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The Montreal Protocol has been successful in safeguarding the ozone layer
and curbing climate change. However, accurately estimating and reducing the
time-lagged emissions of ozone-depleting substances or their substitutes,
such as produced but not-yet-emitted fluorocarbon banks, remains a sig-
nificant challenge. Here, we use a dynamic material flow analysis model to
characterize the global stocks and flows of two fluorocarbon categories,
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), from
1986 to 2060. We assess emission pathways, time-lagged emission sizes, and
potential abatement measures throughout different life cycle stages while
focusing on the role of banked fluorocarbons in global and regional dec-
arbonization efforts in the post-Kigali Amendment era. Although fluorocarbon
releases are expected to decline, the cumulative global warming potential
(GWP)-weighted emissions of HCFCs and HFCs are significant; these will be 6.4
(+1.2) and 14.8 (*2.5) gigatons CO,-equivalent, respectively, in 2022-2060 in
our business-as-usual (BAU) scenario. Scenario analysis demonstrates that
implementing currently available best environmental practices in developed
economies can reduce cumulative GWP-weighted emissions by up to 45%
compared with the BAU scenario.

M Check for updates

The Montreal Protocol on Substances that Deplete the Ozone Layer of According to the Montreal Protocol, the phase-out of chloro-
1987 sets controls on the production and consumption of ozone- fluorocarbon (CFC) production and consumption in all nations was
depleting substances (ODSs). It is one of the most successful envir- accomplished globally around 2010°. The major substitutes for CFCs,
onmental treaties, and the speed and universality of its implementa- hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs),
tion have been extensively applauded for protecting the ozone layer'™.  are powerful greenhouse gases (GHGs) and have not yet been com-
By limiting ODSs, the Montreal Protocol and its amendments are pletely phased out’®. Both HCFCs and HFCs have been used in various
predicted to inhibit global temperature increase by as much applications, including refrigeration, air conditioning, and as foaming
as 2-3°C*", agents for insulation’™ (Supplementary Figs. 1-4). There is still sub-
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stantial production and consumption of HCFCs and HFCs at approxi-
mately 1.5-2.0 million metric tons (Mt) annually, with more than half of
these events occurring in China™ (Supplementary Fig. 5). The Article 5
(AS) parties of the Montreal Protocol, mostly developing economies,
including China and India, have been phasing down their production
and consumption of HCFCs since 2013 but will only completely phase
them out by 2040™. In the 2016 Kigali Amendment to the Montreal
Protocol, parties agreed to include some HFCs as controlled sub-
stances. The Kigali Amendment outlines a target reduction of 80%-85%
in global HFC production and consumption by 2047, with respect to
baseline levels, as defined in the caption of Supplementary Fig. 6.

Although the routes for phase-down or phase-out production and
consumption of HCFCs and HFCs are well defined, special attention
and further investigation are required to address the potential release
of banked fluorocarbons that were previously consumed and remain in
products. Emissions from banks are time-lagged due to the long life-
spans of host products, such as fluorocarbon refrigerants in refrig-
erators and air conditioners or fluorocarbon blowing agents used in
building insulation foams (Supplementary Fig. 7). Currently, the reg-
ulatory obligations to restrict the emissions of banked fluorocarbons
mainly depend on national or regional regulations, such as those in
Japan, the United States, and European Union members”™, Therefore,
these “delayed emissions” can be significant in the coming decades,
especially when considering the typically unregulated or mismanaged
scrap fluorocarbons in A5 parties'®".

Many studies have examined fluorocarbon banks and their asso-
ciated emissions'*?’, These studies were typically conducted using a
“bottom-up” approach™®7202¢  a “top-down” approach®?, or a
Bayesian probabilistic model®”. The top-down approach is particu-
larly effective in the assessment of temporal trends in historical
emissions derived from atmospheric measurements® %, For instance,
atmospheric measurements have recently indicated declining trends
in global emissions of HCFC-22 and HCFC-142b”. In contrast, it is
concerning that global emissions of HCFC-141b have continually
increased since 2017 despite reported reductions in production and
consumption for dispersive uses” %, Previous “bottom-up” or “Baye-
sian probabilistic model” studies mainly focused on the evaluation of
bank sizes and emissions associated with these banks'®?, thereby
limiting their capability to assess the reduction potential of emissions
from fluorocarbon banks. For example, using the Bayesian probabil-
istic model, Lickley et al.'® estimated and projected the banked
volumes of CFCs and selected HCFCs (HCFC-22, HCFC-141b, and
HCFC-142b) in various equipment and products. Their studies suc-
cessfully reconciled the discrepancies between top-down and bottom-
up emission estimates but did not disaggregate the estimates by
region. Velders et al**” simulated the banks and emissions of 10
categories of HFCs from 12 use sectors by 11 global regions from 1990
to 2050, enabling an estimate of the efficacy of the Kigali Amendment
in curbing the climate impact of HFC emissions. However, these
studies'®** could barely provide targeted or tailored abatement
measures for delayed emissions resulting from banked fluorocarbons.
Through integrated and comprehensive analysis, Bai et al.** examined
a pathway toward China’s near-zero HFC territorial and exported
emissions by 2060. Although their study covered the mitigation of
emissions from banked HFCs, further investigation is required to
explore significant HCFC and HFC banks and associated emission
mitigation strategies on global or regional scales.

To address this, we develop a dynamic material flow analysis
(MFA) model that characterizes the stocks and flows of HCFCs and
HFCs at the equipment and product level and across diverse regions,
sectors, and life cycle stages (Methods and Supplementary Methods).
We first model historical patterns during 1986-2021 and then project
emission pathways and the corresponding ozone depletion potential
(ODP) and global warming potential (GWP) through 2060 in various
scenarios (see Methods). We assess emission pathways and hotspots

and highlight the role of banked fluorocarbons in decarbonization
efforts in the post-Kigali era. Furthermore, we evaluate the imple-
mentation of the Best Environmental Practices (BEPs) as potential
abatement measures, along with the Kigali Amendment, for future
endeavors. BEPs encompass various commercially proven technolo-
gies and methods for reducing emissions (Supplementary Methods).
The findings can probably help formulate targeted mitigation policies,
considering fluorocarbon categories and regional, sectoral, and life
cycle stage differences.

Results and discussion

Global warming potential-weighted emission by life cycle

In Fig. 1a, the curve graph shows the annual and cumulative mass
emissions of the two fluorocarbon categories, classified by life cycle
stage. The corresponding annual and cumulative GWP-weighed emis-
sions in terms of a 100-year time horizon are shown in Fig. 1b. In this
study, the production and consumption of fluorocarbons by parties
are expected to be subject to the Montreal Protocol, its amendments,
and national and regional regulations. In our business-as-usual (BAU)
scenario, the peak of the total annual GWP-weighted emissions occurs
around 2023, with 1050 (x190) megatons (Mt) CO-equivalent (CO,e),
which will drop by several orders of magnitude to 70 (+10) Mt COe in
2060. Because the total GHG emissions globally in 2022 were 40.5
gigatons (Gt) CO,e*®, we estimated that the two fluorocarbon cate-
gories contributed approximately 2%-3%.

The annual GWP-weighed emissions of the use stage are 2-3 times
larger than those of the end-of-life (EoL) stage prior to 2030. We
project that the emissions from the EoL stage will surpass those from
the use stage by the late 2030 s because of the further phase-down of
HCFC and HFC production and consumption. The GWP-weighted
emissions from the use stage peaked around 2021 at 760 (+140) Mt
CO,e, whereas the EoL stage is expected to peak around 2030 at 340
(£50) Mt CO,e. This significant difference is mainly attributed to the
high release rates of fluorocarbons during the use phase, especially
from the industrial and commercial refrigeration (ICR) sector and the
mobile air conditioner (MAC) sector. Leakages, servicing, relocation,
accidents, and repairs may result in refrigerant release. The annual
emission rates of refrigerants from ICR and MAC equipment in use can
be as high as 10-35% of the initial charges®** (Supplementary
Tables 6-11). We assume that a considerable portion of the released
fluorocarbons is refilled®. For example, in the MAC sector, refrigerant
refilling occurs when the residual rate of the initial charge is below
50%>. In some ICR equipment, when the mass of fluorocarbon refrig-
erants falls below 70% of the initial charge, operational capacity and
cooling performance may be significantly reduced, and refilling is
required®**. On another note, the recovery and destruction of scrap
fluorocarbons during the EoL stage have been well implemented in a
few non-A5 parties. For example, over 90% of the refrigerant in EoL
room air conditioner (RAC) equipment is being recovered in Japan®.

Global warming potential-weighted emission per fluorocarbon
The intentional substitution of the production and consumption of
HCFCs with HFCs over time caused a lagged shift in the share of emis-
sions. In the BAU scenario, the annual GWP of HCFC emissions peaked
at 490 (x100) Mt CO.,e around 2018 and decreased slightly to 470
(£100) Mt CO,e in 2021. The annual GWP of HFC emissions is expected
to peak at 660 (+100) Mt CO,e around 2029. These trends align broadly
with the phase-down plan for the production and consumption of
HCFCs and HFCs from the AS parties (Supplementary Fig. 6).
Although the phase-down schedule under the Montreal Protocol
and its amendments significantly reduces GWP-weighted emissions
from the two fluorocarbon categories, there will still be large time-
lagged emissions in the coming four decades in the BAU scenario.
The cumulative GWP-weighted emissions during 2022-2060 caused
by the release of HCFCs and HFCs will be 6.4 (+1.2) and 14.8 (+2.5) Gt
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Fig. 1| Estimates and projections of mass emissions and global warming
potential (GWP)-weighted emissions of hydrochlorofluorocarbons (HCFCs)
and hydrofluorocarbons (HFCs) in business-as-usual (BAU) scenario,
1986-2060. a Annual mass emissions from various life cycle stages;

b corresponding annual GWP-weighted emissions. Contributions (%) by mas (c-k)
and GWP-weighted emissions (I-t) of each region, end-use sector, and fluor-
ocarbon categories across life cycle stages. AS parties include China and other AS

‘ ‘ ‘
2020 2060 1980 2020 2060 1980 2020
(r) (s) U}

2060

parties, while non-A5 parties include Japan, North America (Canada and the USA
only), European non-A5 and other non-AS5 parties. End-use sectors include domestic
refrigerator and freezer (DRF), room air conditioner (RAC), mobile air conditioner
(MAC), industrial and commercial refrigeration (ICR), polyurethane rigid (PUR)
foam, and extruded polystyrene (XPS) foam. The life cycle stages include manu-
facture, use and end-of-life (EoL).

CO,e, respectively. Approximately 70% and 35% (by mass of CO.e) of
the cumulative HCFC and HFC emissions, respectively, are projected
to be derived from existing banks (Supplementary Fig. 8). Thus, the
decarbonization of HCFC and HFC emissions will rely not only on
effective phase-out plans under the Montreal Protocol and its Kigali
Amendment but also on the resolution of lag emissions from banks.

Global warming potential-weighted emission per region

Non-AS parties have partially implemented BEPs to a certain extent for
equipment or products containing fluorocarbons, which involve reg-
ular checks and repairs to prevent leakage and malfunction in in-use
products or equipment, as well as rigid management of obsolete
products or equipment®”™ (Supplementary Methods). For example,
Japan enacted its Fluorocarbon Recovery and Destruction Law (now
Act on Rational Use and Proper Management of Fluorocarbons) in
2001 to limit fluorocarbon emissions during recovery and destruction
activities in the domestic refrigerator and freezer (DRF), RAC, MAC,
and ICR sectors”. In 2015, the European Commission issued its Current
F-gas Regulation with rigid measures such as the control of leaks,
proper servicing of equipment, and recovery of chemicals in obsolete
equipment™. In 2021, the combined GWP of fluorocarbon banks in this
study was 12.9 (£2.0) Gt CO.e globally. China ranked first with banks of
4.2 (+0.4) Gt CO.e, followed by North America with 3.5 (+0.5) Gt CO.e,

the other A5 nations with 3.3 (+1.0) Gt CO,e, European non-A5 nations
with 1.2 (+0.1) Gt CO,e, and finally, the rest of the world contributed
approximately 0.7 (+0.04) Gt CO,e (Supplementary Fig. 9). These
fluorocarbon banks resulted in a total global emission of 1.0 (+0.2) Gt
CO,e in 2021 (Supplementary Fig. 10), of which China accounted for
35%, followed by the other A5 nations with 30%, North America with
22%, and the rest of the world with 14%, due to BEPs implemented in
some non-A5 parties.

The cumulative GWP of the two fluorocarbons emitted from non-
AS parties between 1986 and 2021 was 9.2 (+1.2) Gt CO,e. Further-
more, approximately 3.8 (+0.5) Gt CO,e of emissions were avoided
because of the application of BEPs in those countries. In contrast, A5
parties accounted for a cumulative GWP of 7.0 Gt (+1.4) CO,e from
1986 to 2021, with less than 1% mitigated by applying BEPs. Unlike in
non-A5 parties, BEPs in A5 parties are extremely insufficient. There are
obstacles to applying BEPs in A5 parties, such as a lack of holistic and
sound management systems and insufficient financial and super-
visory support. Differing time frames exist for the phase-down or
phase-out schedule of HCFC and HFC production and consumption in
non-AS and AS parties'>”. If such BEPs persist, it is expected that
China will account for 38% of the cumulative GWP-weighted emissions
from HCFC and HFC during 2022-2060, followed by other A5 nations
with 35%, North America with 19%, and the rest of the world with 8%.
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When examining the per capita GWP from cumulative fluor-
ocarbon emissions between 1986 and 2060, North America ranks first
with an accumulative release of 23,700 (+3700) kg CO.e per capita in
the BAU scenario, followed by Japan with 13,200 (+600) kg CO.e, other
non-A5 parties with 8700 (+400) kg CO,e, China with 8600 (+700) kg
CO,e, and European non-A5 parties with 4700 (x700) kg COe. The
other A5 parties have the lowest intensity, with 2200 (+700) kg CO,e
per capita (Supplementary Fig. 11).

Global warming potential-weighted emission per sector

In past decades (1986-2021), the ICR sector has been the highest
contributor to the GWP-weighted emissions of fluorocarbon (66%),
followed by the RAC (13%), MAC (10%), polyurethane rigid (PUR) and
extruded polystyrene (XPS) foam (10%), and DRF (1%) sectors
(Fig. 10-q). In 2022-2060, the ICR sector will also rank first (57%),
followed by the RAC (24%), PUR and XPS foam (12%), MAC (7%), and
DRF (1%) sectors in the BAU scenario (Supplementary Fig. 12).
Refrigerant-related applications (ICR, RAC, and MAC) will have a total
impact of 88%, highlighting their significance in emission abatement.
The projected increase in the contribution of the RAC sector can partly
be attributed to the rapid growth of RAC equipment consumption in
AS parties and the adoption of low-GWP HFCs in non-AS5 parties.

Scenarios analysis for emission mitigation potential

The abatement potential of mass emissions and the corresponding
GWP and ODP of the two fluorocarbon categories subject to scenario-
based analysis are shown in Fig. 2. In the BAU scenario, the cumulative
ODP and GWP are projected to reach 260 (+50) kilotons (Kt) CFC-11-
equivelant (CFC-1le) and 21.2 (+3.7) Gt COe from 2022 to 2060,

respectively. These projections exclude a reduction of 39 (+4) Kt CFC-
11e and 4.5 (+0.7) Gt CO,e through the implementation of BEPs in non-
AS parties. In the optimal scenario (S4), there is a cumulative potential
reduction of approximately 9.7 (+1.5) Gt CO,e between 2022 and 2060,
accounting for 45% of the total emissions in the BAU scenario. Globally,
the ICR and RAC sectors will be the major contributors to the total
emission abatement, accounting for 38% and 37%, respectively, fol-
lowed by the MAC sector with 11% and the XPS and PUR foam sectors
with 10% and 3%, respectively. Proper recovery and destruction of
fluorocarbon refrigerants from EoL equipment can effectively reduce
emissions from the RAC sector. However, compared with the sig-
nificant contribution of the ICR sector to GWP-weighted emissions in
the coming decades (57%), there is a noticeable disparity in its role
toward emission mitigation (38%). This is due to the high release rate of
fluorocarbons from ICR equipment during the use stage, particularly
from large and medium-sized refrigeration equipment. Approximately
90% of this equipment is field-installed with many joints and fittings,
which are prone to leaking fluorocarbon refrigerants®*. Even with the
complete implementation of BEPs globally, the release rates can still
reach up to 11% (Supplementary Table 13). The mitigation of fluor-
ocarbon emissions from the use stage in the ICR sector holds immense
importance but remains extremely challenging.

Geographically, China, other AS parties, and North America are
expected to contribute 47%, 37%, and 11% to emission reductions,
respectively. Compared with non-AS parties, there is substantial miti-
gation potential from A5 parties. Taking China as an example, the
cumulative GWP-weighed emissions are projected to decrease from
8.3 (+0.7) Gt COse in the BAU to 3.5 (+0.4) Gt CO,e in the S4 scenario.
Approximately 45% of the reduction is expected to be attributable to
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Fig. 2 | Abatement potential of mass emissions and global warming potential
(GWP) and ozone depleting potential (ODP)-weighted emissions of the two
fluorocarbon categories, under scenario-based analysis. a Annual GWP-
weighted emissions of fluorocarbons in each geographic area under the business-
as-usual (BAU, S1) scenario, from 1986 to 2060. b, ¢ Cumulative GWP-weighted
emission and mitigation via recovery and destruction actions by region and by
sector, under the BAU scenario from 2022 to 2060. AS parties include China and
other AS, while non-A5 parties include Japan, North America (Canada and the USA
only), European non-A5 and other non-AS5 parties. End-use sectors include domestic
refrigerator and freezer (DRF), room air conditioner (RAC), mobile air conditioner

(MAC), industrial and commercial refrigeration (ICR), polyurethane rigid (PUR)
foam, and extruded polystyrene (XPS) foam. d-f Mass emissions, ODP-weighted
emissions and GWP-weighted emissions and their abatement potential of the two
fluorocarbon categories under various scenarios from 1986 to 2060; 2021 served as
the benchmark year. Under the BAU scenario, the global abatement practices
between 2022 and 2060 will remain at the same level as that in 2021. Under Sce-
narios 2 (S2) and 3 (S3), Best Environmental Practices (BEPs) for emissions abate-
ment will be partially applied in AS parties between 2022 and 2060. S2 focuses on
the end-of-life (EoL) stage, while S3 covers the use and EoL stages. Under Scenario 4
(S4), BEPs will be fully applied globally for use and EoL stages starting in 2023.
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the RAC sector, followed by the ICR (32%) and MAC (10%) sectors.
Similarly, the cumulative GWP can be decreased from 7.5 (+2.2) Gt
CO»e in the BUA scenario to 3.9 (+1.2) Gt CO.e in the S4 scenario in
other A5 parties. The ICR and RAC sectors are expected to become
major contributors (41% and 39%, respectively), followed by the MAC
sector (10%). In North America, the cumulative GWP will decrease from
4.0 (+0.6) Gt CO.e in the BUA scenario to 3.0 (+0.5) Gt CO.e in the
S4 scenario. The ICR and XPS foam sectors are expected to be the
primary contributors. If analyzed by the life cycle stage, sound man-
agement and recovery of scrap fluorocarbons at the EoL stage is
expected to contribute 75% of the total emission reduction. However,
addressing fluorocarbon emissions at the use stage remains a sig-
nificant challenge.

Comparative analysis of HCFC mass emissions

In Figs. 3a-g, the curve graphs show the comparison analysis of the
mass emissions of fluorocarbons between our estimates in the BAU
scenario and those of previous studies using data compiled from
atmospheric monitoring (top-down method)'**?° or statistical data
on production and consumption (bottom-up method)" ¢, Both
the multiple purposes of fluorocarbon applications and the uncer-
tainties of consumption data and parameters resulted in moderate
differences in HCFCs but only minor differences in HFCs between this
study and other studies.

Our analysis indicates that HCFC-22 emissions from refrigerant-
related equipment and foam products accounted for 60% of the
emissions inferred from the observed mixing ratios in 2004* and
increased to 70% in 2020% (Fig. 3a). These gaps were narrowed when
comparing our findings with those of Lickley et al. (2020)" who
applied the Bayesian probabilistic model. The discrepancies between
our study and previous studies can primarily be attributed to the
exclusion of HCFC-22 emissions from production, as feedstock, and in
other applications, such as those used in aerosols with instantaneous
emission characteristics®”. According to Alternative Fluorocarbons
Environmental Acceptability Study (AFEAS) statistical data, approxi-
mately 12% of HCFC-22 was used in instantaneous emission applica-
tions during 1986-2003*. Feedstock-related HCFC-22 emissions
account for 4-8% of global emissions®’. Our estimations indicate that
HCFC-22 emissions reached their peak in 2018. Subsequently, emis-
sions declined noticeably from 2020 onward. Our emission trends
align well with those derived from the HCFC-22 observational mea-
surements provided by the World Meteorological Organization
(WMO) (2022)*. However, our findings suggest that the downward
trend in HCFC-22 emissions will decelerate from the 2040 s onward,
which can be mainly attributed to a substantial proportion of HCFC-22
banks present in XPS foam products. These HCFC-22 banks are
expected to reach their decommissioning peak in the late 2040 s in our
BAU scenario (Fig. 3a and Supplementary Fig. 14).

For HCFC-141b and HCFC-142b, the mean values of our estimates
from closed-cell foams accounted for 60% and 66%, respectively, of the
emissions covering all emission sources inferred from the observed
mixing ratios in 2020 (Fig. 3b, ¢)*. In addition, the disparity in emission
estimates stems from the uncertainties in the consumption data. The
sum of available regional sales data from FTOC series reports**°, which
are the main data sources used in our model, is lower than the sales
volumes from AFEAS statistics”’. For example, based on AFEAS statis-
tics, 1200 Kt of HCFC-141b and 500 Kt of HCFC-142b were produced
and sold between 1986 and 2003, which are 20-30% higher than the
FTOC statistics”***°. Moreover, feedstock-related HCFC-142b emis-
sions account for 17-33% of global emissions”. Improving the accuracy
of data on fluorocarbon consumption in various applications can
benefit efforts to reconcile discrepancies between emissions calculated
using bottom-up and top-down methods.

Our estimates captured the decreased trend in HCFC-141b emis-
sions as the global decrease in HCFC-141b consumption around

2000"*7%%, However, we did not observe a temporary decline in HCFC-
141b emissions from foam products during 2013-2016"?% Our esti-
mations reveal a decreasing trend in HCFC-141b emissions from
closed-cell foams starting around 2023, which aligns with the
decommissioning trend observed in PUR foams containing HCFC-141b
used in appliances (Fig. 3b and Supplementary Fig. 14). However, this
decreasing trend will change when PUR foams containing HCFC-141b
used in the construction industry gradually reach their decom-
missioning peak. This phenomenon, which results from the coex-
istence of short- (e.g., appliance foams) and long-lifespan products
(e.g., construction insulation foams), agrees with the findings of a
previous study conducted by SKM Enviros*.,

Our estimates on HCFC-142b also captured the decreasing trend
in emissions since 2008 as the decline in global consumption, albeit
with a smoother trajectory than that in other studies”®*’ (Fig. 3¢ and
Supplementary Fig. 14). The declining emissions observed in our study
exhibit a magnitude that aligns well with the findings of Lickley et al."”
after 2015. However, our results indicate that this decreasing trend will
change from around 2026, with an increase in emissions during the
EolL stage. In our BAU scenario, HCFC-142b emissions are projected to
peak again around 2046, which coincides with the decommissioning
trend observed in XPS foams containing HCFC-142b. Thereafter, the
overall emissions are expected to decline again.

Our estimation model is similar to that outlined in United Nations
Environment Programme Technology and Economic Assessment
Panel (TEAP)*’. We also simulated the emissions of HCFC-141b and
HCFC-142b from closed-cell foam products using the parameters in
“Appendix 4: Foam model assumptions” of TEAP** (Supplementary
Discussion and Fig. 15). Similar to our estimates, the results obtained
using the parameters in TEAP (2021) effectively captured the early
declining trends in HCFC-141b and HCFC-142b emissions as a decrease
in global consumption; however, they also failed to reveal the declin-
ing trend in HCFC-141b emissions during 2013-2016"**%, Our esti-
mation incorporates various emission factors for the EoL treatment of
foam products in different regions (Supplementary Methods). How-
ever, the TEAP** assumes uniform emission factors during the EoL
stage for all regions, thereby ignoring a future increase in HCFC-142b
emissions. Regarding HCFC-141b, in addition to emission factors, other
parameters, particularly those related to lifespan distributions, can
influence future increasing trends in emissions. To improve accuracy
in forecasting fluorocarbon emissions, further investigation is required
for emission characteristics and lifespan distributions of foam
products.

Comparative analysis of HFC emissions
HFC-32 has been used primarily as a refrigerant in air conditioning
systems?. Historical estimates of HFC-32 mass emissions in this study
aligned well with those inferred from atmospheric observations?*%
(Fig. 3d). HFC-125 has been used primarily as a refrigerant blend and for
fire suppression”. The minor differences (gaps) for HFC-125 mass
emissions in this study and those inferred from atmospheric observa-
tions (Fig. 3e) can primarily be attributed to the uncertainties of HFC
consumption and the limited inclusion of HFC blends in this study
(Table 1in Method Section). From 2012 onward, within the error range,
our estimation of HFC-125 mass emissions aligned well with the inferred
emissions®*#_ A similar trend and reasoning can be observed for
HFC-143a mass emissions (Fig. 3g). HFC-134a can be used in other HFC
refrigerant blends beyond HFC-404a and HFC-407c and in other
applications such as aerosols, which were excluded from this study.
These factors can account for the disparity between our estimations of
HFC-134a mass emissions and those inferred from observations (Fig. 3f).
A few non-AS parties have released their national or regional
reports on non-CO, GHG emissions, including fluorocarbons, in the
past decades”™. Our estimates for HCFC and HFC emissions are
comparable with these reports (Supplementary Discussion and

Nature Communications | (2024)15:6687



Article

https://doi.org/10.1038/s41467-024-51113-2

50
=500 80
40
400 60
300 30
40
200 20
20
100 10
A
0 0 0] =
1980 2000 2020 2040 2060 1980 2000 2020 2040 2060 1980 2000 2020 2040 2060
(a) HCFC-22 (b) HCFC-141b (c) HCFC-142b
-
=200 120 300
150 90 /
200
/,
y
100 60 /
100 4
50 30 /
0 — 0 <~ 0 /
1980 2000 2020 2040 2060 1980 2000 2020 2040 2060 1980 2000 2020 2040 2060
(d) HFC-32 (e) HFC-125 (f) HFC-134a
40 8,000
30 6,000
’ 7,500
20 4,000 A\ 5.000
10 2,000 2500
/
0 = 0 - 0
1980 2000 2020 2040 2060 1980 2000 2020 2040 2060 1980 2000 2020 2040 2060
(g) HFC-143a (h) HCFCs (i) HFCs
This study TEAP, bottom-up (2006) Si ds et al., bott p (2017) = Rigby et al. (2014)

AFEAS (2003) TEAP, top-down (2006)

TEAP (2022) = McCulloch et al. (2005)

Velders (2022)

Fig. 3 | Comparisons of mass emission estimates of the fluorocarbons between
our model in business-as-usual scenario and previous studies. a-g Comparisons
of the estimated mass emissions of fluorocarbons from the findings of United
Nations Environment Programme Technology and Economic Assessment Panel
(TEAP)*, Rigby et al.”, Velders et al.”’, Montzka et al.*°, Simmonds et al.”’, and
Western et al.”® based on measurement data from atmospheric monitoring; esti-
mates of Lickley et al."” based on the Bayesian probabilistic model; estimates of

Simmonds et al., top-down (2017)

= Montzka et al. (2015)

—— Western et al. (2022)

—  Lickley et al. (2022)

Alternative Fluorocarbons Environmental Acceptability Study (AFEAS)*, TEAP*,
TEAP*, and Simmonds et al.”’ based on the aggregated bottom-up production and
consumption data for fluorocarbons; h comparisons of hydrochlorofluorocarbon
(HCFC) banks between our model and previous work by TEAP*, TEAP*® and Lickley
et al.”’; i comparisons of hydrofluorocarbon (HFC) banks between our model and
previous work by Velders et al.”.

Supplementary Figs. 16, 17). WMO? reported the growth in the gap
between the reported total GWP-weight emissions of HFCs by Annex |
countries (listed in Supplementary Table 16, primarily non-AS parties
as listed in Supplementary Table 4) to the United Nations Framework
Convention on Climate Change and global estimates derived from
atmospheric data. Our estimations are in line with this trend and pre-
dict a continued decline in emission contributions from non-A5 parties
in the future (Supplementary Fig. 18).

Comparative analysis of HCFC banks

Our estimate of HCFC-22 banks is comparable to the results obtained
from TEAP*® and TEAP* but slightly lower than that provided by
Lickley et al.'’ (Fig. 3h). This discrepancy can be attributed to the dif-
ferences in consumption data between our study and Lickley et al.’s"
study, and the data used in Lickley’s model” exceed the reported
production by 6-13% (828-1712 Kt). Our estimates of HCFC-141b and
HCFC-142b banks align well with those of TEAP** and TEAP**; within the
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Table 1| End-use sectors and fluorocarbons considered in this
study (tick mark)

Fluorocarbon DRF RAC ICR MAC PUR XPS
HCFC-22 v v v
HCFC-141b v

HCFC-142b v
HFC-32 v v

HFC-134a v v v v v
HFC-410a v v

HFC-404a v

HFC-407c v v

HFC-507a v

HFC-410a (50%/50% HFC-32/HFC-125, by mass), HFC-404a (44%/52%/4% HFC-125/HFC-143a/
HFC-134a, by mass), HFC-407c (23%/25%/52% HFC-32/HFC-125/HFC-134a, by mass), and HFC-
507a (50%/50% HFC-125/HFC-143a, by mass).

DRF domestic refrigerator and freezer, RAC room air conditioner, MAC mobile air conditioner,
ICR industrial and commerecial refrigeration, PUR polyurethane rigid foam, XPS extruded poly-
styrene foam.

margin of error, these estimates are consistent with the findings
reported by Lickley et al.”.

Comparative analysis of HFC banks

Our estimates of these HFC banks account for approximately 80% of
the results presented by Velders et al.” prior to 2021 (Fig. 3i). The
disparity between our bank estimates and those by Velders et al.”' can
mainly be attributed to variations in the application scopes of these
HFC chemicals (Table 1). Specifically, Velders et al.>*” included all
application fields of these HFC chemicals to conduct a more com-
prehensive assessment of the efficacy of the Kigali Amendment. In
contrast, we focused only on refrigerant- or blowing agent-related
applications, considering prevalent HFCs and their blends to explore
emission mitigation pathways for banked fluorocarbons.

Regarding the projection of HFC banks, the significant divergence
of results between this study and Velders et al.”! may arise from var-
iations in the application scopes of these HFCs (Table 1), distinct
estimation models, and disparities in the projection of future con-
sumption patterns. Velder et al.” assumed that influenced by the Kigali
Amendment, trends in fluorocarbon consumption based on GDP and
population growth follow either Shared Socioeconomic Pathway 5
(SSP5) or SSP3. Their projection of HFC banks peaks at approximately
9000 Kt, which is significantly larger than our projection (Supple-
mentary Fig. 19) and the peaks of the previously estimated HCFC
banks'*%, For our projection, we mainly focused on refrigerant-related
and blowing agent-related fluorocarbon applications. We relied on
historical data and assumed that HFC consumption in non-AS5 and A5
parties aligned well with their corresponding national or regional
plans, if any. In cases where such plans are unavailable or not acces-
sible, these countries are expected to strictly adhere to the phase-
down schedule required by the Montreal Protocol and its amendments
and adjustments (Method and Supplementary Methods). Compared
with the HFC consumption projected on the basis of GDP and popu-
lation growth under SSPs by Velders et al.?, our projection anticipates
a lower consumption level.

As a reminder, emissions from banked fluorocarbons may not be
exclusively related to the lack of regulations or mandatory BEPs in
some countries. External damage from natural or man-made hazards
can cause these releases”**. Given the intrinsic randomness of such
events, this may add further uncertainty (even if not quantifiable) to
the analysis.

Implications for fluorocarbon management
The management and control of fluorocarbons need to cover all life
cycle stages. Sound management programs for E-waste exist in most

non-AS parties®, and these have been extended to cover refrigerant
management as well. However, achieving effective implementation of
such activities and their extension to include refrigerants in most A5
parties requires the development of relevant legal systems and strin-
gent enforcement and supervision. All stakeholders should share the
burden and actively participate in fluorocarbon emission reduction.
Unintentional discharge of refrigerants should be avoided during
servicing, refilling, and EoL treatment. In the EoL stage, implementing
BEPs for sound management and recovery of scrap fluorocarbons can
significantly mitigate emissions. However, during the use stage, in
addition to regular leakage check and repair activities, groundbreaking
innovations are required, especially for the ICR sector, which accounts
for a significant number of refrigerants, resulting in high emissions.

Methods

Scope and data

Table 1 presents the two fluorocarbon categories and end-use sectors
defined in this study. We included three ODSs (HCFC-22, HCFC-141b,
and HCFC-142b), four major HFCs (HFC-32, HFC-134a, HFC-125, and
HFC-143), and their blends (HFC-404a, HFC-407c, HFC-410a, and HFC-
507a). The global consumption masses of HCFC-22, HCFC-141b, and
HCFC-142b account for approximately 98% of the overall HCFC
consumption®*%, and the consumption masses of HFC-32, HFC-125,
HFC-134a, and HFC-143a account for 87% of the total HFC
consumption®. Therefore, a high degree of representativeness was
observed for the selected fluorocarbon compounds included in this
study. We excluded other less prevalent HCFCs (such as HCFC-123 and
HCFC-124) and HFCs (such as HFC-152a, HFC-227ea, HFC-236fa, HFC-
245fa, and HFC-365mfc) because of their minor contribution to the
overall dataset*® and limited availability of regional consumption data.
To avoid the uncertainty associated with the long-term development of
refrigerants and blowing agents, other low-GWP HFCs and their blends
and substitutes were excluded from this study. HFC substitutes, such as
hydrocarbons, inorganic compounds (such as ammonia, nitrogen, and
carbon dioxide), and unsaturated organic compounds (HFO-1234yf),
were excluded because of their extremely low GWP values®.

In terms of end-use sectors, we have covered most of the durable
equipment and products in which these fluorocarbons are used as
refrigerants or closed-cell foam. Refrigerant-related applications were
further divided into the DRF, RAC, MAC, and ICR sectors. Foam-related
applications were further divided into PUR and XPS foam sectors. In
terms of region, the Montreal Protocol classifies global countries as A5
or non-A5 parties. We considered this differentiation and the market
characteristics of world countries and eventually divided them into six
geographical regions: China, Japan, North America (including Canada
and the United States only), European non-A5 parties, other non-A5
parties, and other A5 parties. China and other A5 parties are defined as
AS parties, whereas the remaining countries are defined as non-A5
parties in the Montreal Protocol. As of April 2024, the Kigali Amend-
ment was ratified by 159 countries, including nations with significant
contributions to global HFC production and consumption. More
details can be found in Supplementary Methods.

We performed emission accounting based on the Tier 2a
Emission-factor approach of the Intergovernmental Panel on Climate
Change (IPCC) Guidelines for National Greenhouse Gas Inventories®*,
Following the scope defined above, the emissions of each type of
HCFC or HFC were calculated by different sectors, regions, and life
cycle stages from the manufacturing, use, and EoL phases of products
or equipment containing these chemicals.

The production and consumption of fluorocarbons in countries
were assumed to be subject to the Montreal Protocol, the Kigali
Amendment, and their national or regional strategies within the scope of
this study. The data sources and calculation processes are detailed
in Supplementary Methods. In short, we first collected time-series sales
statistics of new equipment or products by sector and country or region.
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Next, we determined the time-series consumption of HCFCs and HFCs in
non-AS and A5 parties following the available national or regional plans.
When such plans were not available, we followed the schedule of phase-
out requirements set by the Kigali Amendment and other amendments
under the Montreal Protocol. Note that this study considers only
reported sales of equipment and products using HCFCs and HFCs.

Dynamic material flow analysis modeling

The stocks and flows of fluorocarbon-containing products and
equipment were estimated using a dynamic material flow analysis
(MFA) model, which combined the statistics on new sales volume of
fluorocarbon-containing products and equipment with their estimated
lifespans. A remaining rate function was used to determine their
lifespans*’*%, and a Weibull distribution was assumed for the lifespan
distribution, as has been extensively done in previous studies*’~' and is

shown in Eq. (1).
B
fy.n= exp{—(”l?s) }

where f(y,t) denotes the remaining rate of the new sales of product or
equipment in year y; t represents the product or equipment age;
represents the shape parameter (8> 0); u represents the scale para-
meter (u > 0). The quantity of product and equipment in the use stage
and EoL stage and the corresponding mass of fluorocarbon compounds
in each sector within each region can be determined using Eqs. (2)-(7):

@

Nuse(¥, )= Ny (3, 0) X f(3, 1), 2

NEOL(y' t):Nuse(y' t) - Nuse(yrt+1)r (3)
Y

Total Nyg(Y)= > Npey(3,t=Y =), “)
y
Y

Total N, (V)= ZNEOL(yrt:y_y)r )
y

M yo(Y)= Total N, (Y)xm,,,(Y)*q, (6)

/‘/IEUL(Y)= TOtal—NEOL(Y)anew(y)xpf (7)

where Y represents the target year for calculating fluorocarbon emis-
sions; y represents the sales year of the product or equipment charged
with the fluorocarbon compound; N, (y, 0) denotes the sales volume
of new products or equipment in year y; N ,..(y, t) denotes the volume
of in-use products or equipment sold in year y with age & Ng, (), t)
denotes the volume of EoL product or equipment sold in year y with
age t; TotalN,,(Y) denotes the total volume of in-use product or

equipment in year Y; TotalNg, (Y) denotes the total volume of EoL
product or equipment in year ¥; m,.,(Y) denotes the average charge
mass of fluorocarbons per product or equipmentin year ¥; M,.(Y) and
Mg, (Y) denote the masses of each fluorocarbon in product or
equipment use and EoL stages, respectively, at year ¥; g and p denote
the proportions of refrigerant charge remaining in the product or
equipment use and EoL stages, respectively, in which leakage and refill
during the use stage are covered.

For each compound of HCFC or HFC, the emission mass from
each sector was derived on the basis of its annual mass in the product
or equipment during the manufacturing, use, and EoL treatment
stages. Following the Tier 2a method of the IPCC Guidelines for
National Greenhouse Gas Inventories®*, as used in previous studies
and national reports™'***}, we can estimate and project the historical
and future emissions of HCFCs and HFCs, as shown in Eq. (8).

Erorat(Y) = Eppan(Y) + Eye(Y) +Egor (Y)
= Nuew (V) X Moy (V) X Ef pan(Y) + My (Y)
X Efuse(y) +MEOL(Y) x (1 - yEoL(y))r

®

where E,,,(Y) denotes the total emissions of each HCFC or HFC from
atarget sector inyear Y; E,,,,(Y), E(Y), and Eg; (Y) denote the mass
emissions of each fluorocarbon from the manufacturing, use, and EoL
stages of product or equipment in the target sector, respectively, at
year ¥; N,.,(Y) denotes the new sales of product or equipment in year
Yand equals N, (¥,0) in Eq. (2) when Yequals y; Ef ,,n(Y) and Ef ;.. (Y)
denote the annual emission factors of each chemical during the life
cycle stages of product or equipment manufacturing and use,
respectively; v, (¥) denotes the recovery efficiency of each chemical
during product or equipment EoL treatment. The parameters are
described in more detail in Supplementary Methods.

Scenario setting for emission abatement potential
Fluorocarbons may remain in the EoL stage for durable equipment®-*,
Although sound management practices for scrap fluorocarbons have
been established in a few non-A5 parties, most of these chemicals in A5
parties are released into the atmosphere'®. To evaluate the abatement
potential of emissions into the future, we developed scenarios for
applying BEPs, which are optimal service and leakage-prevention
practices during the use stage, along with sound recovery and
destruction practices during the EoL stage (Table 2). Details are pro-
vided in Supplementary Methods.

We assume the alignment of future fluorocarbon consumption in
non-AS and AS parties with their respective national or regional plans,
such as Japan’s “Act on Rational Use and Proper Management of
Fluorocarbons™ or the European Union’s F-gas regulation'. In cases
where national or regional strategies are absent or inaccessible, the
parties involved are expected to adhere to the phase-down schedule
required by the Montreal Protocol and its amendments and adjust-
ments. These consumption estimates apply to each scenario. Scenario 1
(S1) is a BAU scenario, with 2021 as the baseline, where HCFC and HFC

Table 2 | Scenario settings for applying Best Environmental Practices (BEPs) to curb fluorocarbon emissions between 2022

and 2060
Scenario Targeted sector Targeted geographic area Targeted life cycle stage Targeted BEPs
S1 (Business-as-usual) All covered Both A5 and non-A5 Use and EoL stages Remaining the same as 2021 (BEPs applied only in several non-
A5 nations)
S2 (Moderate) All covered A5 only Eol stage Applying BEPs by linearly increasing to 50%-100%
S3 (Super) All covered A5 only Use and EoL stages Applying BEPs by linearly increasing to 50%-100%
S4 (Optimal) All covered Both A5 and non-A5 Use and EolL stages Fully applying BEPs

Targeted sectors include domestic refrigerator and freezer (DRF), room air conditioner (RAC), mobile air conditioner (MAC), industrial and commercial refrigeration (ICR), polyurethane rigid (PUR)
foam, and extruded polystyrene (XPS) foam. Targeted geographic areas cover Article 5 (A5) and non-Article 5 (non-A5) parties under the Montreal Protocol, and the A5 parties include China and other
A5 parties, while the non-A5 parties include Japan, North America (Canada and the USA only), European non-A5 and other non-A5 parties. Targeted life cycle stages include manufacturing, use, and

end-of life (EoL).
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emission parameters during use and EoL treatment remain the same
until 2060. Some developed countries or regions, such as Japan, the
United States, and the European Union, have partially implemented
BEPs. In the BAU scenario, continued implementation of these BEPs will
be assumed, with the emission factors or recovery efficiencies for
HCFCs or HFCs in either non-A5 or A5 parties expected to remain
unchanged from 2021 to 2060. Scenarios 2 (S2), 3(S3), and 4 (S4) are
assumed to be mitigation scenarios with different degrees of BEP
implementation in different geographic areas and stages. In S4, BEPs
will be fully applied globally starting in 2023, covering the use and EoL
stages. This scenario represents the global maximum abatement
potential of emissions. Scenarios S2 and S3 are assumed to apply BEPs
up to the extent of 50%-100% in A5 parties starting in 2030. S2 focuses
on applying BEPs only in the EoL stage, whereas S3 covers both the use
and EolL stages. S2 and S3 probably represent operable scenarios for
fluorocarbon mitigation. Supplementary Table 13 summarizes the
implementation rates of BEPs and associated parameters. Parameter
settings determine the effects of conducting leakage checks regularly or
seldom during the use stage. Through the development of appropriate
parameters, various practices for preventing emissions may yield
varying effects on fluorocarbons used as refrigerants or foaming agents.

Uncertainties and sensitivity analysis

There are uncertainties regarding the estimation and projection of
fluorocarbon emissions. First, fluorocarbon-related consumption data,
including product or equipment sales, refrigerant charge mass, and
refrigerant type proportions, can result in uncertainties (Supplemen-
tary Table 14). Second, some parameters used in this study were
assumed to be constant over time, such as the emission factors, scale
and shape parameters of the Weibull distribution for equipment life-
spans, and proportions of refrigerants remaining in the product or
equipment use and EoL stages. These constant parameters suggest
good estimates but still contain uncertainties. Third, some chemicals
were excluded from this study, such as other less prevalent HFC blends
used as refrigerants. Considering the uncertainty of some of these key
parameters, we show the uncertainties of HCFC and HFC emissions
from the ICR and RAC sectors (Supplementary Tables 17, 18).

Data availability

Raw data used to produce all of the figures in the main text and sup-
plementary information are provided in the Source Data file. Source
data are provided with this paper.
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