comprehensive  

international equation of state. In 13th International Refrigeration 
and Air Conditioning Conference, Purdue, USA, 2010, pp. 1–8.  

56. Reaser, P., Aute, V. and Radermacher, R., Refrigerant R1234yf 
performance comparison investigation. In International Refrigera-
tion and Air Conditioning Conference, USA, Paper 1085, 2010, 
pp. 1–7.  

57. Zhang, S. J., Wang, H. X. and Guo, T., Evaluation of non-
azeotropic mixtures containing HFOs as potential refrigerants in 
refrigeration and high-temperature heat pump systems. Sci. China 
Technol. Sci., 2010, 53, 1855–1861.  

58. Esbri, J. N., Miranda, J. M. M., Babiloni, A. M., Cervera, A. B. 
and Flores, J. M. B., Experimental analysis of R1234yf as a drop-
in replacement for R134a in a vapor compression system. Int. J. 
Refrig., 2012, 36, 870–880.  

59. Jung, D., Lee, Y. and Kang, D., Performance of virtually non-
flammable azeotropic HFO1234yf/HFC134a mixture for HFC134a 
applications. Int. J. Refrig., 2013, 36, 1203–1207.  

60. Araz, M., Güngör, A. and Hepbasli, A., Experimental exergetic 
performance evaluation of an elevator air conditioner using  
R-1234yf. IACSIT Int. J. Eng. Technol., 2015, 7(3), 254–260.  

61. Minor, B. H. and Spatz, M., HFO-1234yf low GWP refrigerant 
update. In International Refrigeration and Air Conditioning Confe-
rence, Purdue, USA, 14–17 July 2008.  

62. Ansari, N. A., Yadav, B. and Kumar, J., Theoretical exergy analy-
sis of HFO-1234yf and HFO-1234ze as an alternative replacement 
of HFC-134a in simple vapour compression. Int. J. Sci. Eng. Res., 
2013, 4(8), 137.  

63. https://www.kth.se/en/itm/inst/energiteknik/forskning/ett/projekt/k
oldmedier-med-lag-gwp/low-gwp-news/stabilitet-och-kompatibili-
tet-av-hfo-koldmedier-1.328321  

64. Koban, M., HFO-1234yf low GWP refrigerant – a global sustaina-
ble solution for mobile air conditioning. In Vehicle Thermal Man-
agement Systems Conference and Exhibition, SAE International, 
Scottsdale, AZ, 2008, p. 108.  

65. Minor, B. H., Herrmann, D. and Gravell, R., Flammability charac-
teristics of HFO-1234yf. Process Saf. Prog., 2010, 29(2), 150–
154.  

66. https://www.chemours.com/Refrigerants/en_US/assets/downloads/
SmartAutoAC/20100520_VDA_press_briefing.pdf (accessed on 
15 August 2016). 

67. http://media.gm.com/content/media/us/en/news/news_detail.brand_
gm.html/content/Pages/news/us/en/2010/July/0723_refrigerant (ac-
cessed on 13 September 2016). 

 
Received 18 August 2017; revised accepted 13 December 2017 
 
doi: 10.18520/cs/v115/i8/1497-1503 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


