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Assessing the atmospheric fate of
trifluoroacetaldehyde (CF;CHO) and its potential as
a new source of fluoroform (HFC-23) using the
AtChem2 box modelt

Maria Paula Pérez-Pefia, ©*@ Jenny A. Fisher, ©*P Christopher Hansen®?
and Scott H. Kable &2

The use of human-made refrigerants and blowing agents have a long record of restrictions because of the
impacts their emissions have had on atmospheric composition and climate. One of the most recent
alternatives for replacing some of the harmful and banned refrigerants and blowing agents is
hydrofluoroolefins (HFOs). An example is HFO-1234ze, proposed as a replacement for HCFC-141b in the
polyurethane foam industry. HFO-1234ze reacts almost exclusively with OH to produce formyl fluoride
(HFCO) and trifluoroacetaldehyde (CFsCHO). However, the photodissociation of CF;CHO to fluoroform
(CHF3 or HFC-23) has been shown to be a possible channel. Although the HFC-23 channel quantum
yield is reported to be small (~0.3%), this channel needs to be characterised because HFC-23 is a long-
lived gas with a 100-year global warming potential (GWP-100) of 12 690. In this study, we use a suite of
AtChem?2 box model simulations to determine how CFzCHO is lost in the atmosphere and how much
HFC-23 can be produced from its photolysis under realistic atmospheric conditions. We tested a range
of scenarios with varying HFO-1234ze emission rates and HFC-23 quantum yields. We also accounted
for the physical removal of CFzCHO by obtaining a range of deposition rates using the GEOS-Chem 3-D
chemical transport model. We find that over one month, an upper value of 0.31 ppt of HFC-23 could be
produced from HFO-1234ze through CFsCHO photolysis. Globally, the HFC-23 photolysis channel
explored here could be responsible for ~4-15% of the current HFC-23 growth rate.

The atmospheric degradation of HFO-1234ze (1,1,1,3-tetrafluoropropene), a fourth-generation refrigerant, leads to the production of fluoral (CF;CHO).
Photolysis of fluoral has been reported to produce a small amount of HFC-23 (trifluoromethane, or fluoroform) as a photolysis product with a quantum yield that
is strongly pressure dependent.* HFC-23 is one of the most potent greenhouse gases with a global warming potential of 12 690 over 100 years. We conducted
atmospheric box modelling of HFO-1234ze at two scales and quantified the various degradation pathways under 14 different modelling scenarios. The model
predicts that HFC-23 formed from this mechanism may reach 0.3 ppt over China (2.6 ppq globally) and contribute to 4-15% of the annual increase of HFC-23 in

the atmosphere.

1 Introduction

(GHGS) led to the constant iteration of their chemical structure
and properties to minimise the impact on Earth's atmosphere,

The widespread use of halogenated industrial gases for refrig-
eration, heat pumps, foam blowing agents and other uses
started in the 1930s as replacements for naturally occurring
gases that were toxic, flammable and explosive. Their conse-
quent impact on the ozone layer and then as greenhouse gases
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while retaining their important use in society. Previous works
have extensively detailed the evolution of halogenated indus-
trial gases.*” The diagram in Fig. 1 shows the progression of
these substances, and also the regulations that have been put in
place dictating their evolution. The pursuit to develop and use
refrigerants and blowing agents that have no ozone depleting
potential (ODP) and a negligible global warming potential
(GWP) (currently GWP <150 in the European Union®) has paved
the way for a fourth generation of refrigerants.

One family of substances that have the right physical prop-
erties as refrigerant gases and fulfill the requirement of zero
ODP and low GWP are the hydrofluoroolefins (HFOs). HFOs
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Fig. 1 Evolution of refrigerant gases including some example mole-
cules, as well as the years in which they started to be used and cor-
responding years when important protocols and amendments took
place. The values for the ozone depleting potential (ODP) and global
warming potential (GWP) are reference values only; for specific
molecules, the ODP and GWP can be higher or lower. Adapted from
Calm,®* McLinden and Huber,® Park et al.”

possess a carbon—carbon double bond, which is labile to attack
by the hydroxyl radical (OH"). Therefore their atmospheric
lifetime is short, and they are characterized to have a low GWP.
The OH radical chain reaction leads to the formation of fluo-
rinated carbonyls and acids. For example, trifluoroacetic acid
(CFsCOOH) is formed from HFO-1234yf (CF;CF=CH,).?
Carbonyl fluoride (FCFO) and trifluoroacetaldehyde (CF;CHO)
are formed from HFO-1234ze (CF;CH=CHF),” HFO-1336mzz
(CF;CH=CHCF;)" and HCFO-1233zd (CF;CH=CHCI)."

The environmental impact of HFOs is inextricably linked
with the environmental impact of their decomposition prod-
ucts. Trifluoroacetic acid (TFA) is highly soluble and removed
rapidly from the atmosphere; however, it is persistent in the
aquatic environment and has been detected in rivers, oceans,
plants that form part of the food chain, and food products.'* As
a result, in early 2023, the European Chemicals Agency pub-
lished a proposal to ban TFA and its precursors, including some
HFOs. Trifluoroacetaldehyde, on the other hand, both photol-
yses and reacts with OH radicals in the atmosphere. It is not
a likely to be a persistent substance. Its principal decomposition
pathways produce FCHO, which is considered environmentally
benign because it is readily hydrolysed. However, recent work in
our group has demonstrated a small, but measurable, pressure-
dependent quantum yield of HFC-23 in its photolysis.?

HFC-23 has a very high global warming potential (GWP;, of
12 690) and a long atmospheric lifetime (228 years).”*** The
current HFC-23 in the atmosphere comes mostly from its
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emission as a by-product of HCFC-22 (CHF,Cl) manufacturing,
with additional sources from its use in halon-1301 (CF;Br)
production, the semiconductor industry and fire extin-
guishers.”** Despite slowdowns in the production of HCFC-22
and the introduction of HFC-23 abatement technologies in
response to the Kigali Amendment to the Montreal Protocol,
observations show atmospheric HFC-23 has continued to
increase in recent years, with a growth rate of ~1 ppt per
year."»'® This discrepancy has primarily been attributed to
under-reported HCFC-22 production and/or unsuccessful
implementation of abatement policies. Here, we explore the
potential additional contribution to HFC-23 growth from
photolytic production associated with growing emissions of
HFOs.

In this research, we seek to understand the atmospheric fate
of CF;CHO by using atmospheric modeling. We use HFO-
1234ze as an exemplar precursor because it is in widespread
commercial use and there is a recent study providing estimates
of both present-day emissions and emission projections.* HFO-
1234ze is proposed as a replacement for the hydro-
chlorofluorocarbon HCFC-141b in the foam industry,' so its use
is expected to increase as HCFC-141b is supposed to be
completely phased out by 2030. To describe the fate of CF;CHO
produced from HFO-1234ze, we first review CF;CHO sources,
chemistry and loss processes.

1.1 Sources and sinks of HFO-1234ze and CF;CHO

The proposed chemical reaction pathway for HFO-1234ze with
the OH radical is shown in Fig. 2. OH" can add to either side of
the double bond giving two branched pathways. However,
following reaction with O, and NO, two carbonyls are formed
from either branch: CHFO and CF;CHO. The yield of these
products is 100% from the HFO.® Because CF;CHO is the link
between the HFO-1234ze and HFC-23, it is important to char-
acterize its sources and sinks.

CF;CHO, also known as trifluoroacetaldehyde or fluoral, is
a fluorinated, non-naturally-occurring compound. The main
chemical sinks in the atmosphere are the reaction with OH" and
photolysis following absorption of solar radiation. Two
photolysis pathways have been reported in the literature.'” It is
widely accepted that the main photolysis channel for CF;CHO
produces formyl (HCO") and trifluoromethyl (CF;) radicals
(reaction (1)). The second, minor photolysis channel produces
fluoroform HFC-23 (CHF;) and CO (reaction (2)).

CF;CHO + hw — "CF; + HCO' (1)
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Fig.2 Proposed decomposition pathway of HFO-1234ze following reaction with OH" leading to CFsCHO and CHFO production.® The produced

CFsCHO is highlighted in red.

1768 | Environ. Sci.. Atmos., 2023, 3, 1767-1777

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00120b

Open Access Article. Published on 27 October 2023. Downloaded on 12/6/2025 12:43:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

CF;CHO + hw — CHF; + CO )

The OH" radical extracts the aldehyde H-atom to produce the
trifluoroacetyl radical, CF;CO’, and water, with a rate coefficient

of 6.3 x 10~ "% cm?® molec ' s 1.

CF;CHO + "OH — CF;CO" + H,0 3)

Chiappero et al.”” measured a total photolysis quantum yield
for CF;CHO at 308 nm and atmospheric pressure to be ¢ =
17%. Sulbaek Andersen et al. focused on measuring a quantum
yield for the formation of HFC-23 (reaction (2)). They did not
successfully measure HFC-23, and inferred an upper limit for
the quantum yield to be ¢, = 0.3%.> Chiappero et al.” reached
a similar conclusion, suggesting that the contribution of fluo-
rinated aldehyde photolysis, including CF;CHO, to HFC-23
formation was of small significance.

Recently, HFC-23 was directly measured in a series of
experiments at different pressures, albeit at pressures lower
than in the troposphere.® At zero pressure, the quantum yield of
HFC-23 at 308 nm photolysis was measured to be ¢,(0 bar) =
15%. Reaction (2), however, was strongly quenched. At 4 Torr of
helium, ¢, dropped to 7% and further to 1.5% at 33 Torr
pressure of NO radical scavenger. The extrapolated quantum
yield at 1 bar pressure was estimated to be =1%.

In terms of the physical sinks of CF;CHO, there is no
information regarding whether and how the species is likely to
deposit. There are no reported values for the dry deposition
velocity. Likewise, CF;CHO wet deposition has never been re-
ported, and although it can be estimated using existing
parameterizations, the required Henry's law constants are not
well characterized for CF;CHO. Both dry and wet deposition of
CF;CHO are further explored in this work.

2 Experimental design and model
development

To model the atmospheric fate of CF;CHO, we used the
AtChem?2 v1.2.1 box model implementing the Master Chemical
Mechanism (MCMv3.3.1). We implemented the box model to
describe a simplified representation of the global planetary
boundary layer. The following sections detail the model input
parameters, including the chemical mechanism (Section 2.1),
HFO-1234ze emissions (Section 2.2), CF;CHO deposition
(Section 2.3), and the chemical and meteorological constraints
used to represent realistic atmospheric conditions (Section 2.4).
Finally, we describe our suite of model scenarios for simulation
of CF;CHO (Section 2.5).

2.1 Chemical mechanism

We used the MCMv3.3.1 chemical mechanism and extracted two
subsets, one representing an urban atmosphere (including 11
667 reactions) and a second representing a pristine atmosphere
(including 2753 reactions).'®® In both cases, the standard
MCMv3.3.1 mechanism was augmented with five new reactions
and seven new species: HFO-1234ze, CF;CHO, CHFO, HFC-23,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 New reactions and corresponding rate coefficients (k) and
quantum yields (¢) added to MCMv3.3.1 in this work

k[

Reaction cm® molec™ s7'] ¢ [%)]

HFO-1234ze + OH' — CF;CHO + CHFO 1.00 x 10 '*¢

CF;CHO + OH" — CF;CO + H,0 6.50 x 1013

CF;CHO + hv — CHF; + CO 0.3%, 1.0°
CF3CHO + hv— CF3 + HCO* 16.7, 16.0¢
CHF; + OH' — CF; + H,0 3.10 x 10 '°¢

“Wang et al' ”Sulback Andersen and Nielsen.*> °Campbell.?
 Calculated as the difference between the overall quantum yield of
17% from Chiappero et al.'” and the value used for the HFC-23
channel. ¢ Sander et al.”

HCO’, CF; and CF;CO’. Table 1 lists the new reactions along
with the relevant reaction rate coefficients and quantum yields.

The quantum yields for CF;CHO photolysis were treated as
variables in this work. Guided by the experiments of Chiappero
et al.,"” we fixed ¢ = 17%. We tested two quantum yields for
the HFC-23 channel (reaction (2)). ¢, = 0.3% was chosen to
reflect the values in the Sulbaek Andersen” paper, reported as an
upper limit at 1 bar. ¢, = 1% was the extrapolated value by
Campbell® and chosen to reflect a realistic upper bound. The
quantum yield for the radical channel (¢,) was assumed to be
Dror — P2, L€, 16.7% and 16%, respectively. We did not include
pressure dependence in the quantum yields. To calculate the
photolysis rates, we used CF;CHO absorption cross sections
from 200-400 nm at 298 K reported by Sellevag et al.>* (see
Fig. S1t) and actinic flux values from Petterson.?

2.2 Emissions of HFO-1234ze

We used HFO-1234ze emissions projections from Wang et al.* of
12.6 Gg per year for 2015 and 124.4 Gg per year for 2050, with
the former the only data currently available for present-day
HFO-1234ze emission estimates. We assumed emissions are
well-mixed throughout the planetary boundary layer (PBL), with
average PBL depth of 2 km. For each emission year, we
considered two scenarios: one in which the Wang et al.* emis-
sions were distributed globally and a second in which emissions
were concentrated over China. The former provides a simula-
tion representative of the global background, while the latter
represents the localised impact over China (the dominant HFO-
1234ze source globally and sole source considered by Wang
et al."). In all cases, the HFO-1234ze emission rate was constant
throughout the simulation.

2.3 Dry and wet deposition of CF;CHO

The deposition process in AtChem2 defines a single deposition
flux F (in molecules cm ™2 s ') as shown in eqn (4):*

F="V4p x C (4)
where Vg, is the deposition velocity in em s™! and C is the

concentration of the species of interest in molecule cm . The
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parsimonious physical approach employed by AtChem?2 allows
for only a single deposition flux, which we use here to represent
both dry and wet deposition processes (dominated by dry
deposition, as we will show below).

To the best of our knowledge, there are no existing
measurements or estimates of CF;CHO deposition fluxes or the
parameters required to calculate them. Here we estimate
deposition rates using deposition parameterizations in the
GEOS-Chem chemical transport model v12.5.0 (doi: 10.5281/
zenodo.3403111), with a modified version of acetaldehyde
(CH;CHO) used as a proxy for CF;CHO.

For dry deposition, GEOS-Chem -calculates a deposition
velocity that can be applied directly in AtChem2 using eqn (4).
For wet deposition, on the other hand, the GEOS-Chem algo-
rithm does not involve calculation of an equivalent rate. For
application to AtChem2, we instead use the ratio of wet to dry
deposition fluxes from GEOS-Chem to approximate the rela-
tionship between wet and dry deposition and scale the dry
deposition velocity by this ratio. In the next sections, we briefly
describe the parameters used to simulate these processes for
CF;CHO and the process used to determine the most appro-
priate overall deposition velocity to use in our AtChem2
simulations.

2.3.1 Dry and wet deposition parameters. To calculate the
dry deposition velocity (em s™'), GEOS-Chem incorporates
a resistance-in-series scheme? that depends on species-specific
values for the Henry's law solubility constant, H? (M atm™ %),
and the reactivity factor for oxidation of biological substances,
fo (unitless).

Two compendiums of Henry's law constants report H for
CF;CHO. A 1989 report on the lifetimes of HFCs and HCFCs*
suggested values of HP(CF;CHO) between 10° M atm ' and
10° M atm . However, the original source cited by the report®
does not include measurements for CF;CHO, but rather for its
chlorinated equivalent, chloral (CCI;CHO). It is not clear on
what basis it was determined that the HP? of CF;CHO would be
equivalent to that of CCl;CHO. A more recent review”” reports
the CF;CHO H°P to range between 0.96 M atm ™' and 3 M atm ™.
In this case, the original source cited for these values is de
Bruyn et al.,”® who also did not directly study CF;CHO but rather
performed gas-liquid uptake studies on trifluoroacetyl fluoride
(CF5CFO). It is unclear whether CF;CHO has a comparable
solubility to CF;CFO, and no information is provided in either
source to explain why both gases would have the same H®. To
the best of our knowledge, no other sources report CF;CHO HP
measurements.

To explore appropriate analogues for CF;CHO HP, we
investigate the relationship between H for various small,
oxygenated organic species and the effect of fluorination. Table
S1t compares several properties, including HP, for a set of
small aldehydes, ketones, ethers and esters. Species that
dissociate in solution, for example acids, are excluded. Table
S1t shows that the H values of fluorinated compounds are
consistently one to two orders of magnitude smaller than their
hydrogenated counterparts. For species where HP is reported
for different degrees of fluorine substitution, increasing F-
substitution leads to lower HP. In this regard, we consider

1770 | Environ. Sci.: Atmos., 2023, 3, 1767-1777
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H°P(CF3CHO) very likely to lie between the reported values for
HP°(CH3CHO) = 13.2 M atm ™" and H*P(CF;CFO) = 0.96 to 3.0 M
atm ™. In this study, we test the sensitivity to this parameter,
using these values as upper and lower bounds of H® for
CF;CHO. Given the data in Table S1,T we believe the value of
HP(CF3;CHO) is likely to be near the upper range for CF;CFO =
3Matm .

The reactivity factor, sometimes called the biological reac-
tivity factor, fo, is indicative of how reactive a gaseous species is
within a plant,* ranging between f;, = 0 for a non-reactive gas
like SO, and f, = 1 for a highly reactive gas, such as O;. In GEOS-
Chem, acetaldehyde is considered a highly reactive gas with
reactivity factor f, = 1. The reactivity factor for CF;CHO is
unknown. Here we bracket the range of possibilities (and test
the sensitivity to this parameter) using f, = 0 as a lower bound
and f, = 1 as an upper bound.

The wet deposition scheme in GEOS-Chem is described by
Liu et al.* The calculation requires species-specific values for

the temperature dependence of HP M We did not find
P P d(1/) )’
In H°P
any published estimates for 7d(1/T) for CF;CHO. Table S1t

dIn HP
shows that ———

d(1/7)
fluorinated, lies within about a factor of two range (3900 to 8900
K in the table) with no clear trend. The determination of

dIn H® . ) '
a0 for a given species requires knowledge of the enthalpy

of dissolution (Ag.1H),*® a value that to the best of our knowledge

is not known for CF;CHO. Without further constraints, we used
p

for all compounds, both hydrogenated and

the value for acetaldehyde of dlIn H?

d(1/T)
the middle for the range of compounds,* as the best available
proxy for CF;CHO.

2.3.2 CF3;CHO deposition rate estimates. We used the
parameters described above as inputs for a deposition-only
simulation in the GEOS-Chem model. We based our CF;CHO
simulation on the existing simulation for acetaldehyde,*
modifying physical constants (e.g.,, molecular weight) and
turning off model processes that do not apply to CF;CHO (e.g.,
air-sea exchange). GEOS-Chem does not include a description
of CF;CHO chemistry or precursor emissions, and so does not
provide a realistic simulation of CF;CHO. Instead, we used
GEOS-Chem to provide estimates of the dry deposition velocity
and the wet-to-dry deposition flux ratio to be used as inputs to
AtChem2. While the deposition velocity is independent of
mixing ratio, both wet and dry deposition fluxes depend on
species mixing ratio; here, we use the ratio between these to
minimise this impact (although this remains an uncertainty).
We set the initial condition for CF;CHO mixing ratio to 2.5 ppt
in all grid boxes, guided by the average global mixing ratio
modelled by Wang et al.”.

We ran GEOS-Chem driven by Goddard Earth Observing
System Forward Processing (GEOS-FP) meteorology from the
Global Modeling and Assimilation Office (GMAO) meteorology
at coarse resolution (4° x 5° x 72 levels) for January and June
2014 to capture seasonal variability in deposition rates and

= 5900 K, which lies in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluxes. We output daily average deposition values for CF;CHO,
as well as for acetaldehyde to test our approach. Results for
acetaldehyde can be found in the ESI Material and Fig. S2.}

Fig. 3 shows the dry deposition velocities for CF;CHO for
June 2014 modelled using the upper and lower estimates for HP
and fy = 1. Fig. S31 shows the equivalent results for January
2014. The choice of f; had no impact on any of our simulations
and we do not discuss it further. With H® = 0.96 M atm ", the
global maximum CF;CHO dry deposition velocity was 0.13 cm
s~ ' in January and 0.18 cm s~ in June. With the upper bound
H? =13.17 M atm ' (from acetaldehyde), the maximum global
dry deposition velocity was 0.67 cm s~ in both months. Despite
a factor of 13 difference in assumed HP between these two
scenarios, the resulting dry deposition velocity increase was
a factor of ~4, implying only moderate sensitivity to this
parameter, at least within the range of plausible values exam-
ined here.

Table 2 shows the globally-averaged dry deposition velocities
for each HP scenario and each month. The global mean
CF;CHO dry deposition velocity ranged between 0.007 cm s *
and 0.07 cm s~ ', increasing with H?, with higher values in June
(northern hemisphere summer) than January.

Table 2 also shows the ratio of global total wet and dry
deposition fluxes (Fue/Fary). As seen in the table, with H® =
0.96 M atm *, the wet deposition flux was roughly one third the
dry deposition flux in January and one fifth the dry deposition
flux in June. The relative importance of the wet deposition flux
decreased with increasing HP. In all scenarios, wet deposition
made a relatively small contribution to the overall CF;CHO
deposition flux (~8-25%).

Based on these results, we chose upper and lower values of
total Vgep (representing both dry and wet deposition processes)
to use in AtChem2 for each of our two emission scenarios (see
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Fig. 3 Average monthly CFsCHO dry deposition velocities simulated
by GEOS-Chem for June 2014 using fo = 1 and (a) H® = 0.96 M atm !
versus (b) H = 13.17 M atm ™.
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Table 2 Average global CFsCHO dry deposition velocities (Vy4) and
deposition flux ratios (Fyet/Fary) from GEOS-Chem

HP M
Species atm™]  f,  Month  Mean Vq[ems™"]  FyedFary
CF;CHO 0.96 1 Jan 0.007 0.35
CF;CHO 0.96 1 Jun 0.02 0.21
CF;CHO 13.17 1 Jan 0.03 0.14
CF;CHO 13.17 1 Jun 0.07 0.09

Section 2.2). We used the June results for consistency with our
meteorological constraints for northern hemisphere summer
(see Section 2.4). For the global emission scenario, we used the
global average Vyep, scaled by f= 1 + Fye¢/Fary to account for the
wet deposition contribution, resulting in lower and upper esti-
mates for global Ve, of 0.02 cm s™! and 0.08 cm s, respec-
tively. For the China-only emission scenario, we retained the
same lower value but replaced the upper value with the June
maximum dry deposition velocity from the HP = 0.96 M atm ~*
simulation (Vgep = 0.18 cm s~ '), again scaled by the wet depo-
sition contribution, for an overall Vg, = 0.21 cm s *. The latter
is used to represent the maximum plausible contribution of
deposition to CF;CHO removal over a continental surface.

2.4 Chemical and meteorological constraints

We constrained AtChem?2 with ambient chemical and meteo-
rological data to ensure realistic OH' mixing ratios in our
simulations. We used measurements from the May-June 2007
Cabo Verde experiment® to simulate pristine atmospheric
conditions and from the July-August 2012 ClearfLo (Clean Air
for London) measurement campaign® to simulate urban
atmospheric conditions. From each dataset, we constructed
a set of representative conditions by binning the data hourly
and averaging over all measurement days for each hour
(retaining the diel cycle while removing day-to-day variability).
These average conditions were repeated for all days in each
simulation.

2.5 Modelled scenarios

Using the parameters described in the previous sections, we
designed a series of 14 scenarios to assess the atmospheric loss
of CF;CHO and the implications for HFC-23 production. For all
scenarios, we simulated a 30-day period in northern hemi-
sphere summer (sufficiently long for the model to reach steady
state, as we will show later). We assumed no initial HFO-1234ze,
CF3;CHO or HFC-23 to understand the evolution of all three
species from a new emission source.

Table 3 summarises the model scenarios along with their
corresponding identifiers. The first two scenarios (GU15_u-
qy_ndep and GP15_uqy_ndep) were designed to test the influ-
ence of urban wversus pristine atmospheric conditions,
influencing both the chemical mechanism (Section 2.1) and the
constraints (Section 2.4). Our main interest in these scenarios
was determining whether differences in OH" between the two
environments would significantly impact CF;CHO chemical
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Table 3 Scenario identifier, emissions, quantum yields (¢) and deposition velocities (Vgep) used in AtChem?2 simulations

Emission Emis. [Gg per Radical channel HFC-23 channel Vdep
Scenario ID? Year region year] &1 [%] ¢ [%] [ems™]
GU15_uqy_ndep 2015 Global 12.6 16.0 1.0 n/a
GP15_uqy_ndep 2015 Global 12.6 16.0 1.0 n/a
G15_lqy_ldep 2015 Global 12.6 16.7 0.3 0.024
G15_lqy_udep 2015 Global 12.6 16.7 0.3 0.080
G15_uqy_ldep 2015 Global 12.6 16.0 1.0 0.024
G15_uqy_udep 2015 Global 12.6 16.0 1.0 0.080
C15_lqy_udep 2015 China 12.6 16.7 0.3 0.21
C15_uqy udep 2015 China 12.6 16.0 1.0 0.21
G50_lqy_ldep 2050 Global 124 16.7 0.3 0.024
G50_lqy_udep 2050 Global 124 16.7 0.3 0.080
G50_uqy_ldep 2050 Global 124 16.0 1.0 0.024
G50_uqy_udep 2050 Global 124 16.0 1.0 0.080
C50_lqy_udep 2050 China 124 16.7 0.3 0.21
C50_uqy_udep 2050 China 124 16.0 1.0 0.21

“ The first letter of the Scenario ID denotes the HFO-1234ze emissions scenario (G for global or C for China). Where present, U denotes urban
atmospheric conditions and P denotes pristine atmospheric conditions; if not specified, urban conditions are used. The next two digits denote
emissions year 2015 or 2050. gy refers to the quantum yield, with the letter preceding gy denoting use of the lower (/) or upper (u) values for the
quantum yield of the HFC-23 channel. dep refers to the deposition velocity, with the letter preceding dep denoting no deposition velocity (n),
the lower value for deposition velocity (I), or the upper value for deposition velocity («). The lower and upper values for each parameter are

described in the text.

fate. For this experiment, we used present-day (2015) global
emissions and the 1% quantum yield for the HFC-23 channel
(¢2). Depositional losses were not included in these scenarios as
they are not relevant to questions of chemical fate. The results
of this experiment showed minimal differences between urban
and pristine conditions (see Section 3.1), and so we used the
urban atmosphere for all subsequent scenarios as it included
more constrained species.

We simulated six scenarios using present day (2015) HFO-
1234ze emissions. These included four global emission
scenarios (G) using different combinations of lower and upper
values for the quantum yield of the HFC-23 channel (Igy, uqy)
and for the deposition velocity (Idep, udep). We also simulated
two China emission scenarios (C), one using the lower values for
both HFC-23 quantum yield and deposition velocity (Iqy_Idep)
and one using the upper values for both parameters (uqy_udep).
We repeated the same six scenarios using projected 2050 HFO-
1234ze emissions. The 2050 scenarios assess changes to HFO-
1234ze emissions only, retaining the same present-day atmo-
spheric conditions as used in the 2015 scenarios. We do not
consider natural or technological changes to climate, meteo-
rology, land use, or emissions of other species.

3 Modelling results and discussion

The results for the 14 modelled scenarios are detailed in this
section. First, we quantify the contribution of the different
evaluated loss processes to the overall removal of CF;CHO from
the atmosphere (Section 3.1). Next, we discuss how the
modelled species evolve during the 30-day simulation for each
scenario (Section 3.2). Finally, we discuss the possible impact
that the degradation of CF;CHO could have on current and
future levels of atmospheric HFC-23 (Section 3.3).

1772 | Environ. Sci.: Atmos., 2023, 3, 1767-1777

3.1 CF;CHO sink distribution

We used the rates of destruction (i.e., loss rates, in molecules
em? s!) calculated by AtChem2 to understand the relative
importance of each CF;CHO removal process. Here, we present
the sink distribution using pie charts.

We first evaluated the impact of the two different atmo-
spheric environments (urban: GU15_ugy_ndep and pristine:
GP15_uqy_ndep) on the modelling of the CF;CHO photochem-
icalloss (i.e., excluding physical sinks). Small differences in OH"
between the two scenarios are discussed in the ESI. Fig. 4 shows
the contribution of each chemical sink to the total chemical loss
of CF;CHO using the urban and pristine atmospheric condi-
tions. Despite the two scenarios being constrained by condi-
tions measured at very different latitudes (urban: 51°N, pristine:
15°N), the chemical pathways did not change much. The loss of

(@)Urban
GU15_uqy_ndep

(b)Pristine
GP15_uqy_ndep

18.7

215
i ¢

4.8 i
4.6 i

Photolysis ®prc— 23
(HFC-23 + CO)

i OH Reaction i
(CF5CO + H,0)

Wil Photolysis ®radical
(CF3 + CHO)

Fig. 4 Percentage contribution of each photochemical sink to the
total photochemical loss of CFsCHO for the (a) urban (GU15_u-
qy_ndep) and (b) pristine (GP15_uqy_ndep) scenarios, averaged over
the 30-day simulation.
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CF3;CHO due to reaction with OH" was smaller than the loss due
to photolysis for both urban and pristine atmospheric settings.
In both scenarios, ~4-5% of the CF;CHO total photochemical
loss was via the HFC-23 photolysis channel (Fig. 4).

Although the available OH" in the urban scenario was higher
than in the pristine scenario (Fig. S47), the CF;CHO removal
due to OH' was lower for the urban simulation. This may have
resulted from the urban simulation including more species that
react more rapidly with OH" than CF;CHO, thus decreasing the
OH’" available to remove CF;CHO. This also resulted in a slightly
larger contribution of photolysis to CF;CHO removal in the
urban simulation than in the pristine simulation. Given the
small differences between the two simulations, we retained only
the urban conditions for all subsequent scenarios (Section 2.5).

We next evaluated the contributions of all loss processes,
including deposition, to CF;CHO removal using different
combinations of model parameters. Analysis of the full suite of
simulations showed the choice of emission scenario had no
impact on the distribution of loss pathways, and so only the
2015 emissions scenarios (G15 and C15) are discussed here.

Fig. 5 shows the contribution of each loss process for the six
2015 emissions scenarios with different ¢, and Vg.p. With the
low-end values for both ¢, and Vqep (Fig. 5a), the loss of CF;CHO
due to photolysis was 75.2%, with the majority (73.9%) removed
via the radical channel and only 1.3% lost through the HFC-23
channel. In that scenario, reaction with OH" was the second
most important loss process (17.5%), followed by deposition
(7.3%). Increasing ¢, to 1% without changing V., (Fig. 5d) did
not demonstrably change the overall contributions of photol-
ysis (75.4%), OH' oxidation (17.4%), and deposition (7.1%). It

(8) §yrc25=0-3% V,,,,=0.02cm s
G15_Iqy_Idep

(b) Py 5=0-3% V,,,,=0.08cm s
G15_Iqy_udep

(€) Pyye5=0.3% V,;,,=0.21cm s
C15_Iqy_udep
11.4

17.5 73

15.0

13 &

739 63.0

(1) Purc.25=1% Vip,=0.21cm s
C15_uqy_udep

(d) Dpecs=1% V,,,=0.02cm s
G15_uqy_Ildep

(&) Dpecas=1% V,,;=0.08cm s
G15_uqy_udep

113

17.4 15.0

60.9

i OH Reaction i
(CF3CO + H;0)

Photolysis ®yec-23
(HFC-23 + CO)

Wil Photolysis ®ragicar
(CF3 + CHO)

W@ Deposition

Fig. 5 Average percentage contribution of each loss process to total
atmospheric removal of CFzCHO with different deposition velocities
(Vaep) and quantum yields for the HFC-23 channel (¢,). The top panels
show the lqy scenarios (¢, = 0.3%), and the bottom panels show the
uqy scenarios (¢, = 1%), with increasing Ve, from left to right as
indicated in the subtitles. All outputs are from the G15 (a, b, d and e) or
C15 (c and f) 2015 emission scenarios as discussed in the text.
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did, however, increase the relative importance of the HFC-23
channel to 4.4%, in direct proportion to the modelled
quantum yield.

Increasing Vg, to the global scenario upper estimate of
0.08 cm s ' (see Section 2.3.2) increased CF;CHO deposition
sufficiently to make deposition the second most important sink
at ~20% (Fig. 5b and e), overtaking OH" oxidation (15%).
Photolysis remained the dominant sink in these scenarios.
Fractional loss to the HFC-23 channel was similar to that seen in
the lower Vg, scenarios and again scaled proportionally with ¢,
(1.1% at ¢, = 0.3%; 3.8% at ¢, = 1%).

By further increasing V4, in the China-only scenarios (see
Section 2.3.2), we found a maximum plausible depositional loss
of ~40% (Fig. 5c and f). Even in this high-deposition scenario,
photolysis was the dominant loss pathway, although in this case
it accounted for less than half of total CF;CHO removal (~45%).
The fractional loss to the HFC-23 channel was reduced
commensurately to 0.8% with ¢, = 0.3% and 2.9% with ¢, =
1%.

There are two important observations to note in the data
shown in Fig. 5. The first is that we find a scale factor of 2.8-4.4
between the HFC-23 atmospheric molar yield and the HFC-23
quantum yield over the course of the 30-day simulation. The
scale factor is largest when other CF;CHO removal rates are
slowest (smaller Vqep).

The second is that the modelled atmospheric yield of HFC-23
scales linearly with modelled quantum yield. In all scenarios,
the HFC-23 atmospheric yield at ¢, = 1% was 3.3x the atmo-
spheric yield at ¢, = 0.3%, regardless of Vp. The implication is
that the HFC-23 atmospheric yield is linear with quantum yield,
at least in the range ¢, € [0, 1]%. This relationship can be used
to provide an updated estimate of HFC-23 production if other
experimental quantum yield measurements become available
in the future. In keeping with the first observation, the atmo-
sphericyield of HFC-23 from CF;CHO photolysis estimated here
is 2.8-4.4 X ¢,.

The absolute values of the CF;CHO sinks are shown as
average diel profiles in Fig. S57 for three of the global emission
scenarios. The deposition sink responds to the collapse and
growth of the boundary layer, peaking from late evening
through early morning when the boundary layer is shallowest.
Chemical sinks are negligible at these hours due to the
dependence on solar radiation for both photolysis and OH"
production. Meanwhile, the photolysis peak dominates during
sunlit hours. In the simulations that used the low-end value for
Vaep (G15_Iqy_ldep, G15_uqy_ldep), the peak daytime value of
the photolytic loss was significantly higher than the peak
nighttime value of the depositional loss. The situation was
reversed when the high-end Vg, was used (G15_Iqy_udep).

We note that our simulations represent northern hemi-
sphere summer conditions, and the CF;CHO sinks described
here could vary seasonally. Estimated dry deposition velocities
were lower in January than in June by a factor of 2-3 (see Table
2). Even after taking into account the higher fractional contri-
bution of wet deposition in January (Table 2), the overall
deposition flux would be lower in winter in all modelled
scenarios. At the same time, the photochemical sinks would
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also be lower in winter due to reduced solar radiation. We
therefore expect that, while the absolute values may vary, the
relative contributions of different sink processes shown here are
likely to be broadly representative.

The likelihood that the deposition process is as important as
shown here is tied to the uncertainties in the underlying
parameters. Not all scenarios modelled here are equally plau-
sible, and the importance of deposition to total loss is probably
overestimated. When selecting parameter values to estimate
CF;CHO deposition rates, we considered the acetaldehyde HP
=13.17 M atm ', and the subsequent global average deposition
value Vgep, = 0.08 cm s ', to be an unlikely upper limit (see
Section 2.3.1). Thus, the >20% contribution of deposition to
CF;CHO loss in these scenarios is considered an unlikely global
upper limit as well. The deposition contribution is more likely
closer to the 7% obtained using H® = 0.96 M atm ™" (Vgep =
0.02 cm s~ ) (Fig. 5a and d). However, without measurements of
the CF;CHO HP, the true strength of this sink remains uncer-
tain. We emphasize the need for measurements of CF;CHO
physical properties in future studies.

3.2 Temporal evolution of HFO-1234ze, CF;CHO, and HFC-
23

Fig. 6 shows the 30-day timeseries of HFO-1234ze, CF;CHO and
HFC-23 mixing ratios simulated using the G15_Iqy scenarios. All
other simulations showed the same behaviour but with
different magnitudes (consistent with the differences in emis-
sions). The figure shows that the AtChem?2 model reached
steady state for both HFO-1234ze and CF;CHO, consistent with
their estimated lifetimes of ~16 days' and <5 days,"” respec-
tively. Both species showed diel variability, driven by OH" for
HFO-1234ze and by a combination of OH', photolysis, and
deposition for CF;CHO. Comparison of the Idep (solid line) and

(a) HFO-1234ze
: :

5.0e-02

[ppt]

0.0e+00

(b) CF,CHO — 0.08cms"
i

2.0e-02

N
AN
MAVIAY

[ppt]

1.0e-02

0.0e+00

(c) HFC-23
T

2.0e-03
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1.0e-03

0.0e+00

1 L L L L L L
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Modelled local time [Day-HH:SS]

Fig. 6 Modelled mixing ratios of (a) HFO-1234ze, (b) CFsCHO and (c)
HFC-23 from the GI5_Ilqy scenarios. Panel (b) also compares the
results from the GI15_[lqy_ldep (solid) and G15_lqy_udep (dashed)
scenarios (see Table 3 for scenario definitions).
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udep (dashed line) scenarios shows that more rapid deposition
strengthened the CF;CHO diel variability. In contrast to its
precursors, HFC-23 continued to accumulate throughout the
simulation (Fig. 6¢), consistent with its long atmospheric life-
time, following linear growth once CF;CHO reached steady
state.

The final mixing ratios of HFO-1234ze, CF;CHO and HFC-23
for each modelled scenario are summarized in Table 4. The
HFO-1234ze mixing ratios modelled using the 2015 global
scenarios (G15), considered here as background values, stabi-
lized at 69 ppq for the last 10 simulation days. Using the 2015
China emission scenarios (C15), the HFO-1234ze mixing ratios
stabilized at 3610 ppq. We compare these values to those re-
ported by Wang et al.* from simulations using the same 2015
emissions as input to a global 3-D chemical transport model
(GEOS-Chem). Wang et al.' reported average annual mixing
ratios in background areas of 55 ppq, with average summer
values over China of 7230 ppq. This comparison shows that the
HFO-1234ze predictions from the two models agree to within
a factor of two, despite significant differences between the two
model set-ups and assumptions.

The differences in HFO-1234ze between the two models
propagated to CF;CHO. In addition, we included two CF;CHO
removal processes (photolysis and deposition) that were not
considered by Wang et al.,* and so our CF;CHO mixing ratios are
expectedly lower. In our global (background) simulations (G15),
final CF;CHO mixing ratios were 16-19 ppq, compared to back-
ground values from Wang et al.* of 60 ppq. In our China simu-
lations (C15), final CF;CHO was between 650 and 1010 ppq,
a factor of 3-4 lower than the 2720 ppq reported Wang et al.* for
China in summer. Give the importance of both photolysis and
deposition to CF;CHO removal shown in Section 3.1, we expect
that CF;CHO was significantly overestimated in the 3-D simula-
tions of Wang et al.* that neglected these processes.

The 2050 values of all modelled species increased by a factor
of 9.8 relative to the 2015 simulations (Table 4). This result was
consistent with the results from the 3-D model' and was driven
by the linearity in the projected emissions (from Wang et al.")
and the fact that we maintained the same atmospheric and
meteorological conditions between the 2015 and 2050
scenarios.

Table 4 Final modelled mixing ratios (ppq) of HFO-1234ze, CF;CHO
and HFC-23 in each scenario

Scenario ID HFO-1234ze CF;CHO HFC-23
G15_lqy_ldep 69 19.2 2.6
G15_lgy_udep 69 16.6 2.3
G15_uqy ldep 69 18.6 8.7
G15_uqy_udep 69 16.1 7.6
C15_lqy_ldep 3610 1010 137
C15_uqy_udep 3610 652 307
G50_lqy_ldep 677 189 25.6
G50_lqy_udep 677 164 22.2
G50_uqy_ldep 677 183 86
G50_uqy_udep 677 159 74.8
C50_lqy_ldep 35500 9900 1350
C50_uqy_udep 35500 6420 3020

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Projected HFC-23 growth rate and percentage contribution
to the current HFC-23 growth rate (1 ppt per year) from HFC-23
produced from HFO-1234ze via CFzCHO photolysis®

HFC-23” Contribution to current
Scenario ID [ppt per yr] HFC-23 growth rate® [%]
G15_lqy_udep 0.038 3.8
G15_lqy_ldep 0.044 44
G15_uqy_udep 0.126 12.6
G15_uqy_ldep 0.147 14.7
G50_lqy_udep 0.370 —
G50_lqy_ldep 0.432 —
G50_uqy_udep 1.244 —
G50_uqy_ldep 1.445 —

“The scenarios are organized from lowest to highest growth rates.
b Extrapolated to annual as described in the text. ¢ Present-day growth
rate not applicable for 2050 scenarios.

3.3 HFC-23 produced from HFO-1234ze through CF;CHO
photolysis: implications for climate forcing

Table 4 shows that after just 30 days of simulation using 2015
emissions, HFC-23 mixing ratios reached values of 2-9 ppq in
the global background scenarios (G15) and up to 300 ppq in the
China scenarios (C15). We used our simulations to contextu-
alize the possible production of HFC-23 from HFO-1234ze (via
CF;CHO) against the measured current HFC-23 annual growth
rate of 1 ppt per year.*® As the precursor species reached steady
state after ~15-20 days, we used the HFC-23 output from the
final 10 days of the simulations to calculate the average daily
HFC-23 growth rate (ppt per day) and projected the estimated
growth rate to a yearly value. Our projection assumes HFC-23
will continue to grow linearly throughout the year, an assump-
tion we consider reasonable given the long HFC-23 lifetime.

Table 5 shows the growth rate (ppt per yr) of HFC-23 from
HFO-1234ze emissions, along with the implied percentage
contribution of this source to the observed present-day HFC-23
growth rate of 1 ppt per year. The table shows that the HFC-23
produced from the HFO-1234ze-CF;CHO photochemical
cascade could be responsible for between 3.8% and 14.7% of
current HFC-23 growth under the four G15 scenarios. Using the
most likely scenario of low Vgep, low ¢, (G15_Igy_Idep), the
potential contribution of 4.4% is small but not negligible. As
discussed above, the HFC-23 yield scales with quantum yield, so
future estimates of quantum yield can be used to amend this
contribution to HFC-23 growth.

Emissions of HFO-1234ze are projected to increase by nearly
a factor of 10 by 2050," with commensurate increases in HFC-23
mixing ratios as shown in Table 4. The estimates in this work
considered only one CF;CHO precursor: HFO-1234ze. The
aggregated impact of the CF;CHO photolysis to HFC-23 from
other sources (i.e., other species that degrade in the atmosphere
to CF;CHO) requires these other sources also to be modelled.

4 Summary and conclusions

In this research, we modelled the atmospheric fate of CF;CHO
produced by HFO-1234ze using the box model AtChem2. We

© 2023 The Author(s). Published by the Royal Society of Chemistry
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designed a set of modelling scenarios using the 2015 and 2050
HFO-1234ze emissions developed by Wang et al.*. Emissions
were applied to model conditions representative of the global
background planetary boundary layer and of China, where most
the emissions of HFO-1234ze currently occur. We used real
chemical and meteorological conditions from an urban atmo-
sphere to constrain 30-day simulations for a northern hemi-
sphere summer month. The reaction of HFO-1234ze with OH"
was configured as the only source for CF;CHO.

Three atmospheric removal processes were explored for
CF3;CHO: reaction with OH', photolysis and deposition. For the
photolysis, two channels were considered: the radical channel
(eqn (1)) and the HFC-23 channel (eqn (2)). An overall quantum
yield of 17% for CF;CHO photolysis was used across all wave-
lengths. Two quantum yields for the HFC-23 channel were
tested: ¢, = 0.3% and 1%. The remaining quantum yield was
attributed to the radical channel, ¢; = 16.7% and 16.0%,
respectively.

To determine the CF;CHO deposition velocity, we used the
GEOS-Chem 3-D model. We took advantage of the parameteri-
zation in the 3-D model to derive estimates for dry and wet
deposition that were later implemented as deposition velocities
Vaep (in cm s~ 1) in AtChem2. We conducted experiments varying
the HP between 0.96 M atm ™" (H°P for CF;CFO)* and 13.17 M
atm ™" (HP for CH;CHO), with the latter considered an unlikely
upper value. Other unknown properties of CF;CHO needed to
dIn HP
d(1/T)
acetaldehyde values. The results from modelling the deposition
of CF;CHO in GEOS-Chem yielded three estimates for Vgep:
0.02 cm s~ %, 0.08 cm s~ and 0.21 cm s~ (with the former two
based on global means and the latter based on the maximum
value simulated in the 3-D model). We provided these bracketed
Vaep €stimates, inclusive of both dry and wet deposition, into
our box model simulations. We consider that Vg, = 0.02 cm st
is the most reasonable of the values tested.

Because of the unknown properties of CF;CHO, we designed
a series of 14 experiments to provide a range of estimates for its
atmospheric fate and the uncertainty associated with the
underlying parameters. These scenarios combined different
atmospheric conditions (urban and pristine) and values for the
HFC-23 channel ¢, (0.3% and 1%), Vg, estimated with GEOS-
Chem (0.02 cm s %, 0.08 cm s™* and 0.21 cm s %), and 2015
and 2050 HFO-1234ze emissions for China and the globe. In all
scenarios, HFO-1234ze and CF;CHO reached steady state by the
end of the 30-day modelling period, while HFC-23 increased
continuously. The inclusion of CF;CHO photolysis and depo-
sition sinks in our simulations, not considered by Wang et al.,*
led to lower CF;CHO mixing ratios than the Wang et al’
estimates.

We found that the simulations were most sensitive to the
choice of quantum yield, with a 3-fold difference in ¢, trans-
lating to an equivalent difference in HFC-23 mixing ratios.
Meanwhile, the 4-fold difference in Vg, in our global scenarios
resulted in only a ~20% difference in HFC-23, and the differ-
ence between urban and pristine conditions was negligible.
These results point to the quantum yield as the most critical

determine its deposition (e.g., , fo) were assumed using
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uncertainty to reduce experimentally, followed by deposition
parameters. When using the most plausible value for deposi-
tional losses (Vgep = 0.02 cm s~ '), the main loss mechanism of
CF3;CHO was always photolysis, with the radical channel (eqn
(1)) the dominant sink. Reaction with OH" was next most
important, followed by deposition. The HFC-23 photolysis
channel accounted for between 1.3% (for ¢, = 0.3%) and 4.4%
(for ¢, = 1%) of the CF;CHO atmospheric removal globally,
demonstrating a linear response between ¢, and HFC-23
production (and between their uncertainties).

These results assume all HFO-1234ze reacts within the
planetary boundary layer. However, recent work has demon-
strated that ¢, is pressure dependent, increasing for lower
pressures.® Since the HFO-1234ze lifetime is ~16 days, it can be
transported to the upper troposphere where the lower pressures
may imply a higher ¢,. While Wang et al.* suggested that the
chemistry of HFO-1234ze is localised, transport of this
substance beyond the planetary boundary layer must be
considered. Furthermore, the effect of the CF;CHO deposition
would be substantially reduced in the free troposphere, thus
changing the proposed CF;CHO sink distribution and
increasing the importance of the photochemical sinks. Under
free tropospheric conditions, we therefore anticipate a larger
yield of HFC-23 from HFO-1234ze.

Using 2015 HFO-1234ze emissions, we estimated final HFC-
23 mixing ratios after 30 days of simulation of 2.3-8.7 ppq in the
global background and 0.14-0.31 ppt over an area representa-
tive of China. Recent atmospheric observations show that the
annual growth rate of HFC-23 is ~1 ppt per year.'® Using four
2015 global scenarios, we find that the HFC-23 photolysis
channel of CF;CHO produced from HFO-1234ze could account
for ~4-15% of the current HFC-23 global growth rate, with the
most likely scenarios at the lower end of this range.

Our simulations showed that by 2050, all modelled species
increased by a factor of 9.8 compared to their 2015 values. This
trend in mixing ratio implies a linear response of both CF;CHO
and HFC-23 to HFO-1234ze emissions. We find that under
projected 2050 emissions increases, the annual growth rate of
HFC-23 from HFO-1234ze degradation chemistry alone could be
as high as 1.4 ppt per year, almost 50% larger than the present-
day increase from all sources. While the more likely scenarios
imply a lower HFC-23 growth rate of ~0.4 ppt per year, the
simulated magnitude of future HFC-23 production is a cause for
concern. Here we have considered only one of the HFOs known
to produce CF;CHO,'™' and by extension, HFC-23; however,
emissions of other CF;CHO-producing HFOs are also projected
to grow substantially in the coming decades.** Our results imply
a potential need to reconsider the labelling of HFOs as “low-
GWP” alternatives, with more precise quantification of the HFC-
23 quantum yield from CF;CHO critical for understanding the
true climate impact of HFO use.
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