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Atmospheric Properties

Table S1. Extended listing of the atmospheric properties of HFO-1336mzz(Z) (cis-CF;CH=CHCF3), HFO-1336mzz(E) (¢trans-CF;CH=CHCF3) and

mixtures of the isomers.?
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given is the radiative efficiency (RE), the global warming potential (GWP) on a 100 year horizon, the global temperature change potential (GTP)
on a 100 year horizon, the reaction rate coefficient (k) for different reactions, the ozone-depletion potential (ODP), and the photochemical ozone
creation potential (POCP); ®with correction factor for lifetime dependent vertical mixing/ adjusted number; “pulsed laser photolysis-laser induced
fluorescence (PLP-LIF) technique; relative rate-Fourier transform infrared spectroscopy (RR-FTIR) technique; °photoreactor interfaced with FTIR
(FTIR smog chamber experiment); flash photolysis resonance fluorescence (FPRF) technique; érelative rate technique with gas chromatography
coupled to flame ionization detection (GC-FID); "mixture of 70% E-isomer and 30% Z-isomer; ‘industrial mixture of 71.5% E-isomer and 28.5%
Z-isomer; uncertainties at 2-sigma level
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Company Information and Market Products

Table S2. Summary of press releases and marketing information found for HFO-1336mzz(Z).

HFO-1336mzz(Z)

year company trade name/ patent comment references
2012 Du Pont de patent fire extinguishing 10
Nemours US8287752B2
2014 DuPont start of small scale production 11
2015 DuPont Formacel™ 1100  tested as potential replacement for HCFC-141b (CH3CCLF) as foam blowing 12
agent
end 2015  Chemours & Announcement on start building full-scale production facility in Changshu, 13
partner Jiangsu Province, China
Changshu 3F
Zhonghao
2016 Chemours Opteon™ 1100 first field application as foam blowing agent for an insulation closed cell 14
spray polyurethane foam (SPF) in a residential home in Texas
mid-2017 Chemours expected start full-scale production 13
replacement refrigerant for HFC-245fa (CHF,CH>CF3) and HFC-365mfc 2,15-21
(CH3CF2CH2CF3) in organic Rankine cycles and high-temperature heat
pumps
2020 Fumakilla Ltd, patent pest-controlling agent 22
Chemours-
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2020

2021
2021

2021

2021

2021

2021

2021

Mitsui
Fluoroproducts
Co Ltd

Arkema
France

Chemours

Chemours

Chemours

Chemours

Chemours

Climalife® of
the Dehon
Group

Chemours

WO02017/122684

patent
JP2020007561A

Opteon™ 1100

Opteon™ XP30
(R-514A, a blend
of 74.7 wt%
HFO-1336mzz(Z)
and 25.3 wt%
HCC-1130(E)
(CHCI=CHC()))

Opteon™ MZ
Opteon™ SF33
1100/1500 Blends

Novexpans™

Opteon™ 1150

blend with HCFO-1233zd (CF;CH=CHCI); for use as refrigerant, heat
transfer fluid, foaming agent, solvent and aerosol

sold as foam blowing agent

sold as replacement for HCFC-123 (CF3CHCI,) for application in low
pressure centrifugal chillers

sold as refrigerant for application in HTHPs, ORCs, evaporative cooling, and
as heat transfer fluid

sold for application in metal degreasing, as cleaning and rinsing agent, and as

solvent

foam blowing

advertised/ sold as foam blowing agent for PU foams, replacing the
Novexpans™ HFC-365mfc/ HFC-227ea (CF3CHFCF3) (93/7) blend and

HFC-245fa

announcement on production start of HFO-1336mzz(E)
(trans-CF;CH=CHCEF3) in El Dorado, Arkansas, US; assumption of
possibility to re-isomerize between the two HFO-1336mzz isomers in the

production plants
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general areas of application/ products: heat transfer fluids (sector of end use: 32
General manufacturing, e.g. machinery, equipment, vehicles, other transport
equipment), foam expansion agent (sector of end use: Building and 33
construction work), polymers, carrier fluid or aerosol (product category:
semiconductors, sector of end use: Manufacture of computer, electronic and
optical products, electrical equipment), cleaning agent (sector of end use:
Manufacture of computer, electronic and optical products, electrical

equipment), blowing agent (sector of end use: Other), di-electric insulation/
inerting agent
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Reported Information on or Application of HFO-1336mzz(Z) in Switzerland,

Germany, Europe, and Other Countries

In Switzerland, reporting the import, placing on the market and use of HFO-1336mzz(Z) as a
foam blowing agent, a solvent and a fire extinguishing agent is not mandatory. The application
as a refrigerant in stationary air conditioners has to be reported when exceeding 3 kg. In
Germany, the use of 10.1 Mg and 0.5 Mg for the production of integral and polyurethane (PU)
foams, respectively, was reported for 2019°*. No data were reported for other applications. For
2020, no numbers were reported for HFO-1336mzz(Z)**. In addition, for Germany it is not
mandatory to report the import or export of finished goods containing this substance.

The European Chemicals Agency (ECHA)* currently specifies imports to the European
Economic Area of 100 to 1000 Mgyr!. In European Union (EU) member states, HFC-
1336mzz(Z) is subject to reporting under the F-gas regulation in terms of "production, import,
export, feedstock use and destruction"*® since 2015. However, up to 2019, the reported usage
numbers are marked confidential’’*®. A new proposal® for an update of the current F-gas
regulation®® was published in 2022, drafting tightened measures towards the use of low-GWP
gases, for which HFOs like HFO-1336mzz(Z) are eligible. Furthermore, the European
Commission's RePowerEU plan*’ set ambitious aims to expand the installation of heat pumps,
for which HFO-1336mzz(Z) might also be contrived as candidate with high potential as a low-
GWP working fluid. Behringer et al. (2021)*” estimated an increase of demand in Europe (EU-
28) of a factor of four between 2020 and 2030, and an increase of emissions by a factor of six
between 2020 and 2030. However, in the debate of new Registration, Evaluation, Authorisation
and Restriction of Chemicals (REACH) regulations in the EU, the refrigeration and air-

conditioning industry was concerned that new alternatives like HFO-1336mzz(Z) could be
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affected*!. In 2023, a proposal to restrict per- and polyfluorinated substances (PFASs) was
submitted to ECHA*?, which could also apply to HFO-1336mzz(Z).

In the US, HFO-1336mzz(Z) was exempt from the volatile organic compound (VOC)
regulation under the Clean Air Act (CAA) beginning of 2019, because its contribution to
ground-level ozone formation was regarded negligible. Use of HFO-1336mzz(Z) as
replacement substance in different applications is expected to increase in the US in the future**.
Also in Australia, the use of HFO-1336mzz(Z) has been and is expected to increase further, at
least in its possible application as cooling agent*. In Thailand funds were provided for a project
on testing low-GWP foam blowing alternatives, specifically HFO-1336mzz(Z)***’. Overall, the
increasing attention on HFO-1336mzz(Z) is reflected by the increasing number of published

studies and granted patents involving HFO-1336mzz(Z)***3,
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Sampling Sites and Analytical Details

Table S3. Details for the different sampling sites for in situ and flask measurements throughout

the record of HFO-1336mzz(Z).?

instrument/ coordinates geographic  inlet
site time period measurement altitude height description of site
site (ma.s.l.) (ma.gl.)
Medusa-12
Jungfraujoch 31?5383_ 3603 EN’ 3580 -15 high-Alpine site
Medusa-20
. 18.05.2018— 47.4°N, rooftop in
Dibendorf 5} 082019 8.6°F 440 30 suburban Zurich
tall tower in the
22.08.2019— 47.2°N .
Beromiinster on 797 212 center of the Swiss
28.08.2020 8.2°E Plateau
. 29.08.2020— 47.4°N, rooftop in
Dibendorf 03 635021 8.6°F 440 30 suburban Zurich
o tall tower in the
Sottens (2)‘5“1)(3)38;_ ‘6167'ZEN’ 755 120 west of the Swiss
o ' Plateau
tall tower in
14.11.2021- 52.0°N
Cabauw on -0.7 207 central
08.08.2022 4.9°E Netherlands
King weekly, —62.2° N,
Sejong® 20162021  —58.8°F flask measuremnts
distributed o
Cape Grim®®  over 1990 ::2;0 I];I’ flask measuremnts
2007 '

imeasurement instruments Medusa-12 and Medusa-20; geographic altitudes and inlet
heights as above sea level (a.s.l.) and as above ground level (a.g.1.)
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HFO-1336mzz(Z) peak identification on the used Medusa-gas chromatography/mass
spectrometry (GC/MS) systems was achieved by measuring diluted samples of high-mole
fraction standards made of the pure substance. For detection, mass/charge (m/z) 95 (M — CF3]")
was used as the target mass, and m/z 145 ([M — F]") as the qualifying mass. In 200 mL of a
sample at 2.16 ppb mole fraction (equivalent to 19 pmol), the following ions, in units m/z and in
the order of decreasing relative abundance (in brackets), were detected: 95 (100%), 145 (56%),
69 (34%), 75 (14%), 164 (12%), 76 (6%), 113 (4%). Chromatographic separation on the two
Medusa systems was achieved with a PoraBOND Q column (0.32 mm ID x 25 m; 5 pum film
thickness; Agilent), resulting in symmetric peaks with stable baseline. Depending on column age
or column manipulation during maintenance, retention times of HFO-1336mzz(Z) varied over
time. Therefore, only approximate time ranges for elution are given. On Medusa-20,
HFO-1336mzz(Z) eluted between 1306 s and 1349 s. On Medusa-12, HFO-1336mzz(Z) eluted
between 1294 s and 1377 s. On both Medusa systems, HFO-1336mzz(Z) was bracketed by
HCFO-1233zdE (trans-CF;CH=CHCI) and furane (C4H4O) at slightly lower retention times; and
CFC-11 (CCIsF), dichloromethane (CH2Clz), and carbon disulphide (CS2) at slightly higher
retention times. Chromatograms were integrated by area. An example chromatogram showing

the target and qualifier ion is given in Figure S1.
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Figure S1. An example chromatogram (x-axis in (s); y-axis in arbitrary units) of
HFO-1336mzz(Z) from the analysis of 2 L of a working standard (0.59 ppt) with the Medusa-20
GC-MS instrument. The target ion with mass/charge (m/z) 95 (black line), and the qualifier ion

with m/z 145 (blue line) were detected at the retention time of 1324.7 s.
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Evaluation of Measured HFO-1336mzz(Z) Records
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Figure S2. The baselines (red lines) calculated by the "robust extraction of baseline signal"
(REBS) method®' for the HFO-1336mzz(Z) record at each site. The shown baselines were
calculated with the REBS bandwidth parameter set to 30 days. Uncertainty bands (blue) were

derived with the REBS multiplication factor set to 1.5.
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Figure S3. The total number of measurements (transparent bars) and the number of data points
above limit of detection (LOD; non-transparent bars) for the HFO-1336mzz(Z) records at

Diibendorf, Beromiinster, Sottens, and Cabauw, against the monthly percentage of data points

below LOD (black points).
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Figure S4. The total number of measurements (transparent bars) and the number of data points
above limit of detection (LOD; non-transparent bars) for the Jungfraujoch record, against the

monthly percentage of data points below LOD (black points).
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Figure SS. The distribution of detectable data points summarised as boxplot and histogram for
the two Diibendorf (DUE) records, i.e. in 2018-2019 and in 2020-2021, for the Beromiinster

(BRM), the Sottens (SOT), the Cabauw (CBW), and the Jungfraujoch (JFJ) record.
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Figure S6. The annual distribution of detectable data points summarised as boxplot

histogram for the Jungfraujoch (JFJ) record.
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Figure S7. The weekday distribution of the number (n) of detectable mole fractions (above limit
of detection, LOD) for the two Diibendorf (DUE) records, i.e. in 2018-2019 and in 2020-2021,
for the Beromiinster (BRM), the Sottens (SOT), the Cabauw (CBW), and the Jungfraujoch (JFJ)

record.
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Figure S8. Subset of Spearman correlations between HFO-1336mzz(Z) and other substances
measured at Beromiinster, Cabauw, Jungfraujoch, and Sottens.



Atmospheric Transport and Inverse Modelling
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Figure S9. Total source-receptor relationship for (A) sites in Swiss domain and (B) Cabauw;
aggregated only for times when valid HFO-1336mzz(Z) observations were available.
Observation locations (Diibendorf, DUE; Beromiinster, BEO; Sottens, SOT; Jungfraujoch, JFJ;
and Cabauw, CBW) are marked with a black cross. Color scales for the two maps differ because
units depend on grid resolution, which was different for the Swiss sites and Cabauw. However,

in both cases values span four orders of magnitude.
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Figure S10. A priori HFO-1336mzz(Z) emission estimate for the (A) Swiss and the (B) Dutch
inversion domains. Observation locations (Diibendorf, DUE; Beromiinster, BEO; Sottens, SOT;
Jungfraujoch, JFJ; and Cabauw, CBW) are marked with a black cross. Cities with a population

larger than 50'000 inhabitants are marked by open circles.
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