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Oxidation of hydrofluoroolefins (HFOs) is a source of trifluoroacetic acid (TFA) in the lower atmosphere. TFA
is deposited in precipitation and accumulates in water bodies and at land surfaces and concerns have been
raised over its environmental impact. The formation and distribution of atmospheric TFA from the gas-
phase oxidation of fifteen HFOs were studied. The deposition of TFA associated with regional emissions
of HFOs were examined using a global three-dimensional chemical transport model, STOCHEM-CRI,
where hypothetical scenarios with annual emissions of 1, 10 and 100 Gg for each of the HFOs were
modelled. Globally, between 54 and 78 Gg year™ of TFA are produced in scenarios using lower and
upper limit TFA yields, respectively. The most significant contributors to the TFA formation are found to
be HFO-1234yf (9.9 Gg year*, 13-18%), HFO-1225yeZ (8.5 Gg year %, 11-16%), HFO-1225yeE (8.6 Gg
year ! 11-16%) and HFO-1216 (7.5 Gg year !, 10-14%). The tropospheric global burden and lifetime of
TFA are found to be 0.54-0.78 Gg and 3.8 days, respectively. Atmospheric levels of TFA from HFO
oxidation are highest in northern mid-latitudes, with up to 1.5-2.0 ppt in Europe, 0.5-0.7 ppt in Asia, and
0.5-0.7 ppt in North America during the northern hemispheric summer. TFA is mainly deposited in North

America, Europe, and Asia, with deposition rates of up to 0.5 x 107> Mg km™2 years™, 1.0 x 10~° Mg
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Accepted 2nd December 2025 km~2 years™%, and 1.0 x 10~ Mg km~2 years™?, respectively. A metric called the TFA deposition potential

(TDP) is proposed that quantifies the extent to which different HFOs contribute towards enhanced

DOI: 10.1039/d5¢a00108k environmental TFA deposition, relative to that from the oxidation of the most widely used HFO (HFO-

rsc.li/esatmospheres 1234yf).

Environmental significance

Oxidation of third and fourth generation refrigerants is likely to be a source of trifluoroacetic acid (TFA) which can be deposited in precipitation and accumulate
in water bodies and at land surfaces, posing a risk to both aquatic and terrestrial ecosystems. As HFO use increases, the atmospheric levels of TFA and its
environmental accumulation are anticipated to rise. In the study, we investigate the atmospheric formation and the surface deposition of TFA from fifteen
candidate HFOs. We propose a metric called TFA deposition potential (TDP) which will be a useful tool to shape future policy development and industrial
decisions concerning HFO use.
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1 Introduction

Trifluoroacetic acid (TFA) is the simplest short-chain per-
fluoroalkyl acid (PFAA) and believed to be the most abundant of
the wider class of persistent pollutants the per- and poly-
fluoroalkyl substances (PFAS)."?> Anthropogenic sources of TFA
include the degradation of fluorinated refrigerants, pesticides
and pharmaceuticals but the relative contributions of these
different sources are unclear. The presence of significant levels
of TFA in deep ocean water>* suggests the presence of one, or
more, natural sources.” Hydrofluoroolefins (HFOs) are an
important class of fluorinated refrigerants and are an important
contributor to atmospheric TFA formation and its subsequent
deposition.®

The impacts of TFA on ecosystems are the topic of current
debate. Research suggests that current and projected future TFA
levels may be the cause of much concern for aquatic and
terrestrial environments and for human health. For example,
studies by Bott and Standley’ saw a near 20-fold increase in '*C
labelled TFA in freshwater benthic microbial communities over
a 2.5-year period compared with a control group, representing
a small but statistically significant rate of incorporation. Zhang
et al.® recorded high uptake levels of TFA in wheat compared
with longer-chain PFAAs, and when TFA was exposed to sandy,
low organic matter soil, Xu et al.® reported a decrease in soil pH
(the soil became more acidic) and reduced bacterial abundance
and soluble nutrients. Arp et al.* argue that TFA meets the three
conditions of a planetary boundary threat, as defined by Pers-
son et al' In contrast, the UNEP Environmental Effects
Assessment Panel find that with respect to the breakdown
products of chemicals under the purview of the Montreal
Protocol, the risks to ecosystem and human health from the
formation of TFA as a degradation product of ozone depleting
substances (ODS) replacements are currently de minimis.
Madronich et al.® considered future emissions of HFO-1234yf
out to 2100 and concluded that TFA was unlikely to have
adverse ecosystem and human health impacts. Hanson et al.
have reflected on the need for more data about TFA impacts in
several areas, including its toxicology."

Direct sources of TFA are unlikely, but atmospheric oxida-
tion pathways of various PFAS precursors to TFA are likely to be
important sources in the lower atmosphere.”>' Hydro-
fluorocarbons (HFCs) such as HFC-134a (CF;CH,F) can be
oxidized to TFA via CF;CFO hydrolysis,”” and can lead to
elevated TFA levels over terrestrial and aquatic surfaces.'
However, the atmospheric lifetime of HFC-134a is long (ca. 14
years)' and so the enhanced surface concentrations of TFA are
not very high. Hydrofluoroolefins (HFOs) such as HFO-1234yf
(CF;CFCH,) tend to be much shorter lived, typically with
atmospheric lifetimes of days to weeks." Those HFOs that
contain a CFs;-moiety can yield CF;CFO or CF;CHO on oxida-
tion, which in turn can produce TFA (see SI, Fig. S1), which is
likely to reach higher surface concentrations because the
oxidation occurs close to emission sources.’>*” Reports have
noted high TFA levels in air and water close to fluorochemical
emission sources,*®*° and these studies suggest that breakdown
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of longer chain PFAS is also a significant source.”* However,
irrespective of the many potential sources of TFA, the emer-
gence of HFOs as replacement compounds for the HFCs and
HCFCs*™* present a significant new source of surface TFA in
the environment owing to their short lifetimes and high yields
of TFA upon oxidation. Indeed, interest in HFO oxidation is
receiving greater attention because of the greater production
not only of TFA, but also potentially of long-lived Greenhouse
Gases (GHG) such as CF;H.>>*®

Recent gas-phase measurements of TFA in Toronto, Canada
using I-CIMS showed levels up to 1.72 ppt in summer.” In this
publication, authors speculated on sources of this TFA, and they
noted that oxidation of HFO-1234yf can generate around 1 ppt,
according to modelling studies, and may therefore be an
important source."?® There is a lack of data in the literature on
the spatial distribution of TFA produced from the atmospheric
degradation of HFOs. With increasing use of HFOs, and
increasing interest in TFA, there is a need for studies of the
atmospheric formation and the surface deposition of TFA from
HFOs. Here, we report the results of global atmospheric
modelling studies of the release and oxidation of fifteen
candidate HFOs, as well as the associated TFA atmospheric
concentrations and TFA deposition fluxes. We consider hypo-
thetical scenarios with annual emissions of 1, 10 and 100 Gg for
each of the HFOs (15, 150 and 1500 Gg year ' total, respec-
tively). The results for individual HFOs are reported separately
and compared. The modelling methods follow those reported
by Holland et al.**** We also examine the TFA deposition on
land and/or the oceans and we investigate how the surface TFA
distribution arises from emissions in three regions (Europe,
Asia and North America) as a function of HFO lifetime. The
deposition fluxes reported here can be used with future emis-
sion estimates for individual HFOs to assess their contribution
to TFA fluxes in the environment.

2 Materials and methods

A global three-dimensional chemical transport model,
STOchastic CHEMistry - Common Representative Intermedi-
ates (STOCHEM-CRI), was used to simulate the emissions of
HFOs, their oxidation and transportation of oxidation products
such as TFA. In the STOCHEM-CRI model, the troposphere is
split into 50 000 constant mass air parcels which are advected
every three hours using a 4th order Runge-Kutta scheme via
a Lagrangian approach.* It is an offline model with the trans-
port and radiation driven by archived meteorological data from
the UK Meteorological Office Unified Model which operates at
a grid resolution of 1.25° longitude by 0.83° latitude and twelve
unevenly spaced vertical levels, with an upper boundary up to
100 hPa.** The chemical and photochemical processes (e.g.,
production and loss) that occur within the parcel, together with
emission and physical loss (e.g., deposition) are generally
uncoupled from transport processes to enable local determi-
nation of the chemistry timestep.*” The chemical mechanism in
this model is the common representative intermediates mech-
anism (CRI v2.2). Details of the CRI v2 mechanism are given by
Jenkin et al.,>® Watson et al.,*® and Utembe et al.,**3® with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1l Kinetic data used in model simulations for the reaction of each HFO with OH radicals or ozone. Further explanation is provided in the S|

Rate coefficients for the reaction of HFO + OH or O3

HFO Formula kon (em® s™) ko, (em® s77)
HFO-1234yf CF;CF=CH, 1.26 x 10 % exp (—35/7)*® 2.77 X 0*21 (296 K)*°
HFO-1225yeZ CF;CF=CHF 7.30 x 10 *® exp (165/7)%® 1.45 x 102" (296 K)*°
HFO-1225yeE CF;CF=CHF 2.15 x 107'* (296 K)*° 1.98 x 1 0*2" (296 K)*°
HCFO-1233zdZ CF;CH=CHCl 7.22 x 107'° T* exp (800/7)*" 1.53 x 107" (295 K)*?
HCFO-1233zdE CF;CH=CHCI 1.14 x 10 % exp (—330/7)** 1.46 x 102" (296 K)**
HFO-1234z€Z CF;CH=CHF 9.11 x 10~ ** exp (114/T)** 1.65 x 102" (296 K)**
HFO0-1234z¢E CF;CH=CHF 1.115 x 107" (7/298)>** exp (552/T)"° 2.81 x 10*21 (296 K)*7
HFO-1336mzzZ CF;CH=CHCF; 5.73 x 10 '° T* exp (678/T)** 6.25 x 10 2* (296 K)*°
HFO0-1336mzzE” CF;CH=CHCF; 6.94 x 10 ** exp (—496/T)*° 414 x 1 o*22 (296 K)*°
4.80 x 107 "% exp (—445/T)*"
HFO-1318myZ CF;CF=CFCF; 2.99 x 10" (7/298)*°" exp (760/T)** No data
HFO-1318myE CF;CF=CFCF; 7.50 x 10~ "* (7/298)"°® exp (612/7)* No data
HFO-1243zf CF;CH=CH, 7.65 x 10 ** exp (165/T)> 3.01 x 10 *° (296 K)**
HFO-1438ezyE (CF;),CFCH=CHF 7.34 x 107'° T* exp (—481/7)* No data
HCFO-1233xf* CF;CCl=CH, 2.39 x 102 (ref. 56) 3.5 x 107> (296 K)*’
9.43 x 10~ "* exp (98/7)*®
HFO-1216" CF;CF=CF, 9.75 x 107 ** (7/298)"** exp (922/7)** 6.2 x 10722 296 K (ref. 60)
8.74 x 10" exp (260/7)*°

¢ Notes: the model was integrated with each choice of rate coefficient and the model outputs were compared, T is the atmospheric temperature in K.

updates in CRI v2.2 highlighted by Jenkin et al.*” The chemistry
scheme employs a backwards Euler solver with a five-minute
timestep to evaluate an accurate solution to chemical ordinary
differential equations.*

Wet deposition and dry deposition are the physical loss
processes to remove TFA from air parcels particularly in the
boundary layer. Whether a Lagrangian air parcel is treated as
being above land or the ocean affects the rate of dry deposition
because of the variability of the species deposition velocities.
Wet deposition loss rates in STOCHEM combine species-
dependent scavenging coefficients with scavenging profiles
and precipitation rates. The dry deposition parameter of TFA
(deposition velocity of TFA over land and sea of 1.9 mm s %),
and wet deposition parameters of TFA (dynamic scavenging
coefficient of 1.9 cm ™", and convective scavenging coefficient of
3.8 cm™') are used in the model as reported by Holland et al.*®

The emissions of 15 HFOs (1, 10 and 100 Gg year " per HFO)
from anthropogenic sources (industrial process and product
use) were distributed using an annual source map of HFC-134a
for the year 2010 at a resolution of 5° longitude by 5° latitude
extracted from EDGARv4.2 with a resolution of 0.1° longitude by
0.1° latitude (http://edgar.jrc.ec.europa.eu/). An improved
distribution over China in the EDGAR emission inventory was
implemented, as described by Holland et al.** The emission
totals of the other species (e.g., VOCs, CO, and NO,) employed
in STOCHEM were taken from the Precursor of Ozone and
their Effects in the Troposphere (POET) inventory (http://
accent.aero.jussieu.fr/database_table_inventories.php). More
details of the STOCHEM emissions inventory for all species
can be found in Utembe et al.*® In this study, the emissions of
15 HFOs, and their oxidation by OH and ozone, with rate
coefficients summarized in Table 1, were incorporated into
the STOCHEM-CRI model. The reported yields of TFA from
OH initiated oxidation of different HFOs are summarized in

© 2026 The Author(s). Published by the Royal Society of Chemistry

SI (Table S1) which are used in the model simulations. TFA
yield from Oj; initiated oxidation is assumed to be 0.95 for all
HFOs as there are no reported values available. A couple of
model simulations, STOCH-HFO-HY and STOCH-HFO-LY were
performed using the higher and lower limits of TFA yields
from the oxidation of HFOs, respectively (Table S1).

A couple of sensitivity experiments were conducted by
changing the emission of individual HFO to 1 Gg year " (total 15
Ggyear ') in the runs hereafter referred to as STOCH-HFO-HY-1,
STOCH-HFO-LY-1 and 100 Gr year " (total 1500 Gg year™ ') in the
runs hereafter referred to as STOCH-HFO-HY-100, STOCH-HFO-
LY-100. We performed 15 and 8 additional simulations with
STOCH-HFO-HY and STOCH-HFO-LY, respectively but address-
ing each individual HFO with emission of 10 Ggyear * (Table S2).
A further nine simulations were performed, using the STOCH-
HFO-HY formulation, to investigate regional impacts on TFA.
Here, three HFOs the shortest lived HFO-1216 (5.3 days),”® most
widely used HFO1234yf of lifetime 12 days®® and the longest lived
HFO-1336mzzE (105 days)™* were each emitted separately (with
emissions derived from the global emissions of HFOs and
following the EDGAR HFC-134a emissions distribution, as above)
from North America (2.7 Gg year '), Europe (4.0 Gg year ') and
Asia (2.7 Ggyear ') to assess the impact. The basic features of all
simulations and the differences between them can be found in SI
Table S2. All simulations were conducted with meteorology from
1998 for a period of 24 months, with the first 12 months allowing
the model to spin up. Analyses were performed on the subse-
quent 12 months of data.

3 Results and discussion
3.1 Selection of HFO emission inventory and their lifetimes

Selection of an appropriate HFO emission inventory to use in
the model is important but challenging given the lack of

Environ. Sci.: Atmos., 2026, 6, 195-212 | 197


http://edgar.jrc.ec.europa.eu/
http://accent.aero.jussieu.fr/database_table_inventories.php
http://accent.aero.jussieu.fr/database_table_inventories.php
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00108k

Open Access Article. Published on 02 December 2025. Downloaded on 2/20/2026 9:16:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Environmental Science: Atmospheres Paper
Mace Head Tacolneston Jungfraujoch
7 12 15
g6 810 812
<5 S s =
T4 3. $09
© « )
o3 3] N 06
g o4 by
g? 2 " L F 2 e | Ew
— = e _— ] I ]
o Lo e - 0 = L 0
J F M A M J J A S O N D J F M A M J J A S O N D
Month Month Month
Mace Head Tacolneston Jungfraujoch
8 L 14 25
g7 Sz g,
56 510 <
8s e g 515
< 4 ©
83 g o g 1
] < 4 -
o2 o Qo5
£ Z 2 T
ol 5 ol s 0
J FM A M J J A S O N D J FM A M J J A S O N D
Month Month
Mace Head Tacolneston Jungfraujoch
=8 '8 = 3
g7 g S2s
o6 o6 o,
Bs 2 ® °
D4 R4 Q18
o ) N I
ik : 7 2 1 1
22 22 g .
a1 ke % S g I gos = e o N A (O I O
e L] = — ————
To = — = 0 — 0
J F M A M J J A S O N D J F M A M J J A S O N D J FM A M J J A S O ND
Month Month Month
~——Observed STOCH-HFO-HY-1 ——STOCH-HFO-HY ——STOCH-HFO-HY-100

Fig.1 Comparison of AGAGE (Mace Head, Tacolneston, Jungfraujoch) measurement data for HFO-1234yf, HFO-1234zekE and HCFO-1233zdE
from Jan—Dec 2024 with the model data simulated by the STOCH-HFO-HY, STOCH-HFO-HY-1 and STOCH-HFO-HY-100. Green error bars
represent measurement uncertainty. Yellow, red and blue error bars represent model uncertainty based on errors in sources and sinks in the
model simulations with 1 Gg, 10 Gg and 100 Gg emissions of HFOs, respectively.

reported data. We used 1, 10 and 100 Gg year " for the emission
of each individual HFO, giving a total of 15, 150 and 1500 Gg
year ! in this study. This is not to suggest that these emissions
are an accurate representation of the current situation or
a prediction of emissions in the future. A comparison of
modelled HFO mixing ratios with measurement data from
AGAGE (Advanced Global Atmospheric Gases Experiment, Jan—
Dec 2024) stations shows that the modelled HFO-1234yf, HFO-
1234zeE and HCFO-1233zdE mixing ratios are consistent with
measurements at Mace Head, Tacolneston and Jungfraujoch
(Fig. 1), when considering the 10 Gg year " HFO emission
scenario. Average biases (model - measurement) of 0.008, 0.130,
and —0.040 ppt for HFO-1234yf, HFO-1234zeE and HCFO-
1233zdE, respectively, are calculated. Conversely, the biases
are relatively high (—0.23 ppt for HFO-1234yf, —0.15 ppt for
HFO-1234zeE, and —0.34 ppt for HCFO-1233zdE) for the emis-
sion scenario of 1 Gg and (2.43 ppt for HFO-1234yf, 3.05 ppt for
HFO-1234z¢E, and 2.91 ppt for HCFO-1233zdE) for the emission
scenario of 100 Gg year™ *. All this suggests that the 10 Gg year™*
emission scenario is appropriate for the purposes of this study.
There are no measurement data available for the other twelve
HFOs, so we could not further validate the emissions inventory.
Using the same emissions for all HFOs facilitates a comparison
of their potential to produce TFA, thus providing valuable
insights for future policy making.

There are no available kinetic data for the ozonolysis reac-
tions of three of the 15 HFOs (HFO-1318myE, HFO-1318myZ,

198 | Environ. Sci.. Atmos., 2026, 6, 195-212

HFO-1438ezyE) (Table 1), so only OH oxidation is included in
the model. The average comparative loss fluxes of the remaining
twelve HFOs by OH and O; in the model show that ~97% of
HFOs loss is attributed to tropospheric OH, with a minor
contribution from the ozonolysis reaction (~3%). Except for
HCFO-1233xf, all HFO lifetimes derived from the model are in
close agreement with the reported WMO lifetimes (Table 2).**
There is a large discrepancy between the lifetime of HCFO-
1233xf calculated here and that reported by the WMO due to
the use of different rate coefficients for the reaction with OH
(kom) utilised. The koy used in this modelling study was derived
using the theoretical methods.”®* The WMO panel,™ following
the JPL recommendations,* preferred to recommend a smaller
value of koy (that of HCFO-1233xf) than that estimated by the
theoretical study,*® leading to an estimated lifetime of around
42 days. Thomsen and Jergensen® instead estimated a lifetime
for HCFO-1233xf of 5 days which is close to our study (7 days).
For HFO-1336mzzE, HCFO-1233xf and HFO-1216, alternate re-
ported koy values (as presented in Table 1) were considered. All
alternate koy values (reported by Qing et al.,** Michelat et al.*®
and Tokuhashi et al.,*® respectively) resulted in longer lifetimes,
in better agreement with reported WMO values (Table 2). As
a result, these koy values were carried through for use in
subsequent simulations. Among the fifteen HFOs, the model
predicts that HFO-1336mzzE and HFO-1216 are the longest and
shortest lived HFOs, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Tropospheric lifetimes of HFOs for reactions with OH and ozone, and comparisons with values from the WMO report*

Lifetime due to Lifetime due to

Tropospheric total lifetime Total lifetime reported

HFO reaction with OH (days) reaction with O3 (days) (days) by WMO (days)
HFO-1234yf 13 6500 13 12
HFO-1225yeZ 11 12000 11 10
HFO-1225yeE 7 930 7 6
HCFO-1233zdZ 14 11800 14 13
HCFO-1233zdE 36 12300 36 42
HFO-1234zeZ 11 11000 11 10
HFO-1234z¢E 19 6300 19 19
HFO-1336mzzZ 25 28600 25 27
HFO-1336mzzE 91 44600 91 120
108° 45100 1084
HFO-1318myZ 31 — 31 n/a
HFO-1318myE 21 — 21 n/a
HFO-1243zf 10 60 8 9
HFO-1438ezyE 37 — 37 43
HCFO-1233xf 7 5300 7 42
11¢ 5000 11¢
HFO-1216 6 30000 6 n/a
74 30000 74

“ n/a represents no available literature data, calculated lifetime from the simulation using kinetic data from Qing et al.,** Michelat et al.** and
Tokuhashi et al.*® for the reaction of HFO-1336mzzmE + OH, HCFO-1233xf + OH, and HFO-1216 + OH, respectively.

3.2 TFA production from 15 HFOs and TFA loss processes

The model simulation results show that OH-initiated oxidation
of all 15 HFOs produces most of the TFA (77.8 Gg year " (98%)
for STOCH-HFO-HY and 53.9 Gg year™ ' (97%) for STOCH-HFO-
LY). Only the ozonolysis of HFO-1243zf produces a non-
negligible amount of TFA (1.6 Gg year '). In combination, O3-
initiated oxidation of the other 11 HFOs produces only 0.2 Gg
year ' of TFA (Table 3). TFA production from the ozonolysis
reactions of HFO-1318myE, HFO-1318myZ, HFO-1438ezyE
could not be reported because of a lack of kinetic data. The
yields of TFA from ozonolysis of HFOs depend on the specific
HFO.” Therefore, using the same yield (0.95) for all twelve HFO

ozonolysis reactions in the model may overestimate TFA
production via this route. However, the fraction of TFA
production from the ozonolysis reaction is much smaller than
the production through OH-initiated HFO oxidation, thus using
the same yield of TFA for all 12 HFOs ozonolysis reactions is
unlikely to have a significant impact on the overall TFA
formation in the model. The elevated levels of TFA formation
from different HFOs vary depending on the HFO lifetimes. The
oxidation of HFO-1234yf (9.9 Gg year ', 13-18%), HFO-1225yeZ
(8.5 Gg year ', 11-16%), HFO-1225yeE (8.6 Gg year ', 11-16%)
and HFO-1216 (7.5 Gg year™ ', 10-14%) have the largest contri-
butions to TFA formation (Table 3 and Fig. 2). In Table 3, we

Table 3 TFA production fluxes from the oxidation of HFOs by OH and ozone and their contribution to total TFA production from the STOCH-

HFO-HY and the STOCH-HFO-LY*

Production of TFA (Gg year™ ")

(TFA production by

HFO OH oxidation Ozonolysis HFO)/(TFA production by HFO-1234yf)
HFO-1234yf 9.9 0.020 1.00
HFO-1225yeZ 8.5 0.007 0.86
HFO-1225yeE 8.5 0.065 0.87
HCFO-1233zdZ 2.6 (0.2) 0.010 0.26 (0.02)
HCFO-1233zdE 2.6 (0.2) 0.025 0.26 (0.02)
HFO-1234zeZ 3.3(0.2) 0.011 0.34 (0.02)
HFO-1234z¢E 3.3(0.2) 0.033 0.34 (0.02)
HFO-1336mzzZ 4.1 (0.3) 0.006 0.42 (0.03)
HFO-1336mzzE. 4.1 (0.3) 0.016 0.42 (0.03)
HFO-1318myZ 5.6 n/e 0.57
HFO-1318myE 5.6 n/e 0.57
HFO-1243zf 3.0 (0.2) 1.584 0.47 (0.18)
HFO-1438ezyE 4.8 n/e 0.48
HCFO-1233xf 2.6 (0.2) 0.018 0.26 (0.02)
HFO-1216 7.5 0.002 0.76

“ n/e represents no estimate was made due to the unavailability of the kinetic data for ozonolysis reaction. The values are in brackets are produced

from the model simulation, STOCH-HFO-LY.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Contribution of HFOs to atmospheric TFA formation flux derived from the model simulation, (a) STOCH-HFO-HY, (b) STOCH-HFO-LY.

compare relative TFA production from all HFOs with the most
commonly used HFO, HFO-1234yf. HCFO-1233zdE, HCFO-
1233zdZ, HFO-1333xf, HFO-1234zeZ and HFO-1234zeE
contribute significantly less (0.70 and 0.98 times lower than
that of HFO-1234yf in STOCH-HFO-HY and STOCH-HFO-LY,
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respectively) to the total TFA production. In terms of HFOs
reactivity and the enhanced formation of TFA in STOCH-HFO-
HY (Table 3), HFOs can be ranked as follows: HFO-1234yf >
HFO-1225yeE = HFO-1225yeZ > HFO-1216 > HFO-1318myZ >
HFO-1318myE > HFO-1438ezyE > HFO-1243zf > HFO-

Latitude

-120
Longitude

Latitude

-120

=60 0 60 120 180
Longitude

T TS S
0 0.05 0.1 0.2 0.3 0.5 0.7 1 2
TFA mixing ratio(ppt)

Fig. 3 Surface distributions of TFA simulated for (a) June-July-August, (b) December-January-February by the STOCH-HFO-HY model, and for
(c) June-July-August, (d) December-January-February by the STOCH-HFO-LY model.
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Fig. 4 Annual surface distribution plots of TFA mixing ratios produced from individual HFOs with higher TFA yields. The annual surface distri-
bution plots of TFA mixing ratios produced from eight HFOs with lower TFA yields can be found in the SI (Fig. S4).

1336mzzmZ = HFO-1336mzzE > HFO-1234zeZ = HFO-1234zeE
> HCFO-1233zdZ = HCFO-1233zdE = HCFO-1233xf. The
ranking is consistent in STOCH-HFO-LY.

Wet deposition is the most significant atmospheric loss
process for TFA (64.4 and 44.6 Gg year " (83%)), followed by dry

© 2026 The Author(s). Published by the Royal Society of Chemistry

deposition (8.5 and 5.9 Gg year ' (11%)) and reaction with OH
(4.8 Gg year " and 3.3 Gg year ' (6%)) in STOCH-HFO-HY and
STOCH-HFO-LY, respectively. This ordering agrees with the
existing literature, which suggests that wet deposition is more
important than dry deposition, while the gas-phase reaction of
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TFA with OH is of minor significance.'”***>% The loss of TFA by
reaction with stabilized Criegee intermediates was not included
in the study as globally this loss process is insignificant
compared with other loss processes.™ The global burden of TFA
derived from the STOCH-HFO simulation is found to be 0.78 Gg
in STOCH-HFO-HY and 0.54 Gg in STOCHEM-HFO-LY. The
atmospheric lifetime of TFA is found to be 3.8 days which is
close to that in the WMO Ozone Assessment Report (5 days).**

3.3 TFA surface distribution

The TFA surface seasonal distribution plots shows high mixing
ratios in northern mid-latitudes, with up to 2 ppt for STOCH-
HFO-HY (Fig. 3a) and 1.5 ppt for STOCH-HFO-LY (Fig. 3c) in
European countries (e.g. France, Austria, Italy), 0.7 ppt for
STOCH-HFO-HY (Fig. 3a) and 0.5 ppt for STOCH-HFO-LY (Fig. 3c)
in Northeast United States (e.g. New York, Philadelphia, Mary-
land, Los Angeles), and 0.7 ppt for STOCH-HFO-HY (Fig. 3a) and
0.5 ppt for STOCH-HFO-LY (Fig. 3c) in Asia (e.g. China) during
June-July-August. Lower abundances of TFA of up to 0.5 ppt
(Fig. 3b) and 0.3 ppt (Fig. 3d) in Europe and Asia for STOCH-HFO-
HY and STOCH-HFO-LY, respectively and 0.3 ppt (Fig. 3b) in
North America for STOCH-HFO-HY are seen during December-
January-February. The maximum TFA mixing ratios produced
from the oxidation of individual HFO in the grid cell are extracted
and investigated in terms of their monthly variations. The
monthly variations of maximum TFA mixing ratios (fixed grid
cell) showed higher abundances during June-July-August and
lower abundances during December-January-February (Fig. S2).
The seasonal surface distribution of TFA is driven by the location
of HFO emissions (see Fig. S3), the abundances of oxidants (OH,
03), to react with HFOs converting into TFA and TFA deposition
(wet and dry) to remove TFA from the atmosphere. The seasonal
variation in these factors leads to seasonal fluctuations in
atmospheric TFA mixing ratios. HFO emissions in the model are
predominantly distributed over North America, Central Europe,
and East Asia. Central Europe and North America have signifi-
cant markets for HFOs, specifically for HFO-1234yf, which are
used in foam blowing and refrigeration applications.* Because of
their advanced industrial and technological sectors, large

View Article Online

Paper

populations and developed economies, Tokyo in Japan, South
Korea and central-eastern China are also important sources of
HFO emissions.”® The photochemistry between 30° N and 60° N
is more rapid during summer than in winter, resulting in high
abundance of oxidants, thus the production of TFA through the
oxidation of HFOs increases over the polluted regions of the
northern hemisphere. Higher gas-phase TFA concentrations
during northern hemisphere summer are measured at Beijing,
China®*® and Ontario, Canada®* compared with northern
hemisphere winter. The emission fluxes of HFO-1234yf in Asia
(2.7 Ggyear '), North America (2.7 Gg year ') and Europe (4.0 Gg
year ') used in this study are lower than the study of Wang et al.>®
by a factor of 16, 9 and 5, respectively, which resulted in the
annual surface mixing ratios of TFA of up to 0.07, 0.05, and 0.15
ppt in Asia, North America, and Europe (Fig. 3), a factor of 7-, 7-
and 3-fold lower than the study of Wang et al.,*® respectively.

To investigate the formation and dispersion of TFA from
fifteen different HFOs, TFA concentration surface distribution
plots were generated from the results of the individual STOCH-
HFO runs (Fig. 4). The longer lived HFOs (e.g. HFO-1336mzzE,
HFO-1438ezy, HCFO-1233zdE) travel considerable distances,
resulting in more geographically widespread TFA formation
with lower concentrations. In contrast, the shorter lived HFOs
(e.g. HFO-1234yf, HFO-1225yeE, HFO-1225yeZ, HFO-1234zeZ,
HCFO-1233xf, HFO-1243zf, HFO-1216) break down more
rapidly closer to their emission sources, resulting in more
concentrated (elevated) TFA surface levels.

3.4 Atmospheric TFA model-measurement comparison

The atmospheric TFA concentrations from STOCH-HFO-HY,
STOCH-HFO-LY, STOCH-HFO-HY-1, STOCH-HFO-LY-1
STOCH-HFO-HY-100 and STOCH-HFO-LY-100 model simula-
tions were compared with measurement data. As shown in
Table 4, the modelled TFA derived from 10 Gg year " HFO
emissions are more consistent with measurements than that of
TFA derived from 1 and 100 Gg year ' HFO emissions.
Transition from HFCs to HFOs resulted from the Kigali
Amendment to the Montreal Protocol which came into force in
2019 and required a phase down in HFCs production and use. The

Table 4 Comparison of modelled and measured atmospheric TFA concentrations at different surface locations®

Model TFA (ppt)

Location Time Measured TFA (ppt) 1Gg 10 Gg 100 Gg References
Toronto, Canada Feb-Apr 2022 <LOD-0.979 0.02-0.02 0.17-0.23 1.72-2.33 Young et al.*’
Jun-Aug 2022 <LOD-1.72 0.05-0.06 0.45-0.61 4.48-6.10
Toronto, Canada Sep-Oct 2021 0.10 0.02-0.03 0.24-0.33 2.43-3.27 Ye et al.”®
Toronto, Canada Jun-Dec 2000 0.07-1.16 0.03-0.04 0.28-0.38 2.82-3.83 Martin et al.®®
Guelph, Canada Jan-Dec 2000 0.06-0.41 0.02-0.03 0.23-0.31 2.29-3.11 Martin et al.®®
Reno, US Sep-Oct 1994 0.34-0.71 0.02-0.03 0.16-0.25 1.62-2.53 Zehavi & Seiber”
New Jersey, US Jul-Aug 2023 0.44-0.77 0.04-0.06 0.42-0.57 4.21-5.73 Mattila & Offenberg”>
Beijing, China Apr-Oct 2012 0.43 £ 0.29 0.05-0.07 0.47-0.65 4.71-6.48 Hu et al.®®
Beijing, China May 2012-Apr 2013 0.29 + 0.11 0.04-0.05 0.38-0.52 3.77-5.16 Wu et al.®”
Beijing, China Apr 2013-Apr 2016 0.29 + 0.04 0.04-0.06 0.42-0.58 4.24-5.81 Zhang et al.®®

% Note: measurement LODs in the study by Young et al.*” range from 0.010-0.341 and 0.039-0.407 ppt for Feb-Apr 2022 and Jun-Aug 2022,
respectively. The range of model TFA are derived from STOCH-HFO-LY (lower end) and STOCH-HFO-HY (upper end) with different emission

scenarios (1 Gg, 10 Gg and 100 Gg year ')
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model considered only HFO emissions and did not include HFC
emissions (HFCs can act as TFA precursors, but with much lower
yields compared with HFOs);** hence, the model is not relevant to
measurement data for TFA before 2019. Most of the observational
data in Table 4 were obtained during periods when HFOs were not
yet used and the observed TFA must have come from sources other
than HFOs.

3.5 Deposition of TFA

Atmospheric TFA is deposited into the global aquatic and terres-
trial environment.” Fig. 5 shows our calculated annual and
seasonal TFA surface depositions over land and the oceans from
both dry and wet deposition. The model predicts that North
America (up to 0.5 x 10~° Mg km ™ years '), Europe (up to 1.0 x
102 Mg km 2 years '), and Asia (up to 1.0 x 10* Mg km >
years ') are hot spots for deposition of TFA from HFO
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degradation, as supported by the distribution plots of atmospheric
TFA mixing ratios in Fig. 3. The hot spots for TFA deposition are
associated with high levels of industrial activity, especially where
refrigeration and air conditioning systems are prevalent. Addi-
tionally, the three identified hot spots for TFA deposition are
urbanised regions with high population densities. This outcome
agrees with the study of Freeling et al.” who found the highest TFA
wet deposition fluxes were located in densely populated regions of
Germany. Furthermore, Chen et al.”® concluded that refrigerant
emissions correlate positively with regions with high degrees of
urbanisation and large numbers of private vehicles, thus resulting
in higher levels of TFA in precipitation, in turn increasing the wet
deposition of TFA. However, a significant proportion of TFA was
found to be deposited outside the emission regions, consistent
with the studies of David et al.'” and Wang et al.”

Fig. 5b and c¢ show that TFA deposition during winter are
generally distributed over larger areas than in summer. This
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Fig. 5 Surface distribution plots of TFA deposition simulated by the STOCH-HFO-HY, (a) annual, (b) June-July-August, (c) December-January-
February. Similar plots for STOCH-HFO-LY scenario can be found in SI (Fig. S5).
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Fig. 6 Annual surface distribution plots of TFA deposition produced from individual HFO oxidations with high TFA yields. The annual surface
distribution plots of TFA deposition produced from eight HFOs with lower TFA yields can be found in the Sl (Fig. S6).

reflects the lower photochemical activity and longer atmo-
spheric lifetimes of the HFOs in winter.

We compared the TFA deposition surface plots from the
results of the individual STOCH-HFO simulations to assess the
spatial variations in their TFA depositions (Fig. 6). The

204 | Environ. Sci.. Atmos., 2026, 6, 195-212

deposition of TFA from shorter-lived HFOs, e.g. HFO-1216,
HFO-1234yf, HFO-1225yeE, HFO-1225yeZ, HFO-1243zf, HCFO-
1233xf, HFO-1234zeZ is more concentrated and localised,
whereas TFA deposition from longer-lived HFOs, e.g. HFO-
1336mzzE, is less concentrated and more dispersed. This
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difference is because HFO-1336mzzE can travel greater
distances once emitted before it oxidizes to TFA, leading to
a more widespread deposition. Conversely, HFO-1216, HFO-
1234yf, HFO-1225yeE, HFO-1225yeZ, HFO-1243zf, HCFO-
1233xf and HFO-1234zeZ oxidize more rapidly, resulting in
faster production and deposition of TFA closer to the emission
sources, with deposition hotspots located in Central Europe,
East Asia, and North America (Fig. 5).

The maximum annual TFA deposition fluxes derived from
each HFO are found in either Italy or Austria (Fig. 6). The
monthly deposition fluxes analysis shows that the maximum
TFA deposition from HFOs follows the trend as: HFO-1234yf
(3.1 x 107* Mg km ™2 years ', Austria) > HFO-1225yeZ (2.9 x
10~* Mg km 2 years ™', Austria) > HFO-1225yeE (2.7 x 10~ * Mg
km™? years ™, Ttaly) > HFO-1216 (2.4 x 10~* Mg km™? years ™",
Italy) > HFO-1243zf (9.6 x 10~°> Mg km? years ™", Italy) > HCFO-
1233xf (5.0 x 10> Mg km 2 years ", Italy) > HFO-1234zeZ (9.0
x 107> Mg km ™2 years ™', Italy) > HFO-1318myE (1.2 x 10™* Mg
km~? years™', Austria) > HFO-1234z¢E (6.8 x 107> Mg km™>
years™ ', Italy) > HCFO-1233zdZ (6.1 x 10> Mg km™> years ",
Italy) > HFO-1336mzzZ (7.0 x 10> Mg km > years™ ", Italy) >
HFO-1318myZ (8.0 x 10> Mg km 2 years ', Italy) > HFO-
1438ezy (5.0 x 10> Mg km™? years™ ', Italy) > HCFO-1233zdE
(3.7 x 107> Mg km > years™ ", Italy) > HFO-1336mzzE (3.0 x
10~° Mg km 2 years ", Italy). The monthly variations of these
maximum depositions (fixed grids) show maximum during
northern summer months (Jun-Jul-Aug), and minimum depo-
sition during the northern winter months (Dec-Jan-Feb) (Fig. 7).
These findings are consistent with the studies of Freeling et al.”
and Wang et al.”* who demonstrated a significant seasonal
pattern in the wet deposition fluxes of TFA across Germany and
East Asia, respectively, with maxima during the summer due to
higher concentrations of photochemically generated oxidants
such as OH radicals.

As is shown in Fig. 8, we analysed the hotspot grid cells using
the percentile method (=95th percentile) and identified 130
hotspots for TFA deposition (43 in Europe, 35 in North America,
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52 in Asia). Over these hotspots, the annual average TFA depo-
sition for both STOCH-HFO-HY and STOCH-HFO-LY was found
to be greater over the land compared with the ocean for Europe
(61% vs. 39%). However, the annual TFA depositions were
found to be higher over the ocean than the land for Asia (47% vs.
53%) and for North America (41% vs. 59%). This was deter-
mined by intersecting the model grid with land polygons (taken
from Natural Earth) to determine the proportion of each grid
cell covering landmass or ocean.

During Dec-Jan-Feb months, the identified hotspots are
dominated by Asia (58 in Asia, 39 in North America, 28 in
Europe for STOCH-HFO-HY and 56 in Asia, 40 in North America,
29 in Europe for STOCH-HFO-LY) and TFA deposition is
significant over the ocean rather than the land (North America:
68% vs. 32%, Asia: 65% vs. 35%, Europe: 42% vs. 58%) (see SI
Fig. S8). However, during the period June-July-August, the
identified hotspots are dominated by Europe (40 in Asia, 32 in
North America, 58 in Europe) and Asia (52 in Asia, 43 in Europe
and 29 in North America) for STOCH-HFO-HY and STOCH-HFO-
LY, respectively. TFA deposition during June-July-August is
predominantly over the land rather than the ocean for all
regions (North America: 52% vs. 48%, Asia: 61% vs. 39%,
Europe: 67% vs. 33%) (see SI Fig. S8).

Table 5 shows that 46% of all HFO emissions (with a range of
30% for longer-lived HFOs to 57% for shorter-lived HFOs) are
deposited as TFA within the emission regions in STOCH-HFO-
HY, while the remaining fractions are distributed toward the
ocean and other continents. The hotspot grid cells analysis shows
that TFA deposition from all HFOs dominates in the ocean (56%)
compared with land (44%) (Table 5). A variable amount of TFA
deposition from individual HFOs are found over land (with
a range of 34% to 50%) and the ocean (50 to 66%) (Table 5).

3.6 Impact of regional emissions

Model simulations with regional emissions (for Europe, North
America and Asia) of the longest-lived (HFO-1336mzzmE),
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Fig. 7 Monthly variation of maximum TFA deposition flux (fixed grid cell) derived from individual HFO oxidation reactions in the model.
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Fig. 8 The hot spots (highlighted, >95th percentile) for TFA deposition flux per grid box simulated by the STOCH-HFO-HY model (a) North
America (b) Europe, and (c) Asia. Similar figures for STOCH-HFO-HY model simulations can be found in the SI (Fig. S7).

shortest-lived (HFO-1216), and most widely used HFO (HFO-
1234yf) were performed to obtain a deeper understanding of
the dependence of TFA deposition patterns on the HFO lifetime.
Determining how far the TFA deposition travels between
continents is also essential for assessing the potential envi-
ronmental implications of the use of different HFOs.

Fig. 9 displays the ratio of TFA deposition from regional HFO
emission from North America, Asia, and Europe to global HFO
emission for three selected HFOs: HFO-1234yf, HFO-1216, and
HFO-1336mzzE, respectively. Amongst these, HFO-1216 has the
highest TFA deposition (80-100%) from local HFO-1216 emis-
sions (Fig. 9d-f) with the remining deposited TFA transporting

Table 5 Percentage of TFA deposition within the emission region, over land and over the ocean®

TFA total deposition TFA percentage deposition TFA deposition TFA deposition
HFO (Gg year 1) within the emission regions (%) over land (%) over ocean (%)
All HFO 22650 (15730) 46 (47) 44 (45) 56 (55)
HFO-1234yf 3010 49 45 55
HFO-1225yeZ 2610 51 47 53
HFO-1225yeE 2770 56 49 51
HCFO-1233zdZ 770 (60) 47 (45) 45 (44) 55 (56)
HCFO-1233zdE 720 (50) 37 (36) 39 (38) 61 (62)
HFO-1234zeZ 1020 (80) 50 (48) 46 (45) 54 (55)
HFO-1234z¢E 960 (70) 44 (42) 43 (42) 57 (58)
HFO-1336mzZ 1150 (80) 40 (39) 41 (40) 59 (60)
HFO-1336mzE 1040 (70) 30 (29) 34 (34) 66 (66)
HFO-1318myZ 1540 39 40 60
HFO-1318myE 1600 43 42 58
HFO-1243zf 1070 (80) 51 (49) 46 (46) 55 (56)
HFO-1438ezy 1280 37 38 62
HCFO-1233xf 800 (60) 51 (49) 46 (46) 54 (54)
HFO-1216 2410 57 50 50

“ The values are in brackets are produced from the model simulation, STOCH-HFO-LY.
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from other continental HFO-1216 emissions. The high local
deposition for HFO-1216 is attributed to its short-lived nature,
as it rapidly degrades into TFA, resulting in a localised deposi-
tion of TFA that does not extend far from the source of emis-
sion. A similar deposition pattern, but with slightly reduced
deposition (70-100%) from local HFOs emissions, is shown in
Fig. 9a—c for HFO-1234yf, and is due to its shorter lifetime. With
the North America emission scenario, TFA deposition is found
to be maximum in eastern North America (Fig. 9a), which is
consistent with the studies of Kazil et al.”® and Luecken et al.*®
who showed higher TFA deposition in the eastern United States
and downwind of the Los Angeles basin because of strong HFO-
1234yf sources in these regions. We found 31%, 32%, and 30%
TFA deposition from HFO-1234yf for separate North America,
Europe and Asia emission scenarios. These results are consis-
tent with Henne et al.*® who showed ~30—40% TFA deposition
within Europe from the European HFC-1234yf emissions, with
the remaining fraction distributed toward the Atlantic Ocean,
Central Asia, Northern, and Tropical Africa. Our results are also

View Article Online
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comparable with the study of Wang et al.>® who used the GEOS-
Chem model to simulate China, US and Europe emissions of
HFO-1234yf and found 55%, 31%, and 31% TFA deposition
within these regions. The projected emissions of HFO-1234yf in
the EU in 2030 were estimated to be 7.09 Gg.”” Scaling the data
in Fig. 9c by a factor of 1.77 and summing over the Rhine basin
gives an estimate for TFA deposition of approximately 55 Mg.
This value can be compared to the Rhine discharge flux of TFA
in 2023 of approximately 93 Mg.?

For the longest lived HFO, HFO-1336mzzE, the TFA deposi-
tion is less concentrated and more widespread, having crossed
multiple continents (Fig. 9g-i). Around 50-70% of deposited
TFA contributing from local HFO-1336mzzE emissions with the
remaining deposited TFA transporting from other continental
HFO-1336mzzE emission regions.

3.7 TFA deposition potential (TDP) for selected HFOs

TFA Deposition Potential (TDP) of the 15 candidate HFO species
was developed using HFO-1234yf as a reference species, giving
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Fig. 9 The ratio of TFA deposition from regional HFO emission to global HFO emission for three selected HFOs. (a)—-(c) are derived from North
America, Asia and Europe emissions, respectively for the most widely used HFO, HFO-1234yf, (d)-(f) are derived from NA, Asia and Europe
emissions, respectively for the short-lived HFO, HFO-1216 and (g)—(i) are derived from North America, Asia and Europe emissions, respectively

for the long-lived HFO, HFO-1336mzzE.
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Table 6 Maximum TFA concentration, total TFA deposition and TFA deposition potential (TDP) for selected HFOs

TFA maximum

TFA annual total deposition

TDP1

HFO Name concentration (ppt) (Mg year™ ) TDP kuroron“a/kiro-123ayfron
HFO-1234yf 0.31 3010.57 1.00 1.00
HFO-1225yeZ 0.29 2614.43 1.08 1.13
HFO-1225yeE 0.41 2769.86 1.44 1.92
HCFO-1233zdZ 0.09 (0.01) 764.94 (56.08) 1.14 (1.04) 0.25 (0.02)
HCFO-1233zdE 0.05 (0.00) 717.71 (51.73) 0.72 (0.67) 0.10 (0.01)
HFO-1234zeZ 0.13 (0.01) 1019.83 (74.69) 1.28 (1.17) 0.36 (0.02)
HFO-1234z¢E 0.10 (0.01) 960.54 (70.05) 1.00 (0.92) 0.19 (0.01)
HFO-1336mzzZ 0.10 (0.01) 1148.57 (83.66) 0.85 (0.78) 0.26 (0.02)
HFO-1336mzzE 0.04 (0.00) 1042.80 (74.13) 0.40 (0.37) 0.06 (0.004)
HFO-1318myZ 0.12 1538.98 0.74 0.34
HFO-1318myE 0.12 1595.61 0.74 0.52
HFO-1243zf 0.14 (0.01) 1073.51 (78.71) 1.29 (1.13) 0.36 (0.02)
HFO-1438ezy 0.07 1276.36 0.49 0.01
HCFO-1233xf 0.08 (0.01) 797.02 (59.73) 0.94 (0.78) 0.35 (0.02)
HFO-1216 0.36 2412.38 1.44 1.87

“ Note: TDP1 were calculated using TFA yields («) from HFO + OH reactions shown in SI Table S1. The values in the brackets are calculated when the

TFA yields from HFO + OH reactions are in lower limit.

measure of the peak TFA deposition from the candidate species
relative to that of the reference species (TDP = total TFA
deposition per maximum surface concentration by a HFO/total
TFA deposition per maximum surface concentration by HFO-
1234yf). Table 6 presents the TDPs for the 15 HFOs used in
this investigation. Of these, HFO-1225yeE, HFO-1243zf, HFO-
1216, HCFO-1233zdZ, HFO-1225yeZ and HCFO-1234zeZ have
the highest TFA deposition (TDP > 1.0) relative to HFO-1234yf,
and HFO-1336mzzE and HFO-1438ezyE have the lowest level
of peak TFA deposition (TDP < 0.5). The studied HFOs can be
ranked in terms of their increasing TDP as: HFO-1336mzzE <
HFO-1438ezy < HCFO-1233zdE < HFO-1318myE < HFO-
1318myZ < HFO-1336mzzZ < HCFO-1233xf < HFO-1234z¢eE <
HFO-1234yf < HFO-1225yeZ < HCFO-1233zdZ < HFO-1234zeZ <
HFO-1243zf < HFO-1225yeE < HFO-1216. In a simplest way, we
calculated the TDP1 using the kinetic data of kyroron (Table 1)
and the yields of TFA from the reaction of HFO + OH (Table S1).
Except HFO-1234zeE, HFO-1318myE, HFO-1243zf, HFO-
1234zeZ and HCFO-1233zdZ, the ranking of other 10 HFOs in
terms of TDP1 is consistent with that of TDP (Fig. S9). The use of
this TDP metric, which scales with OH lifetime, facilitates
a clearer understanding of the environmental consequences of
HFO use, offering a framework for more informed decision-
making.

4 Conclusion

The atmospheric formation and the surface deposition of TFA
in the gas-phase oxidation of HFOs have been investigated
using a global chemistry transport model, STOCHEM-CRI. TFA
production by OH-initiated oxidation of HFOs (97%) dominates
oxidation initiated by Oz (~3%). In the context of hypothetical
emission fluxes (1 Gg year ', 10 Gg year ' and 100 Gg year )
and emission distributions (similar to HFC-134a in 2010) for all
HFOs, HFO-1225yeZ, HFO-1225yeE, HFO-1216, and HFO-1234yf
are found to be the most significant contributors, responsible

208 | Environ. Sci.: Atmos., 2026, 6, 195-212

for up to 44% of the total TFA formation. The highest atmo-
spheric TFA concentrations are predicted to arise in the
northern mid-latitudes, with mixing ratios of up to 2 ppt in
central Europe during June-July-August, and up to 1 ppt in east
Asia during December-January-February. Highest TFA deposi-
tions were estimated in three regions: up to 1.0 x 10> Mg kg2
years " in Europe, up to 0.5 x 10 * Mg kg > years " in North
America, and up to 1.0 x 10~ ® Mg kg > years " in Asia. 46% of
HFO emissions are deposited as TFA within the emission
regions, and significant amounts (56%) of TFA deposition occur
over the oceans. The seasonal variations of atmospheric TFA
concentration and TFA deposition are highest during the
summer and lowest during the winter. TFA deposition from
longer-lived HFOs (e.g. HFO-1336mzzE) is less concentrated and
more dispersed than from shorter-lived HFOs (e.g. HFO-1216).
The regional emission scenarios show that the shorter-lived
HFOs rapidly degrade into TFA, resulting in localised deposi-
tion (predominantly in Europe, North America and Asia) of TFA
that does not extend far from the source of emission. Although
TFA deposition is less concentrated with the use of longer-lived
HFO-1336mzzE, it nonetheless spreads across multiple regions.
HFO-1225yeE, HFO-1243zf, HFO-1216, HCFO-1233zdZ, HFO-
1225yeZ and HCFO-1234zeZ are associated with elevated levels
of TFA deposition, quantified by a newly defined TFA Deposi-
tion Potential (TDP) metric with TDP > 1. The present work
quantities the spatial distribution of TFA deposition following
release of 15 different HFOs. Further work is needed to quantify
other anthropogenic TFA sources such as from the degradation
of pesticides and pharmaceuticals and continued monitoring of
TFA levels in rain, river, lake, and sea water are needed to
improve our understanding of the sources of TFA in the
environment.
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Data availability

The data presented in this study are available on request from
the corresponding authors.

Supplementary information: kinetic studies of the reaction
of OH radicals and O; with HFOs studied. Kinetic data for the
reaction between the HFO and OH radicals and O; (Section
1). Lifetime, GWP and TFA yields (Section 2). Estimated life-
times for HFOs and TFA yields (Table S1). Details of each HFO
oxidation simulation (Table S2). The scematic diagram of the
oxidation of HFO by OH and O; producing TFA (Fig.
S1). Monthly variation of maximum TFA mixing ratios produced
from the individual HFO oxidation reactions in the model (Fig.
S2). Annual HFO emission distribution adapted from 2010 HFC-
134a EDGAR emission inventory (Fig. S3). Annual surface
distribution plots of TFA mixing ratios produced from eight
HFOs with lower TFA yields (Fig. S4). Surface distribution plots
of TFA deposition simulated by the STOCH-HFO-LY, (a) annual,
(b) June-July-August, (c) December-January-February (Fig.
S5). Annual surface distribution plots of TFA depositions
produced from eight HFOs with lower TFA yields (Fig. S6). The
hot spots for TFA deposition flux per grid box simulated by the
STOCH-HFO-LY model (a) North America (b) Europe, and (c)
Asia (Fig. S7). The hot spots of TFA deposition flux during June-
July-August (a) December-January-February (b) simulated by
the STOCH-HFO-HY, the hot spots of TFA deposition flux
during June-July-August (c) December-January-February (d)
simulated by the STOCH-HFO-LY (Fig. S8). Comparative TFA
deposition potential from the model study (TDP) and simple
kinetic study (TDP1) (Fig. S9). See DOI: https://doi.org/10.1039/
d5ea00108k.
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