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Abstract: Humanity has come to depend on synthetic, factory made gases that have 
extremely significant global warming potential.  Fluorinated greenhouse gases, or F-gases, 
such as hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SF6), and 
nitrogen trifluoride (NF3) have been termed “super pollutants” and “super greenhouse gases” 
given their severe and powerful impact on the climate. They are the most potent greenhouse 
gases known to modern science, with global warming potentials far greater than carbon 
dioxide, some up to almost 23,000 times more so. Troublingly, they are also the fastest 
growing class of greenhouse gas emissions around the world, especially in developing 
countries. Research suggest that almost 40% of their emissions by 2050 will fall outside the 
scope of international agreements such as the Paris Accord, Montreal Protocol and Kigali 
Amendment. Without comprehensive and sustained interventions, uncontrolled growth in F-
gas emissions could offset all of the gains made by the Clean Development Mechanism of the 
Kyoto Protocol, or the cornerstone of existing international climate governance, the 
Nationally Determined Contributions of the 2015 Paris Accord.  This review asks: What 
options are available to mitigate the environmental impacts of F-gases and thus make their 
manufacturing or disposal far more sustainable?  What technical solutions and innovations 
exist to make their industrial usage low to zero carbon?  What benefits will accrue from F-gas 
mitigation, and what barriers will need addressed? It undertakes a comprehensive and critical 
review of more than 140,000 sources of evidence, and a short list of 855 studies on the topic. 
It utilizes a sociotechnical lens that examines the manufacturing and use of F-gases across 
multiple sectors (including refrigeration, electronics manufacturing, non-ferrous metals 
processing, and applications in consumer goods) and components of its lifecycle (including 
not only manufacturing, but also use, disposal and destruction). We find that there are several 
policies and regulations that can be employed to address this already serious and growing 
climate change challenge.   
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gases; climate change; climate mitigation; trace emissions; synthetic greenhouse gas; short 
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1. Introduction  

The most global warming intensive industrial gases known to science have become 
embedded into a multitude of commercial products, from tennis balls and sports shoes, to 
refrigerants for air conditioning or freezers, to industrial processes for magnesium casting or 
secondary aluminum smelting. Their use in products has rapidly expanded as they are 
primarily deployed as substitutes for ozone depleting substances.  These industrial gases are 
entirely synthetic—that is, human made rather than naturally occurring—and yet are 
extremely potent, having global warming potentials far more severe than carbon dioxide.  
 
This review offers a critical, systematic and interdisciplinary assessment of the most potent of 
these industrial gases, the fluorinated gases, or F-gases.  These are:1 
 

• Hydrofluorocarbons or HFCs, used primarily for refrigeration and air conditioning but 
also as blowing agents for foams, as solvents, in medical aerosols, and in fire 
extinguishers;  

• Perfluorocarbons or PFCs, used in the manufacturing of electronics such as liquid 
crystal displays, plasma cleaning of semiconductors or the building of solar panels 
and a major emission source of the aluminum industry; 

• Sulfur hexafluoride or SF6, the single most potent greenhouse gas ever measured,2 3 
used as an insulating gas for electricity transmission and distribution grids (mostly 
switchgear) as well as in magnesium and electronics manufacturing; and 

• Nitrogen trifluoride or NF3, used as an etching agent in electronics as well as the 
manufacturing of silicon wafers. 

 
These F-gases are 140 to 23,000 times more harmful to the climate in terms of their global 
warming potential or radiative forcing than carbon dioxide.4 5 These are not your ordinary 
types of emissions, but instead framed in the literature as severe “forcing agents” that 
accelerate global warming6, “super-pollutants”7 and “super greenhouse gases.”8  In its last 
assessment, the Intergovernmental Panel on Climate Change (IPCC) estimated that the F-
gases make a “major contribution” to the greenhouse effect caused by human actions and 
account for about 13% of global warming.9  
 
One may think that because such gases are manufactured and factory made, they would be 
more strictly regulated and better managed or controlled than naturally occurring emissions 
such as carbon or methane. However, as the U.S. Department of Energy warned in 2020, F-
gases such as HFCs “are under-recognized in the climate debate – no-one really talks about 
them yet.”10 Counterintuitively, use of F-gases is growing at an “aggressive rate,” with one 
study suggesting a possible fivefold increase in their emissions between 2005 and 2025.11   
Three interacting drivers are at play behind these increases: unanticipated side effects from 
the Montreal Protocol, growth in demand for cooling, and loopholes in existing 
commitments. 
 
First, a significant part of the reason for the growth in F-gases has to do with the phasedown 
of ozone depleting substances under the Montreal Protocol. As a result of the Protocol, two 
other classes of F-gases that have a negative impact on global warming, namely 
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), have been almost 
completely phased out and no longer play a primary role in industrial manufacturing.12  
However, the industry switched to HFCs and PFCs as replacements, because they contain no 
chlorine and do not deplete the ozone layer.  As one report warned, “the climate benefits of 
the Montreal Protocol could have been significantly offset by projected emissions of HFCs 
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over the next decades.”13 The climate change impact caused by HFCs, via radiative forcing, 
already approximately doubled from 2005 to 2011.14 
 
Second, part of the culprit behind F-gas growth is rapidly growing demand for air 
conditioning and refrigeration. HFC use is intensifying in both developing and developed 
countries, and driven by both rising temperatures and greater demand for air conditioning 
among a growing global middle class. In China, for instance, the use of air conditioners by 
urban residents jumped from 8% in 1995 to 70% in 2004. The potential demand for air 
conditioning in Mumbai, India, is calculated to be almost a quarter of that for the entire 
United States.15 16  As a 2020 assessment warned, “Absent mitigation actions, global HFC 
emissions and consumption are projected to increase, especially in developing countries as 
demand is expected to rise for cooling services.”17  HFCs are currently the fastest growing 
source of greenhouse gas emissions, expanding at a rate of 10-15% every year,18 19 which 
will cause a doubling every 5 to 7 years.20  HFCs are on course to increase in terms of their 
impact on the climate twenty-fold by 2050.14 In other terms, although the share of HFCs in 
particular in the mix of greenhouse gases is currently low (less than 1%), their emissions are 
projected to increase significantly to more than 19% by 2050.21  
 
Third, a final, and likely smaller, part of the reason for growth in F-gases has to do with 
loopholes in existing commitments. The Kigali Amendment to the Montreal Protocol in 
2016, intended to address HFCs, does not include any other classes of F-gases, and  parties to 
the agreement are only required to reduce HFC consumption and production by 85% percent 
of their baselines by the late 2040s.22 Furthermore, it contains an exemption for countries 
with high ambient temperatures, and it makes no attempt to address emissions from “banks”, 
i.e., accumulated emissions in existing stocks of equipment, foams, and chemical stockpiles, 
despite the fact that these banks are major sources of HFC emissions. 22   Very recently, the 
Trump Administration in the United States has deferred ratification of the Kigali 
Amendment, and in 2020 the Environmental Protection Agency rescinded portions of a ruling 
that subjected air conditioners to more stringent requirements for maintenance and the 
repairing of leaks.17  For reasons such as these, the Kigali Amendment is expected to mitigate 
only about 61% of projected HFC emissions from 2018 to 2050.23 
 
Even in the European Union, where emissions of all other greenhouse gases have been 
falling, the emissions of F-gases roughly doubled from 1990 to 2014.24  The contribution of 
F-gases as a whole to actual global warming is projected to triple between now and the year 
2050. 4  F-gas emissions rates for different sectors in developing countries are striking, with a 
22% increase in commercial refrigeration emissions, a 30% increase in transport refrigeration 
emissions, a 24% increase in mobile air conditioning emissions and a 100% emissions 
increase for many types of foams projected between 2010 and 2050 globally.25  The entire 
class of halocarbons, including CFCs and HCFCs, could by themselves cause almost half a 
degree temperature change by 2100, as Figure 1 shows.  Another study estimates in its 
baseline scenario that F-gas emissions could rise by 12 to 1269% (by 0.8 Gt CO2e to 10 Gt 
CO2e) between 2005 and 2100.26   
 
Without comprehensive and sustained intervention, uncontrolled growth in F-gas emissions 
could offset all of the gains made by Clean Development Mechanism of the Kyoto 
Protocol27, or offset the cornerstone of existing international climate governance, the 
currently pledged Nationally Determined Contributions of the 2015 Paris Accord. 22  
 
Figure 1: Predicted temperature changes from halocarbon and F-gas emissions, 1950 to 
2100 
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Source: 28 
 
With great risk, however, comes great opportunity. Restricting and phasing out F-gas 
emissions in Europe could save 1.5 Gigatonnes of CO2-equivalent by 2030, and 5 
Gigatonnes by 2050, an amount of CO2 greater than a billion return flights from Paris to New 
York, and more than the sum of all greenhouse gases emitted in the EU during one year.29 
Phasing down HFCs globally would potentially prevent 70-100 Gt of CO2-eq by 205022, 
equivalent to 40% of the projected emissions from the lifetime operation of existing power 
plants constructed around the world.30  Investing in energy-efficient refrigeration and air 
conditioning systems could possibly double the mitigation gains.31  
 
Tackling industrial F-gases offers humanity one of the best chances it has to abate extremely 
large amounts of global warming emissions. As one report concluded, avoiding warming 
from F-gases “is essential for staying within the long-term international goal of stabilizing 
global temperature rise to well below 2ºC above pre-industrial temperatures by the end-of-
century, while pursuing efforts to limit warming to 1.5 ºC.” 30  Finally, in a world where 
carbon dioxide removal and storage or negative emissions technology is perfected and 
deployed, and carbon emissions slow dramatically, constraining growth in non-CO2 
emissions such as the F-gases becomes even more important, as they would become the 
lion’s share of future emissions.26  
 
At this critical moment for the industry and the global climate, this study asks: What options 
are available to mitigate the climate impacts of F-gases and thus make their manufacturing or 
disposal far more sustainable?  What are the determinants of the energy and carbon-
equivalent footprints of F-gases?  What technical solutions and innovations exist to make 
their industrial usage low to zero carbon-equivalent?  What benefits will accrue from F-gas 
mitigation, and what barriers will need addressed? To answer these questions, the paper 
undertakes a comprehensive and critical review of more than 140,000 sources of evidence, 
and a short list of 855 studies on the topic of industrial F-gases. It utilizes a sociotechnical 
lens that examines the manufacturing and use of F-gases across multiple sectors (including 
refrigeration, electronics manufacturing, non-ferrous metals processing, and applications in 
consumer goods) and components of their lifecycles (including manufacturing but also use, 
disposal and destruction).   
 
Section 2 provides context, while Section 3 summarizes the systematic literature review. 
Sections 4 and 5 look at specific emissions profiles and impacts.  Section 6 promising 
mitigation options, Section 7 benefits, Section 8 barriers, Section 9 financing and policy, 
Section 10 gaps and future research agendas.  
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2. Background: Definitions and attributes of synthetic F-gases  

Given the complexity of the topic, it is useful to first broadly define some key concepts and 
terms, and discuss some general facts about the structure of the global F-gas production 
system .  
 
2.1 Definitions and terms  

The study will frequently use phrases and terms that deserve to be defined and clarified. 
 
“Global warming potential,” or GWP, is a term used to describe the greenhouse effect.32 It 
considers the warming effectiveness of various gases compared with the reference of carbon 
dioxide (GWP = 1), over a period of 20, 100, or even 500 years.  Under the Kyoto Protocol, 
the international community agreed on a standard of 100 years. 
 
A closely connected term is “radiative forcing,” which does not have a time horizon but 
describes how strongly the radiation balance of the atmosphere is influenced if the 
concentration of a given gas, chemical, or substance increases on a part-per-billion or million 
(ppb or ppm).33 34 35 Appendix I plots various GWPs and radiative forcing effects for 
common greenhouse gases.  
 
“Atmospheric lifetime” describes how long a substance added to the atmosphere remains in 
the atmosphere. The atmospheric lifetime of gas characterizes the sink of the gas and 
corresponding concentration. We can compare the climatic impact of emissions based on the 
effect of that concentration.36 
 
The phrase “fluorinated greenhouse gases” is used collectively for the group of 
hydrofluorocarbons (HFC), the group of perfluorocarbons (PFC), sulphur 
hexafluoride (SF6), and nitrogen trifluoride (NF3). 4  The first three of these groups were 
regulated under the Kyoto Protocol and all four are regulated under the Paris Agreement. F-
gases are distinguished from chlorofluorocarbons (CFCs), which also contain fluorine, in that 
F-gases don't contain chlorine, whereas CFCs do. Appendix II showcases more specific 
details about the chemical names, industrial designations, and global warming potentials for 
specific F-gases.  
 
At the highest level of classification, all four of the F-gases are “trace gases,” that is, gases 
that reside in the atmosphere in addition to nitrogen (78.1%), oxygen (20.9%), and argon 
(0.934%), which constitute the majority of gases in the atmosphere when water vapor is 
excluded.37 
 
“Anthropogenic greenhouse gas emissions” refer to those emissions that are caused by human 
activities, including fossil fuel combustion, land use changes and forestry, industrial 
manufacturing and the creation of the humanmade, synthetic class of emissions we explore 
here.  Natural emissions include those from fertilizers and wastes, human respiration, 
bacterial activity and fossil fuels, whereas human made or manmade emissions include those 
from refrigerants, cleaning agents, drying agents, and blowing agents.11  
 
All of the F-gases are also “synthetic” greenhouse gases, defined as those with no significant 
natural sources and lifetimes of at least 1 year,38 and referring to human made chemicals that 
do not occur in nature and generally have a much higher global warming potential than other 
greenhouse gases.39 
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Going down a level, all four of the F-gases are also classified as “Non-CO2 (carbon dioxide) 
greenhouse gas emissions,”40 41 because they are distinct from carbon dioxide. Other 
important non-CO2 gases besides the F-gases include methane (CH4) and nitrous oxide 
(N2O).42 
 
Similarly, all four categories of the F-gases are also “halogens” or “halogenated compounds” 
or “halogenated species”43 because they occupy a group of the period table consisting of five 
elements that are chemically related: fluorine (F), chlorine (CI), bromine (Br), iodine (I) and 
astatine (At). Seaweeds, algae and phytoplankton are natural sources of biological 
halocarbons, but in far lower volumes than human made sources.44 45 46 47 
 
Our four groups of F-gases also share another important attribute, although they have high 
global warming potentials, they are not ozone depleting substances, which F-gases have come 
to substitute for and replace.48  
 
As Table 1 indicates, only some of the F-gases are halocarbons49 28, HFCs and PFCs, whereas 
SF6 and NF3 are not, as they contain no carbon atoms. F-gases may or may not contain 
carbon. If they do and contain hydrogen, they are HFCs (e.g., CHF3 = HFC-23). If they 
contain carbon but no hydrogen, they are PFCs (e.g., CF4 = PFC-14). Otherwise, they are 
SF6 or NF3.  A halocarbon is any compound formally derived from a hydrocarbon by 
replacing at least one hydrogen atom with a halogen, but especially by replacing all hydrogen 
atoms with halogen(s), so SF6 and NF3 do not meet the definition.   

 
Sometimes, gases are classified by their global warming potential, their overall effect on the 
climate. Here, as Table 1 indicates,  the F-gases are considered “high HWP gases”50 because 
they are far more impactful then carbon dioxide. That is, for a given amount of mass, they 
trap substantially more heat than carbon dioxide.51  Other halocarbons include the halons, 
HCFCs and CFCs phased down under the Montreal Protocol. Generally, Low GWP100 refer 
to GWP100 < 20, Medium GWP100 to 20 ≤ GWP100 ≤ 150, and High GWP100 to GWP100 > 150. 
4 
 
Table 1: Key attributes and distinctions of industrial F-gases 
 

a. Characteristics of F-gases 
 
 HFCs PFCs  SF6 NF3 
Date widely 
commercialized  

1990s  1950s 1970s 1990s 

Main 
substances 

Hydrogen, 
fluorine, carbon 

Carbon, fluorine  Sulfur, fluorine  Nitrogen, 
fluorine  

Global 
Warming 
Potential 
(GWP) for a 
100-year time 
horizon  

116 to 12,400 6,290 to 11,100 23,500 16,100 

Lifetime (years) 1.3 to 242 2,000 to 50,000 3,200 500 
Ozone depleting 
substance? 

No No No No 

Non-CO2 gas? Yes Yes Yes Yes 
Halocarbon? Yes Yes No No 
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Short lived 
climate 
pollutant? 

Yes – some No No No 

 
b. F-gases compared to other commonly mixed greenhouse gases 

 
  

  
Category 

  
Gas(es) 

  
Lifetime 
(years) 

Radiative 
efficiency 
(W/m2/ppb) 

  
AF 
(W/m2) 
(2010) 

  
AF 
(W/m2) 
(2100) 

  
Remarks 

CO2 CO2 NA 1.4 × 10−5 1.76 4.67–
6.46 

Cannot be 
characterized 
by a single 
lifetime, but 
significant 
effects persist 
for millennia 

Millennial 
trace 
gases 

SF6 3,200 0.52 0.0036 0.021–
0.026 

  

PFC-14 CF4 50,000 0.1 0.0083 0.015–
0.022 

  

PFC-116 
C2F6 

10,000 0.26 0.0010 0.0035–
0.0037 

  

C6F14 3,200 0.49 3.5 × 
10−5 

0.0001–
0.0001 

  

Other 
perfluorinated 

740–
4,100 

0.26–0.57 ≈0? ≈0?   

Centennial 
gases 

N2O 114 3.0 × 10−3 0.168 0.414–
0.493 

Mostly 
agricultural; 
limited 
abatement 
opportunities 

HFC-23 270 0.19 0.004 0.004 Mainly 
HCFC by-
product 

HFC-236fa 240 0.28 ≈0 ≈0 Fire 
suppressant 

HFE-125 136 0.44 ≈0 ≈0 A fluorinated 
ether 

Decadal 
gases 

CH4 12 3.7 × 10−4 0.483 0.434–
1.08 

Methane 

Most HFCs 1.4–52 0.09–0.4 0.016 0.043–
0.178 

CFC 
replacements 

Most HFEs 0.33–26 0.25–1.37 ≈0 ≈0 Fluorinated 
ethers 

Montreal 
gases 

CFCs 45–
1,700 

0.18–0.32 — — Phase-out 
scheduled 

HCFCs 1.3–17.9 0.14–0.32 — — Phase-out 
scheduled 

Others 0.7–65 0.01–0.32 — — Phase-out 
scheduled 
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All 0.7–65 0.01–0.32 0.317 0.080 Phase-out 
scheduled 

Source: Authors, including data from 52 53 
 
Confusingly, important distinctions are also made between long lived climate pollutants, or 
LLCPs, such as carbon dioxide, and short lived climate pollutants, or SLCPs5455, such as 
black carbon aerosols, tropospheric ozone, methane, and HFCs (the only one explored in this 
review), which are sometimes called “short-lived climate forcers,”56 “near-term climate 
forcers”57 or “short lived climate pollution.”58  A chemical is "short-lived" if its e-folding 
lifetime (i.e. a time interval measure for an exponentially growing quantity)is on the order of 
30 years or less. SF6, for example, has a lifetime of 3,200 years so is long-lived in the 
atmosphere. Some of the PFCs are among the longest lived greenhouse gases known, with 
atmospheric lifetimes of up to 50,000 years.59  This is such a long atmospheric lifetime that 
gases characterized by such a lifetime effectively alter the radiation budget of the atmosphere 
“permanently.” 60  In other terms, HFCs fall under the definition of being an SLCP, but the 
other three F-gas categories do not.  
 
The F-gases are not considered aerosols61 given that they do not condense or dissolve in 
water (which is why they can avoid being absorbed by clouds and get to the stratosphere and 
last forever). Hydrochloric acid (HCl), on the other hand, is extremely soluble so gets 
removed by rain in the troposphere so has a short lifetime, typically less than a year. It is also 
soluble in aerosols so can become an aerosol component. 
 
2.2 The basic climate science of F-gases 

First a little demystification and deciphering of the atmospheric science.  To paraphrase the 
poet Walt Whitman, the Earth’s atmosphere is “the common air that bathes the globe,” 
although that statement may obscure the fact that the atmosphere is constantly moving, 
mixing, transforming and transporting different emissions around the planet.62 The 
atmosphere is vitally important not only for delivering elements necessary to sustain life, and 
preserving and maintaining the planet’s heat balance, hydrological cycle, and weather 
patterns, but also for distributing pollutants that harm humans and natural ecosystems.  
 
The F-gases are among these pollutants, and they all share the fact that they have at least one 
fluorine (F) atom in them, but none of the other dangerous chorine, bromine, or other halogen 
compounds, which are known to degrade the ozone layer. Fluorine in particular is seen as 
having desirable properties for chemicals that serve good refrigerants. CFCs were first 
discovered by replacing 1 or 2 Cl atoms with F atoms in carbon tetrachloride (CCl4). They 
can also be produced by replacing all 4 H atoms in methane (CH4) with either Cl or F. In 
both cases,  the resulting compound was a good refrigerant that was nontoxic, non-
flammable, and worked well for the intended purpose. Fluorinated-only gases were 
developed to eliminate the problem of Cl, which causes destruction of the stratospheric ozone 
layer. F does not damage the ozone layer, so was preferred. However, as we know now, many 
gases with F have high global warming potentials and significant contributions to radiative 
forcing.63 summarized in Figure 2. 
 
Figure 2: Relative contribution of different greenhouse gases to global warming (as of 
2016) 
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Source: 64 
 
All of the F-gases are chemically stable, durable, and radiatively active—which makes them 
ideal for industrial purposes and often long lasting, but non-ideal from a global warming 
potential where the atmosphere needs to break them down.65  Most F-gases take a very long 
time to break down in the atmosphere because they have a molecular structure that survives 
intact until it encounters intense ultraviolent radiation in the upper stratosphere, the exception 
being the shorter lived HFCs which degrade in the troposphere.66  Generally, the more “F” in 
a compound, the greater its GWP and radiative forcing.   
 
The increasing concentration of F-gases in the atmosphere results in an almost unmitigated 
increase in absorption, creating a so-called “atmospheric window” that traps heat within the 
earth’s climate.4 And, given that the F-gases have varying GWPs, atmospheric lifetimes, and 
properties, they are one of the only classes of emissions that can cause warming at different 
levels of the atmosphere simultaneously67 68, as Figure 3 indicates. They create atmospheric 
windows across the troposphere but also the stratosphere and mesosphere. 
 
Figure 3: Diagram of the atmospheric degradation pathways for the F-gases and other 
selected emissions  
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Source: 69  Note: The brown color denotes halogens and replacement species emitted and 
orange their degradation products in the atmosphere; red denotes radicals; green arrows 
denote interaction with soils and the biosphere; blue arrows denote interaction with the 
hydrological cycle; and black the aerosol phase. 
 
2.3 Distinguishing attributes  

Although we will explore the energy and carbon impacts of F-gases intricately in the review, 
four features make them distinct from other emissions. 
 

1. As hinted at in 2.2, these gases are incredibly potent and persistent. They are 
particularly good at absorbing infrared radiation, especially in the spectral range 
where the atmosphere is fairly transparent, meaning they have “profound effects on 
climate.”70   They are difficult to decompose and can stay in the atmosphere for 
thousands of years, making them essentially permanent or “indestructible.”2  PFCs are 
so strong, they cannot even be boiled out of water; SF6 is so strong, no known 
microbiological processes in soils or plants can destroy it. 2  The implication is a 
virtually irreversible accumulation of emitted F-gases that will stay in the atmosphere 
for thousands of years, with sources overwhelming sinks by orders of magnitude.  

 
2. The F-gases are all human made and manufactured in laboratories or factories. As 

Figure 4 indicates, they stand apart from all other emissions sources by residing only 
in industry and energy. This makes them far more concentrated than other sources of 
emissions such as carbon or methane. Some F-gases are also unintentionally co-
emitted as byproducts of other industrial gases, especially HFC-23 which is a 
byproduct of HFCF, a refrigerant.  Unlike carbon or methane, the F-gases are 
cocktails or mixes of different greenhouse gases as well.  
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Figure 4: Global greenhouse gas emissions and their temperature impact by sector or 
source  
 

 
Source: 71 The F-gases are captured in this diagram entirely with the purple color for 
“synthetic” gases. These gases come only from industry and energy.  
 

3.  Because they are human made, all F-gases are completely substitutable. Total 
abatement or substitution is possible, something not usually possible in the case of 
greenhouse gases such as carbon dioxide or methane.  As one report put it, “It must 
also be borne in mind that an emission reduction of 100% [of F-gases] is frequently 
possible." 4 

 
4.  Similar to other industrial emissions, the range of F-gas usage is fragmented and 

diverse.43  HFCs are used primarily for refrigeration but are also used as propellant 
gases for medical inhalers or  blowing agents for foam plastics. PFC use is targeted at 
semiconductor and circuit board manufacturing and is a byproduct of aluminum 
production.  SF6 is utilized for electronics manufacturing but also magnesium and, in 
limited cases, aluminum processing.  NF3 began as a gas for rocket fuel and lasers, 
and is now used for plasma etching and cleaning in microelectronics.72 One study 
compiled a list of no less than 22 different uses for F-gases73: 

 
1. Commercial refrigeration 
2. Cold storage and food processing 
3. Industrial refrigeration 
4. Stationary air conditioning and Heat Pumps 
5. Transport refrigeration (road, rail, ship)3 
6. Heat Pumps (for heating only) 
7. Domestic and small commercial (hermetic) refrigeration 
8. Mobile air conditioning 
9. Extruded polystyrene (XPS) 
10. Polyurethane (including one component foams), polyisocyanurate and 

phenolics 
11. Solvents 
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12. Metered dose inhalers (MDI) 
13. Technical aerosols 
14. By-product emissions of HFC-23 
15. Primary aluminum production 
16. Semiconductor production 
17. Magnesium production 
18. Use of gas insulated switch gear 
19. Manufacture of gas insulated switch gear 
20. Fire-fighting 
21. Soil and fruit fumigation 
22. Manufacturing and distribution losses 

 
As we will see, this creates a daunting practical challenge when it comes to finding 
substitutes.  

3. Research design and conceptual approach: A critical, systematic, and sociotechnical 

review  

To answer our research questions on the mitigation of F-gases, we utilized a critical review 
approach with a systematic searching protocol and the guiding conceptual lens of 
sociotechnical systems.  
 
3.1 Critical and systematic review approach 

We classify our review as both critical and systematic. A “critical review” seeks to 
demonstrate that a research team has extensively scoured the literature and critically 
evaluated its quality.74 It goes merely beyond describing the literature to interpreting it and 
also making evaluative statements on the quality of evidence as well as possible research 
gaps. To do so it presents, analyzes, and synthesizes a diversity of material from a diversity 
of sources. A critical review offers the chance to “take stock” and evaluate what is of value 
within a given field, or across varying bodies of evidence, in relation to a particular topic or 
research question. It offers both a “launch pad” for conceptual novelty, as well as an 
empirical “testing” ground to judge the strength of evidence.  The critical aspect of our 
review is most evident in Section 9 on “gaps and future research agendas.”  
 
Given that a weakness of critical reviews is that they do not always demonstrate the 
systematicity of more rigorous approaches to reviewing, we also made our review 
“systematic.” A “systematic review” is defined as one with an “explicit and transparent 
methodology for synthesizing research results, including: clear specification of research 
question(s); systematic searching of the available literature; and applying explicit criteria for 
the inclusion or exclusion of studies.” 75 In simpler terms, a systematic review aims to use an 
explicit and replicable research design, ensure comprehensiveness in the literature search, and 
reduce bias in the selection of studies. This approach to a review offers a number of 
advantages over a traditional literature review.76 77 In particular, it has the advantage of 
offering: 
 

• a focused exploration, which avoids excessively wide-ranging discussion and 
inconclusive results; 

• the avoidance of the selective and opportunistic selection of evidence; 
• replicability through the documenting of study inclusion; 
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• the ability to discriminate between sound and unsound studies, thus assessing 
methodological quality; and 

• increased transparency, which reduces subjectivity and bias in the reporting of results. 

Systematic reviews also minimize unintentional bias (people citing their own work, excessive 
self-citations, or citation of colleagues and friends only, e.g. “citation clubs”) and they can 
promote diversity, highlighting input of studies from the global south otherwise missed or 
excluded.  For these collective reasons, multiple studies have called for greater use of 
systematic reviews in the domains of energy and the environment, climate change, and energy 
social science more broadly.78 79 
 
3.2 Searching protocol and analytical parameters  

To guide our critical and systematic review, we relied on three distinct classes of search terms 
shown in Figure 5.  This resulted in 408 distinct search permutations.  As Figure 5 also 
summarizes, we then executed these search permutations—4,896 search strings in total—on 
twelve separate databases or repositories selected to capture the state-of-the-art  across both 
academic and policy research.   
 
Figure 5 Summary of critical and systematic review search terms and parameters  
 

 
Source: Authors  
 
Table 2 displays our results. It notes that while our generic searches resulted in more than 
143,000 potentially relevant documents, this fell to a final sample of the 855 most relevant 
studies. After screening them for recency (they had to be published, in nearly all cases, after 
2000), relevance (they had to address the specific topic of climate impact mitigation), and 
originality (we adjusted the results to eliminate duplicates), this number dropped to 250 
studies.  We cite a majority of these studies throughout the review.  
 
Table 2: Summary of critical and systematic review search results and final documents 
 
 



Decarbonizing potent industrial gases 14 
 

Database Main topical 
area of 
database 

Initial 
search 
results 

Deemed 
relevant 
after 
screening 
titles, 
keywords 
and 
abstracts  

Deemed 
relevant 
after 
scanning 
full study 

Number of 
duplications 

Total  

ScienceDirect General 
science, 
energy 
studies, 
geography, 
business 
studies 

1,069 40 38 - 38 

JSTOR Social science 502 18 18 0 18 
Project Muse Social science  198 8 7 0 7 
Hein Online Law and legal 

studies 
642 7 7 0 7 

PubMed Medicine and 
life sciences  

1,032 20 20 3 17 

SpringerLink General 
science, 
business and 
area studies 

3,143 35 34 2 32 

Taylor & 
Francis 
Online 

General 
science  

1,463 21 20 2 18 

Wiley 
Blackwell 
(Wiley 
Online 
Library) 

General 
science 
(especially 
geophysics), 
area studies 

1,253 20 20 0 20 

Sage Journals General 
science, area 
studies, 
geography 

60 3 2 0 2 

National 
Academies 
Publications 
(nap.edu) 

General 
science  

9,404 8 4 0 4 

Targeted 
internet 
searches 

White papers, 
reports, grey 
literature (e.g., 
International 
Energy 
Agency, 
International 
Renewable 
Energy 
Agency, 

88,014 34 33 0 33 
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World Bank, 
UN agencies, 
and the online 
OECD 
library) 

Google 
scholar 

General 
science  

36,900 641 156 102 54 

Total  143,680 855 359 109 250 
Source: Authors  
 
3.3 Analytical frame of sociotechnical systems  

To help guide and structure our results from this corpus of final documents on F-gases, we 
utilized the analytical frame, or conceptual approach, of sociotechnical systems.80 81 This 
views F-gases as far more than just  industrial byproducts as the framework considers the 
social and technical systems involved in making, distributing, and using them.82 83 This 
includes not only hardware and infrastructure, such as factories, aluminum smelters, and 
chemical suppliers, but also social institutions, such as safety and health regulation of F-
gases, and even the more prosaic set of products that utilize the gases, including air 
conditioners and fire extinguishers (see top panel of Figure 6).  
 
Figure 6: Framing F-gases as a sociotechnical system  
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Source: Authors  
 
As the bottom panel of Figure 3 indicates, our sociotechnical frame also treats F-gases as a 
multi-scalar and multi-temporal phenomena,66 that will see F-gases released over the whole 
lifetime of products (production, use, disposal, destruction) and across different temporal 
stages including the accumulation of emissions into banks as well as the possible reuse and 
recycling of F-gases. We will explore each of these aspects more intricately in the next 
section.  

4. The energy and climate impacts of synthetic and high global warming potential 

emissions 

As previously mentioned, the synthetic F-gases have a number of advantages over naturally 
occurring gases. They are durable and long-lived; they are highly stable or inert; they are 
mostly non-flammable and non-explosive; they are often colorless and odorless; they are 
chemically non-reactive and non-toxic (insofar as humans or biological organisms are 
directly concerned); they are thermally stable and all have industrially suitable boiling points; 
they can me made fairly cheaply; they can be designed to not have chorine, which degrades 
the ozone layer; and, critically, they could be used as a plug-in substitutes for many existing 
applications, especially as refrigerants and air conditioners.84 85 86 73 87 Given these 
properties, Table 3 notes the diversity of processes and products to which F-gases have been 
put to use.   
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Table 3: The multifarious uses of modern synthetic industrial F-gases  
 
 Hydrofluorocarbons 

(HFCs) 
Perfluorocarbons 
(PFCs) 

Sulphur hexafluoride (SF6) Nitrogen 
Trifluoride 
(NF3) 
 

Refrigeration (commercial, 
residential, industrial, transport)  

+ (Refrigerant) + (Refrigerant)   

Air conditioning systems 
(stationary and mobile) 

+ (Refrigerant) + (Refrigerant)   

Foam manufacturing + (Blowing agent)    
Freezer sprays + (Propellant)    
Medical aerosols and inhalers + (Propellant)    
Fire extinguishing  + (Agent)    
Cleaning solvents  + (Agent)    
Semiconductor manufacturing  + (Etching gas) + (Etching gas) + (Etching gas) + (Chamber 

cleaning) 
Thin-film solar modules + (Etching gas) + (Etching gas) + (Etching gas) + (Chamber 

cleaning) 
Flat-screen televisions + (Etching gas) + (Etching gas) + (Etching gas)  
Printed circuit board 
manufacturing  

+ (Etching gas) + (Etching gas) + (Etching gas)  

Electrical equipment and 
switchgears  

  + (Arc-quenching and insulating gas)  

Magnesium casting   + (Cover gas) + (Cover gas) 
Aluminum smelting and 
processing  

 + (Processing) + (Secondary casting) + (Cover gas) 

Double-glazed soundproof 
windows 

  + (Filling gas)  

Leakage detection    + (Tracer gas)  
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Research and science   + (Tracer gas, particle accelerators, 
electron microscopes, x-ray material 

testing)  

 

Automobile tires   + (Filling gas)  
Shoes  + (Shock-absorbing 

gas) 
+ (Shock-absorbing gas)  

Tennis balls  + (Shock-absorbing 
gas) 

+ (Shock-absorbing gas)  

Military applications + (Refrigerant)   + (AWACS radar insulation, torpedo 
propeller quieting, 

wind supersonic channels) 

 

Source: Compiled by the authors 
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In this section, we will explore many of these processes in depth, and according to a 
sociotechnical lens that discusses them across manufacturing and production, uses and 
processes, disposal and banks, and destruction.  
 
4.1 Manufacturing and production  

Each of our four groups of F-gases are firstly manufactured in factories or laboratories. The 
F-gases can be produced by a variety of processes known as "synthesis paths” based on 
chlorinated precursor substances, and many of these have an “environmental footprint” that 
consists of diffuse emissions of halogenated intermediate byproducts as well as mixing 
gases.66  Most production involves electrochemical fluorination of hydrocarbons, addition of 
hydrogen fluoride to multiple carbon bonds (e.g. olefins), or catalytic Cl/F exchange of 
chlorinated hydrocarbons by means of hydrogen fluoride or metal fluorides. 4  
 
Hydrofluorocarbons (HFCs) are produced from fluorinated feedstock, and synthesized 
according to various chemical formulas, with Figure 7 showing the production pathway for 
one common refrigerant, HFC-134a. This refrigerant is used as a blowing agent for foams, a 
propelling agent in inhalers, and a fluid in air conditioning and refrigeration. Fejl! Bogmærke er ikke 

defineret. It is at this stage that some specifically manufactured HFCs, such as HCFC-22, will 
produce potent waste gases such as HFC-23.88  The HFC-23/HCFC-22 ratio is typically in 
the range between 1.5% and 4%, depending on how the process is operated and the degree of 
process optimization.89 Some of this HFC-23 can be vented directly into the atmosphere.  
 
Figure 7: Production pathways for HFC-134a (top panel) and HCFC-22 (bottom panel) 
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Source: 66 5 
 
Perfluorocarbons (PFCs) can be produced by the measures mentioned earlier, but also by 
means of indirect fluorination with fluorinating agents (e.g. CoF3). They, too, can be vented 
into the atmosphere.  
 
Sulphur hexafluoride (SF6) became commercially available in 1947,  and it was first 
produced by burning sulfur a fluorine atmosphere.  The raw materials required for the 
manufacturing of sulfur hexafluoride include sulfur, fluorine, bromine, and cobalt (III) 
fluoride. Its larger scale production subsequently used a similar method: the conversion of 
liquid sulfur to elementary fluorine at 300°C in a cooled reactor with the reaction gases are 
then purified. Lifecycle assessments of SF6 suggest that unintentional releases occur during 
this manufacturing stage but also during handling, testing, and installation.90  
 
Nitrogen Trifluoride (NF3) was first made via the electrolysis of a molten mixture of 
hydrogen fluoride and ammonium fluoride, although NF3 is now also manufactured via a 
reaction of ammonia with fluorine. Similar to the other F-gases, between 2-3% of NF3 may 
leak or escape into the atmosphere at this stage, even under ideal conditions.91  
 
In the European Union, where F-gas manufacturing and imports are closely monitored, 
around 30 to 40 million tons (carbon equivalent) of SF6, NF3, and PFCs are still made each 
year, but these amounts are dwarfed by the 100 to 250 million tons (in carbon equivalent) of 
HFCs being manufactured.92 Interestingly, European direct manufacturing of these F-gases 
far surpasses the emissions embodied in imported products—by more than a factor of five, 
implying that many factories and industrial facilities still heavily depend upon F-gases within 
the region.   
 
Table 4: Direct manufacturing and imports of F-gases reported to the European Union, 
2007 to 2018 
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Mt CO2e 

(GWP AR4) 
SF6, NF3 and PFCs supply 

(Million tons) 
HFCs bulk supply 

(Million tons) 
HFCs 

imports in 
products and 

equipment 
(Million tons) 

2007 44.254 169.263 
 

2008 46.439 171.511 
 

2009 35.196 167.433 
 

2010 37.849 193.494 
 

2011 37.204 170.953 
 

2012 36.42 167.919 
 

2013 36.358 163.761 
 

2014 26.479 248 11.225 
2015 31.583 166.373 13.561 
2016 33.849 160.715 19.65 
2017 42.519 149.428 17.528 
2018 31.928 96.488 15.115 

Source: 92 

4.2 Uses and processes  

Although the uses of F-gases are varied, and new uses may be discovered, here we focus on 
the predominant twenty uses and processes that currently rely on F-gases today. 
 
Cooling 

Among the F-gas uses and processes, cooling deserves particular consideration given that it is 
responsible for about 86% of the GWP-weighted share of HFC consumption and HFCs 
account for 51 to 71% of total global F-gas emissions.26This means that cooling currently 
accounts for more than 43% of all F-gas emissions, and demand for cooling will likely only 
grow in the future. As shown in Figure 8, cooling applications and technologies have a vast 
footprint in the F-gas sociotechnical system. 93 94 
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Figure 8: Refrigeration and Air Conditioning Applications and Technologies

 
Source: 93 
 
Ironically, the need for refrigeration and cooling will increase considerably if global 
temperatures continue to rise – resulting in more refrigerants that can then cause more climate 
change, creating a dangerous feedback loop.95  Another study warned that if carbon 
emissions continue their increasing trend, three-quarters of humanity will face deadly heat by 
the end of 210096, further driving the need for refrigeration. 
 

Refrigeration systems 

Early refrigerators relied on either ice or ammonia to maintain cooling, but given that ice 
quickly melted and ammonia was toxic, lower molecular weight hydrocarbons were 
introduced, followed by CFCs in the 1930s and then HFCs in the 1990s.97 98 Generally, the 
literature classifies four distinct types of refrigeration:4 99  
 

• Industrial refrigeration refers to the use of refrigeration, freezing or cooling, often 
hermetically sealed, for food processing and production, in the chemical, 
pharmaceutical, oil, gas, and plastics industries, or in cold stores for agriculture or 
sports and leisure facilities;  

• Commercial refrigeration systems are used to keep products fresh or frozen, are 
often configured as specially designed centralized units (larger condensing units, 
cascading supermarkets systems or factory made units) or prefabricated and mass 
produced decentralized units (plug-in chilled cabinets, vending machines, smaller 
condensing units), and are installed in the retail food trade, i.e. supermarkets, 
bakeries, butchers, cafes, restaurants, and caterers; 

• Domestic refrigerators and freezers are configured as smaller plug-in appliances, 
and used in homes, offices, or small businesses; 
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• Transport refrigeration refers to the use of freezers or refrigerators on marine 
vessels, in aircraft, refrigerated containers, in automobiles and trucks, and on railway 
networks.  

 
Each of these four types of refrigeration, however, still pose a multidimensional threat to 
climate change, given that they contribute to emissions due to four aspects: high energy 
consumption, high leakage rates, large refrigerant charges, and the use of high-GWP 
refrigerants such as R-12 (GWP = 10,900), R134A (GWP = 1430), R404A (GWP = 3922) or 
R507A (GWP = 3985).100 101 It has been estimated that about 40% of all food and beverages 
require refrigeration and therefore about 15% of global electricity consumption is used for 
refrigeration; this would mean the cold-chain accounts for about 1% of direct carbon dioxide 
emissions around the world.95 
 
However, about 20% of the global warming impact of refrigeration is not related to carbon 
dioxide, but refrigerant leakage ranging from 2% for domestic appliances to 15% for 
commercial plants to 37% for mobile air conditioners (discussed in the next section). 95 Table 
5, for example, shows reported versus measured annual leakage rates for various refrigeration 
systems in the United Kingdom. Some of these surpass 20 to 30% each year, often due to a 
mix of pipe and joint failure, malfunctioning valves, and refrigerant charges . 99  
 
Table 5: Reported versus measured leakage rates for various refrigeration systems in 
the United Kingdom  

simple screening  
 

Type of equipment Annual 
reported 
leakage 
rate 

 Annual measured 
leakage rate 

Refrig
erant 
charge 

Domestic refrigeration 0.3%  NA NA 
Stand-alone commercial applications 2.0%  <1% <30 

kg 
Medium & large commercial applications 11.0%  20–30% 30–

300 kg 
Industrial refrigeration 8.0%  15–20% >300 

kg 
Chillers 3.0%  NA NA 
Residential and commercial air 
conditioning 

8.5%  15–20% >30 
kg 

 
 
Source: 99 
 

Stationary air conditioning 

According to the International Energy Agency, the electricity used for stationary air 
conditioning and building cooling (including air conditioners and fans) accounts for 20% of 
buildings-sector electricity consumption worldwide.102  In hot climates and urban centers 
such as Delhi, India, air conditioning can account for 40 to 60% of peak energy loads in the 
summer.20 
 
In the United States, the presence of air conditioning in new single-family homes jumped 
from 49 percent in 1973 to 89 percent in 2006.103  In hot and humid places such as southern 
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Florida, its use grew from 5 percent in 1950 to 95 percent in 1990. 104   In aggregate, the 
United States on an annual basis now consumes more electricity for air conditioning than the 
entire continent of Africa consumes for all electricity uses.105  In other terms, the United 
States currently utilizes more energy (about 185 billion kWh) for air-conditioning than all 
other countries’ air conditioning usage combined.106  The number of urban households with 
room air conditioning is expected to grow to 73% in 2030, a growth that will see energy 
consumption for air conditioning rise from 8 TWh/year in 2010 to 239 TWh/year in 2030, an 
increase of 2887%.20 
 
The active use of refrigerants for building cooling has increased both demand for cooling and 
also utilized heavily HFC refrigerants, especially in China, India, and Indonesia.  One global 
study evaluated room air conditioners in six regions—China, Europe, India, Japan, South 
Korea, and the United States—which made up about 70% of global demand. They noted that 
fixed-speed room air conditioners using high-GWP and ozone-depleting R-22 refrigerant still 
dominated the market in many emerging economies.107  
 
Even in Europe, the design of new buildings has locked in stationary air conditioning and 
cooling needs, with glass facades built without shading systems, large-scale internal sources 
of heat such as office equipment and server rooms adding to heat loads, and leaking 
windows. There, it has been estimated that the energy consumption of office buildings, 
hotels, and public buildings with air conditioning is up to 100 times higher than that of 
residential buildings.108 By 2030, a doubling of energy-related emissions of CO2 from the air 
conditioning of non-residential buildings is expected in comparison with the year 2010.108 
 

Mobile air conditioning  

Mobile air conditioners (MAC) are those used in private cars, motor vehicles, and other 
modes of transport.  Although first developed in 1939 by the American Packard Motor Car 
Company, mobile air conditioner mass production only began in earnest in the 1960s, mostly 
in North America, spreading to Europe in the 1990s.109 Today in most markets almost all new 
cars for sale offer mobile air conditioning. The rate of adoption in North America is an 
astounding 97%, in Japan 98%, in China 94% and in the rest of the world about 57%.109 As a 
consequence, there is a total stock at least 400 million mobile air condition systems 
worldwide. 109 One reason for this high rate of adoption is decades of “extraordinary 
cooperation” between automobile manufacturers, automobile air conditioner service 
organizations, and governmental environmental authorities to promote less ozone depleting 
refrigerants, which many consumers believed were safe (at least as far as the ozone hole was 
concerned).97  
 
Mobile air conditioners are similar to the stationary systems that used CFCs, but have system 
charges that are much lower, at less than 700 g compared with 1.5 kg or greater for CFC 
systems. Mobile systems use HFC-134a (GWP = 1430)110, R124a (GWP = 1430),99 or the 
other refrigerants shown in Table 6. 
 
Table 6: Commonly used refrigerants for mobile air conditioning and their global 
warming potentials  
 

  Chemical Name Type Status ODP GWP (100 
years) 

Comments 

CFC-
12 

Dichlorodifluoromethane CFC Production 
halted 

1 10,900 Original CFC; 
Manufacture 
prohibited under 
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January 1, 
1996 

Montreal 
Protocol 

HFC-
134a 

1,1,1,2-Tetrafluoroethane HCFC Current 
MAC 
refrigerant 

0 1430 Adopted 
worldwide as 
CFC-12 
substitute 

HFC-
152a 

1,1-Difluoroethane HCFC Use as 
MAC 
refrigerant 
permitted 

0 124 Flammable 
refrigerant but 
can be used in 
secondary loop 
system 

CO2 Carbon Dioxide CO2 Use as 
MAC 
refrigerant 
permitted 
by USEPA 

NA 1 Supported by 
some 
manufacturers as 
MAC refrigerant; 
high pressure and 
toxicity problems 

HFO-
1234yf 

2,3,3,3-
Tetrafluoropropene 

HFO Industry 
choice to 
replace 
HFC-134a 

0 4 Recently adopted 
by most 
manufacturers 
worldwide to 
replace HFC-
134a Refrigerant 

HCC-
40 

Chloromethane (Methyl 
chloride) 

Chlorinated 
hydrocarbon 

Illegally 
used with 
HFC-134a 

0.02 16 Poisonous and 
dangerous; 
corrupting 
worldwide supply 
of refrigerant 

HCO-
290 

Propane Hydrocarbon Illegal to 
use as MAC 
refrigerant 

0 <5 Flammable; used 
by unscrupulous 
shops when 
servicing HFC-
134a systems 

 
Source: 97 Notes: The ODP is the ratio of the impact on ozone of a chemical compared to the 
impact of a similar mass of CFC-11 (trichlorofluoromethane). Thus, the ODP of CFC-11 is 
defined to be 1.0. Other CFCs and HCFCs have ODPs that range from 0.01 to 1.0. The 
definition of a GWP for a particular greenhouse gas is the ratio of heat trapped by one unit 
mass of the greenhouse gas to that of one unit mass of CO2 over a specified time period. 
 
Similar to refrigerators, even the best in class of these mobile air conditioners leak, and leak 
profusely.  Table 7 shows annual leakage rates as high as 10.1 and 12.8%, with worst in class 
approaching 30% in some vehicles. Due in part to these leakage rates, the mobile air 
conditioning sector accounts for about one third of the total greenhouse gas emissions from 
the air conditioning and refrigerator sector.109   Direct emissions result from refrigerant leaks 
in equipment, improper refrigerant handling during maintenance, improper disposal, or 
immediate release during automobile accidents. Indirect emissions result from 
the energy consumption of operating the air-conditioning unit. About 70% of total 
emissions from mobile air-conditioning are direct emissions.109 
 
Table 7: Best-in-class and worst-in-class mobile A/C refrigerant leakage (grams/year) 
by vehicle type 
 
Vehicle type Best-in-class Worst-in-class  
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Minivan 12.8 23.7 
Passenger cars 7.0 21.9 
Pickup trucks 9.4 17.4 
SUVs 8.5 28.2 
Full-sized vans 10.1 25.7 

Source: 97 
 
Foam manufacturing  

Moving to a suite of non-cooling applications, HFCs are also used as blowing agents in the 
manufacturing of organic polymers (plastic foams) or inorganic materials (foamed concrete, 
foamed glass).4 Technically, there are two ways to achieve a foam like structure: using a 
“chemical” blowing agent to affect the polymerization process, or using a “physical” blowing 
agent, which will evaporate from a liquid to form the foam, which is where pentane, CFCs, 
HCFCs or HFCs are utilized. Such physical agents are seen to have numerous advantages 
over chemical ones, namely that they can ensure no additional components enter the foam 
matrix, they often improve insulation as they evaporate, and they cool down exothermic 
polyaddition reactions during polyurethane foaming. 4 HFCs are also used as a rigid foams or 
XPS foams for thermal insulation, that is for protecting building materials in wet areas, or 
even insulating refrigerated vehicles, refrigerated containers, cold stores or pipes. In these 
cases, HFC-152a and HFC-134a are often used as blowing agents.  A final significant 
emission source of HFCs in the production of rigid polyurethane foam (PUF) sandwich 
panels, shown in Figure 9.  These are used primarily as roof panels but also have use as 
insulating panels for refrigeration.5 
 
Figure 9: The manufacturing of polyurethane foam (PUF) using HFC-134a 

 
 
Source: 5 
 
Freezer sprays and compressed air sprays 

HFCs are also commonly utilized, although in smaller volumes than for refrigerants, foams, 
or air conditioners, in freezer sprays or compressed air sprays that blow out dust in the 
servicing of equipment such as copy machines, radios, television sets and any item with 
sensitive electronics.  Instead of using compressed air, due to constraints on volume, 
compressed air sprays frequently contain a compressed HFC. 4 
 
Medical aerosols and dose inhalers  

HFCs are additionally utilized commonly in medical metered-dose inhalers, or “modern 
halogenated inhalation anesthetics,”111 i.e. devices used to treat asthma, chronic obstructive 
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pulmonary disease or other respiratory medical conditions.  Metered dose inhalers make use 
of propellant gases to ensure finely distributed application of the active ingredient, and they 
used CFCs up until the 1990s, when they were replaced by HFCs.4 Metered dose inhalers are 
“a primary and indispensable method of delivering lung medication.”112 HFCs are especially 
prominent in desflurane, for general anesthesia, sevoflurane, and inhalational anesthetic, and 
isoflurane, a treatment for asthma.113 Even though individual doses may be small, they can 
quickly add up to significant emissions; one study estimated 3.1 million tons of carbon 
dioxide equivalent globally. 114 This is an amount equal to the national emissions from a 
country such as Burkina Faso or Haiti. In the United Kingdom, it has been estimated that 
since metered dose inhalers are used by up to 70% of people, they contributed 3.9% of the 
carbon footprint of the National Health Service.115 
 
Fire extinguishers   

HFCs have been used for at least a few decades for large-scale fire suppression systems and 
as fire extinguishers. The use of halons as fire distinguishers has a number of advantages, 
including strong effectiveness at stopping fire; toxicologically safe concentrations for humans 
(when for example sprayed on people with burning clothes); immediate release times; and 
residue-free consistency as an extinguishing agent.4  Because of these attributes, they became 
widespread in the manufacturing of portable fire extinguishers. Other halons are used in 
commercial fire suppression systems, also known as fixed flooding systems. Emissions occur 
not only during their ruse, but also their testing. Although their use has been banned in some 
regions, notably Western Europe, in the 2000s, they are still utilized in many emerging 
economies (i.e., Africa and Asia) and parts of the former Soviet Union.73 
 
Cleaning solvents  

HFCs are widely used as solvents and chemical agents that help clean the surfaces of metals, 
glass, and even gemstones, especially those surfaces that need to be degreased or dried. 
Examples of prominent use include the metal-working, optical, precision engineering, 
aerospace, and medical technology industries.4  These are all examples of applications where 
the need for clean surfaces are extremely high, and where dust or moisture from small objects 
place great demands on cleaning processes. 
 
Semiconductor and circuit board manufacturing  

All four F-gases—notably HFCs, PFCs, SF6, and NF3—are used as etching gases for the 
manufacturing of semiconductors or printed circuit boards.  Unlike the uses of F-gases 
described so far, this one is different in that the use of etching gases changes the composition 
of the F-gases due to their interaction with other molecules (e.g., PFC use also creates 
byproducts of C2F6, C3F8, and CF4 as exhaust gases).  Semiconductor manufacturers use F-
gases for a variety of purposes, including process management, exhaust gas cleaning, 
chamber cleaning (cleaning) and plasma etching (etching). HFCs, PFCs and SF6 are needed 
by the semiconductor industry for producing the wafers of high-purity silicon which form the 
basis of integrated circuit manufacturing.  Initially the semiconductor industry used 
hydrofluoric acid for these tasks, but switched to the F-gases since they can be “cracked” in 
“pre-chambers” to release fluorine.4 
 
Given extremely rapid growth in the semiconductor industry, these processes have come emit 
significant amounts of greenhouse gas equivalent emissions. It is projected that worldwide 
manufacturing of semiconductors has roughly increased twelvefold from 1995 to 2020, with a 
similar trend in emissions (see Figure 10). Indeed, over this period, growth in F-gas usage has 
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outpaced growth in global silicon demand since manufacturing processes have begun to 
operate at larger scales with faster production times. As one study warned, “As the demand 
for newer technology generations increases towards 2020, so too does their contribution to 
uncontrolled [F-gas] emissions.” 116    
 
Figure 10: Worldwide manufacturing in semiconductors (total manufactured layer 
area) and corresponding uncontrolled greenhouse gas equivalent emissions  
 
 

 
Source: 116 Note: MSI = millions of square inches.  
 
In the manufacturing of printed circuit boards, etching processes are also used to prepare 
surfaces for the deposition of copper films (a process known as metallization) or to clean and 
remove contaminants (a process known as de-smearing).  Another example is plasma drilling 
of flexible circuit boards that need dry etching, or even the cleaning of chemical vapor 
deposition (CVD) equipment.  Although NF3 here would be deemed more efficient than the 
other F-gases, resulting in possible emissions reductions of up to 99%, older systems cannot 
be easily changed to new cleaning agents.73 
 
Solar photovoltaic (PV) manufacturing  

The CVD method is not only used for semiconductors and circuit boards, but also the 
manufacturing of thin-film solar photovoltaic (PV) panels, where chambers need to be 
cleaned with F-gases—notably SF6 and NF3—similar to those making semiconductors. 
Unfortunately it has been estimated that some 3-5% of these highly potent gases escape into 
the atmosphere because systems are not properly functioning, have incorrect dimensions or 
are overloaded. 4 
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Liquid crystal displays (LCDs) and televisions 

A final process where manufacturers utilize the CVD method (also with SF6 and NF3) is to 
construct flat-screen or liquid crystal displays (LCDs) for televisions or computer monitors. 
Processes often require thin-film transistor technology for use in smaller devices such as 
mobile phones, personal digital assistants, projectors, GPS and navigation screens, and 
handheld video games.  One lifecycle assessment of a 40 inch LCD television shown in 
Figure 11 noted that large amounts of energy are not only needed for manufacturing, with 
huge variation ranging from 4 to 433 kWh/kg, but also that finished products had to travel 
9,600 km via a tanker with an average payload of 105,000 metric tons across the Pacific to 
markets in the United States, thus generating significant carbon emissions from transport. 117 
 
Figure 11: Lifecycle assessment of greenhouse gas emissions for a 40 inch LCD 
Television  
 

 
Source: 117 
 
Within this process, the F-gases account for up to 30% of the lifecycle emissions of LDC 
products, with the bulk of these (80%) coming from etching processes and 20% from CVD 
processes or the cleaning of vacuum chambers.118  Unfortunately, after SF6 is used to provide 
fluorine radicals for the purposes of etching polycrystalline silicon layers, the gas is 
frequently released into the atmosphere with one assessment suggesting that up to 30% of 
SF6 is commonly vented in this manner at LCD manufacturing facilities.5 NF3 is vented in a 
similar manner. One study estimated that roughly 2,560 metric tons of NF3 are produced for 
the LCD industry each year, and that up to 5.4% or 138 tons escape into the atmosphere.117 
 
Electricity transmission and distribution equipment  

SF6 is extensively used in the electricity supply industry as an arc quenching and insulating 
gas in electricity transmission and distribution.119 It is used in switchgear and electrical 
equipment in all voltages ranges from medium (between 1kV and 35kV) to extra-high (35kv 
and upwards). SF6 is seen as more effective than both media oil or air, which were 
superseded by SF6,  and it is also depended on for the manufacturing of components for gas-
insulated indoor switchgear (instrument transformers and bushings), gas-insulated lines, high-
voltage and vacuum circuit-breakers, ring-main units, and high-voltage outdoor instrument 
transformers.4    SF6 is seen as advantageous because it allows for simplified design (it can be 
used across the medium to high voltage spectrum; its dielectric strength is constant, 
unchanged from a few hertz up to several gigahertz; it has high heat capacity and low 
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viscosity; and it prevents electrical arcs from occurring as its molecular fragments rapidly 
recombine after the source of arc is removed.120 Consequently, SF6 insulates 2-3 times better 
against electrical discharges than air, and at air pressure its insulation properties are 10 times 
better; it can also handle temperatures as high as 7,000°C.73  SF6 is easily liquefied under 
pressure at room temperature(allowing for compact storage in metal cylinders and ease of 
handling), is readily available, and is fairly inexpensive at about $30 per pound. These 
features make it the electricity industry’s “preferred gas”.121 
 
SF6 used for these purposes is usually placed in metal encapsulated, hermetically sealed 
units, with each one containing 0.25 to 10 kg of SF6 per gas compartment, with a lifetime of 
40 years. Figure 12 shows that in Germany some 60% of SF6 is used in high voltage 
equipment, less than 35% in medium-voltage equipment and the remainder in other 
instruments and transformers.   
 
Figure 12: Quantities of SF6 installed in electrical equipment in Germany per year (in 
tons) 
 

 
Source: 4 
 
As with the other applications of F-gases, “losses also occur irregularly during maintenance 
operation or due to malfunction,” with annual leakage rates of 0.5% common, and gases often 
emitted unintentionally during maintenance.73 Strikingly, a more recent analysis calculated 
that many older substations were leaking SF6 at a rate of 3% per year and some of the worst 
performers leaked it at a rate of 10% per year.122 One examination of energy projects in 
developing countries noted that a major source of SF6 emissions was indeed leaks or 
improper recycling of SF6 during repair and maintenance activities, as well as the testing of 
gas-insulated electric equipment, where it is common practice to vent the test gas into the 
atmosphere.5 In other contexts such North America or Europe, SF6 emissions arise more 
often from handling of the gas during testing and maintenance rather than leakage from old 
equipment.42  
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Magnesium casting 

SF6—and to a lesser degree NF3—are used as cover or blanketing gases for magnesium 
processing, at various stages of its lifecycle, including primary magnesium casting (the 
production of ingots), secondary melting or the processing of ingots, and recycling.  SF6 is 
also kept available in sufficient abundance in manufacturing facilities to serve as a fire-
extinguishing agent in case of magnesium fires. SF6 has largely replaced sulfur dioxide in 
this regard as the latter had negative effects on occupational health as well as contributions to 
air pollution.73 
 
Magnesium casting can be subdivided into high pressure die casting, permanent mold casting, 
sand casting and direct chill processes, all of which involve high temperatures between 
630°C and 830°C.   Together with nitrogen, carbon dioxide, or dry air, which serve as 
“carrier gases,” SF6 is used as a “cover” gas (with concentrations ranging from 0.2 to 3%) to 
form a protective coating at the surface of magnesium alloys to prevent molten metal from 
oxidizing and igniting.4 As one study explained, “these highly reactive fluorine atoms 
facilitate the formation of a dense protective film, containing magnesium fluoride (MgF2), on 
the molten magnesium surface.”123   SF6 and NF3 are also attractive given that they are non-
toxic, colorless, and odorless, helping preserve the quality of magnesium casts.  
 
Smelters in Norway report varying usages of SF6 that range from as low as 0.1 kg per ton to 
as high as 11 kg per ton of magnesium. 73  Generally, however, only about 10% of SF6 reacts 
with the magnesium, meaning the rest can be wasted or vented (if not recycled or captured).5  
Emissions from these magnesium casting processes are expected to grow considerably in the 
future with increased attention to the fuel economy of automobiles and the need to lower 
vehicle weight by using more lightweight materials that include magnesium.  
 
Aluminum smelting and processing  

Aluminum smelting and casting differs from magnesium casting not only in the different 
types of metals produced, but also in that aluminum utilizes PFCs alongside SF6 and NM3. 
Like steel, aluminum is one of the most widely produced and used metals in industry, used in 
the manufacture of a broad range of products from automobiles and aircraft to beverage cans 
and foils.  Primary aluminum production using electrolysis via the Hall–Heroult process 
(Al2O3 + 3/2 C ⇒ 2Al + 3/2 CO2) produces significant amounts of PFCs from “anode 
effects” when molten cryolite (sodium aluminum fluoride) is placed in cathode blocks.124  
The “anode effect” results when the alumina ore content of the electrolytic process bath falls 
below critical levels that are optimal for the production of aluminium, producing two PFCs - 
Tetrafluoromethane (CF4) and Hexafluoroethane. (C2F6).125 This smelting process, widely 
used within the industry, remains the “main emissions source” of PFCs5 with one study 
noting “significant increases in atmospheric concentrations” of PFCs from primary aluminum 
production.126  
 
The aluminum industry has focused on reducing PFC emission intensity (as CO2 eq. per ton 
of production) by 35% since 2006 and by almost 90% since 1990. 127 However, despite these 
gains, aluminium production has also grown by 150% over the same period, offsetting some 
of these reductions and ensuring PFCs emissions of about 32 million tons of CO2-equivalent 
of each year.  Moreover, China, which accounts for 55% of global aluminum capacity, has 
been behind Europe and North America at implementing these improvements.127 
 
However, secondary aluminum casting can also use SF6, with some firms beginning to use 
NF3. SF6 is especially effective at removing and cleaning hydrogen, alkali metals, alkaline 
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earth metals and solids.73  The F-gases are employed to pretreat aluminum molds to remove 
the gases present in melting and degassing, but also to remove unwanted elements 
(cleaning)techniques which have very high purity requirements, although generally 1.5 to 3% 
of the SF6 is vented or lost during these processes.4  
 
Double-glazed and soundproof windows 

A final collection of F-gas uses are more discrete and in smaller industrial volumes.  SF6 was 
for many decades used as a filling gas for double-glazed and soundproofed windows.  The 
need for such windows relates not only to energy efficiency, but also to reduce noise, which 
can be a nuisance and interrupt peaceful, undisturbed living or working. There are even 
multiple acts, policies, ordinances and guidelines that seek to actively limit noises or consider 
noise abatement in planning processes.4  SF6 particularly improves sound insulation 
(compared to inert gas or air) by two to five decibels.  
 
Although the European Union has banned SF6 in windows since 2008, not all countries have 
adopted such an approach. Moreover, even though emissions of SF6 from this application 
start during production and the use phase, the greater part of the emissions do not occur until 
disposal. With an average lifetime of about 25 years for these windows, large volumes will 
need to be handled, recycled, or repurposed every year.  
 
Leakage detection  

F-gases are still used, especially SF6, as a tracer gas or a gas for leakage detection, especially 
common when taking air exchange measurements in architecture or building design.128 It is 
also used to test some piping systems, and to test the integrity of some vacuum apparatuses. 
For example, the British Ministry of Defense used SF6 as a tracer gas for assessing the spread 
of poisonous gases in the London underground tunnel system.  SF6 was commonly used for 
precision localization of leaks in water-bearing pipes of district heating systems as well. SF6 
is again valued here for its ability to be stable, non-toxic, nonflammable and easy to identify.4  
But, it is again vented directly into the atmosphere.  
 
Atmospheric research and science  

F-gases are used in climate and atmospheric science, common when taking air current and 
greenhouse gas diffusion measurements in the fields of atmospheric science, urban climate 
studies, and environmental science. For instance, it is largely necessary to utilize chemical 
tracers (e.g. SF6) to detect cold air currents, as conventional wind measuring equipment is 
not accurate enough.4 It is also used for environmental meteorology, especially for detecting 
air movements or the distribution of odors or vapors in low-wind situations.  SF6 is used in 
long-term atmospheric measurements, measurement of methane emissions by cattle, and the 
determination of circulation processes in lakes. Because SF6 can be detected in very low 
concentrations, is long-lived, and chemically stable, it has also been used to detect landfill 
and sewage gas design, and even as a tracer gas measuring the impact of nuclear weapons 
explosions.73   SF6 is lastly utilized for research applications wherever the need for high 
voltages to be insulated in confined spaces exists, i.e. for particle accelerators, x-ray material 
testing, and electronic microscopes with acceleration voltage greater than 200 kV.73  
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Automobile tires 

SF6 was extensively used as a filling gas for automobile tires throughout the 1980s, 1990s, 
and 2000s, with the European Union banning this use in 2007 but the practice still occurring 
for some sports cars or high performance cars. The reason for SF6 use in tires is related to its 
molecules, which are larger than those of normal air, diffusing more slowly in the rubber, 
therefore enabling stable tire pressure for much longer, sometimes for the entire life of the 
tire. This led to further proclaimed benefits such as reduced tire wear, better vehicle fuel 
economy, and safer driving.4 However, when these used tires are disposed of, the SF6 is 
banked and released entirely into the atmosphere. One study estimated that 30 tons of SF6 are 
emitted globally in this manner per year.129  
 
Sports equipment and shoes  

For similar reasons to tires, SF6 and some PFCs were also used as shock-absorbing gases in 
sports shoes, tennis balls and apparel. Even Nike used it for longstanding brands of shoes, 
including Nike “Air” and “Air Jordan”, for three decades with each shoe containing 2 to 2.5 g 
of SF6 and contributing to an estimated total of 280 tons of the gas going into shoes around 
the world. The benefits were that the gas would stay in the shoe as long as possible, over its 
entire lifetime, and also relieve strain on the athlete’s foot, especially runners, joggers, and 
basketball players.4  Although Nike no longer uses the gas, some shoes still contained it as 
recently as 2015.130 
 
Military applications 

A final set of applications relate to the military, in particular the use of SF6 for torpedo 
propeller quieting, wind supersonic channels, and the insulation of Airborne Warning And 
Control System (AWACS) radar domes.131  SF6 was adopted in AWACS systems as an 
insulating medium that prevented electric flashovers within the hollow conductors of the 
antenna, which are prone to high voltages.  When the plane ascends, SF6 is automatically 
released from the system and into the atmosphere to maintain the appropriate pressure 
difference between the system and the outside air.132 More frequent sorties raise the emission 
rate above 740 kg/plane, a substantial amount. SF6 and PFCs are also used in high-
performance ground and airborne radar systems in their hollow conductors for transmission 
of high-frequency energy pulses, and SF6 is used as an oxidant of lithium in Stored Chemical 
Energy Propulsion System (SCEPS), e.g., in naval torpedoes and in infrared decoys.  
Servicing and testing procedures often lead to emissions. Finally, the U.S. military also uses 
F-gases extensively for refrigeration in nuclear submarines and other confined spaces.133  
 
4.3 Disposal, banks and recycling   

As indicated already, the common pathway for F-gas emissions is direct release into the 
environment. However, although less common, there are other pathways including extraction 
followed by reuse and processing, or disposal together with a product containing a F-gas.  In 
terms of extraction and reuse, options include direct reuse by installers or users, a central 
reprocessing facility often operated by a recycler or manufacturer, or central destruction 
operated by a manufacturer or toxic waste incinerator (see Section 4.4 for more).  In terms of 
disposal with the product, many F-gases end up in landfills, although some are prone to 
recycling and reuse.66 
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One unique aspect of F-gases is their ability to be stored in “banks,” a term describing 
reservoirs of produced and stockpiled, but not yet emitted, chemicals, i.e. refrigerants, foams, 
or solvents already manufactured and placed into products, such as air conditioners, 
refrigerators, or shoes. They are “chemical accumulation in equipment,”134 or the name for 
decades worth of accumulated F-gases emissions embedded in equipment, foams, chemical 
stockpiles and other products.22 As the European Commission put it, “for most applications 
of fluorinated greenhouse gases, there is a significant time lag between the supply of these 
gases for industrial use and emissions: emissions mainly occur through the leakage of gases 
contained in products or equipment, or at the end of the product or equipment lifetime if 
fluorinated greenhouse gases are not fully recovered and destroyed or re-used.”92 Or, in the 
words of another study, since F-gases are “’banked’ in products during their service life, they 
will continue to impact our environment for decades to come if they are released due to 
mismanagement at the end of life.”135 
 
These banks add multiple dimensions of complexity and risk to F-gases. They are often 
uncontrollable, exceedingly difficult to stop, and eventually enter the atmosphere in an 
unpredictable manner.  As Figure 13 indicates, it is common for banks to leak or emit 10 to 
even 20% of their embodied F-gases every year, especially for equipment that is more than a 
decade old. Moreover, for products such as air conditioners or refrigerators, i.e. situations 
where a steady demand for new systems exists, or where the old systems are refilled, the 
apparent release rate from banks increases to a constant value consistent with total loss of 
material from the oldest systems. That is, both refilling existing systems and adding new 
systems with the same leakage characteristics has the same effect, which is depositing 
dangerous F-gases into the global “bank” set to be emitted into the future. The absolute extent 
of banked emissions will grow even if new, more efficient systems are created, as older 
devices tend not to be replaced or retrofitted.  
 
Figure 13: Emissions of uncontrolled F-gases from existing banks 
 

 
 
Source: 134 Note: Solid line refers to emissions at 10%/year of the original charge. Dotted line 
refers to emissions of 10% of the remaining bank per year (amounting to a compound rate of 
10% of the original charge). Dashed line refers to an emissions rate that commences at 
10%/year from the bank and subsequently reduces by 5%/year (compound). 
 
Banked emissions can grow to cover a shockingly substantial size of emissions. In China, for 
instance, it is estimated that half of total HFC emissions me be deposited already in banks, 
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and that these banks will sustain “elevated” levels of emissions over the next few decades.136  
Given that China is already the world’s largest producer (62%) and consumer (46%) of room 
air conditioners, scrap refrigerants banked in those air conditioners could peak in 2025 at 
135.2 Mt CO2e, equal to approximately 1.2% of China’s total greenhouse gas emissions or 
the national total of either the Netherlands or Czech Republic.135  One study warns that “most 
chemicals in banks will ultimately escape to the atmosphere unless destroyed,” and that for 
HFCs in particular, only 25% globally are classified as “accessible” or easily recovered, with 
the remainder expected to slowly seep into the climate.137  In Germany, it is also estimated 
that 2,000 tons of SF6 are stored as “banks” in existing soundproofed windows.4  Globally, it 
has been calculated that 39–64 GtCO2e could be trapped in HFC banks and that this number 
could rise to 200Gt by 2050.20 These are extremely large amounts of equivalent emissions, 
something we return to in Section 7. 
 
4.4 Destruction  

Although many F-gases are still currently vented into the atmosphere as byproducts or 
exhaust gases, or slowly leak into the atmosphere via banks, there are procedures to actively 
capture and destroy them. Commercial incinerators do exist that can capture, “thermally 
treat” and “thermally oxidize” or “burn” F-gases, especially HFC-23 or SF6.138  
Unfortunately, one study warns that “in most cases, these disposal paths do not exist at 
present.”66 
 

5. Estimations, patterns and profiles of global F-gas emissions  

Given the sheer complexity of purposes and uses, and the dynamic temporal nature of banks, 
holistic and robust estimations of F-gas emissions trends depend greatly on the assumptions 
made by particular studies. These vary by different baselines and methodological approaches, 
as well as different horizons (some historical, some future oriented, some both), leading to 
fragmented estimations. Nevertheless, the literature offers five types of assessments: those 
illustrating HFCs, PFCs, SF6 or NF3 specifically, or studies tracing some combination of 
multiple F-gases.  Note that these studies use a myriad of particular units in their assessments, 
from direct tons produced, to tons of carbon equivalent produced, to atmospheric 
concentrations of the gases. 
 
5.1 HFCs  

As mentioned earlier, HFCs are the largest single source of F-gas emissions, accounting for 
51 to 71% of total global F-gas emissions,26 and are also one of the fastest growing sources, 
due not only to accelerating demand for air conditioning, but also the unanticipated effects of 
the Montreal Protocol, whereby CFCs, halons, and methyl chloroform  were eliminated from 
the refrigerator and air conditioner supply chain in favor of HFCs.  This unanticipated effect 
of the Montreal Protocol occurred even though many celebrate it for being “the most 
successful global environmental treaty” in history.139  
 
Consequently, the use of non-ozone depleting substitutes has risen exponentially, with HFCs 
the largest of these substitutes.140 141 142  This creates a dual driver to HFC emissions across 
two classes of countries: developing countries where demand for cooling services climbs and 
developed countries where ozone depleting equipment is substituted and replaced.17  One 
study in the United States estimated that the substitution of ozone depleting substances was 
by far the largest single source of HFC, PFC, and SF6 emissions--accounting for 123.3 
million tons of CO2e out of 163 tons, or 75.6%.143  A third driver was regulatory 
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inconsistency and the fact that for more than a decade,  many classes of F-gases (especially 
NF3 and HFC-23) fell between the cracks of the Montreal and Kyoto Protocols.144 61 Given 
these factors, Figure 14 shows a dramatic decline in ozone depleting substances under the 
Montreal Protocol (top panel) and a corresponding increase in HFC emissions (bottom 
panel). 
 
Figure 14: Global consumption of ozone depleting substances banned under the 
Montreal Protocol (tons of ozone depleting substances, top panel) and atmospheric 
concentrations of HFCs (bottom panel) 
 

 

 
Source: 108 
 
Currently, most HFCs globally (about 55%) are used in stationary and mobile refrigeration 
systems, followed by those in air conditioning (24%), blowing agents in plastic foams (11%), 
propellant gas for aerosols (5%), and fire extinguishing agents (4%).85  In the European 
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Union, HFCs account for more than 90% of CO2 equivalent F-gas emissions, weighted by 
their GWP.92  They also remain one of the fastest growing greenhouse gases, increasing at a 
rate of 10-15% annually for many countries.145   
 
Looking forward, such trends are expected to continue, with HFC consumption growing by a 
factor of five from 2010 to 2050 and almost 0.3 degrees of global temperature change 
attributable to them over the same period (See Figure 15, two orange panels).  The green 
colored panel of Figure 15 shows that HFCs could represent as much as one-third of 
allowable CO2 equivalent emissions in 2050 if climate change mitigation targets are to be 
met.33 Thus, one study concluded that “the rapidly increasing demand for refrigeration and 
cooling services, particularly in developing countries, threatens to increase F-gas emissions 
considerably over the next few decades.”127 
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Figure 15: Projected growth in HFC consumption, climate forcing, and emissions trends from 2000 to 2050 

 
 
Source: 145 33 

https://i1.wp.com/www.igsd.org/wp-content/uploads/2014/10/projected-growth-of-HFCs.png?fit=673%2C395
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The Kigali Amendment to the Montreal Protocol, which we will describe more in Section 9, 
will remove a significant share of these expected emissions. However, and as already noted, 
it has been estimated that compliance with the Kigali Amendment will mitigate only about 
61% of projected HFC emissions from 2018 to 2050, leaving 39% to be emitted.146  
 
5.2 PFCs 

Less of the reviewed literature identified PFC emissions inventories specifically (as 
compared to HFC). However, one study cataloguing a historical dataset of PFC emissions 
from 1970 to 2010 noted that the three biggest sources were, in order, primary aluminum 
production (more than 90%), semiconductor production, and refrigeration use.147 The 
aluminum industry has seen its PFC related emissions decline significantly from around 70 
million tons in 1990 to less than 40 million tons in 2017, despite increasing aluminum 
production(trends shown in Figure 16). 
 
Figure 16: Global PFC emissions reported for primary aluminum production  
 

 
Source: 148 
 
5.3 SF6 

Atmospheric concentrations of SF6 have increased almost as much as those from HFCs and 
more than PFCs, with a 2 orders of magnitude increase from 1953 (when industrial 
production started) to 19902 or a factor of 10 increase from 1973 to 2010 (and a 50% increase 
between 2000 and 2010).149 The largest three sources of the gas are electricity transmission 
and distribution (about 80%150) and blanketing gases for magnesium. In China, these 
numbers hold true as well, with 70% of SF6 emissions coming from electricity transition and 

https://blogg.sintef.no/wp-content/uploads/2019/05/Reported-PFC-emissions-from-Primary-alumiunum-production.png
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distribution and 10% each from magnesium production, semiconductor manufacturing, and 
the direct manufacturing of SF6.151  Global annual production of SF6 is estimated to be about 
8,000 tons, or the equivalent of the annual greenhouse gas footprint for 40 million passenger 
cars.152 153  Even in Europe, there was an 8.1% increase in SF6 emissions from 2017 to 
2018154, and a steady increase in atmospheric concentrations throughout the decade as shown 
in Figure 17. Notwithstanding this growth, the electricity industry forecasts demand for SF6 
to expand by about 50% from 2005 levels by 2030.155 Problematically, manufacturing 
volumes almost equal precisely emissions volumes—indicating that almost all SF6 ends up 
eventually emitted into the atmosphere. 156 
 
Figure 17: Concentrations of SF6 is the atmosphere from 2010 to 2019  
 

 

Source: 154 
 
5.4 NF3 

Given NF3 was not originally covered by the Kyoto Protocol, and is one of the newest 
industrial gases in our group of F-gases, it was the least examined in the literature.  
Nevertheless, it is known that atmospheric concentrations of NF3 have grown 40-fold from 
1992 to 2007.157  Approximately 7,300 tons are produced annually and of this, 8% is emitted 
each year.158  One study calculated global emissions of NF3 in 2011 at 1.18 ± 0.21 Gg⋅y−1, 
or ∼20 million tons CO2-eq⋅y−1 (carbon dioxide equivalent emissions based on a 100-y 
global warming potential of 16,600 for NF3).159 It also noted that current NF3 emissions 
represent between 17% and 36% of the emissions of other long-lived fluorinated compounds 
from electronics manufacturing, and it confirmed that total NF3 emissions were currently 
about 10% of production, still “significantly larger than expected assuming global 
implementation of ideal industrial practices.” 159 
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5.5 F-gases collectively  

Given the rapid growth rates of individual groups of F-gases, it comes as no surprise that the 
entire class of F-gas emissions has been rising rapidly as well.  The most recent data from the 
World Bank stipulates an increase in HFC, PFC, and SF6 emissions from 5.94 Gt of COe2 in 
1990 to 7.75 Gt in 2012.160 In the European Union, between 1990 and 2014, total emissions 
of F-gases saw an overall increase of about 70% (see Figure 18), and HFC emissions have 
more than tripled since 1990.92 However, emissions of PFCs have declined by 88% over this 
period and emissions of SF6 have declined by 39%; emissions of NF3 have remained roughly 
constant.   Figure 18 shows intended applications of F-gases in the EU, which remain 
dominated by refrigeration, cooling and heating as well as electrical transmission and 
distribution equipment and semiconductor and PV manufacturing. In the United States, F-gas 
emissions are also dominated by refrigeration and air conditioning followed by 
semiconductor manufacturing.11  
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Figure 18: Intended industrial applications of F-gases in Europe (left panel), historical emissions trends (bottom panel) and applications in  
the United States (right panel)   
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Source: 92 11  
 

 



Decarbonizing potent industrial gases 44 
 

Global emissions of F-gases likely would have increased even faster if it were not for three 
major constraining factors. First, the 2007 Amendments to the Montreal Protocol (and 
subsequent Kigali Amendment) have slowed the emissions of HFCs against baseline 
projections. Second, the global economic downturn of 2009 did suppress some of the trends 
in rising income and wealth behind greater air conditioning and refrigeration adoption. Thirds 
and finally, improved service practices and innovations in technology have further slowed 
emissions from some F-gas sources.161 
 
Nevertheless, future scenarios and projections of F-gas emissions  are bleak. A business as 
usual scenario could see them rise from less than 1,000 MT in 2005 to more than 4,000 MT 
in 2050. According to this projection, 80% of F-gas emissions in 2050 will result from 
stationary and mobile refrigeration and air conditioning applications. 4  A far more recent 
projection shown in Figure 19 has downgraded the 2050 volume of emissions to about 3,700 
MT, but it still sees a baseline scenario for F-gas emissions to increase by a factor of five 
over this period. 127  Growth in F-gas emissions are mainly driven, again, by a six-fold 
expected increase in demand for air conditioning and refrigeration; PFC emissions are 
expected to grow by 25%, despite more efficient practices in the aluminum sector; and SF6 
emissions are expected to increase by 50% as electricity demand increases and China ramps 
up its magnesium production.127 
 
Figure 19: Global forecast for F-gas emissions in the main fields of application (in MT 
CO2e, business as usual scenario) 
 

 
Source: 127 

6. Current and emerging technologies and practices for mitigation  

Sticking with our sociotechnical approach, this section describes four different classes of 
technological innovations and practices that can help decarbonize potent industrial gases 
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shown in Figure 20. These four classes encompass: manufacturing and production, uses and 
processes, disposal and banks, and destruction.   
 
Figure 20: Sociotechnical options for decarbonizing the potent industrial F-gases 
 

 
Source: Authors 
 
Our systematic review revealed a plethora of radical and possibly transformative options for 
the future, which we summarize in Table 8. The table depicts 67 innovations or technologies 
in total across different elements of the sociotechnical system, classified according to the 
three temporal groupings of: commercially available (as of 2020); emerging soon with 
working prototypes; and those at the experimental or conceptual stage only. Most of these 
innovations occur in F-gas uses and processing, although others include manufacturing and 
production (e.g., leakage and chemical control), disposal (e.g., recovery and reuse of F-
gases), and destruction (e.g., plasma abatement and thermal oxidation).  Also and 
interestingly, far more innovations are commercially available (47) than are both emerging 
(15) or in experimental stages (4).  
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Table 8: 67 commercially available, emerging, and experimental innovations for mitigating the environment impacts of potent industrial F-
gases  
 

Level of 
sociotechnical 
system 

Commercially available (as of 2020) Emerging soon with working prototypes 
(as of 2020) 

Experimental and likely only after 2025 

F-gas 
manufacturing and 
production  

1. Thermal destruction of excess HFCs 
during production 

2. Better sealed piping and chemical control 
3. Enhanced onsite F-gas recovery 
4. Materials substitution with low GWP 

alternatives 

1. Material substitution with no GWP 
alternatives  
 

 

F-gas uses and 
processes 

5. Hydrocarbon and ammonia refrigerants 
6. Halogen free  refrigerants for generalized 

applications 
7. Reducing refrigerant charges by systems 

optimization  
8. Direct evaporative cooling    
9. Transcritical CO2 refrigeration systems  
10. “Not-in-kind technologies” (i.e. 

technologies that do not primarily use 
mechanical vapor compression 
technology) for plug-in refrigerators  

11. Non-HFC refrigeration technologies 
12. Liquid nitrogen transport systems 
13. Ejector technology  
14. Energy-efficient design  
15. District cooling 
16. Proper maintenance  
17. Ambient air cooling and prechilling  
18. Absorption and adsorption refrigeration 

systems  
19. Lowering refrigerant charge via 

optimized design 
20. Sea water air conditioning (SWAC) 
21. Low-GWP foam substitutes 
22. F-gas free propellants  
23. Powder inhalers (DPIs) 

2. Hydrocarbon and halogen free  
refrigerants for specific applications 
(e.g., butchers, bakeries, condensing 
units) 

3. CO2 refrigeration systems for 
passenger automobiles  

4. Experimental low global warming 
potential refrigerants   

5. Turbo refrigeration systems with 
water as a refrigerant  

6. “Climate friendly” and carbon 
neutral air conditioning 

7. New etching gases for printed circuit 
board manufacture  

8. Electron-beam evaporation for thin-
film solar PV manufacturing  

9. SF6 free high-voltage electrical 
equipment  

10. “Green” or zero-GWP gases for 
transmission and distribution grids 

11. Substitution of SF6 with BF3, 
hydrofluoroethers, HFC-1234ze and 
perfluoroketone for magnesium 
casting 

 

1. Natural refrigerants  
2. Complete substitution of refrigerants with 

those that have a global warming potential 
of less than 20 (e.g. unsaturated 
fluorocarbons such as R-1234yf or R-
1234ze) 
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24. F-gas free fire extinguishers  
25. Hydrofluoroether (HFE) solvents 
26. Remote plasma cleaning for 

semiconductor manufacturing 
27. Exhaust gas cleaning for semiconductor 

manufacturing 
28. Redundant design-exhaust gas systems 

for solar PV manufacturing 
29. F2 substitution for plasma etching 
30. Onsite SF6 recovery and capture       
31. Process optimization for LCD 

manufacturing  
32. Low-GWP and GWP free gases for LCD 

manufacturing 
33. Air-insulated substations 
34. Vacuum-insulated circuit–breakers 
35. Modernizing old substations 
36. Portable leak detectors for SF6 
37. Substitution of SF6 with HFC-134a for 

magnesium casting 
38. Inert anodes or sloped anodes and 

perforated or slotted anodes aluminum 
production  

39. F-gas free soundproof windows  
40. F-gas free leakage detection practices  
41. F-gas free tracer gases 
42. Nitrogen as a filling gas for tires  
43. Nitrogen and non-GWP gases for shoes 

and tennis balls  
F-gas disposal and 
banks  

44. Recovery and reuse of F-gases 12. Application of “Circular VAT” or 
“Circular Economy” principles 

 

 

F-gas destruction  45. HFC incinerators 
46. Thermal oxidation and abatement  
47. Plasma abatement technology 
48. Catalytic oxidation 

13. Catalytic decomposition  
14. Photoreductive degradation  
15. Nonthermal plasma abatement (e.g., 

electrons, radio frequencies, dialectic 
barrier discharges, or microwaves) 

3. Fully integrated recovery and destruction 
systems  

4. Hybrid renewable energy destruction facilities  

Source: Authors. Note: GWP = global warming potential. 
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6.1 Manufacturing and production 

Although a relatively small amount of the reviewed literature focused on the use of F-gases in 
manufacturing and production, studies on this aspect of the sociotechnical system did suggest 
a concerted set of actions that could lower F-gas emissions from manufacturing and direct 
production. This includes thermal destruction of excess HFCs during production, which were 
previously vented; better sealed piping and chemical control, to minimize leaks; enhanced 
onsite F-gas recovery, to both minimize leaks and reduce the need for fresh feedstocks; and 
materials substitution with zero or low GWP alternatives that meet the properties desired in 
F-gases.26 
 
Substitution has been especially prominent already in the manufacturing of foams, blowing 
agents, solvents, aerosols, fire extinguishers, and filling gases used for windows, tires, and 
shoes.  One study estimated a 50% reduction potential of F-gases across manufacturing and 
production.42 
 
One strategy for abating emissions from this stage relates to minimizing emissions in 
intermediate processes and from byproducts from direct production. For example, it has been 
estimated that process efficiency and optimization can reduce 10 to 40% of the F-gas and 
chlorinated byproducts emitted from the production of HFC-227ea, which is used as a 
gaseous fire suppression agent.66 
 
6.2 Uses and processes 

A much larger volume of literature assessed the various ways in which F-gases could be 
reduced or eliminated from industrial uses and processes.   
 
Cooling 

Refrigeration systems  

To decarbonize refrigeration systems, manufacturers are increasingly utilizing hydrocarbons 
(e.g., R 600a, R 290 and blends) as well as CO2 itself as a halogen-free refrigerant.  There is 
a diffuse and growing number of substitutes offered on the market, with one review 
identifying no less than 62 with the desired number of properties and characteristics,162 and 
another review identifying dozens and dozens of suitable options.99 Another study examined 
16 substitute refrigerants, and found six optimal options across natural (CO2, NH3, HCs) and 
synthetic (R-152a, R-1234yf) categories.163  Multiple low-GWP fluids and substitutes are 
also available for heat pumps and water heaters.164 165 These are all intended to be “drop-in” 
replacements compatible with existing modes of refrigerator manufacturing.22  Table 9 shows 
some of the fundamental properties and applications for five of these substitutes, all with 
GWPs less than 5.   
 
Table 9: Best available technologies for low-carbon or low-GWP refrigeration  
 

Refrigerant GWP Considerations Applications 
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R-744 (CO2) 1 • Not appropriate for small cold 
rooms 

• Used in large cascade systems, 
not in high ambient temperatures 

• Only applicable for remote blast 
equipment 

• Blast cabinets  
• Walk-in cold 

rooms  
• Chillers 

R-717 
(ammonia) 

0 • Toxicity and corrosion issues • Chillers 

R-290 
(propane) 

3 • May be used in small 
applications with small 
refrigerant charges 

• Service 
cabinets  

• Blast cabinets  
• Chillers 
• Remote 

condensing 
units 

R-600a 
(isobutane) 

3 • If hydrocarbons are to be used, 
propane is the more efficient 
option to choose 

• Service 
cabinets 

R-1234yf 
(HFO) 

4 • Used in the automotive industry • Service 
cabinets  

• Blast cabinets  
• Walk-in cold 

rooms 
• Remote 

condensing 
units 

Source:166 Note: GWP = global warming potential.  
 
The use of low-GWP refrigerants is most common in retail and domestic refrigeration 
sectors, given the higher volumes involved and also direct pressure from retailers, such as 
Coca-Cola, Unilever, and McDonalds.4  Ammonia is also the standard refrigerant in cold 
stores with refrigeration systems having a capacity exceeding 1 MW, as well as for 
refrigeration on marine vessels and ships.  The benefits of using hydrocarbons or ammonia 
(or propane or isobutane)  as refrigerants not only relate to less global warming potential, but 
also the use of factory-made primary refrigeration units with high quality standards and low 
leakage potential; smaller fluid quantities in the refrigeration systems, with much smaller 
refrigerant circuit volumes; options for heat recovery; fewer defrost cycles and hence lower 
energy consumption for defrosting; longer compressor life and/or less frequent actuation of 
the compressor, since the secondary refrigerant performs a certain storage function, and the 
possibility of using plastic pipes and fittings (which are usually less expensive). 4  
Commercial entities are also utilizing systems optimization to reduce the needed charges for 
their refrigerators, or using direct evaporative cooling. Others are investing in parallel 
compression and ejector technology, which is a form of ejector or jet pump refrigeration that 
has a lower coefficient of performance than other refrigerants using vapor compression, but 
has the advantages of no moving parts and simplicity.167 Figure 21 shows continued 
improvements to refrigeration technology and cost in Switzerland.  
 
Figure 21: Price and efficiency developments for commercial refrigeration systems per 
meter of cabinets installed in Switzerland 
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Source:167 
 
The use of hydrocarbons and CO2 use in industrial plug-in appliances is slower growing and 
more controversial, especially given the higher refrigerant charges involved, often greater 
than 150 grams.  Here, however, some manufacturers are trying out the use of “not-in-kind 
technologies” for plug-in appliances, such as Stirling technology, which manufacturers have 
introduced to the market in transport cool boxes and vending machines (e.g. for cans).  
 
In the transport sector, prototypes of CO2-based systems have been developed for deep 
frozen and chilled products, as well as for refrigerated containers. These  have passed 
practical tests, though they have not diffused widely and intersect with trends in mobile air 
conditioning. Numerous advantages are proclaimed for liquid nitrogen transport systems, 
including better uniform temperatures, silent operation, minimal maintenance requirements 
and rapid temperature reductions, but they remain only infrequently used throughout the 
industry.95 
 
Across all four types of refrigeration—domestic, commercial, industrial, and transport—
energy-efficient design and proper maintenance could significantly cut emissions as well, 
with studies suggesting sectoral emissions cuts of 10 to 40%.  This can include repairing door 
seals and door curtains, ensuring condensers are cleaned, changing defrosting practices and 
checking insulation efficiency in terms of maintenance; and making devices with thicker 
floors, better wall and roof insulation, the use of automation, conveyors with lock-gates 
instead of doors, and designs with speed control of fans and motors.95 Ambient air cooling 
and prechilling are also social practices that can reduce the energy intensity of refrigeration.  
Heat recovery at commercial and industrial firms can increase energy savings for 
refrigeration significantly by reducing the energy required to heat the store or process line or 
feed into the ventilation system and provide hot water. Integrated options can deliver even 
better performing solutions that also provide heating, ventilation, air conditioning and hot 
water.167 
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The design and use of non-HFC refrigerants usually necessitates alterations in cooling system 
design in addition to a modification of components.  Absorption and adsorption refrigeration 
systems offer HFC-free refrigeration, as do turbo refrigeration systems using water as a 
refrigerant, although these technologies are currently not very common and more 
experimental. The choice between compressor and absorption or adsorption systems will 
depend to a large extent on the overall concept, including the heat and energy sources 
available. An expanding spectrum of absorption refrigeration systems is commercially 
available (10 kW up to several MW). 4 Newer adsorption system designs have even been 
developed that utilize solar energy,168 solar thermal energy169, or integration and high-
efficiency materials.170   
 
As of 2017, the European Commission noted that “CO2 technology and other non-HFC 
technologies are starting to be widely used” for refrigeration throughout the region, including 
use in centralized systems using transcritical cycles, indirect centralized systems and systems 
composed of stand-alone units.167  Transcritical systems using CO2 as a refrigerant are 
distinctly promising, as CO2 has a low critical temperature and a low latent heat of 
evaporation. This enables such devices to operate in the “transcritical range” via the use an 
additional gas cooler to absorb additional heat and a second internal heat exchanger to lower 
the temperature of the refrigerant before entering the system. As a downside, however, such 
CO2-systems need to operate under a higher pressure than conventional systems and demand 
more robust components, including special CO2 valves and more sophisticated heat 
exchangers with a smaller diameter.109  That said, the potential for transcritical CO2 systems, 
and transcritical booster systems,171 for commercial refrigeration is large, given that 
commercial refrigeration accounts for 40% of direct greenhouse gas emissions in the 
European Union when considering emissions from refrigerant related losses and energy 
consumption.85  
 
Another reviewed report talks about how the “refrigerants of the future,” i.e. those available 
after 2030, will need to have a collective global warming potential of less than 20, or use 
natural substances such as air, water, or carbon dioxide.108  Essentially, this demands a 
transition from the third and fourth generation refrigerants shown in Table 10 to a fifth 
generation of super-efficient and sustainable options. As a case in point, there even exist on 
the market today innovative low-carbon ice cream machines that use better compression and 
micro-channeling to reduce energy consumption by 23%, global warming potential by 22%, 
and ozone depleting substances by 80%.172 
 
Table 10: A typology of refrigeration transitions from 1830 to 2030 
 

Refrigerant Category Time 
Frame 

Example Refrigerants 

 

First Generation of “Toxic and 
Flammable” 

1830–
1930 

HCs (butane, propane, naphtha, 
gasoline), NH, carbon disulfide, 
carbon dioxide, carbon 
tetrachloride, dichloroethylene, 
ethane, ethylamine, ethyl 
bromide, methyl bromide, 
methyl formate, methylene 
chloride, methylamine, methyl 
chloride, trichloroethylene, and 
trimethylamine 
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Second Generation of “Safe and 
Durable” but Ozone-Depleting 1931–

1990 
CFCs, HCFCs (e.g., R-12, R-22) 

Third Generation of “Ozone-safe” 1990–
2010 

HFCs (e.g., R-410A, R-134a) 

Fourth Generation of “Ozone-safe 
and Lower GWP” 

2010–2017 Low-GWP HFCs and blends 
(e.g., R-32 and R-452B), low-
GWP HFOs, and HCs (e.g., R-
290), air, and others 

Fifth Generation of “Super-efficient and 
Sustainable” Low-GWP 2017–2030 

Source: Authors, modified from 107 173 Note: GWP = global warming potential.  
 
It is likely an optimal approach to cutting F-gas emissions from refrigeration will involve both 
changes in technology (innovation) and changes in practices (behavior and management). As 
one report notes, “several means can reduce HFC production and consumption” including 
“conserving and recycling HFCs, substituting other substances (e.g., ammonia or CO2) that are 
less potent GHGs than HFCs, and modifying the technologies that use HFCs, including greater 
energy efficiency.”17 

Stationary air conditioning  

Many of the refrigerants discussed above can also be used for stationary and mobile air 
conditioning. As one study put it, “there are proven and commercialized truly low-GWP 
alternatives for most refrigeration and air conditioning sectors.”22  However, a few additional 
options arise exclusively on the air conditioning front.  
  
One disadvantage to smaller wall mounted or distributed air conditioners is that their compact 
design means that the heat exchangers are relatively small, which results in poor energy 
efficiency, and in exhaust heat being discharged outside the home—increasing temperatures. 
For this reason, many wall-mounted air conditions are single split appliances that rely on 
HFC refrigerants. 108 However, where refrigerant charges can be kept below 500 g, it is 
possible to use halogen-free refrigerants (hydrocarbons) for wall-mounted air conditioners. In 
larger split-appliances, propane is a promising substitute as is replacement with a centralized 
HFC-free air conditioning unit.4  Single-split air conditioners with the natural refrigerant 
propane (R-290) are sold in India and are amongst the most efficient on the local market. In 
China, single-split appliances with R-290 are on the brink of being launched and smaller 
numbers of such units have already been installed all over the world. 108 One study of global 
market trends in room air conditioners found that highly efficient, low-GWP systems were 
commercially available in most markets at prices comparable to high-GWP systems, and that 
30 million R-32 air conditioners have been sold in more than 50 countries with 
manufacturing in China, the European Union, India, Indonesia, Japan, South Korea, 
Philippines, and the United States.107 
 
For the air conditioning of larger buildings, centrally controlled systems with chiller and 
chilled water distribution networks are generally available. For this purpose, chillers with 
ammonia or propane are marketed from several manufacturers, and they advertise reduced 
operational costs and better energy efficiency compared to HFC systems on a lifecycle cost 
basis. 108 Some newer technology designs also feature “climate friendly” air conditioning 
systems that are net zero in terms of their direct emissions (for refrigerants), although some 
indirect emissions will occur due to electricity consumption.  In coastal areas, sea-water air 
conditioning (SWAC) holds great promise, as it can reduce the energy demand for air 
conditioning by 90% and involves only chilled water as a refrigerant (see Figure 22).174 
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SWAC systems have the added benefit of having low and stable electricity costs (due to their 
reduced energy demand) as well as full financial payback periods in three to ten years. This is 
why SWAC systems are already in use at some ports, hotels, airports, and shopping 
centers.175 
 
Figure 22: Conditional refrigerant based air conditioning versus seawater air 
conditioning (SWAC) 
 

 
Source: 175 Note: AC = air conditioning.  
 
Across all types of air conditioning systems, detecting, avoiding, and managing leaks is a 
critical task for avoiding direct emissions of refrigerants.  This can often be achieved through 
efforts at improving materials, redesigning components such as shaft seals, brazed joints, and 
O-rings, and the use of leakage detectors. 109  Another technique is to lower refrigerant charge 
per unit of cooling capacity, this can be achieved through the utilization of microchannel-type 
heat exchangers, optimized piping systems and a miniaturization of components. 109 
 
A final common thread for air conditioning relates to better design and energy efficiency 
improvements to air conditioners. This can include more efficient compressors, with variable 
capacity control,  power savings modes or control devices that better manage airflow and 
temperature. The use of recirculated air and other system-related measures can further 
improve efficiency. 109 

Mobile air conditioning  

Mobile air conditioning cannot entirely use the same refrigerants as stationary refrigeration or 
building air conditioning given safety concerns—cars after all frequently have accidents, 
meaning there is greater pressure for refrigerants to be non-toxic, non-flammable and non-
ozone depleting. Moreover, other special considerations relate to air conditioning in cars—
less available space, harsher conditions than the inside of a building, and loss rates much 
higher than stationary systems.   
 
However, the best single option for reducing emissions from mobile air conditioners, given 
the high leakage rates discussed in Section 4, is indeed better insulation, maintenance, and 
energy-efficiency management.  Japan and California both began piloting climate-neutral air 
conditioning systems for automobiles using CO2 as a refrigerant (R-744), and while their cost 
is still slightly higher than R134a technology they are mass produced and widely available.4 
Furthermore, many of the refrigerants discussed above for other applications can be used in 
automobiles.176 One study projected that the use of mobile air conditioners based on CO2 
technology could by themselves eliminate 80% of expected emissions from the subsector.42   
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Also, in Germany, some high speed trains provide air conditioning via cold air, which 
enables the complete omission of synthetic refrigerants.108  
 
Similar to stationary air conditioners, improvements to design and energy efficiency can 
make a difference in mitigating emissions. This can include semi-automatic and fully 
automatic air conditioning systems, which can better set consistent thermal temperatures, as 
well as multi-zonal controls that can allow some parts of the car not to be cooled, saving 
refrigerants. A final set of improvements can focus on better demisting, defrosting, air 
cleaning and air circulation properties. 109 
 
Foam manufacturing  

Low-GWP substitutes for foams exist readily on the market as well.  In Germany, for 
example, more than 80% of rigid XPS foam materials produced can be formed with a 
combination of organic blowing agents (such as ethanol and carbon dioxide), rather than F-
gases.4  Moderately thin panels of up to 60 or 70 mm can be produced at low or competitive 
cost in small plants (for thicker panels the costs of modifying plants is greater) but production 
costs of using CO2 rather than F-gases as blowing agents quickly add up to offset the capital 
costs involved. HFC-free XPS products are also offered by BASF and Dow chemicals. There 
is also no need to use F-gases or HFCs as blowing agents for rigid PUR foams, or as a 
blowing agent in caulking foams. 4   As one study noted, “in foam-blowing applications, 
hydrocarbons with GWP of less than 4 are widely used for most foam-blowing operations.”22  
 
Freezer sprays and compressed air sprays  

Similar to foams, in almost all applications, low-GWP to no-GWP alternatives exist for the 
use of compressed air in freezer sprays and compressed air sprays.  For pipe freezing 
applications, transportable carbon dioxide systems and desiccant and absorption refrigeration 
are compelling substitutes. Thus, it is possible to do without HFCs to a large extent.4 
 
Medical aerosols and dose inhalers 

F-gas free propellants are also widely marketed for medical dose inhalers, with substantial 
carbon savings achievable through the use of small volumes of HFA134a in preference to 
large volume HFA134a metered dose inhalers (MDIs), or those containing HFA227ea as a 
propellant.115  Other inhalers do not rely on a propellant gas, such as dry powder inhalers 
(DPIs), which are applicable for most patents (with common exceptions being children and 
the elderly).4 Table 11 shows other specific options to reduce greenhouse gas emissions from 
medical dose inhalers. Additional benefits to these options include reductions in drug costs 
(by ab out £8.2 million annually). 115 
 
Table 11: Strategies, effects, and greenhouse gas savings for medical dose inhalers  
 
 

Strategy Effect Potential CO2e saving 
Where appropriate, switch from 
metered dose inhalers (MDI) to 
non-propellant inhaler 

Avoids use of HFA propellants. 8–36 kg per inhaler. 

Change from large volume 
reliever (eg, Ventolin Evohaler) 
to small volume reliever (eg, 
Salamol) 

Small volume reliever contains 
far less propellant. 

18 kg per inhaler. 
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Change from HFA227ea inhaler 
(eg, Flutiform or Symbicort 
MDI) to HFA134a inhaler 

Uses lower GWP HFA 
propellant. 

20 kg CO2e per inhaler. 

Recycle used MDIs The plastics and aluminum are 
recycled. 

Estimated 4–18 kg per inhaler. 
 

Return used inhalers to 
pharmacy use 

The plastics and aluminum are 
properly disposed. 
Environmental benefits likely 
to be slightly lower than 
recycling due to the energy 
inputs for incineration, and the 
absence of recycled materials. 

Estimated 3–17 kg per inhaler. 

If there is no dose counter, 
ensure your patient knows how 
many doses the inhaler contains 

Reduces waste from disposing 
of half- used inhalers. 

Estimated to be a quarter of the 
inhaler’s carbon footprint; roughly 
4 kg CO2e per inhaler. 

Source: Authors, modified from 115 Note: MDI = metered dose inhaler. FHA = 
hydrofluoroalkane.  GWP = global warming potential.  
 
Fire extinguishers   

F-gas free fire extinguishing agents exist in nearly all fields of use—most commonly 
substituted with carbon dioxide, foam, and powder. Two exceptions are aviation and military 
applications, but even here better early warning systems, sound constructional planning, and 
recycling can minimize F-gas use considerably.4  One initiative in Italy at the GIELLE center 
upgrades and renovates old fire extinguishing systems using HCFCs and HFCs by 
“deconditioning” the F-gases before they can be incinerated.85 
 
Cleaning solvents  

In the domain of solvents, hydrofluoroethers (HFEs) can often be used with the same effect 
as F-gases but with far lower GWPs.4 It has been estimated that replacement of PFCs by 
HFEs and improved containment can reduce solvent emissions by 95%.42 
 
Semiconductor and circuit board manufacturing 

For the manufacturing of semiconductors and printed circuit boards, the literature suggests 
four simultaneous options for lowering emissions of F-gases: substitution of alternative 
chemicals, process optimization, recycling, and different end-of-pipe technologies for 
exhaust-gas cleaning. The utilization of less hazardous alternative chemicals  has been the 
“best and most far-sighted solution” within the industry and a “top priority.” 4  Usually, 
substitute gases for etching processes can only be used for new chambers, not preexisting 
plants.  Closed plasma etching systems with thermal destruction of SF6 can reduce residual 
emissions “to virtually zero,”2 and recovery from gas streams and combustion can also 
eliminate 95% of PFC emissions.42 
 
These innovations could be why in 1999 the World Semiconductor Council pledged to reduce 
average F-gas usage by 10% against a 1995 baseline by the year 2010, equivalent to a total 
reduction of more than 95% on a component basis.177 This led to multiple innovations in 
fabrication and design, and a variety of emission reduction strategies including process 
optimization, CVD chemistry substitution, remote plasma cleaning, and abatement, as Table 
12 indicates. These efforts can collectively reduce up to 99% of F-gas emissions. 
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Table 12: F-gas emissions reduction strategies for the manufacturing of semiconductors 
 
 

Strategy Application Emissions reductions 
Process optimization Typically CVD 10–56 
Remote plasma clean CVD >15–99 (NF3); >35 (C3F8) 
Alternative chemistry CVD 10–90 (depending on particular chemical 

substitute) 
Abatement Etch, CVD 90–>99 

 
Source: 116 Note: CVD = chemical vapor deposition 
 
Although plasma processes are widely used in semiconductor production, not all 
manufacturers are using them for printed circuit board production, with other options 
including wet-chemical methods or the use of inorganic acids. Compared with liquid cleaning 
methods (wet-chemical processes), plasma processes do not leave behind any corrosive 
residues on the components, and guarantee a higher and more consistent level of quality. The 
design of new etching gases with less environmental impact for printed circuit board 
manufacture is an industry priority.4  
 
Solar photovoltaic (PV) manufacturing  

For solar PV manufacturing, multiple options exist to abate F-gases. Firstly, exhaust gas 
systems that are redundant can ensure “trouble-free” operation that can almost completely 
eliminate leaks (as it is rare for multiple systems to fail at once). Secondly, F2 can be used as 
a process gas and it has the advantage of having high reaction activity without applying 
plasma and consequently lower energy consumption It also has a GWP of zero and is fairly 
easy to abate. It can be supplied in cylinders comprised of 20% F2 and 80% N2, although 
safe installation and operation procedures, including special mass flow controllers and values, 
as well as passivation process lines, need to be established in view of the corrosivity and 
toxicity of the compound.  Thirdly, onsite recovery and capture of some process gases, 
especially SF6, are possible, including via hollow fiber membranes or pressure swing 
absorption techniques, which can allow for recycle of 99.9% of the gases for reuse in the 
chamber.178  In addition to F-gas substitution, one particular technique specific to thin-film 
solar PV manufacturing is electron-beam evaporation, which permits targeted coating and 
avoids the need for chamber cleaning, although it still remains only at preliminary stages of 
development.179 180  
 
Liquid crystal displays and televisions  

For LCD displays and televisions, three options seem most effective at reducing F-gas 
emissions: optimization of manufacturing processes to consume fewer gases (i.e. adjusting 
process parameters, chamber pressure, temperature, plasma power, cleaning gas flow rates, 
and ratios of mixtures); replacing high GWP gases with lower or GWP-free gases; increasing 
monitoring and inventorying of emissions.118  The World LCD Industry Cooperation 
Committee already utilized these collective measures in a voluntary program to decrease SF6 
emissions by 40% from 2004 to 2010, even as production and consumption of SF6 increased 
by 200% over the same period.118 One alternative to fluorinated greenhouse gases is also F2, 
which can even be produced onsite from hydrogen fluoride (HF).  Using elementary fluorine 
in this manner can halve the cleaning time and thereby shorten the production process time 
by 10%.4 
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Electricity transmission and distribution equipment 

In the high-voltage range, air-insulated or open-air substations and switchgear can contain far 
less SF6 than substations and switchgear insulated only with SF6, although they are subject 
to space constraints.  Moreover, the switching process for air-insulated substations can 
generate large amounts of noise and vapor emissions, creating challenges in densely 
populated areas.73 High pressure nitrogen could indeed be a promising option as a 
substitute,181 along with hydrofluoroolefins (HFOs) and fluorooxiranes (C2H3FO). 182   GE 
and Alstom have also been working on zero-GWP substitution gas for switchgear and 
substations dubbed “G3,” or “green gas for grid.”182 
 
In the medium-voltage range, vacuum-insulated circuit–breakers are a suitable and widely 
used alternative to SF6 switchgear. 4   
 
Across all types of substations and ring-main units, gas density monitoring instruments, gas 
detectors and emission monitors can help minimize SF6 leakage during testing and 
maintenance, and also facilitate better (tighter) seals and joints that minimize leaks.  Training 
and awareness can lead to significant reductions in emissions, especially when coupled with 
better monitoring of pressures and valves, and ensuring substations have fewer leaks with 
“tightness tests.” Techniques here can include optimizing SF6 filling pressure, reducing 
gasket lengths, avoiding “dead” internal volumes which are difficult to evacuate, respecting 
greasing rules for flanges, minimizing corrosion and properly maintaining rubber O-rings.183   
 
There are also significant gains to be made modernizing old substations so that they use state-
of-the-art technology as modernization can yield tenfold improvements in terms of fewer 
leaks and consequent emissions.2 One study estimated that up to one third of the total 
installed gas insulated switchgear was leaking at an annual rate of 20% and could be replaced 
with new equipment.42  SF6 leaks from older substations can be further reduced by portable 
leak detection instruments coupled with recycling, capturing and filtration. 5  Projects using 
portable leak detection instruments and SF6 recovery can save 165,000 to 291,045 tons of 
CO2e per year. 5 
 
Magnesium casting 

Magnesium processors have a history of managing and reducing SF6 use, from a high of 
about 3 kg emitted per ton of magnesium in the 1970s to between 0.4 and 1 kg emitted in the 
2010s. 4 Conversion to other cover gases is possible, but requires alterations to equipment and 
processes, or may involve other hazardous air pollutants (e.g., SO2, which can be used for 
high pressure die casting).  Promising alternatives investigated in various magnesium plants 
in recent years have been HFC-134a, used widely in Europe, as well as emerging applications 
of BF3, the hydrofluoroether C4F9OCH3, HFC-1234ze and a perfluoroketone 
(C2F5C(O)CF(CF3), all of which can be used in a mix with other carrier gases.  Better 
monitoring, management, and training can also do their part. For example, Norsk Hydro was 
able to reduce its use of SF6 as a blanketing gas for molten magnesium by a factor of 10 
through a mix of better trained personnel, substitution of SF6 with SO2, and relatively 
“moderate” modifications to technical processes.2   Process optimization can further help 
lower the use of SF6 in many different furnace sizes with different casting rates and cold 
chamber processes.184 
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Aluminum smelting and processing  

Advanced methods of aluminum smelting—including inert anodes (that are chemically 
nonreactive) and sloped anodes and perforated or slotted anodes (which also reduce harmful 
effects from anodes) have been shown to considerably reduce not only greenhouse gases, but 
also the energy needs for processing by as much as 40%.185 Lowering anode effects (i.e. a 
high voltage interruption in aluminum production, usually is triggered by a decrease in the 
alumina concentration in the bath below 2%) in aluminum smelting can further reduce PFC 
emissions.5  Improved plant operation, retrofitting and energy efficiency practices can further 
reduce operating costs and yield considerable emissions reductions.42  
 
Double-glazed and soundproof windows 

Window manufactures now offer a range of products that include no F-gases or SF6 but still 
have insulating glass panels with good to very good properties of soundproofing. Multi-pane 
insulating glass windows also don’t need to rely on any F-gases, if they are instead insulated 
with air or argon.73 Assessments suggest that the additional cost of non-F-gas soundproofing 
is often offset by savings in heating costs as well, given that SF6 reduces the thermal 
efficiency of windows even as it increases soundproofing. 4  Other alternatives on the market 
include cast resin compound glass and increasing the thickness or interspacing of glass.   
 
Leakage detection  

Similar to windows, complete substitute of F-gases is possible for leakage detection, with 
many products on the market using helium or nitrogen-hydrogen mixtures. 4  
 
Atmospheric research and science  

Other trace gases can be substituted for SF6 in atmospheric research, ranging from  N2O to a 
variety of low to no-GWP synthetic alternatives. 4  
 
Automobile tires  

Regular checks on tire pressure and tire maintenance can completely alleviate the need for 
using SF6 in automobile tires. For those who want to maintain tire pressure over extremely 
long periods of time, nitrogen is another substitute filling gas. The tires of aircraft and 
Formula 1 racing cars are often filled with nitrogen for this reason. 4  
 
Sports equipment and shoes  

Although Nike continued to use SF6 in its tennis shows up until the early 2000s, and then 
perfluoropropane (GWP = 7,000) until 2006, it has since abandoned these gases, driven in 
part by regulations in the European Union that prohibited the use of F-gas in shoes or sports 
equipment.4  Nitrogen and other non-GWP gases can be used as alternatives, along with 
special coatings that reduce gas diffusion ratewhile not greatly reducing the life expecting of 
the products.73  
 
Military applications  

For military applications, many of the substitute gases already mentioned can phaseout or at 
least greatly reduce F-gas use.  Compounds that are already widely-used as gaseous 
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insulation in military electrical equipment are CF4, CO2, N2, O2 alongside SF6.One study 
also noted 292 different mixtures or compounds that had GWPs much lower than SF6, 
especially dry air, C5F10O, C4F7N, CF3I, and C6F12O.186 Some of these even have the 
added benefit of being less volatile and cheaper than F-gases.  
 
6.3 Disposal, banks and recycling  

A sample of reviewed studies discussed disposal, banks, and recovery options for F-gases.  In 
France, discussions are underway for “circular VAT” approaches that make companies 
responsible for the environmental externalities of their products and this could include those 
that involve F-gases, such as air conditioners and refrigerators.85  The Consumer Goods 
Forum, a network of 400 retailers and manufacturers across 70 countries, is also promoting 
circular economy concepts to extend the lifetime of their products and lower environmental 
impacts. 85 
 
Some of these principles are practiced in particular subsectors.  The automotive industry 
already recovers refrigerants during vehicle servicing and at the end-of-life of the vehicle. 109  
The electronics industry also utilizes vacuum pumps and compressors to compress and 
recovery excess SF6 in switchgear and substations, which they then place in cylinders so it 
does not become exposed to the atmosphere.187 One other study noted some F-gas recovery, 
or the presence of “abandonment processes,” for household refrigerators, room air 
conditioners, and mobile air conditioners.188 
 
That said, one report warned that there was still “a long way to go” at enhancing recovery and 
disposal efforts, with an estimated 1% of F-gases only collected at their end of life in Europe, 
despite the strong environmental regulations there.85 In China, the world’s largest producer 
and consumer of room air conditioners, it is estimated that only 4% of scrap refrigerants were 
properly managed at their end of life—with the rest creating substantial F-gas emissions from 
informal recyclers (who improperly dismantle compressors) and formal recyclers (who rarely 
control the release of compressor gases and refrigerator foam blowing agents). 135  Because 
refrigerant gases are colorless and odorless, workers often perceive no direct harm to 
releasing them into the environment. Better recycling efforts thus offer an opportunity to save 
ample amounts of emissions, at least 50 million tons of carbon dioxide equivalent in China 
alone (see Figure 23). An added consumer benefit of recovery and recycling are that they 
could also cause prices to fall for F-gas manufacturing, and they would displace some of the 
resources needed to make new gases. 42 
 
Figure 23: F-gas emissions during the reverse supply chain, dismantling, and recycling 
of air conditioners and refrigerants in China  
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Source: 135 
 
6.4 Destruction 

A final collection of literature discusses options for active capture and destruction of F-gases. 
One approach to F-gas destruction is incineration. HFC incinerators, for example, are able to 
directly destroy HFCs as well as 99.99% of other species concentrations such as carbon 
monoxide or nitrogen oxide.189  
 
Another approach is thermal oxidation, where a thermal oxidizer, cooling tower, absorption 
tower, and various tanks are used (shown in Figure 23). Although this process can remove F-
gases almost completely, it is energy intensive, as oxidizer temperatures need to surpass 
1200–1300°C and many such systems currently use natural gas.5  While this process is more 
common in developing countries, including China, one study estimated that 95% of HFC-23 
can be recovered and thermally oxidized.42 As Figure 24 also indicates, thermal oxidation can 
be used to destroy SF6, although slightly higher temperatures of 1200°C to 1400°C are 
needed for the oxidizer. Natural gas is, again, commonly used as a fuel to achieve such 
temperatures. Some SF6 abatement projects were funded under the Kyoto Protocol’s Clean 
Development Mechanism, where LCD manufacturers used thermal oxidation to capture and 
destroy annual reductions of 2 million tons of CO2 equivalent per year.5 
   
Figure 24: Overview of the thermal oxidation process for the destruction and 
decomposition of HFC-23 (top panel) and SF6 (bottom panel) 
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Source: 5 
 
A third approach is plasma abatement technology. This involves decomposing F-gases 
utilizing plasma abatement, a process where waste gas containing F-gas mixtures enters a 
plasma torch fueled by argon at temperatures at 3000°C. The process, shown in Figure 25, is 
more common in countries such as Switzerland and the United Kingdom.  
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Figure 25: Overview of the plasma abatement process for the destruction and 
decomposition of HFC-23 
 

 
Source: 5 
  
 
For SF6 specifically, another pathway for destruction is via catalytic oxidation, operating at 
slightly lower temperatures in the range of 650–800°C. Here, as Figure 26 indicates, a pre-
treatment system heats the gases and reduces the amount of fuel consumption, and the 
process runs the resulting pollutants into multiple packed scrubbers, with wastewater as a 
medium.5  Catalytic oxidation projects within the LCD sector were also funded via the CDM, 
with projects usually displacing 1.223 million tons of CO2e worth of SF6.5 
 
Figure 26: Overview of the catalytic oxidation process for the destruction and 
decomposition of SF6 at an LCD facility  

 
 
 
Source: 5 
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Some abatement and destruction practices are very industry specific. In semiconductor 
manufacturing, thermal abatement systems can destroy or remove SF6 from effluent process 
streams, by heating SF6 to high temperatures.  Traditional thermal abatement techniques have 
been understood for at least a decade now. New, emerging techniques not yet widely utilized 
include catalytic decomposition (using catalysts to break down SF6), photoreductive 
degradation (using electrons), or nonthermal plasma methods including radio frequencies, 
dialectic barrier discharges, or microwaves.190  In thin-film solar PV manufacturing, burner-
scrubbers are commonly used to burn waste gases with natural gas, propane, or hydrogen and 
excess oxygen.191 
 
Although destruction can be done onsite—at manufacturing facilities using F-gases—it can 
also occur at facilities dedicated to destruction.  One study mentions “fluorocarbon recovery 
and destruction systems” that can collect F-gases from various retailers or storage centers 
before they are thermally destroyed.192   Another study proposes the active destruction of 
HFCs and PFCs using hybrid renewable energy facilities, notably wind and solar, meaning 
there would be no net carbon emissions associated with their capture, removal, and 
destruction.193 Solar energy in particular can provide photocatalysis to convert air pollutants 
into safer compounds.194 

7. The benefits of decarbonizing synthetic emissions 

Although not quite as diverse as the literature on the topic of technology and innovation, our 
review did reveal a compelling collection of evidence documenting the benefits of 
decarbonizing potent F-gases. These centered on the following five areas.  
 
7.1 Fully abatable yet tremendous carbon-equivalent reductions  

As mentioned earlier, one unique attribute of F-gases is that they are factory made and 
synthetic. This makes them unlike many other pollutants (including methane, carbon dioxide, 
and nitrogen oxide) in that their use is controllable with regulatory effort and their emissions 
are almost completely abatable.11  One assessment predicting global emissions of F-gases 
noted that the full technical abatement potential between 2005 and 2035 was 97%.127 This 
essentially suggests that it is possible to mitigate all emissions except for those from F-gases 
in unrecoverable banks.   
 
The emission reductions from these efforts can be astoundingly large. One report estimated a 
feasible reduction potential for F-gases of 1.2 GtCO2-eq per year, with the largest reductions 
(34%) from commercial refrigeration followed by air conditioning (32%, with 17% from 
stationary systems and 15% from mobile systems), and HFC-23 (25%), which has the highest 
global warming potential (GWP) among HFCs and is primarily produced as an unwanted by-
product during the manufacture of the refrigerant HCFC-22.195 A more recent reported 
estimated that phasing down HFCs will prevent 8.8 Gt of CO2-eq per year in emissions by 
2050, for a cumulative total of between 87 and 146 Gt of CO2-eq in avoided emissions.20 A 
secondary benefit noted from the study is that phasing out of HFC production would also 
avoid the buildup of emissions in banks, which could relate to an additional 200 Gt or more 
of CO2-eq by 2050. 20  A third report suggests that limiting the emissions of HFCs  this 
decade (before 2020) would save 100 to 200 GtCO2e by 2050 and avoid up to 0.5°C of 
warming by 2100.30  For context, these amounts of emissions reductions are remarkable: 
more than the entire emissions saved by the Kyoto Protocol, and more than 3 times the 
current 33 Gt of energy related carbon dioxide emissions emitted by the world each year.196 
 



Decarbonizing potent industrial gases 64 
 

Specific reductions from particular sectors and industries can also be substantial. One study 
projected that use of best available technologies could cut cumulative emissions from the 
stationary air conditioning and refrigeration sectors by 38–60 Gt CO2-eq through 2030, 130–
260 Gt CO2-eq through 2050, and 210–240 CO2-eq through 2060.102 Other calculations from 
Lawrence Berkeley National Laboratory confirm that, in the room air conditioning sector, 
improving efficiency could avoid ~25 Gt of CO2 emissions in 2030, ~33 Gt in 2040, and ~40 
Gt in 2050, for cumulative mitigation up to ~98 Gt. 30  Reductions from magnesium casting 
and aluminum processing can be substantial as well, with up to 250 million tons of CO2e 
coming from those two sectors alone each year.73 
 
Because one of our F-gas categories, HFCs, are also a short-lived climate pollutant, 
displacing it can bring almost immediate dividends in terms of stabilizing the climate.  One 
study noted that HFC reduction alone could reduce the impacts of expected sea level rise by 
13%.30 197 
 
7.2 Energy savings and avoided power plants 

Because manufacturing F-gases are energy-intensive, and also consume energy when they are 
converted to intermediate products, captured, recycled, and destroyed, displacing and 
reducing them has significant knock-on effects in terms of reducing energy consumption. 
Manufacturing HFC-134a, for example, requires 64-105 GJ/ton.66   The Kigali Amendment 
to the Montreal Protocol, which we will discuss a bit more in Section 9, is phasing down only 
about 60% of the world’s HFCs (not any other F-gases) and even it is projected to reduce 
global electricity demand by 0.2% to 0.7%.198   
 
Some of the devices being used as F-gas alternatives also tend to have significantly better 
energy efficiency attributes. As just one example, the CFC-free chillers being promoted in the 
United States are also 50% more efficient than those that had used CFCs and commercial 
refrigerators with new low-GWP refrigerants can be 15 to 30% more efficient.30 The 
beverage manufacturers Coca-Cola and PepsiCo also report energy efficiency gains of up to 
47% in their new CO2 and hydrocarbon refrigeration equipment compared to HFC models.85 
Tesco, a global supermarket chain, and Unilever, a major food and beverages manufacturer, 
also reported a 10% gain in efficiency from new hydrocarbon based commercial refrigerants 
over HFC models. 30 As one study put it, “currently, low-GWP alternatives exist for all major 
sectors [in air conditioning and refrigeration] that achieve at least equal energy efficiency and 
more often result in energy savings.”14 
 
These efforts in aggregate can save incredible amounts of electricity. Lawrence Berkeley 
National Laboratory predict that a combined transition to low-GWP refrigerants and higher 
efficiency room air conditioners could result in energy savings of 544 to 1,270 GW of 
electricity capacity by 2050.199 To put this in context, it is an amount of electricity equal to 
the construction and operation of between 680 and 1,587 medium sized peak-load coal-fired 
power plants by 2030, and between 1,090 and 2,540 power plants by 2050 (see Table 13). 
Apart from the obvious savings in terms of greenhouse gas emissions and avoided electricity 
generation, these gains would also lower the cost of operating air conditioning, lessen 
pressure on congested electricity grids, and result in cost savings to consumers. 30   In India, 
use of best available technology for air conditioning could not only reduce energy 
consumption for the electricity sector by 40%, it would also avoid the need to build 120 new 
power plants (at a cost of $60 billion) and save $1.33 billion in energy imports; it would 
lastly save Indian consumers an estimated $8.85 billion in electricity costs.20  
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Table 13: Number of 500 MW Peak-Load Power Plants Avoided by low-GWP 
refrigerants and higher efficiency room air conditioners 
 
 2030 2050 

Brazil 31–72 92–216 
Chile 1–2 2–4 
China 265–619 310–720 
Colombia 4–10 10–24 
Egypt 6–14 20–46 
India 61–142 219–511 
Indonesia 40–93 60–140 
Mexico 4–9 11–26 
Pakistan 3–6 18–42 
Saudi Arabia 4–9 5–12 
Thailand 12–27 14–30 
United Arab Emirates 2–4 2–6 

Vietnam 13–30 15–36 
Global 680–1587 1090–2540 

Source: 30 
 
7.3 Improved health and food security via more reliable refrigeration and cooling 

A third benefit to F-gas mitigation and the substitute technologies it promotes is enhanced 
refrigeration and cooling technologies, those that not only reduce equivalent carbon 
emissions and save energy, but also provide improvements in cost, reliability, durability, and 
lifetime.200 Better designed and longer lasting refrigerators can bring direct health benefits to 
users in terms of improved indoor air quality, and better designed air conditioners can 
improve air quality and ventilation, reduce mold related illnesses (including allergies and 
asthma), and reduce infections associated with poor air flow or cooling systems such as 
tuberculosis, chickenpox and legionella.201  This consideration is particularly important given 
the recent COVID-19 pandemic and the role of air conditioning systems in mitigating spread 
of the disease.202 Finally, poorly designed and inefficient refrigeration systems are estimated 
to result in the loss of two million lives each year due to damaged vaccines and failures in the 
cold chain due to heat stress. It is also estimated that approximately 400 million tons of food 
each year are improperly refrigerated and stored and hence end up spoiling..85 The impact is 
disproportionately felt in developing countries as the adequate cold chains accounts for about 
9% of lost production of perishable foods in developed 
countries but 23% in developing countries.93 
 
7.4 Enhanced ozone protection 

Although many of the newest F-gases in use have lower ozone-depleting potential than their 
earlier counterparts, they are not ozone neutral. That is, they still have low ozone depleting 
potential, and this can add up over millions of tons of emissions.  As strong radiative forcers, 
HFCs especially increase tropospheric and stratospheric temperatures, thereby enhancing 
ozone-destroying catalytic cycles and modifying the atmospheric circulation, which can lead 
to the depletion of stratospheric ozone. Atmospheric modeling of various HFC emissions 
with different surface mixing ratios suggests that HFCs do warm the troposphere and 
stratosphere and in doing so reduce total ozone response (i.e., increasing the ozone hole). As 
the projections in Figure 27 suggest, HFC-125 makes the largest contribution to the warming 
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of the upper troposphere and stratosphere, accounting for approximately half (0.11 K) of the 
annual mean warming (0.23 K) in 2050.203 Hence, HFC abatement has the co-benefit of 
strengthening the ozone layer. 
 
Figure 27: Projected atmospheric mixing rations for different HFC compounds and 
impacts on temperature response and long-term ozone trends  
 
 

 
Source: 203 
 

7.5 Technology transfer and positive governance spillovers  

Based partly on the globalized nature of modern industrial markets and practices, and also 
partly on governance arrangements discussed in Section 9 (such as the Multilateral Fund 
(MLF) of the Montreal Protocol, or the Clean Development Mechanism (CDM) of the Kyoto 
Protocol), mitigating F-gases has the added benefit of building the technological capacity of 
developing countries.   
 
Since it was established in 1991, the MLF, for example, has invested $3 billion in funding for 
the phaseouts of ozone depleting substances across 147 developing countries (often through 
more efficient refrigeration systems) and spurred the development of superefficient air 
conditioning.20  Indonesia, for example, used a $2.7 million project to eliminate emissions of 
HCFC-141b through industrial energy efficiency conversions at foam companies.204 (As an 
important aside, the MLF was also extremely effective at cutting carbon emissions, as it 
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achieved an estimated 188–222 Gt CO2-eq in emissions reductions from the phaseout of 
CFCs and other fluorinated greenhouse gases, equivalent to less than US$0.01 per ton of 
CO2-eq reduced).30 
 
Similar cooperation has occurred under the CDM. In China, international cooperation and 
technology transfer played a crucial role in ensuring reductions from HFC-23. As Table 14 
notes, HFC-23 projects represented more than one-quarter (26.93%) of certified emissions 
reductions under the CDM.  The frequency of technology transfer within CDM projects 
varied greatly, but they were at 100% for HFC-23 projects. Moreover, the sum of carbon 
equivalent emissions reductions from the eight HFC-23 projects were greater than the amount 
of carbon abated by any other collection of projects—including the 341 hydroelectricity 
projects or the 246 wind energy projects..  Although one study focused on China concluded 
that  “the density of technology transfer is high in HFC-23 projects,” it does have “lower 
technology investment requirements” and thus more “limited contributions on China’s 
sustainable development.205 
 
Table 14: Technology transfer and CDM projects in China 
 
 

CDM 
category 

Number 
of 
projects 

Average 
project size 
(kt 
CO2e/yr) 

Technology 
Transfer  
projects (TT) 

TT 
percent 
projects 
(% of 
total) 

TT emission 
reductions 
(% of annual 
total) 

Hydro 341 136.50 91 26.69 7.33 
Wind 246 136.61 14 5.69 34.86 
Energy 
efficiency 

61 228.36 30 49.18 78.38 

Methane 
recovery 

33 600.07 19 57.58 55.25 

Fuels substitute 17 1281.37 17 100.00 100.00 
N2O 
decomposition 

17 351.97 12 70.59 70.75 

Landfill 
burning 

12 186.75 10 83.33 90.37 

Biomass 
energy 

12 178.84 4 33.33 43.71 

HFC-23 
reduction 

8 5743.41 8 100.00 100.00 

Cement 2 287.99 0 0.00 0.00 
Solar 2 35.72 0 0.00 0.00 
Fossil fuel 1 274.91 1 100.00 100.00 
Mixed 
renewables 

1 66.39 1 100.00 100.00 

Other 
renewable 
energy 

1 19.27 0 0.00 0.00 

Total 754 248.64 207 27.45 59.88 
Source: 205 
 
Another study noted significant technology transfers and capacity building related to 11 HFC 
projects, 3 PFC projects, and 10 SF6 projects funded by the CDM, projects that saw France, 
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Germany, Italy, Japan, the Netherlands, Switzerland, and the United Kingdom share with 
developing countries knowledge and expertise concerning HFCs abatement using thermal 
oxidation technology, PFC reduction techniques for aluminum smelting, and SF6 recovery 
and thermal and catalytic oxidation techniques.5  As shown in Table 15, cross the entire cache 
of 7749 CDM projects registered at the end of the initiative, 154 of them (1.98%) targeted F-
gas emissions reductions and these saved collectively 147.56 million tons of carbon dioxide 
equivalent.206   
 
Table 15: Country-wise distribution of CDM projects for fuel emissions, halocarbons 
(HCF) emissions and sulfur hexafluoride (SF6) emissions  
Country No. of projects Estimated emission 

reduction 
Armenia 1 222,657 
Argentina 1 1,434,143 
Bangladesh 1 4,378,506 
Brazil 1 274,715 
China 98 102,224,275 
Georgia 2 512,848 
Ghana 1 2,603,226 
India 10 10,857,787 
Indonesia 4 777,692 
Iran  2 511,382 
Israel 2 284,641 
Mexico 3 2,533,176 
Nigeria 4 4,668,609 
Oman 1 775,250 
Papua New Guinea 1 57,438 
Qatar 1 2,499,649 
Republic of Moldova 2 912,946 

Republic of Korea 7 4,990,618 
Serbia 1 581,783 
South Africa 1 249,409 
Thailand 1 26,163 
United Arab Emirates 1 109,142 
Uzbekistan 7 5,400,192 
Vietnam 1 677,000 
Total  154 147,563,247 

Source: 206 
 
These projects under the Montreal and Kyoto Protocols collectively enabled dozens of 
countries to better learn F-gas abatement techniques, lessons that they can continue to apply 
in future F-gas phasedowns.  It also suggests that further phasing out of F-gases can 
accelerate the diffusion of best practices—technologically and socially—throughout the 
world.  
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8. The barriers and challenges to reducing F-gas emissions  

Unfortunately, the benefits to F-gas emission reduction are not a given, and often face a 
pernicious set of barriers and challenges that prevent their achievement. This section 
discusses seven challenges to addressing F-gas emissions.  
 
8.1 Financial and economic barriers 

The first and most obvious barrier  is that F-gas abatement costs money and requires financial 
resources.  Although some HFC abatement options are considered cheap, i.e. in the range of 
less than $10 per CO2e207, comprehensive options across all categories of F-gases would be 
expensive.  Almost all alternatives thus have many challenges to overcome, especially their 
cost. 85  In aluminum smelting and processing, the capital cost of PFC abatement systems can 
be as high as $7.1 to $8 million.5  Extracting F-gases out of banks is expensive—averaging 
$15 to $35 per ton of CO2e; further complicating factors, only 8.8 Gt of emissions in banks, 
out of 21.2 Gt, were classified as “easily recoverable” or “economically viable.”22  
 
Active destruction of F-gases is also expensive.  The capital cost of a typical thermal 
oxidation system for abating about 6 million tons of CO2-eq of HFC-23 is almost $5 million, 
with an additional $120,000 needed for annual operating and maintenance costs.5 Plasma 
abatement systems are believed to be even more expensive, and F-gas reduction techniques in 
the semiconductor manufacturing industry range from $108 to $156 per ton CO2-eq. 5 
 
These costs add up when considered at the scale of global F-gas abatement. For instance, a 
phasedown in HFCs in the refrigeration and air conditioning sectors beginning in 2020 was 
projected to cost 1.5 to 2 times more than the cost of the Montreal Protocol implementation, 
i.e. as much as €5–11 billion by 2050.30  Marginal abatement cost curves for F-gases confirm 
these findings, suggesting that eliminating 98% of them would require a cost of up to €200 
per ton of CO2e—or an annual cost of about €57 billion in 2050 (although this would also 
generate cost savings of €16 billion per year).127  The costs already associated with F-gas 
regulations in Europe (discussed more in section 9) equal €617 million, and 90% of those 
costs relate to certification and training.208 Depending on rates of learning and innovation, 
global compliance with the Kigali Amendment is also estimated to cost as much as €350 
billion over the entire period 2018 to 2050.209 
 
This all implies major costs for abatement beyond those achievable via Kigali, which only 
reduces about 60% of HFCs, if abatement approaching 99% to 100% is to be achieved for a 
truly net-zero society. This issue intersects with the theme of financing and business models, 
which we explore in Section 9.1. 
 
8.2 Occupational hazards and exposure 

Although exposure to F-gases is generally considered harmless as they are non-toxic, 
destruction processes for those F-gases do create an array of occupational, health, and 
environmental hazards.   
 
One concern relates to direct occupational exposure. For instance, some alternative 
refrigerants, such as HFC-236fa, have been connected to narcosis and reduced alertness in 
laboratory animals.210   The byproducts created by the destruction and decomposition of SF6 
are particularly harmful, because most of them (such as S2F10, SF4, and HF) are highly 
reactive, corrosive, and toxic.211 212 Many are known to cause damage to the human central 
nervous system and HF is well known for its ability to cause severe chemical burns upon 



Decarbonizing potent industrial gases 70 
 

dermal contact and to cause skeletal fluorosis in workers heavily exposed to high levels of 
fluorspar. 211  One study suggested that the “heavy global warming effect” was only one of 
the serious environmental problems of SF6, the other equally serious problem is the “high 
toxicity of its decomposition products.”213 In substations and circuit breakers, products such 
as SF4 are emitted when SF6 breaks down, and SOF, SOF2, SO2F2, and other toxic 
substances can be generated when SF4 reacts with oxygen in electrical equipment. With 
water inside, SF4 reacts and generates H2SO4 and HF, which lead to performance 
degradation and corrosion of parts. SF6 and its decomposition products generate WF4, AlF3, 
CuF2, and other toxic substances when they react with copper, aluminum and other metal 
materials. As one study warned: 
 

Toxic products pose risks to the health of workers, which may even be life 
threatening. SF6 is a simple asphyxiating gas. Contact with this gas may accelerate 
breathing rate and heart rate. The gas can also slightly affect muscle coordination, and 
it can cause emotional irritability, fatigue, nausea, vomiting, and other symptoms. 
Repeated exposure to high levels of SF6 may cause fluorosis and dental fluorosis, and 
nausea, vomiting, loss of appetite, diarrhea, or constipation may be experienced. 
Nosebleeds and sinus problems may also occur. Under normal circumstances, SF6 gas 
contains oxyfluorides. Decomposition of SF6 can generate HFSO2, SO2F2, SOF2, 
S2F10, and other substances. These substances are strong irritants and directly 
endanger human health. 213 
 

It summarized these sobering health effects in Table 16. There is a legitimate concern that 
active destruction of SF6 would present many of these same hazards to exposed workers.  
 
Table 16: Clinical symptoms and health threats caused by the decomposition or 
destruction of SF6 
 
Decomposition gas Clinical symptoms 
SF4 It can cause lung damage, which affects the respiratory 

system; its toxicity is similar to phosgene toxicity. 
S2F10 Its toxicity is greater than phosgene toxicity; the respiratory 

system is mainly damaged, which may result in pulmonary 
edema. 

SOF2              It can cause severe pulmonary edema and mucous 
membrane irritation. 

SO2F2    Inhalation of this odorless gas can quickly result in death. 
SOF4    It can cause lung damage. 
HFSO2     It has a strong stimulating effect on the skin and mucous 

membranes; it can cause water in lungs, mucous membrane 
irritation, swelling, pneumonia, and respiratory system 
damage.  

Source: 213 
 
A second concern is that many of the low- to no-GWP refrigerants are flammable or highly 
flammable—See Figure 28.214 This creates additional safety concerns for processing and 
handling during manufacturing and necessitates greater training and awareness. as end-users 
relying on products (such as refrigerators) that use these alternative refrigerants are placed at 
greater fire hazard risk.  
 
Figure 28: Levels of flammability with low-GWP refrigeration fluids  
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Source: 214 
 
A third concern relates to community impacts for those around facilities that seek to destroy 
or abate F-gases.  There is troubling evidence from India that HFC-23 destruction projects 
there became polluting and potentially toxic activities when their hazardous feed stocks (such 
as chloroform and sulfuric acid) and wastes were not treated and disposed of properly.215 A 
project there was accused of dumping hazardous wastes from HFC-23 destruction directly 
into community watersheds. It was also alleged that the thermal incineration process created 
hydrochloric acid and hydrogen fluoride, and resulted in the release of carbon monoxide, 
sulfur dioxide, and nitrous oxide, as well as caustic soda (sodium hydroxide) and hydrated 
lime (calcium hydroxide). Groundwater tests confirmed “above permissible levels” of many 
of these pollutants at village wells, which also featured oily films on the water. Chloride 
toxicity was also detected on crops along with white crusts on local soils. Farmers claimed 
that the quality and yields of corn, cotton, and rice were all negatively affected, and 
community residents reported they were suffering from endemic eye and skin conditions such 
as skin pigmentation disorders, rashes and eye irritation, joint pains, and decreased fertility. 
215 
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8.3 Data quality and unreported emissions  

A third major challenge to F-gas emission reduction is data deficiency and high rates of 
unreported or unaccounted for emissions, as well as a small but thriving illegal trade in 
counterfeit products and banned F-gas substances. 
 
One recent study warns that, despite F-gases being potent gases and prominent targets for 
climate policy, “Significant uncertainties exist regarding F-gas and HFC emissions data at the 
global and national levels,”  “little sectorally disaggregated HFC emissions data currently 
exist,” and lastly that “most non-Annex parties does not submit sufficiently updated F-gases 
or HFCs emissions data in major global databases, including the UNFCCC database.”102  It 
noted substantial deviations in global F-gas emissions across the two most significant datasets 
utilized, EDGAR and the UNFCCC (see Figure 29). Particularly large deviations were noted 
for the United States, Japan, Russia, and China.  
 
Figure 29: Global F-gas emissions presented in UFCCC and the EDGAR datasets, 1990 
to 2017 
 

 
Source: 102 

 
Atmospheric monitoring of various F-gas pollutants commonly identifies large and disturbing 
discrepancies.  A global assessment of the most abundant HFCs used atmospheric 
measurements from the Advanced Global Atmospheric Gases Experiment and the National 
Institute for Environmental Studies (among other networks) and found that many HFC 
emissions were significantly greater than reported values.216  One study using atmospheric 
data for Europe found that some F-gases such as HFC-365mfc were up to 50% higher than 
were being reported, and most other HFCs were 20-30% higher than reported.217  Rigby et al. 
add that “more complete reporting of global HFC emissions is required, as less than half of 
global emissions are currently accounted for.”218 
 
The same holds true for HFC-23. One study of HFC-23 emissions discovered huge gaps 
between monitored amounts and reported amounts, with estimates up to 140% higher than 
official emissions from national reports. As Figure 30 shows, for one country, Italy, the 
estimate of 26–56 Mg/yr exceeded the national inventory (2.6 Mg/yr) by more than an order 
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of magnitude.219  It has been calculated that difference between reported and observation-
inferred estimates of HFC-23 capture an additional ~309 million tons of CO2-equivalent 
emissions that were added to the atmosphere between 2015 and 2017.220 
 
Figure 30: Discrepancies in reported versus observed emissions of HFC-23 in selected 
countries 
 

 
Source: 219 Note: the “observed” emissions are inferred from Bayesian inversion and point 
source analysis.  
 
Similar problems exist for SF6. One inventory of SF6 emissions noted “a surprisingly large 
gap of more than 70–80% of non-reported SF6 emissions in the last decade.”221 Another 
report states that “many countries in the world do not report their [SF6] emissions, and the 
details concerning emission sources often lack consistency.”222 In the United States, it has 
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been reported that only 59% of SF6 emissions are reported to the Environmental Protection 
Agency.223 
 
Particular industries such as semiconductor manufacturing and aluminum smelting have also 
been accused of underestimating “large sources”224 and “potentially substantial” amounts of 
F-gas emissions.225 
 
8.4 Illegal trade from criminal networks  

Unreported and unaccounted for emissions is compounded by a related trend: a “thriving” 
black market for banned and illegal F-gas substances, especially in Europe. As one report 
described, “quotas are circumnavigated by criminal organizations, who make vast profits on 
the black market and through uncontrolled e-commerce.”226 A single shipment can earn an 
importer up to €200,000.  Across Europe, criminal networks, including organized crime, sell 
up to 35 million tons of CO2e F-gases banned by European Union regulations—an amount so 
large, it’s equal to 33% of the legally allowed quota, or equivalent to adding 25 million cars 
to European roads.227 The amount of black-market HFCs originating from China alone are 
estimated to be equivalent to the annual emissions of 3.5 million cars,228 or four large coal-
fired power plants.229  This also corresponds to approximately $500 million in lost profits 
from legal and reputable sources of refrigerants, lost revenues that are said to stifle 
innovation in new alternatives. 230  Figure 31 shows both the most common trade routes for 
these illegal HFCs as well as amounts of seized illegal HFCs (which totaled more than 4.5 
million tons of CO2e in 2019). 
 
Figure 31: Potential trade routes (top panel) and seizures (bottom panel) of illegal HFCs 
entering the European Union 
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Source: 229 226  Action Line reports refer to those called into a European hotline. 
 
8.5 Gaming and manipulation  

Because F-gases are so potent, under certain pricing regimes it has become more valuable to 
earn carbon credits for abating them than to make them for particular products. For many 
years, this led to the perverse outcome of having manufacturers of some F-gases game the 
system to only make products that they could abate in return for carbon credits. The marginal 
abatement cost for destruction of some F-gases such as HFC-23 are below $1 per ton of CO2-
eq, 231  yet the value of the carbon credits was between 45 and 75 times the actual cost of 
abatement.232  Industrial manufacturing firms quickly realized that they could initiate projects 
to rapidly earn hundreds of millions of emission credits at very low abatement costs.207 
 
For example, projects abating HFC-23 and SF6 under the Kyoto Protocol’s Joint 
Implementation mechanism in Russia increased waste gas generation to unprecedented levels 
once they could generate credits from producing more waste gas, something shown in Figure 
32. 233  After the start of crediting, SF6 production (and abatement) from HaloPolymer Perm 
tripled beyond historical emission levels. The Gujarat Fluorochemicals Limited HFC-23 
destruction project in Gujarat, India, followed a similar trend, increasing HFC-23 abatement 
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by almost tenfold and then capturing 28% of all certified emissions reduction credits issued to 
India.215  Firms in China, other parts of India, and Central America were doing similar 
manufacturing of HFC-23 so they could destroy it, earning significant certified emission 
reduction credits in exchange.234 
 
Figure 32: SF6 waste generation and abatement at the HaloPolymer Perm plant in 
Russia 
 

 
Source: 233 
 
Collectively, these efforts to manipulate and game the F-gas abatement process led to a 
“grotesque” 232 amount of lost revenue.  The value of credits given to HFC-23 projects has 
been estimated at €4.7 billion, when the actual cost of capturing and abating the HFC-23 was 
estimated at €100 million—with the remaining €4.6 billion transformed into pure profit.235 
Although the practice was banned from the Kyoto Protocol in January 2011, there is concern 
that the sheer climate potency of F-gases will give rise to future market manipulations, and 
they could also lead to situations of emissions “blackmail” where firms or countries threaten 
to emit F-gases unless they are paid large sums of money not to emit.232 
 
8.6 Rollbacks and gaps in regulation  

This collection of barriers relates to policy rollbacks and gaps in regulation. In the United 
States, the Trump Administration has very recently rolled back or reversed numerous rules 
and policies intended to abate F-gases.  To address HFC emissions and their projected effect 
on climate change, the U.S. EPA had promulgated changes to the regulatory requirements for 
HFCs under the Clean Air Act, efforts which have since been legally challenged.17  In 2016, 
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nearly 200 nations, including the United States, agreed to the Kigali Amendment to the 
Montreal Protocol, signaling a commitment to phase down HFC emissions, but the United 
States has since refused to ratify and implement the agreement.236 Also, in 2020 the EPA 
rescinded the portions of the Clean Air Act that extended maintenance and leak repair 
requirements to appliances using HFCs and other substitute refrigerants. 17  In the European 
Union, policies are still enforced, although they were intended to apply only to newly 
installed refrigeration and air conditioning systems, meaning existing systems were 
grandfathered, along with banks.167 
 
The Kigali Amendment to the Montreal Protocol, noteworthy as it is (and discussed more in 
Section 9.2), also took 8 years to negotiate, meaning it had a number of political 
compromises in program design.22 Firstly, it subscribed to the notion of “common but 
differentiated responsibility” meaning that developed countries have the historic 
responsibility to abate larger amounts of CFCs, HCFCs, and  HFCs, and go first and provide 
funding for the incremental costs of assisting developing countries to transition out of HFCs 
use. As such, the progress developing countries such as China or India make is dependent on 
technology transfer (via the Multilateral Fund) and is also allowed to be slower than that of 
developed countries, even though it is developing countries that will see HFC emissions rates 
climb the fastest. Moreover, such developing countries do not need to start freezing HFC 
consumption until 2024 and only need to begin a phasedown of HFCs by 2029; and even 
then, the maximum phasedown is only 80%.  Second, although Kigali sets phase-out 
schedules for HFCs, each party can decide how to meet those goals given their unique 
national uses, and it offers countries a fairly long grace period by which to comply. Third, the 
Amendment has an exemption for countries with high ambient temperature conditions, 
known as the “high ambient exemption,” which gives countries in hot climates the ability to 
further delay their implementation.  Fourth and lastly, while concerns about banks of HFCs 
were raised during negotiations, the Amendment does not mandate anything concerning the 
collection, recycling, or destruction of banks. Similarly, exemptions exist in other phaseouts. 
The F-gas regulations in the European Union, and their phasedown program, exempts 
metered-dose inhalers, military equipment and manufacturing of semiconductors from 
coverage. 237 
 
8.7 International standards  

A final class of barriers relate to delays in issuing standards.  Standards pose a pertinent 
challenge to F-gas emission mitigation due to the length of time that they take to change and 
how international standards bodies are revealing a difficulty in approving standards fast 
enough to both address climate change and promote best available technologies.  As one 
study rightly noted, “international, regional and national safety standards and building codes 
are blocking the commercialization and marketing of energy-efficient, low-GWP substitutes 
to HFCs in refrigeration and air conditioning equipment.”22  However, most current standards 
that apply to F-gas substitutes, especially low-GWP substitutes, are almost 20 years old, and 
do not take into account modern innovations, practices, and equipment.  The Kigali 
Amendment, HCFC phase-out plans, and technology transfer programs stimulated by the 
MLF from the Montreal Protocol were all developed without explicit accommodation that 
low-GWP equipment would have to comply with existing standards, or that such standards 
would have to be changed.  To give two examples for how this blocks progress: 
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• There are approximately 1.5 billion domestic refrigerators around the world using 
hydrocarbons. 100 percent of all refrigerators placed on the European market after  
January 2017 must use hydrocarbons as the refrigerant. However, the US standard-
setting body UL (formerly Underwriting Laboratories), adopted a hydrocarbon charge 
size of just 57 grams for domestic refrigerators and freezers. It is impossible to make 
competitively priced and energy-efficient refrigerators using such a small 
hydrocarbon charge.238 

• Chinese, European and Indian companies have hydrocarbon air conditioners that have 
been proven safe through risk assessments and other evaluations, but these cannot be 
sold in the United States. 239 

 
Standard bodies governing air conditioning and refrigeration in particular are known to be 
“extremely slow” at reviewing and upgrading standards, and it is not unusual for it to take 10 
years or more to review and revise a particular standard. 22 
 
In more complex situations, an entire collection of standards would need to be changed 
across multiple sectors. One study noted that the adoption of low-GWP energy efficient 
refrigerators in the United States would require changes to at least the following five classes 
of standards, each with a different governing body:97 
 

• Accumulator pressure requirements (regulated by the federal government); 
• Bans on toxic and flammable refrigerants (regulated by state governments); 
• Requirements for training, personal protective equipment, safe handling, pressure 

relief devices, equipment inspection, worker exposure, ventilation, and refrigerant 
storage (regulated by the Occupational Safety and Health Administration); 

• Toxicity Program and Significant New Alternative Program Reviews (regulated by 
the Environmental Protection Agency); 

• Restrictions on transport and distribution (regulated by the National Highway Traffic 
and Safety Administration). 

 
Standards can thus very much stifle the uptake, adoption, and market potential of F-gas 
alternatives, but could be refined to be more supportive.  

9. Financing, governance and policy instruments  

Although the barriers we described are interconnected and often potent, policy mixes and 
business models can be harnessed to overcome them. This section briefly describes both sets 
of topics from our systematic review.  
 
9.1 Financing and business models 

Given the financial and economic barriers mentioned in Section 8.1, especially the additional 
capital costs and investment needed to install F-gas abatement technologies, stakeholders 
have identified the need for financing. One study discusses how a mix of private and public 
finance can accelerate emissions reductions, and proposes how auctions that underwrite the 
value of emissions reductions could provide price certainty over long time horizons and also 
incentivize private investment in abatement options.240 Another study proposes auctions and 
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then tradable credit schemes.241   The World Bank adds that while the net economic costs of 
abatement can be zero to negative, given the benefits discussed in Section 7 (especially 
related to energy savings and carbon savings), the financial costs and lack of finance often 
prevents these options from being realized.242  For HFCs particularly, the World Bank notes 
that project-based carbon finance has been “instrumental” at driving large emissions 
reductions of some F-gases. 242 Other work has called for economic stimulus packages in 
response to the 2020 COVID-19 pandemic to incorporate support for climate-friendly cooling 
technologies and practices. According to the Economist Intelligence Unit, such stimulus 
could result in the mitigation of up to 460 Gtons of greenhouse gas emissions by 2060.243 
 
Less of the literature looks explicitly at business models, although one report noted that 
applying circular economy principles to manufacturing, especially aluminum (a key  source 
of PFC emissions) could minimize material needs and extend product lifetimes, with positive 
impacts on emissions reductions.244  The IPCC also writes that “new business models could 
foster dematerialization and more intense use of products,” which would also reduce the F-
gas emissions needed for many industrial products and practices. 245 
 
9.2 Governance and international cooperation 

One of the unique attributes of F-gases relates to their connections with global modes of 
energy and climate governance, as well as very specific networks and hybrid institutions. The 
four most noteworthy of these are the Montreal Protocol (including the Kigali Amendment), 
the Kyoto Protocol, Paris Accords, and the international Climate and Clean Air Coalition 
(CCAC). 
 
The Montreal Protocol, technically the Montreal Protocol on Substances that Deplete the 
Ozone Layer, is an international agreement that regulates ozone depleting substances.21 
Under the Montreal Protocol, there are three Assessment Panels: The Scientific Assessment 
Panel (SAP, which explains how the atmosphere is changing), the Environmental Effects 
Assessment Panel (EEAP, which explains why ozone depletion is important to human  health 
and natural ecosystems), and the Technology and Economic Assessment Panel (TEAP, which 
explains what is feasible and what can be done to avoid and mitigate undesirable 
consequences). The three panels conduct a full assessment every four years and integrate the 
findings in a Synthesis Report.246 The Montreal Protocol was signed by 24 Parties in 1987 
and had the initially modest ambition to freeze halon production and reduce CFC production 
by 50% over 12 years gradually.  Over time, however, it increased its ambition and coverage 
and expanded to control a dozen new ozone depleting substances through amendments, 
which accelerated both emissions reductions and phase-out schedules.  Developing countries 
agreed to the binding agreements of the Protocol in exchange for financing from the 
Multilateral Fund, governed by a committee of seven developed and seven developing 
country parties with a history of operating by consensus.247 The Protocol is special insofar as 
every United Nations member state is a party—meaning it is the only environmental treaty 
with universal membership—and every party is in full compliance (with temporary 
exemptions for some developing countries).  
 
Given this universal membership and compliance, one study notes that “The Montreal 
Protocol is widely considered the most successful environmental treaty.”248   As Figure 33 
reveals,  98% of almost 100 ozone-depleting chemicals have been phased out worldwide due 
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the protocol implementation and the stratospheric ozone layer is on its way to recovery by 
2065.97 From 1990 to 2010, compliance with the Montreal Protocol reduced greenhouse gas 
emissions by 135 Gt CO2e, and enabled a total delay in climate forcing of 31-45 years. In 
other words: without the Montreal Protocol, emissions of ozone-depleting substances would 
have reached an estimated equivalent of 24-76 Gt CO2-eq per year in 2010, and these 
emissions would have contributed nearly as much radiative forcing as anthropogenic 
emissions of CO2. In the words of the 2018 report of the Technical and Economic 
Assessment Panel (TEAP), due to Montreal Protocol the world avoided a projected average 
temperature increase of ~2.5º C by 2070 (~2ºC in the tropics, 6ºC in the Arctic, 4º C in 
Antarctica).85 Updated numbers from the Economist suggest that the Montreal Protocol was 
“number one” in policies that have done the most to slow global warming to date, ahead of 
any other technology or agreement (see Figure 34).249 
 
Figure 33: Milestones and successful benchmarks in the history of the Montreal 
Protocol and stratospheric ozone depletion  
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Source: 97 
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Figure 34: Global comparison of emissions reductions by policies or actions (billion tons 
of carbon dioxide equivalent)  
 

 
 

The Montreal Protocol was amended in October 2016 by the Kigali Amendment to phase out 
of HFCs, something already discussed in section 8.5.  Under the Kigali Amendment 
developed countries have committed to phase out HFCs by 2019 and reach an 85% reduction 
by 2036 compared to averaged 2011-2013 consumption and production levels. Most 
developing countries, including China, agreed to follow the developed countries 
commitments by freezing consumption and production in 2024 and gradually reducing use by 
85% relative to baseline levels by 2045. The Amendment also included a commitment by 
developed countries to provide financing towards the cost of reducing HFCs. As Table 17 
indicates, the Amendment is four-tiered because some of the developed and developing 
countries have been granted longer time horizons for reduction. The developed countries are 
also required to support developing countries with additional funds from the Multilateral 
Fund. Although it is imperfect (see Section 8.5) it has been estimated that the phase-down of 
HFCs under the Kigali Amendment could save 80 Gigatonnes CO2 equivalents until 2050 
and also prevent up to a 0.4 °C temperature increase by 2100.207 

https://i1.wp.com/www.igsd.org/wp-content/uploads/2015/11/Economist_Deepest-Cuts.png?fit=1024%2C984
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Table 17: Roadmap for the HFC phase down under the Kigali Amendment to the 
Montreal Protocol  
 

a. By year and % (annual production and consumption) 
 

Year 
 
 

Developed 
countries (All 
other than those 
listed separately) 
 
 

Developed 
countries 
(Belarus, 
Russian 
Federation, 
Kazakhstan, 
Tajikistan, 
Uzbekistan) 

Developing 
countries (All 
other than those 
listed separately) 
 
 

Developing 
countries 
(Bahrain, India, 
the Islamic 
Republic of Iran, 
Iraq, Kuwait, 
Oman, Pakistan, 
Qatar, 
Saudi Arabia 
and the United 
Arab Emirates) 

Target 2011 - 2013 + 
15% 
HCFC baseline 
 

2011 - 2013 + 
25% 
HCFC baseline 
 

2020 - 2022 + 
65% 
HCFC baseline 

2024 - 2026 + 
65% 
HCFC baseline 

2019 90    
2020 90 95   
2021 90 95   
2022 90 95   
2023 90 95   
2024 60 95 100  
2025 60 65 100  
2026 60 65 100  
2027 60 65 100  
2028 60 65 100 100 
2029 30 30 90 100 
2030 30 30 90 100 
2031 30 30 90 100 
2032 30 30 90 90 
2033 
 

30 
 

30 
 

90 
 

90 
 

2034 20 20 90 90 

2035 20 20 70 90 
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2036 15 15 70 90 
2037 15 15 70 80 
2038 15 15 70 80 
2039 15 15 70 80 
2040 15 15 50 80 
2041 15 15 50 80 
2042 15 15 50 70 
2043 15 15 50 70 
2044 15 15 50 70 
2045 15 15 20 70 
2046 15 15 20 70 
2047 15 15 20 15 

 
a. By annex class and amount of emissions 

 
 Compliance 

period 
HFC & HCFC 
consumption 
phase- down 

Compli
ance 
year 

HCFC 
emission
s Tg 
CO2eq 

HFC 
emisson
s Tg 
CO2eq 

HFC & HCFC 
Tg CO2eq (% 
of baseyear 
emissions) 

Article 5 Group 
I (136 primarily 
developing 
countries) 

Base year: 
100% of 
average HFC 
consumption 
2020–2022 and 
65% of 
baseline HCFC 
consumption 

 2021 155.8 608.9 764.7 (100%) 

2024–2028 100% 2025 43.7 721.0 764.7 (100%) 
2029–2034 90% 2030 3.3 684.9 688.2 (90%) 
2035–2039 70% 2035 3.3 532.0 535.3 (70%) 
2040–2044 50% 2040 0 382.4 382.4 (50%) 
2045 onwards 20% 2045 

onwards 
0 152.9 152.9 (20%) 

Article 5 Group 
II (Bahrain, 
India, Iran, Iraq, 
Kuwait, Oman, 
Pakistan, Qatar, 
Saudi Arabia, 
and the United 
Arab Emirates) 

Base year: 
100% of 
average HFC 
consumption 
2024–2026 and 
65% of 
baseline HCFC 
consumption 

 2025 13.9 123.3 137.2 (100%) 

2028–2031 100% 2030 0.5 136.7 137.2 (100%) 
2032–2036 90% 2035 0.5 122.9 123.4 (90%) 
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2037–2041 80% 2040 0 109.7 109.7 (80%) 
2042–2046 70% 2045 0 96.0 96.0 (70%) 
2047 onwards 15% 2050 0 20.6 20.6 (15%) 

Non-Article 5 
Group I (45 
primarily 
developed 
countries) 

Base year: 
100% of 
average HFC 
consumption 
2011–2013 and 
15% of 
baseline HCFC 
consumption 

 2012 24.6 378.1 402.7 (100%) 

2019–2023 90% 2020 0 362.4 362.4 (90%) 
2024–2028 60% 2025 0 241.6 241.6 (60%) 
2029–2033 30% 2030 0 120.8 120.8 (30%) 
2034–2035 20% 2035 0 80.5 80.5 (20%) 
2036 onwards 15% 2040 

onwards 
0 60.4 60.4 (15%) 

Non-Article 5 
Group II 
(Belarus, the 
Russian 
Federation, 
Kazakhstan, 
Tajikistan and 
Uzbekistan) 

Base year: 
100% of 
average HFC 
consumption 
2011–2013 and 
25% of 
baseline HCFC 
consumption 

 2012 8.0 30.3 38.3 (100%) 

2020–2024 95% 2020 0 36.4 36.4 (95%) 
2025–2028 65% 2025 0 24.9 24.9 (65%) 
2029–2033 30% 2030 0 11.5 11.5 (30%) 
2034–2035 20% 2035 0 7.7 7.7 (20%) 
2036 onwards 15% 2040 

onwards 
0 5.8 5.8 (15%) 

Source: 250 251 
 
The Kyoto Protocol is an international treaty that extends the 1992 United Nations 
Framework Convention on Climate Change (UNFCCC), and it committed state parties to 
reduce greenhouse gas emissions. Included in its basket of regulated missions were three of 
our F-gases—HFCs, PFCs, and SF6—with NF3 added later in December 2012 as part of the 
Doha Amendment.252  The Joint Implementation and Clean Development Mechanisms of 
Kyoto facilitated multiple projects around the world that abated F-gas emissions (see section 
7.5).  
 
The Paris Agreement, adopted in 2015, updates Kyoto and sets out a global framework to 
avoid dangerous climate change by limiting global warming to well below 2°C and pursuing 
efforts to limit it to 1.5°C.  For the agreement to enter into force, at least 55 countries 
representing at least 55% of global emissions had to deposit their instruments of ratification. 
Included in its stipulations are the regulation of F-gases from industrial processes,  notably 
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HFCs, PFCs, SF6, and NF3 used in air-conditioning, fire protection, aerosols, non-ferrous 
metals, and insulating gas in high voltage switchgear. 
 
These international agreements are buttressed by some networks or hybrid initiatives. In 
February 2012, the international Climate and Clean Air Coalition (CCAC) was launched by 
six governments and the United Nations Environment Program to promote the mitigation of 
Short-Lived Climate Pollutants (SLCPs), one of which was explicitly HFCs. 14 21 As of 2020, 
the coalition had 67 member states as partners, 18 intergovernmental organizations, 57 
nongovernmental organizations and hundreds of actors from civil society groups. Supported 
by a Scientific Advisory Panel, the CCAC has launched several projects involving the private 
sector as an implementing partner, such as the Oil & Gas Methane Partnership and the Global 
Green Freight Project.253 
 
Other notable efforts to reduce HFC consumption and foster alternatives include 
“Refrigerants, Naturally!,” a collaboration between companies in the food and drinks sectors 
(including Coca Cola, PepsiCo, Red Bull and Unilever), the United Nations Environment 
Program and Greenpeace,253. The Climate & Clean Air Coalition initiative aims to mobilize 
the efforts of the private sector, civil society, international organizations and governments by 
proposing generic initiatives to help ensure transition to low-GWP refrigerants over the next 
few decades. The Alliance for Responsible Atmospheric Policy, whose nearly 100 members 
include Trane, Whirlpool, Sub-Zero, and Mitsubishi, also supports a global phasedown of 
high-GWP refrigerants.30  
 
The Rapid Climate Mitigation Campaign, developed by the Institute for Governance 
and Sustainable Development (IGSD), proposes action strategies that can be launched within 
2-3 years to reduce HFC emissions. The Consumer Good Forum, a global network of over 
400 retailers, manufactures, service providers, and other stakeholders from over seventy 
countries pledged to begin phasing out HFCs in new equipment beginning in 2015.14  The 
International Energy Agency is a partner organization in the Kigali Cooling Efficiency 
Programme (K-CEP), providing analytical insights and other information on cooling-related 
policy and technology data and information via the IEA site known as the Kigali Tracker.254 
K-CEP itself has a membership of 17 foundations and individuals that have pledged $51 
million to support measures aimed at increasing the energy efficiency of cooling in 
developing countries through the use of more efficient cooling equipment, phasing down the 
production and use of HFCs and replacing them with newer, climate-safe coolants.255.  These 
efforts are all backed by voluntary reductions of high-GWP F-gases at companies shown in 
Table 18. 
 
Table 18: Examples of voluntary corporate reductions of high-global warming potential 
F-gases 
 
 

Companies Targets and achievements  
 
PepsiCo 

240,000 HFC-free units 
HFC-free equipment in 30 countries with 100% natural refrigerants in 
Turkey since 2009 and in Russia since 2011 
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Coca-Cola 
Company 

1,700,000 HFC-free units as of January 2016 
100% HFC-free insulating foam for new refrigeration equipment 
100% HFC-free new cold drink equipment purchases as of the end of 
2015 

Red Bull 457,000 ECO-Coolers (more than 50% of all units) as of the end of 
2013 
Procurement 100% hydrocarbon based since 2010 

 
Unilever 

800,000 HFC-free freezers in 2012 
Working with their subsidiary Ben & Jerry’s to roll out hydrocarbon ice 
cream freezers in U.S. 

McDonalds 3,300 HFC-free meat freezers, frozen food storage, reach-ins & salad 
refrigerated display cases in 2012. Investing in ammonia industrial 
refrigeration in U.S. 

 
Nestlé 

11,000 hydrocarbon ice cream freezers in Europe, Australia, Spain, 
Malaysia, Chile, and the U.S. 
Nestlé uses natural refrigerants in 90% of its industrial food processing 
refrigeration 

Heineken 130,000 hydrocarbon refrigerated beverage displays 
Aiming for 50% reduction in carbon footprint of installed refrigerators 
by 2020 

 
Sobeys 

“Natural Refrigerant Commitment” requires that CO2 refrigeration 
systems are installed 
in all new full-service stores 

 
Whirlpool 

HFO-1233zd(E) in all U.S. refrigerator and freezer manufacturing 
facilities by end of 2014 
Equivalent to removing more than 400,000 cars from the road 

Source: 30 
 
9.3 National and regional policy instruments  

Closely connected with governance, the literature suggests an assortment of policy 
instruments (shown in Table 19), alongside business models and flows of finance, which can 
overcome some of the challenges to mitigating potent F-gases. 
 
Table 19: Policy mechanisms for the industrial mitigation of potent F-gases  
Instrument Description  
Greenhouse gas emissions regulations Emissions trading schemes or policies 

intended to reduce the emissions of 
greenhouse gases in various industrial 
sectors  

Air pollution regulations Policies regulating the emissions of some F-
gases hazardous to human health, including 
SF6 decomposition products  

Mobile air conditioning directives  Restrictions on the use of refrigerants with 
high-GWP 

Taxes Taxes placed on the production or use of F-
gases 
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Bans and phaseouts  Active plans to ban, reduce, eliminate, and 

phaseout of F-gases, especially HFCs 
Monitoring and databases  Attempts at improving datasets, data 

integrity, data comprehensiveness and data 
transparency  

Mandatory refrigerant leakage checks Policies requiring vendors or consumers to 
check for refrigerant leaks, especially 
among mobile air conditioners  

Extended producer responsibility schemes Requirements that manufacturers take back 
products (e.g., air conditioners, 
refrigerators, shoes) at their end of life  

Labeling  The adoption of eco-labels or other labels to 
better inform consumers about F-gas 
content in products  

Source: Compiled by the authors. Note: GWP = global warming potential. HFC = 
hydrofluorocarbons.   
 
One set policies all attempt to regulate, restrict, or reduce F-gases alongside a basket of other 
greenhouse gases. This is similar to the approach taken by the Kyoto Protocol and Paris 
Accords, but at the national level (or regional in the case of the EU).  The European Union 
for example has a current 2030 policy framework on climate and energy that has set the 
objective of reducing the EU’s overall emissions by at least 40% below 1990 levels by 2030. 
The main two tools developed to achieve these reductions are: the EU’s Emissions Trading 
System and the “Effort Sharing Decision” which together cover GHGs including the two 
SLCPs, methane (CH4) and some hydrofluorocarbons (HFCs).21  
 
Because their decomposition and destruction can also involve toxic and potent air pollutants, 
some F-gases or F-gas destruction processes are also regulated under various air pollution 
statues.  Again, in the European Union, many policies and directives are directed at  air 
quality, including the 2005 EU Thematic Strategy on Air Pollution (setting out strategic 
policy objectives), the 2001 National Emission Ceilings Directive, NECD (2001/81/EC) 
(establishing national emissions ceilings for all Member States covering four main 
pollutants), the Ambient Air Quality Directives, AAQD (2008/50/EC) (setting local air 
quality limits which may not be exceeded anywhere in the EU) and source-specific 
legislation designed to limit emissions from specific economic sectors, such as the Euro 
standards for vehicles, energy efficiency standards or fuel standards for ships.21  
 
In Europe, one very specific directive relates to F-gases, namely Directive 2006/40/EC, 
which relates to emissions from air-conditioning systems in motor vehicles and is informally 
known as the MAC Directive.  This Directive prohibits the use of F-gases with a GWP more 
than 150 times greater than that of carbon dioxide (CO2) in new types of cars and vans 
introduced from 2011, and in all new cars and vans produced from 2017 onwards. 
 
Some countries have introduced F-gas taxes as well.  Ten countries in Europe have 
introduced HFC taxes based on the mass of refrigerant and its GWP. These taxes translate to 
roughly 20–34 Euros per kilogram of HFC-134a. In response to such taxes, fluorochemical 
producers have developed fluorinated propene isomers, referred to sometimes as 
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hydrofluoroolefins (HFOs), e.g. HFC-1234yf and HFC-1234ze(E), as potential low-GWP 
refrigerants.256 
 
By far one of the most popular policy tools—similar in form to the Kigali Amendment to the 
Montreal Protocol—is bans and phaseouts. This mitigation approach for F-gases is different 
than those for say carbon dioxide, methane, or black carbon, because F-gases are human 
made and can be effectively controlled through  phase down of their production and 
consumption.14  The best known and most comprehensive of these phase-outs in the 
European Union’s “new” F-gas Regulation (No. 517/2014), which aims to reduce F-gas 
emissions by two thirds of the 2010 level by 2030 (see Figure 20). It limits the total amount 
of the F-gases that can be sold in the EU, bans the use of F-gases in many new types of 
equipment where less harmful alternatives are widely available, requires checks for existing 
equipment, proper servicing and recovery of the gases at the end of the equipment’s life and 
prohibits the sale of a number of products that contain HFCs with a GWP greater than 150.257 
92 Under this phasedown, the level of F-gases produced annually on the EU market is capped, 
with the quota progressively reduced each year, hence it being called a “phasedown.” 
 
Companies that deal in F-gases receive annual quotas that are transferrable under certain 
conditions, but, unlike emissions allowances under the EU Emissions Trading System (ETS), 
they are not freely tradable. Quotas are expressed in tons of CO2 equivalent, rather than 
physical tons of gases, to create an incentive to use gases with lower GWPs.  The initial EU-
wide cap in 2015 matched the average level of F-gases placed on the market between 2009 
and 2012. Subsequently it was cut by 7% in 2016 and then a further 30%in 2018. The cap is 
to be incrementally cut every three years until reaching a 79% cut from 2015 levels by 
2030.258  It has been so successful that in 2015 quantities of F-gases were reduced 8% further 
than expected and 1.5% further than expected in 2018.  The UK is also phasing down HFCs 
by 79% by 2030 from the average use between 2009 to 2012.259  Outside of Europe, 
Australia, New Zealand, and Japan all have national laws to phase down HFCs, promote low-
GWP equipment and products, improve containment in commercial equipment, and require 
registration and approval of fillers and recyclers.14  In May 2014, the State Council of China 
announced they would strengthen their management of HFC emissions and accelerate the 
destruction and replacement of HFCs as part of the action plan to implement the energy 
conservation and emission reduction targets of the 12th Five-Year Plan.30 China has based 
their phase-down program of HFCs around capacity-building; collection and reporting of 
HFC emissions data; mobilization of financial resources for further actions to phase down 
HFCs; and research, development, and deployment of environmentally sound, effective, and 
safe alternatives.127 
 

Table 20: Progress under the EU-wide hydrofluorocarbon phase-down set out in the F-
gas Regulation  

Year Bulk 
HFC 
POM 
2007-
2013 

Bulk 
HFC 
POM 
2014 
(quota-

Quota-
relevant 
bulk 
HFC 
POM 

Maximum 
quantity of 
HFC 
phase-
down 

Issued 
authorizations 
to use quota 

HFC POM in 
RACHP 
equipment, without 
authorization 
coverage 
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relevant 
2015) 

2007 173.5 
     

2008 174.9 
     

2009 172.4 
     

2010 200.6 
     

2011 179 
     

2012 172 
     

2013 169.6 
     

2014 
 

272.4 
    

2015 
  

154.7 183.1 17.1 
 

2016 
  

144 170.3 19.9 
 

2017 
  

157.5 170.3 11.6 0.2 
2018 

  
80.8 101.2 18.9 0.5 

2019 
   

100.3 
  

2020 
   

99.4 
  

2021 
   

65.9 
  

2022 
   

65.9 
  

2023 
   

65.9 
  

2024 
   

39.9 
  

2025 
   

39.9 
  

2026 
   

39.9 
  

2027 
   

26.8 
  

2028 
   

26.8 
  

2029 
   

26.8 
  

2030 
   

21.3 
  

Note: POM = placing on the market. RACHP = refrigeration, air conditioning and heat pump 
equipment 
 
Although the United States does not have any such national ban, it has at least sought to 
restrain HFC growth. In June 2013, President Barack Obama included domestic action on 
HFCs as part of his Climate Action Plan, and nationwide corporate average fuel economy 
standards continue to provide HFC alternative credits and include credits for improvements in 
mobile air conditioner efficiency.14 In March 2015, President Obama issued Executive Order 
13693, which requires federal agencies to reduce direct greenhouse gas emissions by 40% by 
2025 including through purchasing sustainable products identified by the Significant New 
Alternatives Policy (SNAP).30  In 2018, the U.S. Climate Alliance, which includes 24 states 
and Puerto Rico, committed to reduce HFCs and other potent greenhouse gases. Also, as of 
2020, at least four of these states—California (SB 1013, SB 1383), Washington (HB 1112), 
Vermont (Act65), and New Jersey (A-5583/S-3919)—passed legislation to phase down 
HFCs.17 
 
Another policy tool is monitoring and better information and databases about F-gases.  Many 
national governments have created new national databases of equipment 
containing HFCs, notably Hungary, Slovenia, and Estonia.14 The United States Energy 
Information Administration has a dataset, as does the UNFCCC. 
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Mandatory refrigerant leak checks for air conditioning equipment, especially mobile air 
conditioning equipment, are the norm in Europe with Germany, Sweden, and the Netherlands 
passing national laws before the EU did. The United States has standards in place for mobile 
air conditioners in pickup trucks, SUVs, vans, and combination tractor trailers (e.g. trucks).14  
 
Extended  producer responsibility schemes requiring producers and suppliers of HFCs or F-
gases to take back recovered products exists in some countries. Sweden and Germany require 
bulk HFCs from some air conditioning and refrigerator products to undergo further recycling, 
reclamation and destruction.14  
 
Labeling is an additional tool, with the European Union requiring labels on F-gas products 
such as stationary air conditioning (which apply to 50,000 manufactures and contractors 
assembling site components),  fire extinguishers (about 100 F-gas suppliers), and high 
voltage switchgear (25 industry suppliers).Fejl! Bogmærke er ikke defineret.  Efforts focus on ensuring 
labels are detailed, harmonized, and integrated with the additional labeling requirements of 
national governments. 
 
Another way to evaluate policy instruments is by potential effectiveness. Here, one study 
noted the emissions reduction potential of various policy options (shown in Table 21) ,which 
suggested that market limits and bans save the most F-gas equivalent emissions followed by 
voluntary agreements. 
 
Table 21: Overview of potential policy options and their effectiveness at reducing F-gas 
emissions in Europe (by 2030) 
 
Policy  Additional emission 

reduction potential in 2030 
(kt CO2 eq) 

Voluntary agreements 21,702 
Improve containment and recovery under F-gas 
Regulation: Refrigerated trucks and trailers 

1,430 

Ban the placing on the market of certain open 
applications containing HFCs 

5,190 

Ban the use of SF6 in open applications 250 
Ban the placing on the market of certain closed 
applications containing F-gases 

47,089 

Limits for the placing on the market of HFCs in EU 71,740 
Obligation for HFC-23 by-product destruction 370 

Source: Fejl! Bogmærke er ikke defineret.  

10. Gaps and future research agendas   

A final finding from the systematic review related to not what in the literature what was not 
necessarily present, but what was missing from it. Here, we extrapolate three areas that we 
believe need to addressed in future research.  
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10.1 Identification and pursuit of cross-cutting solutions 

As was perhaps obvious when closely reading Section 6, many technology options or 
practices kept recurring across different F-gases or sectors that consume or produce them. We 
refer to these as integrative crosscutting solutions. 
 
Monitoring, leakage detections and better training are an integral solution, one that can make 
direct manufacturing of F-gases more efficient (and reduce flaring, leaks and unintended 
byproduct emissions).  Leaks are a monumental problem for air conditioners, refrigerants, 
and other industrial applications of F-gases.  At their end of life, many F-gases are vented 
back into the atmosphere at scrapyards and recycling centers, Even technologies for 
destruction (such as thermal oxidation, or plasma abatement) can fail and need to be properly 
maintained. As one study noted simply, across all of these dimensions, “reducing leaks and 
improving handling can be implemented immediately for quick emission reductions.”260 
 
 
Low-GWP, no-GWP, and natural substitute gases recur consistently as an option across 
almost every application of F-gases. These can include non-halogen alternatives such as CO2 
refrigerants, propane, butane, ammonia, nitrogen, dimethyl ether, hydrofluoroalkanes or other 
natural refrigerants. Table 22 shows the availability of these alternatives across five key 
sectors. In these sectors and other, low-GWP alternatives to high-GWP HFCs “are widely 
and increasingly available.”30 Many substitutes with similar costs and functional properties of 
F-gases are also available in the refrigeration sector.261 262 Similar substitute gases exist for 
SF6.213 This could be the reason that when countries decide on national strategies for F-gas 
abatement, substitution plays a prominent role (as Figure 35 indicates).  
 
Table 22: Readily available substitutes for F-gases already commercially available  
 

Sector Base substance  Alternatives  
 CFC HCFC Fluorinated Halogen-free 
Refrigeration and air 
conditioning 

12 22 134a Propane 

11 123 143a Butane, 
isobutene  

115 141b 125 CO2 
114 142b 32 Ammonia 
   Water 
   HFO-1234yf 

Blowing agents and 
foams  

11 141b 134a i-Pentane, n-
Pentane, c-
Pentane 

12 142b 152a Water 
 22 365mfc Methyl 

formate 
  245fa CO2 

"not-in-kind" 
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   HFO-
1336mzzz-Z 

Solvents 113 141b 43-10mee Water 
  Hydrofluoroether Derivative 

carbohydrates 
Fire fighting Halon-1201  227ea Water, CO2, 

Powder, 
Argon Halon-1301   

Propellant for sprays 11 141b 134a Ether 
12 142b 152a Butane 
  227ea "not-in-kind" 

Source: 66 30 
 
Figure 35: F-gas substitution potential in the United Kingdom  
 

 
 
Source: 263 
 
Energy efficiency and design improvement are promising crosscutting options as well. A 
study for the European Commission shows that, in countries with high ambient air 
temperatures, almost 70% of sectors currently using HCFCs can leapfrog past high-GWP 
HFC refrigerants directly to low-GWP alternatives with equal or better energy efficiency.264 
Energy efficient design can also make handling, disposal, and recycling and reuse efforts 
easier to manage. Energy efficient design includes district cooling, can benefit from larger 
chiller systems that can be up to three times as efficient as smaller individual units, reduce 
and leverage use not-in-kind technologies that include absorption systems, natural heat sinks, 
heat pumps, and thermal storage.93 
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Better utilization of waste and active recycling (and circular economy principles or extended 
producer responsibility schemes) are a final recurring theme. These have the opportunity to 
minimize F-gas usage across all four levels of the sociotechnical system (levels shown in 
Figures 6, 36 and 41) as well.  
 
Figure 36 shows these four crosscutting options—monitoring, leakage detection and better 
training; low-GWP, no-GWP, and natural substitute gases; energy efficiency and design 
improvements; and better utilization of waste and recycling efforts—visually. One clear 
attribute of this list of options is its simplicity: it is a relatively short list comprehendible by 
most actors involved in the F-gas system. Another attribute is that all of the options are 
commercially available, many with track records of performance going back decades. Many 
options are also useful across multiple levels of the sociotechnical system and some, such as 
minimizing leakages, monitoring and training, are possible across every level. Furthermore, 
the promise of these crosscutting interventions is that they can simultaneously affect multiple 
product groups and sectors.  We thus believe more work on crosscutting options should be 
pursued. 
 
Figure 36: Visualizing crosscutting options for the mitigation of potent F-gases  
 

 
 
Source: Authors 
 
Some of the literature actively discusses using such mixes of policies or crosscutting options 
to address F-gases.  The World Bank proposed a two-pronged strategy shown in Figure 37 for 
HFCs that could be applied to all F-gases, as it focuses both on technology change and 
innovation (top part of the diagram) as well as behavioral change and avoidance (bottom 
part).  At the European level, a “four pronged” approach is also used to reduce F-gases, one 
that cuts across options, and is focused on: (1) targeting the leak-tightness of equipment 
containing fluorinated gases, (2) encouraging increased reclamation of used gases, (3) 
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banning the use of certain high-GWP gases in some applications for which more 
environmentally superior alternatives are available, and (4) a mandatory phase-down 
scheme.92 
 
Figure 37: A typology of HFC reduction options 
  

 
Source: 265 
 
10.2 Interconnection to other systems and industries 

The sociotechnical system for F-gases does not exist in isolation by itself, instead, like many 
other systems, it is layered or coupled to other sociotechnical systems.266   
 
As Figure 38 illustrates, prominent connections exist with the metals industry, especially non-
ferrous metal producers, foundries, and smelting plants. They not only rely on air 
conditioning and refrigeration, but also produce and/or consume PFCs and SF6.  The 
advanced electronics industry needs all four classes of F-gases in the manufacturing of LCD 
displays, screens, televisions, semiconductors, and printed circuit boards. The transport and 
automobility sector uses SF6 for tires, HFCs for mobile air conditioning, F-gases in the 
thermal insulation of refrigerated vehicles, and embodied F-gases via magnesium used for 
lighter-weight vehicles. Car accidents and the destruction of automobiles at the end of their 
life also releases F-gases from their tires and air conditioning systems, and working cars and 
trucks need their refrigerants charged periodically. The chemicals and pharmaceuticals 
industries rely on F-gases for foams, solvents, aerosols, as well as refrigeration of the cold-
chain (e.g. for vaccines).  The buildings industry also uses embodied F-gases through the use 
of metals such as aluminum and has direct uses via copious amounts of F-gases in HVAC 
systems, refrigeration, insulation and foams. Some F-gases even protect building materials in 
wet areas. In the energy system, F-gases are used in manufacturing thin-film solar panels and 
appear in electrical equipment, air conditioners, heat pumps, and chillers. F-gases are also 
used in energy efficient double glazed windows, and HFCs in particular are used as rigid 
foam or XPS foam for thermal insulation. SF6 is even used to detect leaks in water-bearing 
pipes of district heating systems.  In the medical and health care industries, F-gases are 
needed for metered dose inhalers and as cleaning agents for medical technologies. The 
Military industrial complex and aerospace industries rely on F-gases in submarine weapons 
(e.g., for torpedoes) and insulation for AWACS radar.  
 
Figure 38: Compelling interconnections of F-gases to other sociotechnical systems  
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Source: Authors  
 
These interconnections can create compelling dependencies, but also result in synergies that 
are rarely examined in research. 
 
10.3 Research in developing and emerging economies 

Our final suggestion relates to research on non-European or non-Western societies. The bulk 
of studies in our sample looked at countries in Europe (especially the EU or United 
Kingdom) or North America (especially the United States).  However, as Figure 39 indicates, 
the greatest current rates of F-gas emissions (in 2019) came from the United States (in the 
midst of dramatic rollbacks in policy) as well as  Brazil, Russia, the Democratic Republic of 
the Congo, Bolivia, and Myanmar, countries not known for robust governance or climate 
policy. As demand for air conditioning and refrigeration is increasing from global warming 
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and global wealth rises, energy demand for cooling will soar in developing countries (Figure 
40) with related HFC emissions growing by as much as 800% more in developing countries 
than in developed countries by 2050.14 
 
Figure 39: Global emissions of HFC, PFC and SF6 (thousand metric tons of CO2 
equivalent) 

 

Source: 267. 
 
Figure 40: International Energy Agency outlook for energy use for space cooling by 
country/region  
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Source: 94 
 
Moreover, developing countries such as India and China, where future F-gas emissions are 
expected to rise considerably due to growing economies, expanded industrial production, and 
increased consumer demand for refrigeration and air conditioning, are among those countries 
that initially disagreed with phasing out HFCs in either the ozone or climate negotiations.268   
China is already the largest HFC-23 emitter in the world and also “a major consumer of 
HFCs” around the world, accounting for about 18% of global HFC emissions for the period 
2012 to 2016.269  China is also reportedly responsible for about 54% of global PFC emissions 
per year.5 
 
Indeed, one study projected that by 2050, HFC emissions will be dominated by China (31%), 
India and the rest of Asia (23%), and the Middle East and Northern Africa (11%), with the 
United States only being home to just 10% of emissions.270  Shockingly, as Figure 41 
indicates, China’s current HFC-23 emissions are already much higher than all other 
developed countries and by 2027, they are  projected to have surpassed those of all developed 
nations in a business as usual scenario.271 Another study projected that China will also be the 
world’s largest emitter of NF3, PFCs, and SF6 by 2030, if not sooner.272 
 
Figure 41: Projected HFC-23 Emissions in China, 2010 to 2050 
 

 
Source: 271 
 
 
Research on F-gas mitigation, let alone climate impact mitigation, is scarce in the context of 
developing countries, a problem made more acute by the very different governance systems 
in these countries, some of them illiberal or authoritarian.  The sorts of policy options and 
business models for F-gas mitigation that can work in these diverse contexts is a question 
currently unaddressed in the literature. Data and related analytics are most lacking for these 
countries even though these countries are where populations are most rapidly growing and 
where future F-gas emissions will increase the most. 
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11. Conclusion  

F-gases are human made synthetic greenhouse gases used in air conditioning, refrigeration, 
solvents, fire extinguishing systems, and aerosols. Though F-gases represent a small fraction 
of current greenhouse gas emissions, their potential to warm the atmosphere on per unit mass 
basis is hundreds to tens of thousands of times greater than that of carbon dioxide. 
 
Troublingly, F-gases are also embodied in a number of “low-carbon” innovations that will be 
needed to decarbonize other sectors, such as power, buildings, and transport. The innovations 
that utilize F-gases include energy efficient windows and insulation (SF6), thin-film solar PV 
(all four F-gases), lightweight cars made with magnesium casting or aluminum (all four F-
gases), heat pumps and district heating networks (SF6), electricity transmission and 
distribution (SF6), and even many of the necessary material infrastructures behind a digital 
society (which will require semiconductors, LCD screens and circuit boards). 
 
There is perhaps no more critical yet complex and poorly understood socio-technical system  
related to climate change than that of F-gases. This sociotechnical system, shown in Figure 
42, spans many scales and sectors including F-gas manufacturing and production, uses and 
processes, disposal and banks, and destruction. Environmental impacts encompass the direct 
emissions from production, embodied emissions in products, process emissions, the energy 
consumption of products (such as air conditioners and refrigerators), landfilling, and high-
temperature heat needed for destruction via thermal oxidation, incineration, or plasma 
abatement.   
 
Figure 42: Interventions, benefits, barriers and policies for decarbonizing the food and 
beverage sociotechnical system  
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Source: Authors  
 
However, as complex and potentially damaging as this sociotechnical system is, Figure 42 
also reveals an array of low-carbon interventions (shown in green) that can help mitigate 
emissions. This ranges from process optimization and on-site F-gas recovery at production 
sites, to the use of natural refrigerants or different processes for magnesium casting and 
aluminum processing, to better leak detection and proper handling at disposal, to utilizing 
renewable energy systems in F-gas destruction.  
 
While our review has indicated that barriers to diffusing these options (shown in grey) exist 
at many levels—financial and economic, occupational hazards and exposure to F-gas 
decomposition products, data quality and high levels of unreported emissions, gaming and 
manipulation, and rollbacks in policy and gaps in standards—the benefits of taking action 
(shown in red) are vast. F-gas abatement could bring truly dazzling reductions in F-gases 
emissions, ones that (unlike carbon or methane) could be fully abatable. Taking needed and 
available actions could bring energy savings that displace the need to build hundreds of 
power plants, provide life-saving and more reliable refrigeration systems, enhance ozone 
protection and provide capacity building that underpins global transfers of F-gas abatement 
technology.  
 
Apart from revealing how F-gases, their environmental impacts, low-carbon interventions, 
benefits, barriers, and policies all exist and coevolve in a system, our review also points the 
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way towards five future research gaps. We call for further identification of crosscutting 
solutions; possible synergies that arise by the nature of coupling and layering between F-
gases and other systems such as energy, transport, or plastics; and for more work on assessing 
F-gases in the context of non-Western locations and cultures, especially China and other 
developing countries where F-gas emissions, particularly from cooling, are projected to grow 
significantly in the coming decades.  
 
Perhaps when government, researchers, and the business community begins to better address 
these concerns, many of the most serious problems plaguing F-gases—calamitous climate 
forcing, careless waste management and lost revenues—can be turned into promising 
opportunities.   
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Appendix I: 

Global warming potential, radiative forcing and atmospheric lifetime for common 
greenhouse gases covered by the Kyoto Protocol and Paris Accord 
 
Compound/ 
Code 

Formu
la 

Atmosphe
ric lifetime 
in years 

Radiative 
forcing in 
W/m2 

Global Warming Potential (GWP) 

20 yrs 100 yrs 500 yrs 100 
yrs2 
1F 

Carbon dioxide CO2 variable 0.000014 1 1 1 1 
Methane CH4 12 0.00037 72 25 7.6 21 
Nitrous oxide N2O 114 0.00303 289 298 153 310 
HFC-23 CHF3 270 0.19 12,000 14,800 12,200 11,700 
HFC-32 CH2F

2 
4.9 0.11 2,330 675 205 650 

HFC-41 CH3F 2.4 0.02 323 92 28 150 
HFC-43-10mee C5H2

F10 
15.9 0.40 4,140 1,640 500 1,300 

HFC-125 C2HF
5 

29 0.23 6,350 3,500 1,100 2,800 

HFC-134 C2H2
F4 

9.6 0.18 3,400 1,100 335 1,000 

HFC-134a CH2F
CF3 

14 0.16 3,830 1,430 435 1,300 
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HFC-143 C2H3

F3 
3.5 0.13 1,240 353 107 300 

HFC-143a C2H3
F3 

52 0.13 5,890 4,470 1,590 3,800 

HFC-152a C2H4
F2 

1.4 0.09 437 124 38 140 

HFC-227ea C3HF
7 

34.2 0.26 5,310 3,220 1,040 2,900 

HFC-236fa C3H2
F6 

240 0.28 8,100 9,810 7,660 6,300 

HFC-245ca C3H3
F5 

6.2 0.23 2,340 693 211 560 

Sulphur 
hexafluoride 

SF6 3,200 0.52 16,300 22,800 32,600 23,900 

FC-14 CF4 50,000 0.10 5,210 7,390 11,200 6,500 
FC-116 C2F6 10,000 0.26 8,630 12,200 18,200 9,200 
FC-218 C3F8 2,600 0.26 6,310 8,830 12,500 7,000 
FC-318 c-

C4F8 
3,200 0.32 7,310 10,300 14,700 8,700 

FC-3-1-10 C4F10 2,600 0.33 6,330 8,860 12,500 7,000 
FC-4-1-12 C5F12 4,100 0.41 6,510 9,160 13,300 7,500 
FC-5-1-14 C6F14 3,200 0.49 6,600 9,300 13,300 7,400 
HFC-404A mixtur

e 
   3,922  3,260 

HFC-407C mixtur
e 

   1,774  1,526 

HFC-410A mixtur
e 

   2,088  1,725 

HFC-417A mixtur
e 

   2,346  1,955 

HFC-437A mixtur
e 

   1.805  1.567 

 

Appendix II: 

Industrial designations, chemical names, formulas, and GWP for selected F-gases 
 

a. Chemical designations  
 
Class Industrial 

designation 
Chemical name 
(common 
name) 

Chemical formula Globa
l 
warmi
ng 
potent
ial 
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Hydrofluoroca
rbons (HFCs) 

HFC-23 trifluoromethan
e (fluoroform) 

CHF3 14,800 

 HFC-32 difluoromethane CH2F2 675 
 HFC-41 fluoromethane 

(methyl 
fluoride) 

CH3F 92 

 HFC-125 pentafluoroetha
ne 

CHF2CF3 3,500 

 HFC-134 1,1,2,2-
tetrafluoroethan
e 

CHF2CHF2 1,100 

 HFC-134a 1,1,1,2-
tetrafluoroethan
e 

CH2FCF3 1,430 

 HFC-143 1,1,2-
trifluoroethane 

CH2FCHF2 353 

 HFC-143a 1,1,1-
trifluoroethane 

CH3CF3 4,470 

 HFC-152 1,2-
difluoroethane 

CH2FCH2F 53 

 HFC-152a 1,1-
difluoroethane 

CH3CHF2 124 

 HFC-161 fluoroethane 
(ethyl fluoride) 

CH3CH2F 12 

 HFC-227ea 1,1,1,2,3,3,3-
heptafluoroprop
ane 

CF3CHFCF3 3,220 

 HFC-236cb 1,1,1,2,2,3-
hexafluoropropa
ne 

CH2FCF2CF3 1,340 

 HFC-236ea 1,1,1,2,3,3-
hexafluoropropa
ne 

CHF2CHFCF3 1,370 

 HFC-236fa 1,1,1,3,3,3-
hexafluoropropa
ne 

CF3CH2CF3 9,810 

 HFC-245ca 1,1,2,2,3-
pentafluoroprop
ane 

CH2FCF2CHF2 693 

 HFC-245fa 1,1,1,3,3-
pentafluoroprop
ane 

CHF2CH2CF3 1,030 

 HFC-365 mfc 1,1,1,3,3-
pentafluorobuta
ne 

CF3CH2CF2CH3 794 

 HFC-43-10 mee 1,1,1,2,2,3,4,5,5
,5- 

CF3CHFCHFCF2CF3 1,640 
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decafluoropenta
ne 

 HFC-1234yf - CF3CF = CH2 4 
 HFC-1234ze - trans — CHF = 

CHCF3 
7 

 HFC-1336mzz - CF3CH = CHCF3 9 
 HCFC-1233zd - C3H2ClF3 4.5 
 HCFC-1233xf - C3H2ClF3 Not 

yet 
availa
ble 

Perfluorocarb
ons (PFCs) 

PFC-14 tetrafluorometha
ne 
(perfluorometha
ne, carbon 
tetrafluoride) 

CF4 7,390 

 PFC-116 hexafluoroethan
e 
(perfluoroethane
) 

C2F6 12,200 

 PFC-218 octafluoropropa
ne 
(perfluoropropa
ne) 

C3F8 8,830 

 PFC-3-1-10 (R-31-
10) 

decafluorobutan
e 
(perfluorobutan
e) 

C4F10 8,860 

 PFC-4-1-12 (R-41-
12) 

dodecafluorope
ntane 
(perfluoropenta
ne) 

C5F12 9,160 

 PFC-5-1-14 (R-51-
14) 

tetradecafluoroh
exane 
(perfluorohexan
e) 

C6F14 9,300 

 PFC-c-318 octafluorocyclo
butane 
(perfluorocyclo
butane) 

c-C4F8 10,300 

Sulfur 
Hexafluoride 

Sulfur Hexafluoride  SF6 22,800 

Fluorinated 
ethers and 
alcohols 

HFE-125  CHF2OCF3 14,900 

 HFE-134 (HG-00)  CHF2OCHF2 6,320 
 HFE-143a  CH3OCF3 756 
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 HCFE-235da2 

(isofluorane) 
 CHF2OCHClCF3 350 

 HFE-245cb2  CH3OCF2CF3 708 
 HFE-245fa2  CHF2OCH2CF3 659 
 HFE-254cb2  CH3OCF2CHF2 359 
 HFE-347 mcc3 (HFE-

7000) 
 CH3OCF2CF2CF3 575 

 HFE-347pcf2  CHF2CF2OCH2CF3 580 
 HFE-356pcc3  CH3OCF2CF2CHF2 110 
 HFE-449sl (HFE-

7100) 
 C4F9OCH3 297 

 HFE-569sf2 (HFE-
7200) 

 C4F9OC2H5 59 

 HFE-43-10pccc124 
(H-Galden 1040x) 
HG-11 

 CHF2OCF2OC2F4OC
HF2 

1,870 

 HFE-236ca12 (HG-
10) 

 CHF2OCF2OCHF2 2,800 

 HFE-338pcc13 (HG-
01) 

 CHF2OCF2CF2OCH
F2 

1,500 

 HFE-347mmy1  (CF3)2CFOCH3 343 
 2,2,3,3,3-

pentafluoropropanol 
 CF3CF2CH2OH 42 

 bis(trifluoromethyl)-
methanol 

 (CF3)2CHOH 195 

 HFE-227ea  CF3CHFOCF3 1,540 
 HFE-236ea2 

(desfluoran) 
 CHF2OCHFCF3 989 

 HFE-236fa  CF3CH2OCF3 487 
 HFE-245fa1  CHF2CH2OCF3 286 
 HFE 263fb2  CF3CH2OCH3 11 
 HFE-329 mcc2  CHF2CF2OCF2CF3 919 
 HFE-338 mcf2  CF3CH2OCF2CF3 552 
 HFE-338mmz1  (CF3)2CHOCHF2 380 
 HFE-347 mcf2  CHF2CH2OCF2CF3 374 
 HFE-356 mec3  CH3OCF2CHFCF3 101 
 HFE-356mm1  (CF3)2CHOCH3 27 
 HFE-356pcf2  CHF2CH2OCF2CHF2 265 
 HFE-356pcf3  CHF2OCH2CF2CHF2 502 
 HFE 365 mcf3  CF3CF2CH2OCH3 11 
 HFE-374pc2  CHF2CF2OCH2CH3 557 
  Octafluorocyclopenta

nol 
 - (CF2)4CH (OH)- 73 

Other 
perfluorinated 
compounds 

perfluoropolymethylis
opropyl-ether 
(PFPMIE) 

 CF3OCF(CF3)CF2O
CF2OCF3 

10,300 
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 nitrogen trifluoride  NF3 17,200 
 trifluoromethyl 

sulphur pentafluoride 
 SF5CF3 17,700 

 perfluorocyclopropan
e 

 c-C3F6 17,340 

 
b. Common industrial mixtures containing F-gases 

 
Industrial designation Mixture common 

name 
Global warming 
potential 

HCFC-22 / HFC-152a / HCFC-124 R-401A 2088 
HFC-125 / HFC-143a / HFC-134a R-404A 3922 
HFC-32 / HFC-125 / HFC-134a R-407A 2107 
HFC-32 / HFC-125 / HFC-134a R-407C 1774 
HFC-32 / HFC-125 / HFC-134a R-407F 1825 
HFC-32 / HFC-125 R-410A 2088 
PFC-218 / HFC-134a / HC-600a R-413A 2053 
HFC-125 / HFC-134a / HC-600 R-417A 2346 
HFC-125 / HFC-134a / HC-600a R-422A 3143 
HFC-125 / HFC-134a / R-600a R-422D 2729 
HFC-125 / HFC-134a / R-600 / R-600a / R-
601a 

R-424A 2440 

HFC-32 / HFC-125 / HFC-134a / HFC-143a R-427A 2138 
HFC-125 / HFC-143a / R-290 / R-600a R-428A 3607 
HFC-125 / HFC-134a / HFC-143a / R-600a R-434A 3245 
HFC-125 / HFC-134a / R-600 / R-601 R-437A 1805 
HFC-32 / HFC-125 / HFC-134a / R-600 / R-
601a 

R-438A 2264 

HFC-32 / HFC-125 / HFC-134a / R-1234ze / 
R-1234yf 

R-448A 1386 

HFC32 / HFC125 / R1234yf R-452A 2140 
HFC-134a / HFC-125 / HFC-32 / HFC-227 / R-
601a / R-600 

R-453A 1765 

HFC-125 / HFC-143a R-507A 3985 
HFC-23 /PFC-116 R-508B 13396 

Source: Authors modification of 259 
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