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About the cover image:
Hydrofluorocarbons (HFCs), widely used in the air conditioning and refrigeration sectors,
are now controlled under the Kigali Amendment of the Montreal Protocol.
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Chapter 2

SCIENTIFIC SUMMARY

Hydrofluorocarbons (HFCs) have been increasingly pro-
duced and used in applications such as refrigeration, air-condi-
tioning, and foam blowing following the phasedown of ozone-de-
pleting substances (ODSs). In addition to emissions resulting
from these uses, some HFCs, particularly HFC-23, are released
as by-products during the manufacture of other compounds.
While being benign for the stratospheric ozone layer and gener-
ally having lower radiative efficiencies than the most abundant
ODSs, long-lived HFCs are potent greenhouse gases. Therefore,
HFCs were included in the basket of substances controlled by
the 1997 Kyoto Protocol under the United Nations Framework
Convention on Climate Change (UNFCCC). Subsequently, cer-
tain HFCs were brought into the Montreal Protocol framework
by the Kigali Amendment in 2016. The Kigali Amendment, which
came into force in January 2019 for parties who ratified the
Amendment, seeks to limit the production and consumption of
a selection of HFCs. For HFC-23, the Kigali Amendment seeks to
limit emissions formed as a by-product of HCFC (hydrochloroflu-
orocarbon) and HFC production to the extent practicable using
approved technologies.

For the most abundant HFCs (HFC-134a, HFC-23, HFC-32,
HFC-125, and HFC-143a) and some of the less abundant HFCs,
atmospheric observations have been available for several years
ordecades. Observations in the remote atmosphere can be used
to derive “top-down” global emissions. These emissions can be
compared to the sum of “bottom-up” estimates derived from ac-
counting methods for Annex | parties to the UNFCCC, who are
required to report their emissions annually. For some parts of the
world, atmospheric observations exist in sufficient density to de-
rive top-down emissions estimates at regional scales. These can
be compared to bottom-up estimates reported by the countries
in these regions.

Based on the historical emissions trends derived from atmo-
spheric data and estimates of future consumption, projections of
future emissions can be derived under different policy scenarios.
These emissions scenarios can be used to estimate the climate
impact of various HFC policies in terms of future radiative forcing
and temperature change.

The key findings of this chapter are as follows:

¢ Global mean abundances of each of the major HFCs have
increased since 2016. Radiative forcing due to the HFCs
reached 44.1 = 0.6 mW m= in 2020, an increase of around
one-third since 2016. HFC-134a remained the largest contrib-
utor to the overall radiative forcing due to HFCs (44%), and
HFC-125 (18%) overtook HFC-23 (15%) as the second-largest
contributor.

¢ Total CO,-equivalent HFC emissions inferred from ob-
servations increased through 2020. The total carbon
dioxide-equivalent emissions (CO,-eq, calculated using 100-
year global warming potentials, GWPs) due to HFCs was
1.22 = 0.05 Pg CO,-eq yr™"in 2020 (1 Pg = 1 Gt), 19% high-
er than in 2016. Of this total, HFC-134a was responsible for

approximately 30%, HFC-125 for 28%, HFC-23 for 20%, and
HFC-143a for 15%. Emissions of the majority of HFCs grew be-
tween 2016 and 2020, except for HFC-143a, HFC-152a, HFC-
365mfc, and HFC-43-10mee, for which emissions remained
roughly constant. In 2020, global total CO,-eq emissions due
to HFCs were 60—70% higher than those of CFCs (chlorofluo-
rocarbons) or HCFCs.

The gap between total CO,-eq HFC emissions reported
by Annex | countries to the UNFCCC and global esti-
mates derived from atmospheric data has grown. The
emissions reported by Annex | countries in common reporting
format (CRF) are approximately constant in the period 2015-
2019, while atmospheric observations in the background
atmosphere suggest continued growth in global total emis-
sions. In 2019, UNFCCC reports accounted for only 31% (in-
cluding HFC-23 in the analysis) or 37% (excluding HFC-23) of
the global total CO,-eq emissions derived from observations.
Regional top-down emissions estimates for Europe, the USA,
and Australiaare similar to reported bottom-up emissions, sug-
gesting that underreporting by these Annex | countries likely
does not explain this discrepancy. Inverse modeling studies
have been carried out for China and India (both non-Annex |
countries) and find that around one-third of the emissions gap
(excluding HFC-23) could be explained by sources in these
countries. However, approximately 40% of global total HFC
CO,-eq emissions (excluding HFC-23) remain unaccounted
for by Annex | reports or top-down estimates for non-Annex |
parties. Top-down regional emissions estimates are available
from only a relatively small number of countries based on the
existing measurement network, whereas global top-down es-
timates reflect the aggregate of all emissions (for longer-lived
HFCs). Therefore, the unattributed emissions probably occur
in countries that are not monitored by atmospheric measure-
ments and/or that do not report to the UNFCCC in CRF.

The global inferred CO,-eq HFC emissions are less than
the emissions in the 2018 Assessment HFC baseline
scenario. They are about 20% lower for 2017-2019. It
is too early to link this directly to the provisions of the Kigali
Amendment, since the first step in the scheduled phasedown
was in 2019. The lower emissions can be explained by lower
reported consumption in several countries following national
regulations.

The ratio of global HFC-23 emissions inferred from at-
mospheric observations to reported HCFC-22 produc-
tion has increased between 2010 and 2019, despite
reports of substantial new emissions abatement since
2015. Top-down estimates of global HFC-23 emissions were
17.2 £ 0.8 Gg yr'in 2019 (1 Gg = 1 kt). This is substantially
larger than a bottom-up estimate of 2.2 Gg yr™' derived from
UNFCCC reports for Annex | countries (1.6 Gg yr™'), HCFC-
22 production reported to the United Nations Environment
Programme (UNEP), and national abatement programs in
India and China. The contribution to the global atmospheric
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HFC-23 budget of photolysis of trifluoroacetaldehyde
(CF,CHO), a minor degradation product of some fluorinated
compounds, is assessed to be negligible.

Some HFCs and unsaturated HFCs (hydrofluoroolefins
[HFOs]) degrade in the environment to produce triflu-
oroacetic acid (TFA), a persistent toxic chemical. HFO-
1234yf has been increasingly used to replace HFC-134a as
a mobile air conditioner (MAC) refrigerant. Measurements
show that atmospheric background abundances of HFO-
1234yfatJungfraujoch, Switzerland have grown from less than
0.01 ppt before 2016 to annual median levels of 0.10 ppt in
2020. At the 2020 level, the oxidation of HFO-1234yf is likely
producing a comparable, or potentially larger, amount of TFA
than the oxidation of HFC-134a locally near Jungfraujoch.
The measured and model simulated concentrations of TFA
from the use of HFO-1234yf and other relevant HFOs, HFCs,
HCFCs, and hydrochlorofluoroolefins (HCFOs) is, in general,
significantly below known toxicity limits at present. However,
the production of TFA in the atmosphere is expected to in-
crease due to increased use of HFOs and HCFOs. Potential
environmental impacts of TFA require future evaluation due to
its persistence.

Projected emissions of HFCs based on current trends in
consumption and emissions, national policies in sever-
al countries, and the Kigali Amendment are lower than
those projected in the 2018 Assessment. The 2020-2050
cumulative emissions in the 2022 updated Kigali Amendment
scenario are 14-18 Pg CO,-eq lower than the correspond-
ing scenario in the previous Assessment. The 2050 radiative

forcing in a scenario that assumes no controls on HFCs, is
220-250 mW m (termed the Baseline scenario in the previ-
ous Assessment). Radiative forcing in 2050 is reduced to 90—
100 mW m=2in the 2022 Kigali Amendment scenario, 30 mW
m~2 lower than projected in the 2018 Kigali Amendment sce-
nario. The new scenario follows national controls on the con-
sumption and production of HFCs in non-Article 5 countries,
reflects lower reported consumption in China, is based on
updated historical information on the use of HFCs in non-Ar-
ticle 5 countries, uses observed mixing ratios through 2020
as a constraint, and includes assumptions about reduced use
of HFCs for commercial and industrial refrigeration. The new
scenario also assumes that all countries adhere to the provi-
sions of the Kigali Amendment.

Under the provisions of the Kigali Amendment, current
trends in consumption and emissions, and national pol-
icies, the contribution of HFCs to global annual average
surface warming is projected to be 0.04 °Cin 2100. This
is substantially lower than under the scenario without HFC
control measures, for which a contribution of 0.3-0.5 °C was
projected.

Concerted efforts to improve energy efficiency of re-
frigeration and air-conditioning equipment could lead
to reductions in greenhouse gas emissions of the same
order as those from global implementation of the Kigali
Amendment. These estimated benefits of improving energy
efficiency are highly dependent on greenhouse gas emissions
from local electric grids and the pace of decarbonization in
the energy sector.



2.1 INTRODUCTION

The previous Ozone Assessment reported the continuing
rise of hydrofluorocarbon (HFC) emissions through 2016 and the
accelerating growth of HFC atmospheric abundances. Radiative
forcing due to HFCs was estimated to be 0.030 W m2in 2016, 1%
of the total anthropogenic forcing for all long-lived greenhouse
gases. Global CO,-equivalent (CO,-eq) HFC emissions were es-
timated to be 0.88 + 0.07 Pg CO,-eq yr™' in 2016, 23% higher
than in 2012. The magnitude of the rise in total HFC CO,-eq emis-
sions was found to be larger than the decline from chlorofluoro-
carbons (CFCs) and hydrochlorofluorocarbon (HCFCs). This was
driven primarily by increases in HFC-134a, HFC-125, HFC-23,
and HFC-143a, the four most abundant HFCs in the atmosphere.
Emissions reported to the United Nations Framework Convention
on Climate Change (UNFCCC) accounted for less than half of the
global total derived from atmospheric measurements in 2016.
The remaining emissions were thought to have originated primar-
ily from non-Annex 1 countries. Global emissions of HFC-23 were
found to have varied substantially, primarily due to changing lev-
els of abatement in non-Annex 1 countries brought about by the
UNFCCC Clean Development Mechanism (CDM). Emissions of
HFC-23 inferred from atmospheric observations or from invento-
ries generally agreed well. Future emissions scenarios suggested
that the Kigali Amendment and national and regional regulations
could more than halve radiative forcing due to all HFCs, excluding
HFC-23, by 2050, compared to the baseline scenario.

Following the controls on CFC and HCFC production and
use under the terms of the Montreal Protocol, the production
and use of HFCs, which do not contribute to ozone depletion,
increased substantially. HFCs are primarily used in refrigeration,
air-conditioning, and foam blowing. Minor applications include
use as firefighting agents and propellants (see Table 2-1). Post-
production emissions of HFCs can occur months to decades fol-
lowing their manufacture, depending on the application. Once
emitted, many HFCs persist in the atmosphere for several years or
longer, where they absorb outgoing infrared radiation and there-
fore contribute to radiative forcing of climate.

Owing to their influence on climate, HFCs are subject to a
range of regulations and international protocols. While HFCs
were included in a basket of compounds controlled under the
Kyoto Protocol to the UNFCCC, limits were not placed on their
emissions explicitly as controls related to the aggregated total
greenhouse gas emissions from individual parties. In some re-
gions, national or regional regulations are in place to limit HFC use
(e.g., European F-gas regulations; EU, 2014). In 2019, the Kigali
Amendment to the Montreal Protocol came into force (Box 2-1).
The Amendment sets out a phasedown schedule for production
and consumption of a select group of HFCs, with differing time
frames for non-Article 5 [non-A5] and Article 5 [A5] parties. For
HFC-23, which is primarily a by-product of HCFC-22 production,
the Kigali Amendment states that emissions should be controlled
to the maximum extent practicable using proven technologies.

In this chapter, updates are provided for observations of the
atmospheric abundance of HFCs. Global emissions are inferred
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based on these observations, estimates of their atmospheric life-
times, and simulations of their dispersion throughout the atmo-
sphere. These “top-down” emissions are compared to UNFCCC
reports and other inventory-based (“bottom-up”) methods.
Furthermore, recent scientific literature is assessed regarding re-
gional top-down and bottom-up emissions estimates and factors
affecting the atmospheric lifetime and breakdown products of
HFCs. Global emissions estimates are compared to earlier projec-
tions and emissions scenarios, and new scenarios are developed,
constrained by updated atmospheric data. Information is also
presented on new uses of HFCs, HFC alternatives, and energy
efficiency improvements.

In 2017, Decision XXIX/12 was adopted, requesting that
the Assessment Panels provide information on production and
consumption of certain HFCs not listed as controlled substances
under Annex F of the Montreal Protocol. The HFCs that are the
subject of this decision have Global Warming Potentials (GWPs)
atleast as large as that of the controlled HFC with the lowest GWP
(that of HFC-152). Of the 162 HFCs listed in the Annex, about 110
species meet this criterion. However, since there is no informa-
tion available on the production, consumption, or atmospheric
abundance of these compounds, they are not addressed in this
Assessment.

2.2 ATMOSPHERIC OBSERVATIONS AND
DERIVED EMISSIONS ESTIMATES

The abundance of HFCs in the atmosphere is regularly
monitored by global networks such as the Advanced Global
Atmospheric Gases Experiment (AGAGE; e.g., Prinn et al., 2018)
and the National Oceanic and Atmospheric Administration
(NOAA; e.g., Montzka et al., 2015). These networks maintain in-
dependent calibration scales, which typically agree within a few
percent. Global measurements of HFC-134a are also provided by
the University of California, Irvine (UCI; Simpson et al., 2014). The
historical abundance of many HFCs, before routine ambient mea-
surements began, has been reconstructed by AGAGE and the
University of East Anglia from measurements of the Cape Grim
Air Archive and archived Northern Hemispheric air samples (e.g.,
Prinn etal., 2018 and references therein; Oram etal., 2017; Laube
etal., 2010; Leedham Elvidge et al., 2018). Complementing these
surface-based observations, satellite data from the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
onboard SCISAT provide estimates of upper-tropospheric abun-
dance of HFC-23 and HFC-134a (Fernando et al., 2019; Bernath
etal., 2027; Harrison etal., 2021).

In this section, updates of surface- and space-based mea-
surements of atmospheric HFC abundances are provided through
2020. Based on the data from the AGAGE and NOAA surface
networks, updates of top-down (atmospheric data-based) global
annual mean emissions estimates are provided. The methodolo-
gy for deriving global emissions, global lower-tropospheric mean
abundances, CO,-equivalent (CO,-eq) emissions, and radiative
forcing (defined as stratosphere-adjusted radiative forcing as
outlined in ) are described in detail in Section 1.0. Unless
otherwise specified, all ranges given here correspond to 1-sigma
uncertainties.

Global emissions estimates are presented here through
2020, the year in which socioeconomic activity was reduced
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Box 2-1. The Kigali Amendment (2016) to the Montreal Protocol

The phasedown of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) under the Montreal Protocol has led to
substantial benefits to climate (e.g., Velders et al., 2007). Growth in the use of hydrofluorocarbons (HFCs) as replacements for CFCs
and HCFCs could offset some of these climate benefits (Velders et al., 2012). To preserve the benefits by minimizing future growth
in radiative forcing due to HFCs, parties to the Montreal Protocol agreed to an Amendment in Kigali, Rwanda, in October 2016. The
Kigali Amendment added 18 HFCs to the Montreal Protocol as controlled substances and set out a schedule to phase down their
production and consumption, or, in the case of HFC-23, reduce by-product emissions. The Amendment, which entered into force on
1 January 2019, outlines an 80-85% reduction in global production and consumption by 2047, with respect to baselines as defined
in the caption to Box 2-1 Figure 1. By September 2022, 138 parties had ratified, approved, or accepted the Kigali Amendment.

HFCs controlled by the Kigali Amendment include HFC-23, HFC-134, HFC-134a, HFC-143, HFC-245fa, HFC365mfc, HFC-
227ea, HFC-236¢cb, HFC-236ea, HFC-236fa, HFC-245ca, HFC-43-10mee, HFC-32, HFC-125, HFC-143a, HFC-41, HFC-152, and
HFC-152a. The Amendment specifies that emissions of HFC-23 generated during production of HCFCs or HFCs be destroyed to the
extent practicable beginning January 2020.

100

80

60

40

Production/consumption level allowed (%)

20 | Non-Article 5 (developed) countries'? =
B Arlticle 5 (develolping) Group 2I countries* | | | ]
2020 2025 2030 2035 2040 2045 2050
Year

Box 2-1 Figure 1. Phasedown schedule for allowed production and consumption, in percentages with respect to defined
baselines, of controlled HFCs, expressed as CO,-equivalents (CO,-eq), under the Kigali Amendment. The schedule for non-Ar-
ticle 5 (non-A5) countries is shown in blue'?, and the schedule for Article 5 (A5) countries is shown in orange® or red*.

TNon-A5 countries also referred to as Article 2 countries (Article 2] of the Montreal Protocol). Baseline for non-A5 countries is defined as average HFC CO,-eq produc-
tion/consumption for 2011-2013 plus 15% of HCFC baseline in CO,-eq production/consumption.

2 For the non-A5 countries Belarus, Russian Federation, Kazakhstan, Tajikistan, and Uzbekistan, the baseline is defined as average HFC CO,-eq production/consump-
tion for 2011-2013 plus 25% of HCFC baseline CO,-eq production/consumption (blue dotted line).

3 Group 1: A5 countries not part of Group 2 (Article 5 of the Montreal Protocol). Baseline for A5 Group 1 countries is defined as average HFC CO,-eq production/con-
sumption for 2020-2022 plus 65% of HCFC baseline CO,-eq production/consumption.

4Group 2: A5 countries are Bahrain, the Islamic Republic of Iran, Irag, Kuwait, Oman, Pakistan, Qatar, Saudi Arabia, and the United Arab Emirates. Baseline for A5 Group
2 countries is defined as average HFC CO,-eq production/consumption for 2024-2026 plus 65% of HCFC baseline CO,-eq production/consumption.
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in large parts of the world due to the COVID-19 pandemic. At
present, there are very few peer-reviewed studies examining
the influence of these restrictions on HFC emissions. Therefore,
in this section, we do not speculate on the potential effect of the
pandemic on HFC emissions.

Top-down regional emissions estimates are possible in parts
of the world with sufficiently dense atmospheric measurement
networks. In contrast to global inverse modeling, top-down re-
gional emissions estimates of long-lived HFCs are insensitive to
uncertainties in atmospheric lifetimes because transport times-
cales between emissions and measurement are small compared
to their rate of removal in the atmosphere (Box 1-2). Uncertainties
in derived regional emissions are typically dominated by

uncertainties in the 3-D chemical transport models used to simu-
late atmospheric dispersion and uncertainties in the meteorolog-
ical fields used to drive the models.

In the following section, recent literature on top-down and
bottom-up regional emissions are assessed and compared to
emissions reported by Annex | Parties to the UNFCCC, where
available. The Annex | UNFCCC reports contain annual bot-
tom-up estimates of emissions from those countries. In most
of these reports, emissions estimates are available for several
individual HFC species. However, reported emissions for some
species from some parties are grouped together as an “unspec-
ified mix” of compounds. For many individual species and for
aggregated totals, statistically significant differences are found
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Figure 2-1. Annual mean mole fractions and recent projections. Global annual mean values from the independent ground-based
AGAGE, NOAA, and UClI networks are shown as bluefilled circles, magenta open circles, and light blue filled circles, respectively.
AGAGE and NOAA values are based on monthly mean baseline measurements assimilated into the AGAGE global 12-box model
(e.g., Rigby et al., 2014). Purple crosses represent global annual mole fractions based on AGAGE measurements of the Cape
Grim Air Archive (CGAA) incorporated into the 12-box model. Gold triangles show Southern Hemisphere mole fractions from the
CGAA measured by the University of East Anglia (UEA). Descriptions of these data can be found in Prinn et al. (2018) for AGAGE;
Montzka et al. (2015) for NOAA; Simpson et al. (2014) for UCI; and Oram et al. (1998), Laube et al. (2010), and Leedham Elvidge
et al. (2018) for UEA. UCI HFC-134a data are reported as pptv (parts per trillion, volume based). In contrast, AGAGE and NOAA
data are reported as ppt (dry air mole fraction). Differences are expected to be small at the reported abundances compared to the
stated 10% uncertainty of the UCI HFC-134a scale. Upper-tropospheric measurements from ACE-FTS aboard SCISAT represent
averages for 60°S—-60°N in the altitude range of 5.5-8.5 km for HFC-23 and 45°S-45°N in the altitude range of 10.5-14.5 km for
HFC-134a (black diamonds, Fernando et al., 2019; Boone et al., 2020; Bernath et al., 2021). Since the previous Assessment, the
ACE-FTS processing algorithm has been updated (Boone et al., 2020), which changed some trend values compared to previous
versions (Bernath et al., 2021). ACE-FTS data are reported as wet air mole fractions. A water vapor correction was not applied to
the ACE data as its influence is thought to be small compared to the other uncertainties. Also shown are projections from Velders
etal. (2015; dark and light green lines).

between summed Annex | emissions reports and global top- reporting countries (although, as discussed below, where top-
down emissions, even when available regional top-down esti- down estimates are available, substantial underreporting has not
mates of non-Annex | emissions are added to the Annex | reports. yet been identified).

These gaps may arise from substantial emissions in non-reporting

; . . . . Updates relating to the atmospheric lifetime and degrada-
countries and, potentially from underreporting of emissions in

tion products of HFCs are discussed in Section 2.3.
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Table 2-1. Lifetimes, the 100-year time horizon GWP, and main applications of the HFCs with the highest atmospheric abundances.

Formula Lifetime (yr) GWP-100 Main Applications
* Refrigerant for mobile and for domestic refrigerators/freezers
HFC-134a CH,FCF, 14 1470 ¢ Blend component for statignary air»conditionin.g and gommercial refrigeration
¢ Propellant for pharmaceutical aerosols and for industrial aerosols
¢ Blowing agent
¢ By-product in production of HCFC-22
HFC-23 CHF, 228 14,700 ¢ Low-temperature specialist refrigerant
¢ Firefighting agent
HFC-32 CHF, 5.4 749 ¢ Blend component for air-conditioning equipment and commercial refrigeration
and heat pumps
¢ Blend component for stationary air-conditioning and commercial refrigeration
HFC-125 CHF,CF; 30 3820 and heat pumps
¢ Firefighting agent
HFC-143a CH,CF; 51 5900 ¢ Blend component for commercial refrigeration
HFC-152a CH,CHF, 16 153 . Propgllant for specialized industrial aerosols
¢ Blowing agent component for extruded polystyrene foams
3 * Foam blowing agent for polyurethane foams
RIAC2455E (CIRI{CIRCl 7 siaiz * Working fluid for organic Rankine cycles
HFC-365mfc CH.CF,CH,CF, 8.9 969 ¢ Foam blowing agent for polyurethane and phenolic foams
¢ Blend component for solvents
HFC-227ea CF,CHFCF, 36 3580 . P_ropella_nt for pharmaceutical aerosols
* Firefighting agent
HFC-236fa CF;CH,CF; 213 9120 ¢ Firefighting agent
HFC-43-10mee CF;CHFCHFCF,CF, 17 1610 * Solvent for specialized applications

Table 2-2. Global atmospheric mole fractions and emissions of hydrofluorocarbons estimated by surface air sampling networks.

Species Network Annual Mean Mole Fraction (ppt) Change (2019-2020) Emissions (2020)
2016 2019 2020 pptyr”’ % yr! Ggyr’ Tg CO,-eq yr!
HFC-134a AGAGE 89.4 108 13 5.5 51 247 +28 364 + 41
NOAA 89.8 108 13 5.4 5.0 243 +27 358 + 39
UCl (pptv) 92.1 108 m 3.3 3.1

HFC-23 AGAGE 28.9 32.5 33.7 1.3 3.9 17+£0.8 243 %12
HFC-125 AGAGE 20.9 30 33.3 &3 1l 92+6 352+23
NOAA 20.2 29 32 3.0 10 835 319+ 20
HFC-143a AGAGE 19.3 24.3 25.9 1.6 6.7 31+2 18512
NOAA 19 23.8 25.2 1.5 6.2 29+2 169 +10

HFC-32 AGAGE 12.6 21.5 24.8 3.3 15 707 533

NOAA 11.5 19.1 22 2.9 15 62+6 47 5
HFC-152a AGAGE 6.73 718 7.21 0.032 0.44 54+8 8.3%1.2
NOAA 6.75 7.08 6.92 -0.15 2.1 49+8 7.5%+11

HFC-245fa AGAGE 2.44 3.06 3.24 0.18 5.9 14+2 13£2

HFC-227ea AGAGE 1.24 1.64 1.8 0.16 9.7 6.3+0.7 23+3

NOAA 1.17 1.56 1.71 0.14 9.1 58+0.6 21+2
HFC-365mfc AGAGE 0.989 1.14 1.18 0.035 3.1 43%1 41+£09
NOAA 0.87 1.01 1.03 0.015 1.5 3.4+0.7 3.3+0.7
HFC-236fa AGAGE 0.154 0.192 0.204 0.013 6.6 0.39+0.09 3.5+0.8
HFC-43-10mee AGAGE 0.264 0.289 0.299 0.0099 3.4 1.2+0.3 1.9+0.5

Notes: Averages represent annual calendar-year global means for each independent measurement network. The AGAGE and NOAA networks share only a few com-
mon measurement sites; most measurements occur at different sites. Differences in the 2016 values since WMO (2018) are due to calibration scale changes and dif-
ferences in methodology used to estimate global means. The observations are updated from Prinn et al. (2018) and Montzka et al. (2015). They are available at http://
agage.mit.edu/ for AGAGE data and gml.noaa.gov/dv/site/ for NOAA data. Global means are estimated by assimilating data into the AGAGE 12-box model (Cunnold
etal., 1983; Rigby et al., 2013), using the methodology of Rigby et al. (2014). UCI HFC-134a data are reported as pptv (parts per trillion, volume based; Simpson et
al., 2014). In contrast, other data are reported as ppt (molar based). Differences are expected to be small at the reported abundances compared to the stated 10%

uncertainty of the UCI HFC-134a scale.
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2.2.1 Global and Regional HFC a foam-blowing agent, and a propellant for pharmaceutical and
Abundances and Emissions industrial aerosols (Table 2-1). In some applications, lower-GWP

refrigerants, such as HFO-1234yfand HFO-1234ze(E), are starting
In this section, we provide updates to the abundance and to replace HFC-134a (UNEP, 2017).

emissions of each HFC species. Species are grouped in subsec-
tions based broadly on their application or production route and
are ordered, approximately, by their contribution to radiative

The global annual mean mole fraction reached 113 £ 2 pptin
2020, up from 89 1 ppt in 2016 (average of AGAGE and NOAA
data; UCl results over this period are 111 = 2 ppt in 2020, up from

forcing. > i :
92 * 2 ppt in 2016; Table 2-2 and Figure 2-1). The change in
2.2.1.1 HFC-134a (CHZFCF3) mo.le frécti‘on. betwgeh 2016 angl 2020 was 24 i. 2 ppt (26 = 2%),
) ) which is similar, within uncertainty, to that during the four-year
HFC-134a |§the most.abunda.ntl-.|FC§nd contrlbutesthe.most period (2012-2016) examined in the previous Assessment. This
to total HFC radiative forcing. lts lifetime in the atmosphere is ap- observed increase in global mole fraction is similar to that project-
proximately 14 years, and its 100-year Global Warming Potential ed in Velders et al. (2015). The global abundance in 2020 con-
(GWP) is approximately 1470 (Annex). It is used as a refrigerant in tributed to a radiative forcing of 19.5 + 0.3 mW m2, the highest
mobile and domestic refrigerators and freezers, a blend compo- ofany HFC.
nent for stationary air-conditioning and commercial refrigeration,
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Figure 2-2. Global emissions derived from background atmospheric measurements and Annex | emissions reports to the UNF-
CCC. Emissions shown as blue circles are derived from five background AGAGE stations, filtered to remove measurements that
are strongly influenced by regional sources. Purple crosses show global emissions derived from AGAGE measurements of the
Cape Grim Air Archive. Red open circles show emissions derived from NOAA measurements in the remote atmosphere. Global
emissions are derived from the AGAGE 12-box model, with steady state lifetimes as in Table 2-1and the Annex, using the method
described in Rigby et al. (2014). Left-hand axes show emissions in Gg yr~', and the right-hand axes show CO,-eq emissions. Shad-
ing indicates 1-sigma uncertainties and includes contributions from measurement and model error, as well as due to lifetime and
calibration scale uncertainty. Green filled circles show the total emissions from Annex | countries reported to the UNFCCC (2019).
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Upper-tropospheric distributions of HFC-134a between
45°S and 45°N in the altitude range 10.5-14.5 km are measured
from orbit as mole fractions by ACE-FTS (Fernando et al., 2019;
Bernath etal., 2021). The latitude and altitude ranges are different
from those used in the previous Assessment (60°S to 60°N) due
to ACE-FTS retrieval problems below 10 km. These observations
indicate that HFC-134a in the upper troposphere increased from
85.5+ 0.3 ppt in 2016 to 109.8 £ 0.2 ppt in 2020 (Figure 2-1;
Fernando et al., 2019; Bernath et al., 2020; Harrison et al., 2021).
Uncertainties in these quantities represent the standard deviation
in the mean and do not include potential systematic errors, which
are likely to be substantially larger. The upper-tropospheric trend
observed from ACE-FTS is consistent with the trends derived from
the surface-based AGAGE and NOAA measurements.

Total global emissions of HFC-134a estimated from inverse
analysis of mole fractions at remote sites increased from 228 + 21
Gg yr'in 2016 to 245 = 27 Gg yr™' in 2020 (average of AGAGE
and NOAA inversions, which differ from each other by about
1%, Table 2-2 and Figure 2-2). Previous Assessments noted a
near-linear rise in HFC-134a emissions since the early 1990s. The
updated observations indicate that the growth in emissions has
slowed substantially since the previous Assessment (Montzka,
Velders etal., 2018); the increase in emissions between 2016 and
2020 was approximately 18 £ 3 Gg yr™' (8 £ 1%), compared to
arise of 51 £ 3 Gg yr™' (28 = 2%) between 2012 and 2016. The
2020 HFC-134a emissions were equivalent to 361 = 40 Tg CO,-
eqyr’.

While global top-down emissions of HFC-134a have grown,
the totals reported to the UNFCCC by Annex | countries have
declined from 92 Gg yr™' in 2016 to 84 Gg yr™' in 2019 (the last
year available at the time of writing). Therefore, the discrepancy

between the UNFCCC reported emissions and global top-down
values, noted in the previous Assessment, has increased to
around 160 Gg yr~"in 2019. This gap is approximately three times
the total reported emissions (Figure 2-3). Montzka, Velders et al.
(2018) described numerous regional top-down studies, which in-
dicated that emissions from the major reporting regions, primarily
the USA and Europe, were similar to, or slightly lower than, the
emissions estimates reported to UNFCCC by these two regions.
Therefore, it was proposed that the gap was most likely due to
emissions from non-reporting countries, although it is possible
that underreporting has occurred from Annex | countries that are
not well observed by atmospheric measurement networks.

Atmospheric measurement-based emissions estimates for
the USA and Europe were discussed in the previous Assessment.
Since then, additional studies have become available that sup-
port the conclusion that underreporting by UNFCCC Annex |
countries does not explain the discrepancy with global top-down
estimates. In Europe, new measurements of HFC-134a were
carried out on the island of Crete, and these were combined
with long-term measurements in Ireland, Switzerland, and Italy
(Schoenenberger et al., 2018). These measurements allowed
new estimates to be made of emissions from central and western
Europe and the eastern Mediterranean. The top-down estimates
of aggregated HFC-134a emissions for reporting countries in the
domain were 51% (37-69%) lower than the UNFCCC reports
(total top-down emissions were 18.6 [16.7-20.6] Gg yr™ for this
domain). In Australia, top-down emissions of around 1 Gg yr
were derived, around half of the value reported to the UNFCCC
(Dunse et al., 2018) and only ~0.4% of global total emissions.

For non-Annex | countries, new top-down and bottom-up
estimates have become available for India and China only. Two

Figure 2-3. Difference between

HFC-134a

200 T T T T global HFC-134a emissions derived
Global top-down minus Annex 1 (or other) emission estimates from atmospheric  observations
180 |- —— Global - Annex 1 (UNFCCC BU) L
—e— Global - Annex 1 (USA (Hu-17), Europe (Graziosi-17), other UNFCCC BU) 1250 (AGAGE and NOAA mean) and U_N
160 |-—e— Global - Annex 1 (Europe (Schoenenberger-18), other UNFCCC BU) FCCC reports from Annex | countries
Global - Annex 1 (UNFCCC BU) - India (Say-19) (green line and crosses with shading
140 '_gﬁ:?ﬂﬁf‘]‘;m“ estimates {200 T represent 1-sigma uncertainty). The
— 120 L—F China (Fortems-Cheiney-15) : dark blue line with open circles and
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-4 China (Fang- i ‘o
b 100 5" China (Vao19) 150 & UNFCCC reports for the USA and
80 China (Li-19 BU) % Europe replaced by regional inver-
i 100 [ sion results from Hu et al. (2017) and
60 | Graziosi et al. (2017), respectively.
Similarly, the light blue circle and er-
40 150 ror bar shows the global difference
20t but with European UNFCCC reports
replaced by top-down values from
0 Bt e it -t bttt e 4 L 1 410 Schoenenberger et al. (2018). A set
1990 1995 2000 2005 2010 2015 2020 of bottom-up or top-down regional
Year emissions estimates are shown for

China in broken or solid lines, re-

spectively. Top-down estimates are from Lunt et al. (2015) in purple, Fortems-Cheiney et al. (2015) in magenta, and Yao et al.
(2019) in black. Bottom-up estimates are from Su et al. (2015) in dotted cyan, Fang et al. (2018) in dotted blue with triangular
points, and Li et al. (2019) in a light pink dashed line with square data points. The contribution of emissions from India is indi-
cated in the gold square and error bar, which represents the global top-down/UNFCCC difference minus the Indian emissions

estimate from Say et al. (2019).



bottom-up studies by Li et al. (2019) and Fang et al. (2018) esti-
mate rapidly increasing emissions of HFC-134a in China through
2017 and 2014, respectively (Figure 2-4). However, the esti-
mates by Li et al. (2019) are about half that by Fang et al. (2018),
at 14 Gg yr™' and 38 Gg yr™' in 2014, respectively. Top-down
estimates by Yao et al. (2019) use flask and in situ measurements
from seven observatories in China between 2011 and 2017. The
top-down estimates also exhibit an increase during this period,
although with substantial interannual variability. The average top-
down emissions estimate from this study falls between the two
bottom-up estimates, with emissions of 25 (22-27) Gg yr™ for
2017. In India, air samples were collected at low altitudes during
an aircraft campaign in June and July 2016 (Say et al., 2019).
National emissions of HFC-134a derived from these observations
were 8.2 (6.1-10.7) Gg yr™'. Based on these top-down studies,
India and China could account for around 25% of the difference
between global top-down HFC-134a emissions estimates and
UNFCCC reports (Figure 2-3). The remaining missing emissions
probably occur in countries for which sparse atmospheric moni-
toring precludes the estimation of regional emissions and/or that
do not report to the UNFCCC.

Chapter 2

The radiative forcing due to HFC-23 was the third largest of
the HFCs in 2020 (down from the second largest in the previous
Assessment). It has the longest lifetime (228 years) and highest
100-year GWP (14,700) of the HFCs described here (Annex). In
contrast to the other, more abundant HFCs, the majority of HFC-
23 in the atmosphere has not been released following its inten-
tional use (Table 2-1). Instead, it is primarily a by-product that is
vented during the production of other compounds. The major
focus of previous work on HFC-23 has been its emissions during
the production of HCFC-22 (e.g., Oram et al., 1998; Miller et al.,
2010; Miller and Kuijpers, 2011; Simmonds et al., 2018; Stanley
etal., 2020). There is also evidence that HFC-23 can be released
during the production of tetrafluoroethylene (TFE) and hexafluo-
ropropylene (HFP) from HCFC-22 (Sung et al., 2006; Ebnesajjad,
2015; Section 7.2.2.1). However, there has not been an assess-
ment of the quantities recycled within production facilities or
potential contributions of these sources to global total emissions.
Compared to by-product emissions from HCFC-22 production,
smaller emissions are associated with the use of HFC-23 as a feed-
stock for halon-1301 production, as a plasma etching chemical
and chamber-cleaning agent in the semiconductor industry, as a
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Figure 2-4. Emissions of the major HFCs (excluding HFC-23 and HFC-43-10mee) from China. Top-down estimates from Yao et
al. (2019) are shown in blue, including 1-sigma uncertainties as shaded areas. Bottom-up estimates are from Li et al. (2019) in red

and Fang et al. (2018) in green.
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very low-temperature refrigerant, and as a specialty fire-suppres-
sion agent.

The abundance of HFC-23 continues to increase in the glob-
al atmosphere and reached 33.7 £ 0.9 pptin 2020, compared to
28.9+0.7 pptin 2016 (AGAGE data; Table 2-2 and Figure 2-1).
The previous Assessment (Montzka, Velders et al., 2018) noted
a reduction in growth rate from around 1.1 ppt yr~' to 0.9 ppt yr~!
between 2014 and 2016. This trend has since reversed, with
growth reaching 1.3 pptyr~' around 2018/19, the highest rate yet
recorded (Stanley et al., 2020). The overall change in mole frac-
tion between 2016 and 2020 was 4.8 £ 1.1 ppt (17 £ 4%), com-
pared to 4.0 = 1.0 ppt (16 £ 4%) between 2012 and 2016. The
radiative forcing due to HFC-23 was 6.5 £ 0.2 mW m2in 2020.

HFC-23 concentrations in the upper troposphere from ACE-
FTS through 2020 are shown in Figure 2-1 (Fernando et al.,
2019; Bernath et al., 2021). These upper-tropospheric means for
latitudes 60°S and 60°N were approximately 15-20% lower than
surface-based estimates from the AGAGE network. The ACE-FTS
growth rate was also smaller than that observed in the AGAGE
network, with an increase from 2016 to 2020 of 3.6 = 0.1 ppt (14
+1%). As with HFC-134a, the uncertainties quoted here represent
the standard deviation in the mean and do not include potential
systematic errors, which are likely to be substantially larger.
Ground-based column-average observations of HFC-23 based
on FTIR measurements at Rikubetsu, Japan, and Syowa Station,
Antarctica (Takeda et al., 2021), exhibited similar trends to those
based on the AGAGE measurements at similar latitudes, but the
column mole fractions were around 15% lower on average.

The previous Assessment (Montzka, Velders et al., 2018)
noted a decline in emissions derived from remote AGAGE mea-
surements between 2014 and 2016. Stanley et al. (2020) found
that this trend had since reversed and that emissions had grown
to 15.9 £ 0.9 Gg yr' in 2018. Updates presented here show an
additional rise to 17.2 £ 0.8 Gg yr™'in 2019, and a similar value of
16.5+0.8 Ggyr'in 2020 (Table 2-2 and Figures 2-2 and 2-5).
The 2020 emissions of HFC-23 were equivalent to 243 £ 12 Tg
CO,eqyr.

Global inventory-based (bottom-up) emissions estimates
are derived from publicly accessible information, as outlined
in Stanley et al. (2020) and shown in Figure 2-5. For Annex |
parties to the UNFCCC, annual HFC-23 emissions reports are
available (UNFCCC, 2021). For countries not obliged to report
to the UNFCCC, HFC-23 by-product generation is calculated by
multiplying reported HCFC-22 production by estimates of HFC-
23 by-product formation per mass of HCFC-22 produced. From
these totals, reported abatement is subtracted, based on informa-
tion from the UNFCCC Clean Development Mechanism (CDM) or
national programs.

For Annex | parties to the UNFCCC, reported emissions have
been relatively low during the last decade. Other than in 2018,
reported emissions have remained below 2 Gg yr™' since 2008.
Between 2016 and 2018 growth was reported, predominantly
driven by emissions from fluorochemical production. However,
a decrease to 1.6 Gg yr™' was subsequently reported in 2019
(Figure 2-2).

HCFC-22 production totals and HFC-23 by-product weights
were taken from information provided to UNEP under Article 7
of the Montreal Protocol and made publicly available through

reports of the UN Multilateral Fund (MLF; UNEP, 2018a, 2018b)
and the Technology and Economic Assessment panel (TEAP;
UNEP, 2020b). The TEAP report suggests that China is the largest
producer of HCFC-22, accounting for 61% of global production
in 2018; India is the next largest, accounting for less than 10%
(UNEP, 2020b). The HCFC-22 production amounts from China
suggest the generation of 14 Gg yr™' of HFC-23 by-product in
2018 (UNEP, 2020a).

Between 2006 and 2014, the amount of HFC-23 by-product
abated before reaching the atmosphere was taken from CDM
reports (Stanley et al., 2020). Since 2015, China has reported to
the MLF increasing HFC-23 abatement at its HCFC-22 production
facilities, reaching 45%, 93%, 98%, and 99.8% HFC-23 destruc-
tion in 2015, 2016, 2017 and 2018, respectively (UNEP, 2018a,
2018b, 2020c). An executive order in India required HCFC-22
producers to destroy all HFC-23 by-product from October 2016
onward (MEFCC, 2016).

These bottom-up considerations suggest an overall growth
of HFC-23 by-product generation from non-Annex | countries
between 1990 and 2019 (Figure 2-5, dashed red line), reflect-
ing an increase in global total HCFC-22 production. However,
when abatement is considered, a substantial reduction in emis-
sions to the atmosphere is estimated during the CDM period
(2006-2014) and from 2015 (Figure 2-5, top panel, solid red
line). Updated global bottom-up emissions were 2.2 Gg yr™' in
2019. The previous Assessment (Montzka, Velders et al., 2018)
presented substantially lower bottom-up HFC-23 emissions in
2014 and 2015 (based on Simmonds et al., 2018) than is shown
here. This disagreement is due to revisions in reported HCFC-22
production and HFC-23 by-product weights that resulted from
verification programs that occurred since the last Assessment
(UNEP, 2018a, 2018b, 2020c). Furthermore, it was assumed in
the estimates used in the previous Assessment that abatement in-
stalled during the CDM period would continue after the scheme
closed, whereas the updated estimates rely only on reported
abatement amounts.

Up until 2013, global bottom-up emissions track (within + 2
Gg yr™) the global emissions derived from atmospheric measure-
ments (Figure 2-5, top panel; Miller et al., 2010; Simmonds et
al., 2018; Stanley et al., 2020). Similarly, up until 2013, the ratio of
HFC-23 emissions to HCFC-22 production (E,;/P,,) derived from
atmospheric data closely matched that derived from bottom-up
estimates (Figure 2-5, bottom panel). As reported in Stanley et
al. (2020), between 2013 and 2015, top-down emissions grew
more slowly than expected based on HCFC-22 production data
and the decline in abatement reported under the CDM, which
had been operating since 2006. They proposed that this change
can be explained by new emissions from newly installed, and at
least partly unabated, HCFC-22 production capacity, combined
with the switching off of some, but not all, abatement installed
before or during the CDM period. Between 2015 and 2019, as
reported abatement increased dramatically in China and India,
bottom-up emissions and E,;/P,, declined substantially (Figure
2-5). However, emissions and E,;/P,, derived from atmospheric
data increased. By 2019, the difference between top-down and
bottom-up emissions and E,;/P,, was the largest since atmo-
spheric records began. Stanley et al. (2020) concluded that this
discrepancy was most likely the result of the reported emissions
abatement, primarily from China, not being fully realized, or
substantial new unreported HCFC-22 production. Stanley et al.



(2020) estimated that only 27% of the reported global abatement
capacity was achieved in 2018.

A small number of regional top-down studies have provided
additional information on the spatial distribution of global HFC-
23 emissions. However, none of these studies can explain the
discrepancy between bottom-up and top-down global emissions
after 2016. Using aircraft data collected over India in June and July
2016 (prior to the Indian government’s executive order to incin-
erate HFC-23 by-product from HCFC-22 production), Say et al.
(2019) derived emissions of 1.2 Gg yr~' for a region in the northern
part of the country comprising 72% of the Indian population and
four of five known HCFC-22 manufacturing plants. In China, Pu
et al. (2020) carried out observations in the Yangtze River Delta
region between 2012 and 2016. They estimated that their mea-
surements were sensitive to the Shanghai, Zhejiang, Jiangsu,
and Anhui provinces, as well as to nine fluorine chemistry plants
producing HCFC-22, comprising around 46% of national emis-
sions. Using a tracer ratio method, with carbon monoxide as the
reference tracer, emissions of 2.4 = 1.4 Gg yr™' were derived for
this region. Manning et al. (2021) derived United Kingdom (UK)
emissions of HFC-23 that were not statistically different from zero
for most years between 2008 and 2020. The derived emissions
were broadly consistent with the UK National Inventory Report,
which suggests very small emissions (<0.1 Gg yr™).

2.2.1.3 HFC-32 (CH,F,), HFC-125 (CHF,CF;),
HFC-143a (CH,CF,)
Current radiative forcing due to HFC-32, HFC-125, and HFC-

143a, which are primarily used as HCFC substitutes in refrigerants
(Table 2-1), are the fifth, second, and fourth largest of the HFCs,
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respectively. They have lifetimes of 5.4, 30, and 51 years and 100-
year GWPs of 749, 3820, and 5900 (Annex). The abundances of
all three compounds have increased in the background atmo-
sphere since the previous Assessment, with global surface mean
mole fractions in 2020 of 23.4 + 0.7 ppt for HFC-32, 32.7 £ 1.6
ppt for HFC-125, and 25.6 + 0.8 ppt for HFC-143a (AGAGE and
NOAA mean; Figure 2-1and Table 2-2). The increases between
2016 and 2020 were 11.4 £ 0.8 ppt (94 = 4%), 12.1 £ 1.9 ppt
(59 £ 7%), and 6.4 + 1.0 ppt (33 = 4%), respectively. Except for
HFC-143a, these increases are larger, in absolute terms, than the
change between 2012 and 2016. However, they are smaller than
the increases projected by Velders et al. (2015; second row of
Figure 2-1), which was the basis for the baseline scenario for HFC
projections in the previous Assessment. The radiative forcings in
2020 due to these species were 3.0 £ 0.1 mW m= (HFC-32), 8.0
+ 0.4 mW m=2(HFC-125), and 4.4 = 0.1 mW m= (HFC-143a).

Global top-down emissions in 2020 were 66 £ 7 Gg yr~' for
HFC-32, 88 £ 6 Gg yr~' for HFC-125, and 30 = 2 Gg yr~' for HFC-
143a (mean of AGAGE and NOAA inversions, Figure 2-2). The
increases in their emissions between 2016 and 2020 were 28 £ 1
Ggyr'(72£2%),22+1Ggyr'(34£1%),and 0.6 £ 0.9 Gg yr™
(2 £ 3%), respectively. The year-to-year emissions growth rate de-
clined during this four-year period for all three compounds. HFC-
143a exhibited the most marked slowdown, with overall growth
not significantly different from zero between 2016 and 2020. The
2020 emissions of these substances were equivalentto 50 + 5 Tg
CO,-eq yr!' (HFC-32), 335 £ 22 Tg CO,-eq yr™' (HFC-125), and
177 £11Tg CO,eq yr' (HFC-143a).

Since the previous Assessment, emissions reported to the
UNFCCC have increased for HFC-32 and HFC-125 (reaching 21

Figure 2-5. HFC-23 global emissions and HFC-
23/HCFC-22 production ratio (updated from
Stanley et al., 2020). (top panel) Top-down
emissions estimates derived from AGAGE data
are shown in blue (1-sigma uncertainty shown
in blue shading). The dashed red line shows the
sum of emissions reported to the UNFCCC and
a bottom-up estimate for non-Annex | countries
based on HCFC-22 production reported to the
Multilateral Fund (MLF) and an HFC-23 emissions
factor. The solid red line shows the same but in-
cludes abatement of HCFC-22 production-related
emissions. Abatement estimates are derived from
reports under the UNFCCC Clean Development
Mechanism, reports to the MLF of abatement after

1400 —~ 2015 by China and the assumed complete abate-
{1200 > ment of HCFC-22 production emissions in India
o . . -

1000 & due to an executive order in 2016. Emissions re-

ported to the UNFCCC (2021) are shown in green.
(lower panel) Total (solid black line) and feedstock
(dashed black line) production of HCFC-22 (right-
hand axis). The blue line shows the ratio of top-
down HFC-23 emissions to HCFC-22 production
(E23/P22). The solid and dashed red lines show
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Ggyr'and 32 Ggyr'in 2019, respectively), and have slightly fall-
en for HFC-143a (13 Gg yr™' in 2019). The drop in reported emis-
sions for HFC-143a likely follows from a reduction in its use in the
European Union (EU) ahead of its 2020 phaseout in favor of low-
er-GWP alternatives in commercial refrigeration (Velders, et al.,
2022; Section 2.4.1). The gap between these reports and global
emissions derived from atmospheric observations has grown for
all three species (Figures 2-6 to 2-8). For 2019, UNFCCC reports
represented 34%, 38%, and 43% of global top-down emissions
for HFC-32, HFC-125, and HFC-143a, respectively.

Updated top-down emissions have been derived for sev-
eral UNFCCC Annex | countries. These studies support the
conclusions of the previous Assessment that the gap between
reported and top-down emissions could not be explained by
underreporting to the UNFCCC for countries that are monitored
by atmospheric observations. Top-down estimated emissions of
HFC-125 and HFC-143a in 2013 were smaller than, or consistent
with, the reported emissions for central and western Europe and
the eastern Mediterranean (Schoenenberger et al., 2018). For
the UK, top-down emissions estimates were lower than invento-
ry-based estimates for HFC-125 and HFC-32 from the early 2000s
to 2018 (Manning et al., 2021). For HFC-143a, the top-down
values were similar to the UNFCCC reported emissions between
2010 and 2016, but in the subsequent years, top-down values
rose above inventory estimates. For all three gases, UK emissions
were estimated to be less than 2% of the global total derived from
AGAGE and NOAA observations. Similarly, top-down emissions
for Australia were estimated to be less than 2% of global emis-
sions for each of these gases between the early 2000s and 2016
(Dunse et al., 2018). Substantial over-reporting of HFC-125 was
found in the Australian inventory (top-down values around 50%
lower) and underreporting for HFC-32 and HFC-143a (top-down
estimates two to three times higher).

Among non-Annex | countries that do not regularly report
to the UNFCCC, top-down or bottom-up studies have been con-
ducted in China, India, and South Africa. These studies suggest
that some, but not all, of the gap between the global top-down
estimates and UNFCCC reports can be explained by emissions
from these countries (Figures 2-6 to 2-8). In China, growing
top-down emissions of HFC-32, HFC-125, and HFC-143a were
derived for 2011 to 2017, reaching 11.3 (10.5-12.0) Gg yr~', 10.8
(9.7-11.9) Gg yr™, and 3.1 (2.6-3.6) Gg yr, respectively, at the
end of the study period (Yao et al., 2019). These emissions could
explain around 20-40% of the difference between UNFCCC re-
ports and the global top-down estimates for these gases. Similar
to HFC-134a, the top-down estimates for HFC-125 and HFC-143a
emissions from China of Yao et al. (2019) mostly fall between in-
ventory-based estimates of Li et al. (2019) and Fang et al. (2018),
while the HFC-32 emissions estimates are slightly lower in recent
years. Based on a spatially and temporally sparse aircraft dataset
collected during the summer of 2016, Say et al. (2019) estimat-
ed Indian emissions of 6.4 (5.2-7.8) Gg yr~' for HFC-125 and 0.8
(0.4-1.2) Gg yr™' for HFC-143a. These emissions could account
for around 5-17% of the global difference between top-down
estimates and UNFCCC reports for these two species. For HFC-
32, Say etal. (2019) derived Indian emissions that were only ~2%
of the gap. Using measurements from Cape Point, Kuyper et al.
(2019) estimated small emissions of HFC-125 from South Africa
(~1% of global emissions, after extrapolation of emissions derived
in the vicinity of Cape Point to the whole country based on pop-
ulation density).

HFC-152a is the seventh-largest contributor to radiative
forcing of the HFCs. Compared to the other major HFCs, it has
a relatively short atmospheric lifetime of 1.6 years and a low
GWP (relative to other HFCs) of 153 over a 100-year time horizon
(Annex). This species is mainly used as a propellant for specialized
industrial aerosols, as a blowing agent component for extruded
polystyrene foams, and recently as a replacement for HFC-134a in
some automobile air-conditioning systems (Table 2-1).

As reported in the previous Assessment (Montzka, Velders
et al., 2018), the growth of HFC-152a in the background atmo-
sphere slowed substantially between 2012 and 2016 compared
to the preceding decade. This trend has continued, with HFC-
152a exhibiting a relatively small increase of 0.33 £ 0.29 ppt (5
+ 4%) between 2016 and 2020, reaching 7.1 £ 0.2 ppt in 2020
(mean of AGAGE and NOAA data; Figure 2-1 and Table 2-2).
This slowdown contrasts with the projected continuing growth
during this period in Velders et al. (2015). The radiative forcing of
climate due to HFC-152a was 0.9 + 0.03 mW m2in 2020.

Global emissions of HFC-152a derived from observations
in the background atmosphere did not change significantly
between 2016 and 2020. They were 51 = 8 Gg yr™' in 2020, a
change of -0.7 £ 0.9 Gg yr™' (-1 = 2%) relative to 2016 (AGAGE
and NOAA mean; Figure 2-2). Although HFC-152a has the
fourth-largest mass emissions of the HFCs because of its relatively
short lifetime and lower (relative to other HFCs) GWP, the CO,-
equivalent emissions of HFC-152a were only the ninth largest in
2020, at8 +1Tg CO,-eq yr™.

Emissions of HFC-152a reported to the UNFCCC have in-
creased slightly since those reported in the previous Assessment
(8.6 Gg yr™' in 2019 compared to 7.3 Gg yr™' in 2015; Figure
2-2), but the substantial discrepancy between top-down and
reported emissions remains, at 46 Gg yr™' in 2019. The UNFCCC
reports accounted for 16% of the global top-down values in that
year. As noted in the previous Assessment, much of this differ-
ence could be attributed to the USA not reporting HFC-152a
emissions explicitly but instead aggregating them with several
other compounds (including HFC-227ea, HFC-245fa, and HFC-
43-10mee). Regional top-down studies confirmed that substantial
emissions (~10-30 Gg yr™') originated from the USA around the
period 2004-2012 (Stohl et al., 2009; Miller et al., 2012; Barletta
etal., 2011; Luntetal., 2015; Simmonds et al., 2016).

Recent top-down studies in Europe, the eastern
Mediterranean, and Australia have confirmed that these regions
are relatively small contributors to global total HFC-152a emis-
sions. Emissions for western and central Europe and the eastern
Mediterranean were inferred to be 2.8 (2.3-3.3) Gg yr™' in 2013
(Schoenenberger et al., 2018), accounting for around 5% of glob-
al emissions. For Annex | countries in the domain, emissions were
consistent with, or lower than, those reported to the UNFCCC.
Emissions of less than 0.1 Gg yr™' (or around 0.1% of global emis-
sions) were inferred for Australia between 2003 and 2016 (Dunse
etal., 2018).

Regional inverse estimates from the non-Annex | countries
China and India suggest that emissions from these regions do not
contribute substantially to the difference between the top-down
global total and the global UNFCCC reports. Yao et al. (2019)
made a top-down estimate of HFC-152a emissions in China,
and these were generally consistent with top-down estimates
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Figure 2-6. As in Figure 2-3, but for
HFC-32.

Figure 2-7. As in Figure 2-3, but for
HFC-125.

Figure 2-8. As in Figure 2-3, but for
HFC-143a.
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presented in the previous Assessment (Montzka, Velders et al.,
2018). Both were substantially lower than the emissions from the
bottom-up studies of Fang et al. (2016, 2018) (Figure 2-4). Top-
down Chinese HFC-152a emissions were found to be relatively
stable at ~5 Gg yr' (~10% of global emissions) during the 2011-
2017 period (Yao et al., 2019). Based on measurements from an
aircraft campaign in June and July 2016, Say et al. (2019) estimate
that HFC-152a emissions from India were 1.2 (0.9-1.4) Gg yr™,
contributing around 2% to global emissions.

2.2.1.5 HFC-245fa (CHF ,CH,CF;), HFC-365mfc
(CH,CF,CH,CF,), HFC-227ea (CF;CHFCF,),
HFC-236fa (CF,CH,CF.)

HFC-245fa, HFC-365mfc, HFC-227ea, and HFC-236fa are
present in the atmosphere at lower abundances than the above
species (<5 ppt in 2020). Correspondingly, they have relatively
small radiative forcings, making between the 6" and 11" most
important contributions to overall HFC radiative forcing. Their
lifetimes span a wide range, from 7.9 (HFC-245fa) to 213 years
(HFC-236fa), and 100-year GWPs range from 969 (HFC-365mfc)
to 9120 (HFC-236fa) (Annex). HFC-245fa and HFC-365mfc are
used primarily as blowing agents replacing HCFC-141b and oth-
ers in the production of foam products (Table 2-1). HFC-227ea
is used as a fire suppressant, primarily replacing halon-1211 in
streaming applications and halon-1301 in total flooding situa-
tions. HFC-227ea is also used with HFC-134a as a propellant in
metered dose inhalers and, with HFC-365mfc, in foam blowing
to reduce flammability. HFC-236fa is used in niche refrigeration
applications.

The abundances of all four compounds have grown since
the previous Assessment, reaching 3.2 £ 0.3 ppt (HFC-245f3;
AGAGE data), 1.1 £ 0.2 ppt (HFC-365mfc; AGAGE and NOAA),
1.8 £ 0.1 ppt (HFC-227ea; AGAGE and NOAA) and 0.20 * 0.04
ppt (HFC-236fa; AGAGE) in 2020 (Figure 2-1 and Table 2-2).
The growth of HFC-245fa, HFC-227ea, and HFC-236fa is roughly
consistent with the projections of Velders et al. (2015), but the
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Figure 2-9. Radiative forc-
ing due to HFCs derived from
AGAGE mole fractions and the
radiative efficiencies given in
the Annex.

2018

projected growth of HFC-365mfc was higher than has been ob-
served. Together, these species contributed 1.6 mW m~ to radia-
tive forcing of climate in 2020.

Global emissions derived from atmospheric observations in
the background atmosphere have increased since the previous
Assessment for HFC-245fa, HFC-227ea, and HFC-236fa, while
those of HFC-365mfc may have decreased slightly. Emissions in
2020 were 13.7 £ 2.3 Gg yr' (HFC-245fa; AGAGE), 6.1 £ 0.6 Gg
yr (HFC-227ea; AGAGE and NOAA), 3.9 £ 0.9 Gg yr' (HFC-
365mfc; AGAGE and NOAA), and 0.39 £ 0.09 Gg yr' (HFC-
236fa; AGAGE). The sum of the 2020 emissions of these four
compounds was equivalent to approximately 42 Tg CO,-eq yr™.

Emissions reported to the UNFCCC represented only a
fraction of the global top-down estimates for each of these com-
pounds. For HFC-245fa, HFC-227ea, HFC-365mfc, and HFC-
236fa, Annex | reports represented 27%, 23%, 51%, and 37% of
their global top-down total, respectively. However, as noted in
the previous Assessment, much of this discrepancy likely stems
from the fact that many countries report these species aggregat-
ed with others as an “unspecified mix” without sufficient informa-
tion to disaggregate the mix.

Regional estimates of emissions from China, the UK, and
Australia have become available since the last Assessment
(Montzka, Velders et al., 2018). For China, top-down estimates
were about 10-40% of the global total for these HFCs in 2017
(Yao etal., 2019; Figure 2-4). For HFC-245fa, the top-down val-
ues were substantially higher than the bottom-up estimates of Li
etal. (2019) and Fang et al. (2018). For HFC-227ea, the top-down
values were between the two bottom-up studies, and for HFC-
236fa, they were similar to the bottom-up estimates of Li et al.
(2019). (Fang etal., 2018, estimated zero emissions of HFC-236fa
until the end of the study period in 2014.) Top-down Australian
emissions estimates account for less than 2% of the global total in
2016 for all four compounds (Dunse et al., 2018). Similarly, top-
down UK emissions estimates of HFC-227ea were around 1% of
the global top-down value in 2018 (Manning et al., 2021). The UK
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top-down emissions were around half of those reported by the UK
to the UNFCCC.

2.2.1.6 HFC-43-10mee (CF;CHFCHFCF,CF;)

HFC-43-10mee is the 10"-largest contributor to HFC radi-
ative forcing, with a lifetime of 17 years and a 100-year GWP of
1610. It is used as a solvent in electronics and precision cleaning,
replacing CFC-113 and methyl chloroform (Table 2-1). Its abun-
dance in the atmosphere continues to increase, growing by 0.03
+ 0.03 ppt (13 £ 12%) between 2016 and 2020 and reaching
0.30 £ 0.02 ppt in 2020 (AGAGE data, Table 2-2 and Figure
2-1). The radiative forcing due to HFC-43-10mee in 2020 was 0.11
+ 0.01 mW m™2. Emissions derived from observed concentrations
at remote AGAGE stations have not changed significantly since
2016 and were 1.2 = 0.3 Gg yr™' in 2020 (Figure 2-2), about 80
times higher than the most recent bottom-up UNFCCC reports.
The 2020 emissions were equivalentto 1.9 £ 0.5 Tg CO,-eq yr™.

2.2.2 Summed Radiative Forcing and CO,-eq
Emissions for HFCs

The summed radiative forcing due to the HFCs has in-
creased by around one-third (11.0 £ 0.7 mW m™) since the pre-
vious Assessment, reaching 44.1 = 0.6 mW m=2 in 2020 (Figure
2-9: AGAGE data). HFC-134a accounts for around 44% of this
total, with the next-largest contributions coming from HFC-125
(18%), HFC-23 (15%), and HFC-143a (10%). Since the previous
Assessment, radiative forcing due to HFC-125 has overtaken that
of HFC-23. The radiative forcing due to the HFCs was around 13%
that of the ODSs in 2020 (Chapter 1) and approximately 2% of that
of CO, (https://gml.noaa.gov/aggi/aggi.html).

Total CO,-eq emissions due to the HFCs were 1.22 = 0.05
Pg CO,-eq yr™'in 2020, 19% higher than in 2016 (Figure 2-10).
Of this total, HFC-134a was responsible for approximately 30%,
HFC-125 for 28%, HFC-23 for 20%, and HFC-143a for 15%. The
remaining species contributed less than 5% each. Chapter 2 of
the last Assessment (Montzka, Velders et al., 2018) noted that
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GWP-weighted emissions from HFCs, HCFCs, and CFCs were
similarin 2016. In 2020, because of the continuing decline in CFC
and HCFC emissions and the growth of HFCs, CO,-equivalent
total emissions due to HFCs were 60-70% higher than those of
CFCs or HCFCs (see Chapter 1).

2.2.3 Aggregate Emissions of HFCs
Reported to the UNFCCC and Contributions
from Non-reporting Countries

In the above subsections, the gap between top-down emis-
sions and those reported to the UNFCCC is described for each
species. For all the HFCs for which UNFCCC reports are available,
this gap has grown since the previous Assessment (except for
HFC-365mfc, for which the gap slightly declined). When consid-
ered in aggregate CO,-eq emissions, the 2019 UNFCCC reports
explain 31% (including HFC-23) or 37% (excluding HFC-23) of the
top-down global total, down from 38% or 45% in 2015, respec-
tively (Figure 2-11).

The cause of the gap between UNFCCC reports and global
top-down emissions estimates is not well understood. The gap is
likely dominated by emissions from non-Annex | countries, which
are not required to report emissions to the UNFCCC. As also de-
scribed in the previous Assessment and above, regional inverse
modeling studies have not found evidence of underreporting
of aggregate HFC emissions from Europe, the USA, or Australia
(e.g., Lunt et al., 2015; Hu et al., 2017; Schoenenberger et al.,
2019; Manning et al., 2021; Dunse et al., 2018). The measure-
ment network used to infer top-down emissions is not sensitive
to all reporting countries, but because the USA and Europe ac-
counted for approximately three-quarters of total reported Annex
| emissions in 2019, it is unlikely that underreporting in the re-
maining Annex | countries can account for a substantial fraction of
the overall emissions gap. For non-Annex | countries, top-down
emissions by Yao et al. (2019) suggest that, excluding HFC-23,
around 21% of the 2017 gap (and 25% of the 2016 gap) could
be explained by emissions from China (Figure 2-11). Top-down
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emissions from India (Say et al., 2019) suggest that around 9%
of the 2016 gap (both excluding or including HFC-23) could be
explained by emissions from India, although there may be large
uncertainty in this estimate, as it is based on a single aircraft sam-
pling campaign that took place over a limited time period (ap-
proximately two months) and did not sample air representative
of emissions from the entire country. Total emissions from South
Africa in 2017, for HFC-125 and HFC-152a only, contribute less
than 1% of the gap (Kuyper et al., 2019). For 2016, the year with
emissions estimates for both China and India, the origin of around
40% of global CO,-equivalent HFC emissions remained unac-
counted for by UNFCCC reporting and atmospheric measure-
ment-based regional emissions estimates (excluding HFC-23,
for which top-down estimates are not available for China). These
emissions likely originate primarily from non-Annex | countries
where a lack of inventory reporting and sparse or non-existent
atmospheric sampling preclude the robust quantification of re-
gional emissions.

2.2.4 Next-Generation Substitutes

Unsaturated HFCs, known as hydrofluoroolefins (HFOs),
have been increasingly used as lower-GWP alternatives to satu-
rated HFCs or in blends with high-GWP HFCs. Although these
compounds have GWPs similar to that of CO, (Annex), their atmo-
spheric lifetimes are on the order of days (Annex), much shorter
than saturated HFCs. These species are not subject to the controls
of the Kigali Amendment to the Montreal Protocol.

To the best of our knowledge, there are no comprehensive
global datasets on the production and consumption of HFOs.
However, some atmospheric observations indicate growing
regional emissions. Vollmer et al. (2015) reported atmospheric
measurements of HFO-1234yf and HFO-1234ze(E) at an urban
(Dubendorf) and a remote (Jungfraujoch) site in Switzerland.
They also reported on measurements of the unsaturated HCFC

(hydrochlorofluoroolefin) HCFO-1233zd(E) (see Chapter 1).
Here, the Jungfraujoch measurements are updated through 2020
(Figure 2-12). The measurements show that the background
atmospheric abundances of both compounds in central Europe
have continued to grow, from less than 0.01 ppt before 2016 to
annual median levels of 0.10 and 0.14 ppt for HFO-1234yf and
HFO-1234ze(E), respectively, in 2020.

2.3 ATMOSPHERIC CHEMISTRY OF HFCs
2.3.1 Update on Kinetics and Lifetimes

HFCs are removed from the atmosphere primarily by reac-
tion with the hydroxyl radical (OH) in the troposphere. Reaction
with electronically excited atomic oxygen (O('D)) and OH in
the stratosphere also contributes to the loss of long-lived HFCs
and impacts their lifetimes slightly. Other loss processes include
photolysis at the Lyman-a wavelength (mainly 121.6 nm) and
dissolution into the ocean. The photochemical degradation at
the Lyman-a wavelength is applicable to extremely long-lived
species that can reach the mesosphere, and the oceanic loss is
applicable only to a few soluble species, such as HFC-134a, HFC-
125, and HFC-23 (Yvon-Lewis and Butler, 2002). Both processes
have negligible impacts on total atmospheric lifetime of HFCs and
therefore are not considered in the lifetime calculation. A com-
prehensive list of atmospheric lifetimes of HFCs, as well as HFOs,
can be found in the Annex. The best-estimate lifetimes for major
HFCs remain unchanged since the last Assessment.

2.3.2 Chemical Reactions and Impact on
Atmospheric Composition

Following OH-initiated destruction of HFCs and HFOs in
the atmosphere, carbon dioxide (CO,) and hydrogen fluoride
(HF) are the major stable breakdown products. Some of these

Figure 2-11. Summed CO,-eq emis-

sions from top-down estimates
compared to those using UNFCCC
reported emissions. Global aggre-
gated HFC emissions derived from
AGAGE and NOAA data are shown
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HFC-23; dashed, excluding HFC-
23). Emissions reported by Annex |
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Error bars represent 1-sigma uncertainties.
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fluorocarbons also produce trifluoroacetic acid (TFA; CF;COOH),
trifluoroacetaldehyde (CF,CHO), and, potentially, HFC-23 as
products.

Some HFCs, as well HCFCs, HFOs, and HCFOs, degrade
in the atmosphere to produce TFA. TFA abundance and its
environmental impacts have been assessed in many previous
Assessments (e.g., Montzka, Reimann et al., 2011; Montzka,
Velders et al., 2018; Carpenter, Daniel et al., 2018). Previous
Assessments concluded that the environmental effects of TFA due
to the breakdown of HCFCs and HFCs are too small to be a risk to
the environment over the next few decades based on the project-
ed future use of hydrocarbons, HCFCs, and HFOs. However, they
also recommended that environmental effects of TFA produced
from these gases be reevaluated regularly because their emis-
sions are increasing and sources and sinks of TFA are uncertain
(Montzka, Reimann et al., 2011; Montzka, Velders et al., 2018;
Carpenter, Daniel et al., 2018).

HFOs that have atmospheric lifetimes on the order of days
are used as lower-GWP alternatives to the long-lived HFCs (life-
time >1 year, see Annex). In particular, HFO-1234yf has been
increasingly used as an HFC-134a replacement refrigerant in
mobile air conditioners (MAC). If the same amount of short-lived
HFOs were used as replacement for the long-lived HFCs, their
atmospheric breakdown would occur at a much faster rate and
at locations much closer to where they were emitted. As a result,
the deposition of TFA formed from degradation of these com-
pounds would be much larger over a shorter time frame and be-
come more localized. In this section, we assess the impact of this
transition from HCFCs and long-lived HFCs to short-lived HFOs
and focus on the HFC-134a to HFO-1234yf transition and how this
affects TFA abundance. Projected future global production of TFA
and its deposition rate related to projected HFC-134a and HFO-
1234yf emissions for 2020-2100 are presented in Chapter 7.

TFAis highly soluble and is scavenged from the atmosphere
via rain, fog, and snow, as well as dry deposition. Some fraction
of the TFA dissolved in cloud water can partition back into the
gas phase when the cloud water evaporates. More than 90% of
TFA is physically removed from the atmosphere via wet and dry
deposition (about 80% via wet deposition and 10% via dry depo-
sition; Holland et al., 2021), with an estimated global mean depo-
sition lifetime of about 5-10 days (Hurley et al., 2004; Holland et
al., 2021). TFA is also chemically destroyed in the atmosphere
by OH. This is estimated to be a minor loss channel (about 6%;
Holland et al., 2021), with a global mean partial lifetime against
OH of ~4 months (Chiappero etal., 2006). Criegee intermediate
chemistry, under which ozone reacts with biogenic emissions of
alkenes (Chhantyal-Pun et al., 2017), is a minor contribution to
overall global TFA loss (<1%) but is important near the surface in
the forested regions where biogenic emissions are high (Holland
etal., 2021). Once in contact with soil or surface water, TFA reacts
with minerals to form salt. TFA in salt form is extremely stable and
persistent in the hydrosphere, with a hydrospheric half-life of cen-
turies or greater (Solomon et al., 2016), so it accumulates in lakes
and the ocean.

TFA is present ubiquitously in the hydrosphere in small con-
centrations. In surface freshwater, TFA levels are typically 10-300
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ng L (Carpenter, Daniel et al., 2018). TFA in freshwater is most
likely a result of industrialization, as no detectable level (<2-5 ng
L") of TFA was found in very old groundwater or in preindustrial
freshwater samples (Berg et al., 2000; Nielsen et al., 2001). This
is consistent with the findings from ice core samples (Pickard et
al., 2020), where deposition of TFA to the Arctic environment
was essentially absent until the 1970s and increased substantially
after the onset of HFC-134a production and emissions. New rain-
water TFA concentration measurements have been reported for
Germany (Freeling et al., 2020). During a nationwide 12-month
field monitoring campaign in Germany, the mean TFA concentra-
tion was 703 ng L™ in 1187 collected and analysed precipitation
samples (Freeling et al., 2020). TFA enters the environment di-
rectly and indirectly through industrial uses. It is manufactured as
an industrial chemical and is widely used. It can also be formed
during the breakdown of many ODSs and ODS substitutes that
contain a CF; group (Solomon et al., 2016). Molar yields of TFA
are estimated to be 100% for HFC-1234yf (Burkholder et al.,
2015; Lindley et al., 2019) and HCFC-124 (Burkholder et al.,
2015), 7-20% for HFC-134a (Wallington et al., 1994), and 60%
for HCFC-133a (Burkholder et al., 2015). TFA is also formed from
CF;CHO, another degradation product of some HFCs, HFOs, and
HCFOs (Chiappero et al., 2006). Formation of TFA from CF,CHO
can also occur in the aqueous phase. Research shows that about
20-33% of CF;CHO will enter the water phase and is quickly
hydrated (Rayne and Forest, 2016). A recent study suggests that
after remobilization into the gas phase, hydrated aldehydes in
cloud droplets can be converted to organic acids by reaction with
OH radicals (Franco et al., 2021). This mechanism can potentially
convert hydrated CF;CHO to form TFA. For the time being, no
global modeling studly is available that fully accounts for all pro-
cesses in the contribution of CF;CHO to TFA formation.

TFA is present in the ocean even at great depths and in re-
mote locations (Frank et al., 2002; Solomon et al., 2016; UNEP
2014). The reported consistent concentration of TFA at around
200 ng L™ regardless of location or depth, down to the deepest
parts of ocean (Frank et al., 2002), suggests small but ubiqui-
tous natural sources in seawater. In contrast, Scott et al. (2005)
found parts of the oceans that contained very little TFA, less than
10 ng L. However, it is unclear how representative these mea-
surements are for the global abundance of TFA in seawater. A
comprehensive review of published TFA measurements in prein-
dustrial and other environmental examples pointed out that there
were limited analytical details and uncertainties in these earlier
measurements (Joudan et al., 2021). As more sources of TFA are
being identified and new plausible mechanisms are proposed
that can potentially transport TFA into the deep ocean on decadal
timescales or faster, the presence of TFA in the deep ocean may
not provide sufficient evidence that TFA occurs naturally (Joudan
etal., 2021).

Since the previous Assessment, there have been new global
3-D chemical transport modeling studies to assess TFA formation
in hypothetical scenarios in which refrigerants in all MACs in exis-
tence today were assumed to contain solely HFO-1234yf. These
studies estimated TFA formation and deposition in the USA,
Europe, China, India, and the Middle East (Wang et al., 2018;
David et al., 2021). In these studies, the global total deposition
of TFA produced from HFO-1234yf degradation was estimated to
be approximately 60 Gg yr~'. The model-simulated annual total
TFA deposition rates were 7.5 Gg yr™' in the USA (Wang et al.,
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2018), 5.9 Gg yr™' in the EU (Wang et al., 2018), 19-24 Gg yr~'
in China (Wang et al., 2018; David et al., 2021), 12-21 Gg yr™' in
India (David et al., 2021), and 10-19 Gg yr~' in the Middle East
(David et al., 2021). The simulated TFA rainwater concentrations
show large variation, but the regional mean concentrations were
below the “no observable effect” concentration for most of the
areas around the globe, suggesting that the environmental im-
pacts are insignificant (David et al., 2021). In some parts of North
Africa and the Middle East where precipitation is scarce, simulat-
ed TFA rainwater concentrations exceeded the no-effect level for
the most sensitive algae (1.2 x 10° ng L") (Solomon et al., 2016;
Wang et al., 2018). However, this finding is based on a single
model study, and there are large uncertainties in model-calcu-
lated precipitation amounts and TFA rainwater concentrations in
regions with very low precipitation.

In Chapter 6 of the last Assessment (Carpenter, Daniel et al.,
2018), HFC-134a was estimated to make the largest contribution
of the HCFCs and HFCs to TFA formation globally. Atmospheric
measurements in central Europe show that the mean background
molar fraction of HFC-1234yf at Jungfraujoch has increased from
<1 parts per quadrillion (ppq) in 2014 (Vollmer et al., 2015) to
about 0.10 £ 0.07 ppt in 2020 (Figure 2-12, updated from
Vollmer et al., 2015). With an abundance of about 0.10 £ 0.07
ppt, an atmospheric lifetime of 14 days, and 100% TFA molar
yield, the breakdown of HFC-1234yf is estimated to form a com-
parable, or possibly larger, amount of TFA near Jungfraujoch than
from the breakdown of HFC-134a (mean background abundance
of 120.7 + 2.9 ppt at Jungfraujoch in 2020, lifetime of 14 years,

7-20% TFA molar yield). Like HFC-1234yf, the atmospheric an-
nual mean background concentrations of HFO-1234ze(E) and
HCFO-1233zd(E) at Jungfraujoch have increased rapidly in the
recent years to around 0.1 ppt in 2020 (Section 2.2.4 and Section
1.3.1.7). If their atmospheric levels continue to grow in the coming
years, their contributions to TFA formation need to be consid-
ered in the atmospheric TFA budget estimate. Due to the limited
representativeness of Jungfraujoch measurements and the large
spatial variability and uncertainties related to short-lived HFOs
and their atmospheric chemical loss, it is difficult to assess the
contribution of HFC-1234yf, and similarly HFO-1234ze(E) and
HCFO-1233zd(E), to TFA formation on a global scale. Currently,
the measured and model-simulated concentrations of TFA from
the use of HFOs, HFCs, HCFCs, and HCFOs for present-day con-
ditions in general remain significantly below known toxicity limits,
but continued work is needed as updates to science are made,
particularly for the regions that could be vulnerable to adverse
impacts in future.

The transition from use of HFCs to HFOs will lead to more TFA
and less HF formation. Both are substances considered potential
contributors to acidification. Lindley et al. (2019) compared the
acidification potential of HFCs, HFOs and HCFOs emissions in the
EU and concluded that the relative acidification potential of these
compounds is very similar and that these compounds contribute
less than 0.5% of the main acidification air pollutants—sulfur diox-
ide (SO,), nitrogen oxides (NO,) and ammonia (NH;)—resulting
in an insignificant contribution to acidification both presently and
up to at least 2030.
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Figure 2-12. Measurements of HFO-1234yf and HFO-1234ze(E) at Jungfraujoch. Points show daily averages of data collected
approximately every two hours. Boxes indicate the 25% and 75 percentiles of the two-hourly data within each year, and the
whiskers show the 5% and 95t percentiles. The median is indicated by the thick gray line inside each box. [Updated from Vollmer

etal., 2015.]
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CF;CHO is a minor degradation product of some fluorinated
compounds and is linked to TFA chemistry (see above). CF;,CHO
is primarily formed in the atmosphere during the degradation of
HFC-143a, HFO-1234ze(E), and HCFO-1233zd(E), with a 100%
CF,CHO molar yield from each compound (Sulbaek Andersen et
al., 2018; Burkholder et al., 2015). Photolysis of CF;CHO can po-
tentially form HFC-23 in the atmosphere (Chiappero et al., 2006;
Burkholder, et al., 2015), although the significance of HFC-23 for-
mation via this mechanism is not well quantified at present.

CF;CHO is primarily removed from the atmosphere via pho-
tolysis, with a photolysis lifetime of a few days (Chiappero et al.,
2006). Loss of CF;CHO can also occur through reaction with OH
radicals, with an OH partial lifetime of ~24 days (Scollard et al.,
1993; Sellevag etal., 2004). It has an additional minor loss mecha-
nism by reacting with Cl radicals (Scollard et al., 1993; Burkholder,
etal., 2015). CF;CHO photolysis can proceed via three pathways
at solar radiation wavelengths >290 nm (Chiappero et al., 2006;
Burkholder, et al., 2015):

CF,CHO+hv — CF;+HCO (pathway 1)
— CHF;+CO (pathway 2)
— CF,CO+H (pathway 3)

Chiappero et al. (2006) reported a CF,CHO total quantum
yield of 0.17 £ 0.03 for pathway 1. The quantum yield of a photo-
chemical reaction describes the number of molecules undergoing
a photochemical event per absorbed photon. The quantum yield
for pathway 2 is <0.02 at 308 nm, suggesting this is a negligible
HFC-23 source (Chiappero et al., 2006). Updated photolysis ex-
periments also found no detectable (<0.3%) production of CHF,
during the photolysis of CF;CHO under conditions representative
of the troposphere (ambient pressures of air, N,, or O, and with
wavelengths ranging from 400 nm to 290-300 nm; Sulbaek
Anderson and Nielsen, 2022).

Measurements at central European stations show an atmo-
spheric mean background molar fraction of ~0.20 ppt for HFO-
1234ze(E) and ~0.18 ppt for HCFO-1233zd(E) (update from
Vollmeretal., 2015). Since HFO-1234ze(E) and HCFO-1233zd(E),
like the long-lived HFCs, are predominantly destroyed by OH ox-
idation in the troposphere, with background concentrations of
~0.2 ppt (lower in more remote regions) and assuming a <0.3%
CHF; formation rate during CF;CHO photolysis, their contribu-
tion to HFC-23 formation in the atmosphere is negligible. With
a global concentration of 25.8 ppt and a lifetime of 51 years, the
contribution of HFC-143a to CF;CHO and subsequent HFC-23
formation is also negligible.

The atmospheric degradation of HFCs can contribute to
tropospheric ozone formation, but their photochemical ozone
creation potentials are very small (Montzka, Velders et al., 2018).
There are no updates since the previous Assessment, and the im-
pact of HFCs on tropospheric ozone formation are still estimated
to be negligible. A recent modeling analysis by Sulbaek Andersen
et al. (2018) assessed the impact on ozone formation of com-
mercially relevant ODSs and HFCs replacing HFOs and HCFOs,
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including HCFO-1233zd, and concluded that they too will have
a small impact.

2.4 POTENTIAL FUTURE CHANGES

In Chapter 2 of the previous Assessment (Montzka, Velders
et al., 2018), scenarios were presented with projections of HFC
consumption, emissions, and radiative forcing through 2050.
These consisted of scenarios without national or international
regulations on the use of HFCs (from Velders et al., 2015, and
termed “baseline” scenarios in the previous Assessment) and sce-
narios with a phasedown of HFC production and consumption ac-
cording to the 2016 Kigali Amendment to the Montreal Protocol
(Montzka, Velders et al., 2018). In Section 2.4.1 these scenarios
are compared with emissions inferred from HFC observations
through 2020. In Section 2.4.2, an updated Kigali Amendment
scenario is presented based on updated consumption data, on
updated emissions inferred from observations, on national poli-
cies in place in the EU, USA, and Japan, and on the phasedown
schedule of the 2016 Kigali Amendment. Also presented are ze-
ro-production and zero-emissions scenarios, used to illustrate the
hypothetical limit of the effects of further global policy options.

The scenarios presented in Chapter 2 of the previous
Assessment (Montzka, Velders et al., 2018) were based on HFC
emissions and activity data reported to the UNFCCC up to 2011,
HCFC consumption data reported to UNEP up to 2013, observa-
tions of HFC mixing ratios up to 2013, assumptions about growth
in demand for HFCs, and assumptions on how much of this de-
mand would be met by HFCs or not-in-kind alternatives (Velders
et al., 2015). In Figure 2-13, the global CO,-eq emissions from
the 2018 scenario without control measures are compared with
emissions inferred from measured global HFC concentration
trends from the AGAGE and NOAA networks from 2010 to 2020.
In contrast to Section 2.2, in this section, top-down global annual
emissions were calculated using a 1-box atmospheric model, as
in Velders et al. (2015), rather than the 12-box model. Because
this model estimates annual emissions from the difference in mole
fraction between subsequent Januarys, estimates are provided
through 2019, rather than 2020. The global total HFC CO,-eq
emissions projected in the 2018 scenario without control mea-
sures exceed those derived from atmospheric observations by
about 20% for the 2017-2019 period (Figure 2-13).

The smallerinferred emissions, compared to the 2018 scenar-
io with no control measures, result largely from lower emissions of
HFC-125 and HFC-143a (Figure 2-14). Top-down emissions are
lower than those in the 2018 scenario without control measures
for HFC-32, HFC-125, and HFC-143a: HFC-32 is 19% below the
scenario averaged over 2017-2019; HFC-125, 25% below; and
HFC-143a, about 40% below. The global top-down emissions of
HFC-143a slowly increased up to 2015 and then were approxi-
mately constant from 2016 to 2019. HFC-143a is used mainly
in the blend R-404A? in industrial and commercial refrigeration
(ICR) applications. In the scenario without control measures, it
was assumed that global consumption would increase follow-
ing the growing demand for refrigeration applications, mainly in

2R404A is a blend, by mass, of 44% HFC-125, 52% HFC-143a, and 4% HFC-134a. Using the GWPs in the Kigali Amendment, it has a GWP of 3921.6.
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developing countries, and the phaseout of HCFC-22 following
the Montreal Protocol provisions. The fact that the global emis-
sions of HFC-143a are significantly below the scenario and were
approximately constant from 2016 to 2019 indicates that during
the ongoing phaseout of HCFC-22, the ICR sector turned away
from HFC-143a and employed non-HFC alternatives or switched
to lower-GWP blends in larger amounts.

According to data reported to the UNFCCC (2021), the EU
and USA have the largest reported use of HFC-143a of all Annex
| countries (Velders et al., 2022). The use in the EU decreased by
about 60% in 2017 compared to 2010. This decrease preceded
the prohibition on the use of HFCs with a GWP larger than 2500
for commercial refrigeration applications, which is in effect from
2020 (EU, 2014). This is in line with a finding from TEAP (2019)
that in Europe, R-404A has already been replaced by an HFC
blend (R-452A3) without HFC-143a. In the USA, the use of HFC-
143a increased by 14% in 2017 compared to 2010, and small
increases are also seen in other developed countries. The net
effect is that in 2017,the total Annex | use decreased by about 8%
compared to 20710. Based on the decreased use of HFC-143a in
developed countries and the trend in observed emissions, ad-
ditional lines are added to Figures 2-13 and 2-14 in which the
2018 scenario without control measures is adjusted for the period
2013-2020. In this adjusted scenario, the projected use of HFCs
in ICR is reduced for developed countries following the UNFCCC
reported reduction in HFC-143a use, and the use of HFCs in ICR
in developing countries is held constant at the 2013 level. With
these adjustments, the baseline emissions of HFC-143a and HFC-
125 are close to the emissions inferred from observations (Figure
2-14). The adjusted emissions scenario (“Reduced HFC use in
ICR” in Figures 2-13 and 2-14) more closely follow the emissions
inferred from observations (NOAA and AGAGE in Figures 2-13
and 2-14).

An updated HFC scenario is constructed for the period
2019-2050, which takes into account updated trends in con-
sumption and emissions, national regulations in place by 1 January
2021, and the provisions of the Kigali Amendment. The national
regulations include the EU F-gas regulation (EU, 2014) and MAC
directive (EU, 2006), the HFC phasedown in the USA (US EPA,
2021a), and regulations in Japan (METI, 2015). This scenario uses
the same procedure as the baseline scenario in Velders et al.
(2015).

The updated 2022 Kigali Amendment scenario starts with a
consumption scenario without any national regulation or interna-
tional protocols, after which the national regulations are applied,
followed by the provisions of the Kigali Amendment. The scenario
is based on detailed information reported by Annex | countries to
the UNFCCC (2021) for individual HFCs per use sector from 1990
to 2018, HCFC consumption data from 1989 to 2019 reported
by non-A5 and A5 countries to UNEP (2021), and observations
of HFC mixing ratios up to 2020. In addition, data are used from
historical HFC consumption in China for 1995-2017 derived from
Chinese statistical data (Li et al., 2019) and HFC emissions of India
for 2016 estimated from observed mixing ratios (Say et al., 2019).
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Figure 2-13. Global average HFC emissions (PgCO,-eq
yr') from the WMO (2018) scenario without control mea-
sures (previously called the “baseline” scenario in Montz-
ka, Velders et al., 2018, originating from Velders et al.,
2015), from the 2018 Kigali Amendment scenario (Montz-
ka, Velders et al., 2018), and from emissions inferred from
observed mixing ratios from the AGAGE and NOAA net-
works. The solid red line shows an adjusted scenario with
reduced HFC production for industrial and commercial
refrigeration (ICR) from 2013 onward. The 2018 scenarios
were constrained by the emissions inferred from observed
mixing ratios up to 2013. Also shown are the emissions
reported to the UNFCCC by Annex | countries. The curves
contain the sum of all HFC emissions except HFC-23. [Fig-
ure from Velders et al., 2022.]

An upper and lower range of this scenario is constructed using
the same assumptions for growth in demand for HFCs and not-
in-kind alternatives in non-A5 and A5 countries as for the baseline
scenarios from the previous Assessment (Velders et al., 2015;
Montzka, Velders et al., 2018; Velders et al., 2022). As such, the
demand in A5 countries grows proportionally with gross domes-
tic product, and the demand in non-A5 countries grows propor-
tional to the growth in population. Assumptions (see Velders et
al., 2015) about how much of this demand was met by HFCs or
not-in-kind alternatives follow those in the previous Assessment,
except for the use of HFCs for ICR applications because the trends
in observed mixing ratios indicate smaller use of HFCs in this sec-
tor (Section 2.4.1). Therefore, for A5 countries, the use of HFCs
for ICR in the lower range is kept constant at the 2018 level. In
non-A5 countries, the use of HFCs for ICR grows only slightly,
following growth in population, as in the scenario without con-
trol measures of WMO (2018). The growth in some sectors might
be underestimated in the scenarios when they are driven by new

3 R-452Ais a blend, by mass, of 11% HFC-32, 59% HFC-125, and 30% HFO-1234yf. Using the GWPs in the Kigali Amendment, it has a GWP of

2139.25.
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Figure 2-14. Global average HFC emissions (Gg yr™') from the 2018 scenario without control measures (previously called the
“baseline” scenario) compared with emissions inferred from observed mixing ratios from the AGAGE and NOAA networks. The
solid red line shows an adjusted scenario with reduced HFC production for industrial and commercial refrigeration (ICR) from
2013 onward. Also shown are the emissions reported to the UNFCCC by Annex | countries. The scenarios were constrained by
the emissions inferred from observed mixing ratios up to 2013. [Figure from Velders et al., 2022.]

and strongly growing markets. An example could be heat pumps
that replace gas boilers for heating buildings. See Velders et al.
(2022) for details of the scenarios.

The policies already in place in the EU, USA, and Japan are
applied to the scenario limiting the production and consumption
in these (groups of) countries. The provisions of the 2016 Kigali
Amendment are then applied. Any HFC consumption in excess
of the limits of the national policies or the Kigali Amendment is
assumed to be replaced by low-GWP alternative substances or

alternative technologies.

The Kigali Amendment (2022 update) scenario is shown in
Figures 2-15 and 2-16. The regional and sectoral contributions
to HFC CO,-eq emissions for the upper range of the scenario are
shown in Figure 2-15, while the contributions of the different
HFCs to global emissions by mass and weighted by their GWP
in the upper range of the Kigali Amendment scenario are shown
in Figure 2-16. The largest 2050 contributions are projected to
be from China and other A5 countries. Stationary air-conditioning
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Figure 2-15. Contributions of the HFCs in 11 regions (left) and 6 use sectors (right) to the CO,-eq emissions from the 2022 Ki-
gali Amendment scenario based on updated observations and reported consumption, national policies, and the provisions of
the Kigali Amendment (upper-range scenario). The percentages in the legend refer to the relative contributions in 2050. The
regions are the EU and UK, USA, Japan, other Organization for Economic Co-operation and Development (OECD) countries,
states of the former Soviet Republics (Russia) and Yugoslavia, China, India, other Asian countries, central and southern Africa,
Latin America, and the Middle East plus Northern Africa. The use sectors are: 1) industrial, commercial (open compressor), com-
mercial (hermetically sealed compressor), and transport refrigeration; 2) stationary air-conditioning; 3) mobile air-conditioning;
4) domestic refrigeration; 5) foams (extruded polystyrene, polyurethane, and open cell foams); and 6) other (aerosol products,
fire extinguishing systems, and solvents). The data before 2020 are partly based on observed mixing ratios, while from 2020 to
2050 the data are based on the 2022 Kigali Amendment scenario, which causes some discontinuity around 2020. Contributions
from HFC-23 are not included. The CO,-eq emissions shown here are based on the GWPs from WMO (2018). Scenarios are from

Velders et al. (2022).

and ICR are projected to give the largest sector contributions.
The difference between the upper and lower ranges of these sce-
narios is small compared to that of the scenario without control
measures.

Emissions from the Kigali Amendment (2022 update) sce-
nario, assuming global adoption, are projected to be 0.9-1.0 Pg
CO,-eq yr in 2050, compared to 4.0-5.3 Pg CO,-eq yr™' from
the 2018 scenario without control measures (Figure 2-17). The
corresponding radiative forcing in the 2018 “without control mea-
sures” scenario of 0.22-0.25 W m~2 is reduced to 0.09-0.10 W
m~2in 2050 under the Kigali Amendment (2022 update) scenar-
io. The updated projections of the emissions and radiative forcing
are lower than the Kigali Amendment scenario presented in the
2018 Assessment. Compared to that scenario, the 2020-2050
cumulative emissions are reduced by 14-18 Pg CO,-eq and the
2050 radiative forcing is reduced by 0.03 W m. In scenarios with
a cessation in global production or emissions of HFCs in 2023,
the projected emissions and radiative forcing are further reduced.
If production of HFCs were to cease in 2023, the radiative forc-
ing would be reduced to about 0.03 W m=2in 2050, and would
decline thereafter. Cumulative 2020-2050 emissions would be
reduced by 21-26 Pg CO,-eq relative to the Kigali Amendment
(2022 update) scenario. If all emissions (from new production
and from banks) ceased in 2023, radiative forcing due to HFCs

would decline to 0.01 W m=2by 2050, with cumulative emissions
being reduced by 32-37 Pg CO,-eq relative to the updated Kigali
Amendment scenario (Figure 2-17). These scenarios are not nec-
essarily achievable, but they provide useful information on the
lower limits of future radiative forcing due to HFCs.

2.4.2.1 HFC-23 Scenarios

Unlike other HFCs, which have a phasedown schedule that
extends over several decades, the Kigali Amendment mandates
that “Each country manufacturing HCFC-22 or HFCs shall ensure
that starting in 2020 the emissions of HFC-23 generated in pro-
duction facilities are destroyed to the extent practicable using
technology approved by the Montreal Protocol” (UNEP, 2016).
Without abatement, HFC-23 emissions were projected to in-
crease to ~20 Gg yr™' by 2016 and ~24 Gg yr™' by 2035 (Miller
and Kuijpers, 2011). Emissions for 2020, derived from atmospher-
ic observations, were 16.5 £ 0.9 Gg yr™', below the worst-case
scenario in Miller and Kuijpers (2011) but above the best-practice
scenario, which was 0 Gg yr™' in 2020 (and substantially higher
than bottom-up estimates based on recent abatement reports;
Section 2.2.1.2).

As outlined in Section 2.2.1.2, Chapter 7, and Stanley et
al. (2020), only a minor quantity of the theoretical possible
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Figure 2-16. Contributions of the different HFCs to global emissions (in Tg yr™' and Pg CO,-eq yr™') from the 2022 Kigali Amend-
ment scenario based on updated observations and reported consumption, national policies, and the provisions of the Kigali
Amendment (upper-range scenario). Also shown are the contributions from alternative substances and/or technologies used
to replace HFCs, indicated as “low-GWP alternative.” The percentages refer to the relative contributions in 2050. The CO,-eq
emissions shown here are based on the GWPs from WMO (2018). [Adapted from Velders et al., 2022.]

abatement capacity seems to have been realised in the most
recent years. Two different scenarios have been developed
in Chapter 7 to project future HFC-23 emissions within this
Assessment. Both scenarios are outlined in Section 7.2.2.1and as-
sume similar increases in HCFC-22 production. The first scenario
assumes the widespread use of abatement such that emissions of
HFC-23 are only 0.08% relative to the produced HCFC-22 (97%
effective destruction capacity of HFC-23 by-product plus small
emissions related to failures and maintenance of destruction sys-
tems). The second scenario assumes business-as-usual behavior
(1.8% emissions relative to HCFC-22 production), where destruc-
tion capacities are only partly exploited.

Under the business-as-usual scenario, if the current fraction-
al rate of HFC-23 destruction continues into the future, radiative
forcing due to HFC-23 is expected to reach 0.015 W m=in 2050.
Under the scenario in which there is widespread destruction of
HFC-23 by-product, the contribution of HFC-23 to overall HFC
radiative forcing will be small (Section 7.2.2.1).

2.4.3 Surface Temperature Contributions
from HFCs

Radiative forcing contributes to global surface warming,
changes in atmospheric circulation, sea level rise, and other
warming-related climate changes. The contribution of HFCs
(Figure 2-17) to surface warming is shown in Figure 2-18. For
this calculation, the scenarios are extended to 2100, based on
the same assumptions as used for 2020-2050. In the new sce-
nario following current trends, national policies, and the provi-
sions of the Kigali Amendment, the HFCs are projected to con-
tribute 0.04°C to the global average surface warming in 2100,

compared to 0.3-0.5°C in the baseline scenarios of the previous
Assessment (Montzka, Velders et al., 2018; Velders et al., 2022).
The updated Kigali Amendment scenario leads to a temperature
rise that is slightly lower than that of the previous Assessment. For
comparison, all greenhouse gases (GHGs) are projected to con-
tribute 1.4-4.4°C to surface warming by the end of the 21+ cen-
tury, following the IPCC scenarios (best estimate for 2081-2100;
IPCC, 2021). In hypothetical scenarios with a cease in global pro-
duction or emissions of HFCs in 2023, the contribution to surface
warming is reduced to no more than 0.01°C in 2100.

2.4.4 New and Expanding Uses of HFCs

Since the previous Assessment, HFC use may have expand-
ed to similar uses or into a higher percentage of markets where
competing non-HFC technologies exist. Most of the HFC uses
and emissions continue to come from end uses that traditionally
used ODSs. In this section, we briefly describe several technolo-
gies that traditionally did not rely on ODSs.

There is a growth in use of HFCs in vapor-compression cy-
cles for air and/or water heating. Devices that use this process,
for both cooling and heating, have been used for several decades
and have typically been referred to as “heat pumps.” This same
terminology is also used to refer to newer equipment types that
are designed to provide heating and that are often not reversible
to provide cooling. In space heating, e.g., for occupant comfort,
such heat pumps typically replace boilers or electric resistance
heating. In addition to the potential gains in energy efficiency,
the use of heat pumps will decarbonize (except for any HFC leak-
age) the heating at the building or central plant site, although the
emissions from the power supply need to be considered in any
full life-cycle analysis.
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Figure 2-17. Global average HFC emissions (Pg CO,-eq yr~') (left) and radiative forcing (right) ranges from the 2018 scenario
without control measures (Montzka and Velders et al., 2018, based on Velders et al., 2015; orange) and on scenarios based on
updated observations and reported consumption, national policies, and the Kigali Amendment provisions (blue shading). Also
shown is a scenario that follows the phasedown schedules of the Kigali Amendment from the 2018 Assessment (blue dashed
lines). Scenarios in which the global HFC production ceases in 2023 or the global HFC emissions cease in 2023 are given in
black dashed and dotted lines, respectively. The data shown use the lifetimes, GWPs, and radiative efficiencies from WMO
(2018). The curves contain the contributions of all HFCs except HFC-23 (see Sections 2.4.2.1and 7.2.2.1). Scenarios from Velders

etal. (2022).

For water heating, a heat pump provides hot, potable water
that can be supplied for typical uses (showers, dish washing, laun-
dry, etc.), utilized in radiator systems for space heating, or used in
a combination system that performs both functions. R-410A% and
HFC-134a dominate the market for these types of technologies
(UNEP, 2018c). National and regional HFC controls may cause
the market to shift to lower-GWP refrigerants if reductions in other
sectors do not adequately provide the reductions necessary to
allow for the increase in this use.

Heat pump technology has also been introduced as an ener-
gy-efficient option for clothes drying, replacing the typical tumble
dryer that uses electric resistance heating. HFC-134a is the prima-
ry refrigerant used; models using R-407C° and R-290 (propane)
are also available. R-450A° has also been used (EFTC, 2021).
The primary market for these units has been in non-A5 countries
(UNEP, 2018¢).

There may be additional use of HFC cooling in electric vehi-
cles, for passenger comfort and to provide cooling to the electric
battery (UNEP, 2018c). In some instances, two separate systems
are employed for the two functions; in others, a heat pump is used
for both. These systems require refrigerant charges 30-50% high-
er than mobile air-conditioning in internal combustion engine ve-
hicles. With the growing number of electric vehicles, this would

lead to an increased use of high-GWP HFCs (e.g., HFC-134a) if
such systems are not transitioned to low-GWP alternatives (e.g.,
HFO-1234yf or carbon dioxide [CO,]).

HFC-134a is used as a solvent for the extraction of oil from
dry biomass. This is currently applied in the cannabis oil industry
(Timatic, 2021a), which is seen as a growing market due to the in-
crease in the legalization of marijuana use. The same process has
also been applied to the production of a large range of aromatic
and flavoring agents, such as chocolate, cinnamon, lemon peels,
and vanilla bean (Costello, 2021; MMV, 2006).

HFCs have been used in small quantities in other applica-
tions that did not previously rely on ODSs. In magnesium pro-
duction and processing, there is minor use and emissions of HFC-
134a as part of a proprietary blend sold under the trade name
AM-cover™. This option and others (CO,, FK-5-1-12) replace the
high-GWP cover gas typically used—sulfur hexafluoride (SFg)
mixed with dry air and/or CO,. HFC emissions from this source
are small, for example, amounting to 0.1 Tg CO,-eq yr~" in the USA
for the past five years (US EPA, 2021b).

Other potential applications—such as cork poppers, desk or-
naments (such as dunking birds), and airsoft pistols—use minimal
amounts of HFCs, having generally shifted to other alternatives

4 R-410Ais a blend, by mass, of 50% HFC-32 and 50% HFC-125. Using the GWPs in the Kigali Amendment, it has a GWP of 2087.5.
5 R-407Cis ablend, by mass, of 23% HFC-32, 25% HFC-125, and 52% HFC-134a. Using the GWPs in the Kigali Amendment, it has a GWP of

1773.85.

6 R-450Ais a blend, by mass, of 42% HFC-134a and 58% HFO-1234ze(E). Using the GWPs in the Kigali Amendment, it has a GWP of 600.6.
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including argon, dichloromethane (CH,Cl,; also known as methy-
lene chloride), and propane, respectively.

The mandate to phase down high-GWP HFCs has triggered
a major effort to find and implement more environmentally be-
nign alternatives. HFOs and blends that contain HFOs were
identified as the most promising replacements (McLinden et al.,
2020). For example, in non-A5 countries, HFO-1234yf is now
used in most new automotive air-conditioning systems as a re-
placement for HFC-134a, and it is expected to be used universally
in the coming years in the EU, USA, and Japan. HFO-1234ze(E)
and HFO-1336mzz(Z) have been used as foam-blowing agents
and as refrigerants in chillers. Other HFOs that are being devel-
oped include HFO-1132a as a feedstock for fluoropolymers and
HFO-1123 as a replacement for R-410A, by blending it with HFC-
32. Many of these are slightly flammable, presenting trade-offs
between safety and environmental considerations. None of the
HFOs are a direct replacement for R-410A. Instead, non-flam-
mable blends—which often contain some combination of HFO-
1234yf, HFO-1234ze(E), HFC-32, HFC-134a, and HFC-125—have
been proposed to replace R-410A (Kujak and Schultz, 2019).
HFC-32 is also used as a single-component refrigerant replace-
ment for R-410A in some equipment.

Nonfluorinated refrigerants, primarily ammonia, carbon di-
oxide, propane, and isobutane, are seeing renewed interest as
alternatives to ODSs and HFCs in a wide range of applications
and may have contributed to the slower-than-projected rise in
emissions from 2013-2020 (Figure 2-13). These refrigerants all
have zero ozone depletion potential (ODP) and very low global
warming potential (GWP) compared to fluorinated refrigerants,
making them environmentally attractive possibilities. Ammonia
is considered to be a superior refrigerant because of its thermo-
dynamic properties, and application is relatively easy in large,
low-temperature systems (McLinden et al., 2020). However, due
to its toxicity and flammability, ammonia may not be appropriate

in some systems. Carbon dioxide is being used across a wide
range of systems such as supermarkets, ice rinks, heat pump water
heaters, data center cooling, automotive air-conditioning, and in-
dustrial freezers (Mclinden et al., 2020). However, engineering
CO,-based systems to be efficient, especially in warmer climates,
requires them to be very complex compared to traditional equip-
ment, which also makes them more expensive to construct and
maintain. Hydrocarbons are used for refrigeration in oil refineries,
where the flammability hazard of a hydrocarbon refrigerant is
readily addressed, as well as in very small systems such as domes-
tic refrigerators. Based on research findings, safety standards are
changing, allowing larger amounts of hydrocarbons in additional
equipment types.

As discussed in Chapter 2 of the last Assessment (Montzka,
Velders et al., 2018), the climate impact of the expanding base
of air-conditioning and refrigeration equipment will depend on
several factors. These can be divided into a “direct effect” from
refrigerant leakage (unless a zero-GWP refrigerant is used) and an
“indirect effect” resulting from the production and transmission of
energy (generally, electricity) to operate the product. The indirect
effect is highly variable depending on the local energy supply,
which changes as different energy sources are deployed over the
day and throughout the seasons. It is important to understand the
assumptions used when assessing the GHG emissions reduction
potential from energy efficiency improvements, because such
emissions reduction benefits may decrease in the future as the
energy supply is decarbonized.

Changing the refrigerant alone would not drive significant
energy efficiency improvements compared to the equipment
used today (UNEP, 2018d). Depending on the equipment or sys-
tem in use with a high-GWP refrigerant, UNEP (2018d) expected
only about £10% change in energy efficiency from switching to
a low-GWP refrigerant (i.e., without concurrent changes to the
equipment). However, the transition to new refrigerants provides
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an opportunity to implement energy-efficient design changes.
Such change could lead to energy efficiencies, compared to cur-
rent equipment, in the range of 10-70% (UNEP, 2018d). UNEP
(2020d) found that highly energy-efficient products using low-
GWEP alternatives are available, but accessibility to these tech-
nologies is low in many A5 countries and in some non-A5 coun-
tries. Looking at the situation in seven A5 countries, four non-A5
countries, and Europe as a whole, the study found that the market
average energy efficiency was typically far below the best energy
efficiency available in each country (or region).

TEAP (2021) reviewed and summarized several studies of
the potential benefits of phasing down high-GWP HFCs while
improving equipment efficiency. TEAP has reported that technol-
ogy has developed rapidly, and there is now availability of refrig-
eration and air conditioning equipment with enhanced energy
efficiency and lower GWP refrigerants in all sectors covered in
its report. These technologies are increasingly accessible world-
wide. Peters (2018) analyzed the growth of cooling equipment
(space cooling, stationary refrigeration, and mobile cooling),
finding that under a “current technology progress” scenario, en-
ergy use alone would lead to emissions of 7.4 Pg CO,-eq yr™' by
2050. With no assumptions of refrigerant changes, this scenario
found an additional 1.5 Pg CO,-eq yr™' from refrigerant emissions.
In a “cooling for all” scenario (i.e., high proliferation of air-condi-
tioning in regions that experience high temperatures), emissions
were projected to rise to 18.8 Pg CO,-eq yr™' by 2050. With sig-
nificant improvements in energy efficiency and use of low-GWP
refrigerants, emissions could be limited to 13.3 Pg CO,-eq yr' by
2050 under that scenario. UNEP and IEA (2020d) also examined

the increasing demand for cooling technologies and discussed
policies and financing strategies to address the consequent en-
vironmental effect, including international initiatives, implemen-
tation of minimum energy performance standards, improved
building design to reduce demand, and cessation of the resale
of obsolete and inefficient equipment. The report suggested that
by improving energy efficiency while phasing down high-GWP
HFCs in refrigeration and air-conditioning, global GHG emissions
of up to 210-460 Pg CO,-eq would be avoided over the next
four decades, depending on future rates of decarbonization of
the power grid.

Shah et al. (2019), Dreyfus et al. (2020), and Purohit et al.
(2020) quantified the overall benefits to climate that could be
achieved through the integration of lower-GWP refrigerant
adoption with deployment of more efficient equipment. These
studies projected benefits of similar orders of magnitude from
energy efficiency improvements and from moving to lower-GWP
refrigerants, assuming both policies are pursued at the same time.
Projecting near-universal saturation of air-conditioning in all warm
areas, Shah et al. (2019) estimated avoidance by 2050 of up to
240.1 Pg CO,-eq in GHG emissions under efficiency improve-
ments (of ~30%) that the authors deemed as low-cost and up to
373 Pg CO,-eq using best-available technologies. Dreyfus et al.
(2020) found similar results, estimating that widespread adop-
tion of the best currently available technologies could reduce the
climate emissions from stationary air-conditioning and refrigera-
tion by 130-260 Pg CO,-eq by 2050 and 210-460 Pg CO,-eq
by 2060. The energy efficiency improvements in Dreyfus’s sce-
narios account for about 75% of the benefits seen. Purohit et al.

Range for pre-KA baseline
! HFC emissions

—— HFC emissions with Kigali
Amendment (KA)

Pg CO,eq (GWP,,, IPCC AR5)

HFC emissions with maximum
technically feasible reduction (MTFR)
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GHG emission reduction due to technical
energy efficiency improvement

_14 L L L L L L L

2010 2020 2030 2040 2050

Year

2060 2070 2080 2090 2100

Figure 2-19. Full range of HFC CO,-eq emissions under scenarios that either do not account for the effects of the Kigali Amend-
ment (blue) or that do account for the Kigali Amendment and maximum technically feasible reduction scenarios (grey). Also
shown are the range of mitigation potential (i.e., potential avoided emissions) (yellow) and the summed emissions benefits (Pg
CO,-eq yr') due to HFC reductions and other greenhouse gas mitigation under technical or economic energy efficiency im-
provements (red and green, respectively). [Adapted from Purohit et al., 2020, Figure 7.]



(2020) incorporated a change in fuel mix (i.e., a lower CO,-eq
kWh" emissions factor from electric supply) along with an HFC
phasedown and energy efficiency improvements, finding that the
combination could prevent 411-631 Pg CO,-eq emissions from

Chapter 2

stationary cooling equipment between 2018 and 2100 (Figure
2-19). Purohit et al. (2020) found that climate benefits from im-
proved energy efficiency in stationary cooling technologies are
about the same magnitude as those from the HFC phasedown.
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