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Supplementary Note5

HFC production6

To support our assumptions regarding CFC and HCFC emissions during HFC production, here we7

review the possible points of CFC emissions during the production of HFC-134a and HFC-125. These8

HFCs comprised approximately two thirds of HFC emissions by mass from 2015–2019 (not including9

HFC-23, which has minimal intentional use and is controlled separately under the Montreal Protocol)10

[1]. We also highlight the production of HCFC-133a, which we use as an additional constraint on the11

production of HFC-134a and HFC-125. The production pipeline of these two HFCs is summarized in12

Figure 2 of the main text and informs our assumptions in our modeling framework (see Methods).13

HFC-134a14

HFC-134a is the most widely used HFC [1]. Its production can be achieved by either of two pathways [2]15

that are distinguished by their unsaturated feedstocks, trichloroethylene (TCE) and perchloroethylene16

(PCE), as is shown in Figure 2 of the main text. For pathway 1, TCE has one hydrogen atom (chemical17

formula: C2HCl3), so the intermediate products in the reactions that yield HFC-134a are HCFCs [2, 3].18

In particular, HCFC-133a is an intermediate of this process with no known direct end-use [4], making it19

a valuable constraint in our modeling framework. For pathway 2, PCE has a chlorine atom in place of20

the hydrogen atom (chemical formula: C2Cl4), so the intermediates during fluorination may be CFCs21

and HCFCs [2, 5, 6]. Therefore, CFC-113, CFC-113a, CFC-114, or CFC-114a is only produced and22

emitted during HFC-134a production if the PCE route is used. Unless otherwise noted, we refer to23

the sum of isomers by the major isomer throughout this text (e.g., CFC-113+CFC-113a = CFC-113).24

Previous reports suggest that the TCE/HCFC-133a pathway accounts for the majority of HFC-134a25

production [7, 8, 9], but the exact division of these two pathways, as well as the possible geographic26

distribution of which pathway is used, has not been reported. In addition, previous work has shown that27

impurities in the emission of HFC-134a at the point of consumption (i.e. leakage from air conditioning28

units) cannot explain the recent emissions of CFC-113 or CFC-114 [10], leaving the production process29

as the primary source of HFC-134a-related CFC emissions.30

A bottom-up estimate of the division of production between the two pathways could be calculated31

with proper accounting of the HCFC-133a, CFC-113, or CFC-114 molecules consumed in HFC-134a32

production; however, feedstock reporting requirements only apply when these compounds are produced33

and consumed in separate processes, allowing for the potential for production to lawfully go unreported.34

Additionally, countries may simply not be reporting their production of these compounds despite their35

agreement to do so, as was the case with recent CFC-11 and CFC-12 emissions [11, 12]. Between36

2008 and 2020, non-Article 5 (high income) countries reported feedstock production of CFC-113 and37

114 on the order of 3000 Gg, but Article 5 (low to middle income) countries did not report CFC-38

113 feedstock production during this time [13], despite an estimated quadrupling of their HFC-134a39

production (Figure 1C of the main text, [1]). It is unlikely that A 5 countries did not use CFC-113 in40

the production of HFC-134a during this time (if they exclusively produced HFC-134a using the TCE41

pathway) – within this time period, there was a reported enhancement of CFC-113a and CFC-114a42

measured in air samples collected downwind of a region where HFC-134a is produced in China [14],43

suggesting that some amount of HFC-134a produced in that region used CFC-113a and CFC-114a as a44

feedstock. There also was not a rise in global HCFC-133a emissions during this time [15], which would45

have been expected if the new HFC-134a production was manufactured using the TCE pathway.46

On the other hand, a top-down inference of the production of HFC-134a by each pathway could be47

calculated using observed mixing ratios of HCFC-133a, CFC-113, and CFC-114 if there was complete48

knowledge of the chemical conversion rates and emission rates of the relevant production processes,49

along with well-constrained bank emission estimates. However, there are large uncertainties in conver-50

sion and emissions rates and published patents suggest that these rates may have varied temporally.51

Specifically, the production pathway that uses HCFC-133a as an intermediate has a yield rate that52

could vary by a factor of three: If the HCFC-133a to HFC-134a reaction is run once, then the yield53

rate is limited to about 30%, but if the output from this reaction is run through a second reactor, then54

the yield rate increases to over 90% [2, 3]. Thus, for a given HCFC-133a emissions profile, the amount55

of HFC-134a produced from HCFC-133a could vary by at least a factor of three, and uncertainty in56

the emission rate would increase this range of possibilities further. The link between CFC-113 and57
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CFC-114 emissions and their production is also uncertain. MCTOC 2022 reported the “most likely”58

range of the total emission rate from the production, transport, and consumption of feedstocks to be59

1.5–6.2% [17], and the conversion rates for each step in the process from CFC-113 to HFC-134a depend60

on the catalyst employed as well as whether CFC-113 is first fluorinated or isomerized [2], or if both61

steps are carried out in one reaction. This published range of possible emission and conversion rates62

thus makes top-down emissions attribution infeasible.63

HFC-12564

During the production of HFC-125, an undesirable side reaction can occur that yields CFCs as by-65

products rather than the intended HCFC intermediates and HFC-125 [16, 17]. Depending on the extent66

of fluorination, CFC-113, CFC-114, and/or CFC-115 may be produced by this side reaction, though67

CFC-115 has been identified by relevant patents as the primary by-product [16, 18]. CFC-115 and68

HFC-125 are both the most fluorinated species in their reaction chains, so less fluorinated CFCs should69

be converted to CFC-115 during the fluorination process. Additionally, HCFC-133a is an undesirable70

by-product of the main reaction chain [16].71

In a 2015 patent for HFC-125 production, it was reported that 1.1%, 1.0%, 2.1%, and 1.1% of72

the PCE feedstock could be converted to CFC-113, CFC-114, CFC-115, and HCFC-133a on a molar73

basis, respectively [16]. The CFC-115 by-product emission rate has also been estimated based on plant74

data as 0.1-1 wt%, while other controlled substances were assumed to be emitted at rates one or more75

orders of magnitude smaller [18]. Technology exists to separate the undesired CFCs from HFC-125 [19],76

although the extent to which this technology is employed has not been well-documented. Moreover,77

for the CFCs that are separated from high purity HFC-125, the extent to which they are destroyed or78

released into the atmosphere is not reported. Thus, both the mass of these by-products generated and79

their emission rates from this process are uncertain, so only the total emission rate relative to total80

HFC-125 production can be estimated.81

As was the case with HFC-134a, there is an additional production pathway for HFC-125 that does82

not produce CFCs, which involves the hydrofluorination of tetrafluoroethylene (TFE) with HF [20].83

TFE and HF are devoid of chlorine, so CFCs will not be produced during this process. There is84

limited information on which production process is used, but a 2017 report from the Chinese Chemical85

Investment Network Stated that only 4 out of the 12 factories in China that produce HFC-125 used86

the PCE pathway in 2011 [10]. Outside of China, the allocation between these pathways has not been87

made publicly available, although it was reported in 2023 that “most” HFC-125 was produced via PCE88

[18]. There is not an observational proxy in the atmosphere for production via the TFE pathway, so89

it is only possible to compute emissions relative to total HFC-125 production and treat this rate as a90

lower bound.91
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Supplementary Methods92

Lifetime sensitivity test93

CFC lifetimes are key parameters in emission inversions [21] and in our simulation model (see Methods).94

We test the sensitivity of our results to a range of lifetimes informed by the Stratospheric Processes and95

their Role in Climate (SPARC) report on the Lifetimes of Stratospheric Ozone-Depleting Substances,96

Their Replacements, and Related Species [22]. This report provides “most likely” lifetime ranges for97

CFC-11, CFC-12, and CFC-113, but not for CFC-114 and CFC-115. We assume that the “most likely”98

range of CFC-114 and CFC-115 lifetimes scales with that of CFC-12 and CFC-113, as these compounds99

have overlapping stratospheric loss regions [22]. The suggested lifetimes of CFC-113, CFC-114, and100

CFC-115 are 93, 191, and 540 y, respectively, and the “most likely” ranges of CFC-12 and CFC-113 are101

about 88–118% of their median values. Thus, we assume that the lifetimes of CFC-114 and CFC-115102

also vary by 88–118% of their median values, and we test the sensitivity of our results with CFC-113,103

CFC-114, and CFC-115 lifetimes of 82–109, 168–225, and 475–635 y, respectively.104
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Supplementary Figures105

Supplementary Figure 1: Same as Fig. 4 in the main text, but with the CFC-113 to CFC-114 chemical
conversion rate reduced to 40% [2]. (A) Estimated global HFC-134a production (black; data from [1])
and the BPE estimated mass of HFC-134a produced using TCE (light gray) and PCE (dark gray)
as feedstocks. BPE posterior distributions of (B–D) production and (E–G) emissions of CFC-113
(left), CFC-114 (middle), and HCFC-133a (right). The lines and shaded regions are the median and
1-σ CI, respectively, and in B–G, the gray, blue, and orange coloring denotes global, non-A 5, and
A 5 countries, respectively. For reference, the mass of feedstock production reported to the Ozone
Secretariat [23] is included in B and C, and the observationally-derived emissions are included in E–G.
Note the improved agreement between estimated and reported feedstock production in (B) and (C)
relative to Fig. 4 in the main text. (Also note the increased range on the y-axis in panel B of this
figure.)
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Supplementary Figure 2: BPE posterior CFC-115 mixing ratios (left) and emissions (right) calculated
using AFEAS reported end-uses (red) and using a distribution of end-use types as described in the
main text. Blue and red lines are medians from posterior distributions, and shaded regions are 1-σ
confidence intervals. These posterior estimates do not account for by-product emissions. Note the
improved agreement with observations for posterior simulations with uncertain end-uses.
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Supplementary Tables106

Supplementary Table 1: Parameter prior distributions used in mixing ratio simulations. Ca→b refers
to the conversion rate from the compound in the given line to the next compound in the chemical
manufacturing process.

Species FEk BPk Ca→b

CFC-113 0.0–4.0% 0.0–0.5*BP115,posterior 98%
CFC-114 0.0–2.0% 0.0–0.5*BP115,posterior 94%
CFC-115 NA 0.0–2.0% NA
HCFC-133a 0.0–1.5% 0.0–1.5% 95%

Supplementary Table 2: Median and 1-σ CI of posterior distributions using NOAA CFC-113 surface
mixing ratio observations in place of AGAGE CFC-113 data for likelihood calculations. (1 − χ)
is reported for consistency with results presented in the main text (i.e. the fraction of HFC-134a
production using the TCE pathway).

Parameter Global Non-A 5 A 5
(1− χ) 65% (49–81%) 69% (46–90%) 60% (39–85%)
FECFC113 2.0% (1.3–2.7%) 2.0% (1.0–2.9%) 2.0% (1.0–2.9%)
FECFC114 0.9% (0.5–1.2%) 0.8% (0.4–1.3%) 0.9% (0.4–1.4%)
FEHCFC133a 0.5% (0.3–0.8%) 0.6% (0.3–0.9%) 0.5% (0.2–0.9%)
BPCFC113 0.2% (<0.1–0.3%) 0.2% (<0.1–0.4%) 0.2% (<0.1–0.4%)
BPCFC114 0.2% (<0.1–0.3%) 0.2% (<0.1–0.4%) 0.2% (<0.1–0.4%)
BPCFC115 0.8% (0.5–1.0%) 0.8% (0.4–1.3%) 0.9% (0.5–1.4%)
BPHCFC133a 0.7% (0.4–0.9%) 0.7% (0.4–1.1%) 0.5% (0.2–0.9%)
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