
                          Holland, R. E. T., Khan, M. A. H., Driscoll, I., Chhantyal-Pun, R.,
Derwent, R. G., Taatjes, C. A., Orr-Ewing, A. J., Percival, C. J., &
Shallcross, D. E. (2021). Investigation of the Production of
Trifluoroacetic Acid from Two Halocarbons, HFC-134a and HFO-
1234yf and Its Fates Using a Global Three-Dimensional Chemical
Transport Model. ACS Earth and Space Chemistry, 5(4), 849 - 857.
https://doi.org/10.1021/acsearthspacechem.0c00355

Publisher's PDF, also known as Version of record

Link to published version (if available):
10.1021/acsearthspacechem.0c00355

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via American Chemical Society at https://doi.org/10.1021/acsearthspacechem.0c00355 . Please refer to any
applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1021/acsearthspacechem.0c00355
https://doi.org/10.1021/acsearthspacechem.0c00355
https://research-information.bris.ac.uk/en/publications/4a338439-7836-4e45-9193-ced387ecedc9
https://research-information.bris.ac.uk/en/publications/4a338439-7836-4e45-9193-ced387ecedc9


 

 1 

Investigation of the production of TFA from two halocarbons, HFC-134a and HFO-1234yf 

and its fates using a global 3D chemical transport model 

Rayne Holland1, M. Anwar H. Khan1, Isabel Driscoll1, Rabi Chhantyal-Pun1, Richard G. Derwent2, Craig 

A. Taatjes3
, Andrew J. Orr-Ewing1, Carl J. Percival4 and Dudley E. Shallcross1,5* 

1School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK. 

2rdscientific, Newbury, Berkshire, UK 

3Combustion Research Facility, Mailstop 9055, Sandia National Laboratories, Livermore, California, 

94551 USA. 

4Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Pasadena, CA 91109, 

USA.  

5Department of Chemistry, University of the Western Cape, Robert Sobukwe Road, Bellville, 7535, South 

Africa. 

*Author to whom correspondence should be sent 

E-mail: d.e.shallcross@bristol.ac.uk 

Phone: +44 (0) 117 928 7796 

 

Abstract 

Trifluoroacetic acid (TFA), a highly soluble and stable organic acid, is photochemically 

produced by certain anthropogenically emitted halocarbons such as HFC-134a and HFO-1234yf. 

Both these halocarbons are used as refrigerants in the automobile industry and the high global 

warming potential of HFC-134a has promoted regulation of its use. Industries are transitioning to 

the use of HFO-1234yf as a more environmentally friendly alternative. We investigated the 

environmental effects of this change and found a thirty-three-fold increase in the global burden 

of TFA from an annual value of 65 tonnes formed from the 2015 emissions of HFC-134a, to a 

value of 2200 tonnes formed from an equivalent emission of HFO-1234yf. The percentage 

increase in surface TFA concentrations resulting from the switch from HFC-134a to HFO-1234yf 

remains substantial with an increase of up to 250-fold across Europe. The increase in emissions 

greater than the current emission scenario of HFO-1234yf is likely to result in significant TFA 

burden as the atmosphere is not able to disperse and deposit relevant oxidation products. The 
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Criegee intermediate initiated loss process of TFA reduces the surface level atmospheric lifetime 

of TFA by up to 5 days (from 8 days to 3 days) in tropical forested regions.  

KEYWORDS: anthropogenic halocarbons; trifluoroacetic acid; atmospheric lifetime; global 

burden; Criegee intermediates  

1. Introduction 

Hydrofluorocarbons (HFCs), originally introduced as an ‘ozone-friendly’ alternative to 

chlorofluorocarbons (CFCs), are used extensively in industry and as a refrigerant in over 80% of 

the global vehicle fleet.1 However, despite not contributing to stratospheric ozone depletion, 

HFCs are greenhouse gases, often with a significant global warming potential (GWP).2 As such, 

the Kigali amendment to the Montreal Protocol establishes the phase-down of the production and 

consumption of HFCs in favour of hydrofluoro-olefins (HFOs) for member states, with the aim 

of an 80% reduction within 30 years of implementation.3 The current investigation examines 

some environmental consequences of this transition, by focusing on common examples of HFCs 

and HFOs: HFC-134a (CF3CH2F) and HFO-1234yf (CF3CFCH2).  

 

Although HFO-1234yf has a significantly lower GWP (at a 100 years time horizon relative 

to CO2) than HFC-134a (4 as opposed to 1430),2,4,5 there are other environmental impacts of 

these pollutants that need to be considered. For example, both the oxidation of HFC-134a and 

HFO-1234yf by OH radicals followed by hydrolysis generate trifluoracetic acid (TFA) in 

significant amounts, but the HFO-1234yf degradation occurs with a higher rate and with a larger 

TFA yield. As such, it is likely that the transition to HFO-1234yf will result in enhanced and 

more localised TFA deposition when compared with HFC-134a use.6,7  

TFA is a highly stable (as a result of a slow reaction with OH radicals),8 acidic species 

(pKa = 0.2)9 with an atmospheric lifetime of around 14 days allowing significant long-range 
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transport.10 While there is some evidence of natural sources of TFA (e.g. deep sea vents, fluorite, 

granites),11,12 these are not well established, and secondary anthropogenic emissions are thought 

to dominate as the principal source of atmospheric TFA. TFA has no known environmental 

degradation pathways in water and so, due to its high solubility, accumulates and persists in 

environmental aqueous phases.13 Despite this, TFA does not bioaccumulate and exhibits low-to-

moderate toxicity in a range of organisms even in instances of very high exposure.10,14 

Furthermore, anthropogenically generated TFA is not expected to contribute significantly to acid 

rain or further terrestrial acidification.15 However, recent research suggests atmospheric TFA 

may contribute to the formation of aerosols which would have a significant impact on climate 

change.16 As a result, it is important to account for all atmospheric consequences from legislated 

changes to the global emission inventory, even when the consequences are not immediately seen 

or felt.  

Recent work highlighted that the determination of the atmospheric fate of organic acids is 

not complete without consideration of the impact of Criegee Intermediates (CIs).17 CIs are 

zwitterionic, carbonyl oxide intermediates generated by the ozonolysis of alkenes in the 

atmosphere.18 Specifically, we are concerned with the stabilised form of the intermediates (SCI) 

as these exist on time scales sufficient for bimolecular reactions.19 The formation rates of SCIs 

are largest over regions of high biogenic emissions of reactive (unsaturated) hydrocarbons e.g. 

the Amazon rainforest.19 SCI production can also be significant in urban areas if the emissions of 

anthropogenic volatile organic compounds (VOCs) are high.20 Chhantyal-Pun et al.21 reported the 

temperature-dependent rate constants of the reactions of TFA with selected SCIs and showed 

them to exceed the gas-kinetic limit. From this, it is clear these intermediates are likely to make a 

significant contribution to, if not dictate, the atmospheric fate of TFA. If, for example, TFA 

reacts with the simplest SCI CH2OO, CF3C(O)OCH2OOH, a hydroperoxyester product forms 

which can further react with OH in the atmosphere. 

CF3C(O)OCH2OOH + OH → CF3C(O)OCH2OO + H2O    (1) 

CF3C(O)OCH2OO + NO → CF3C(O)OCH2O + NO2   (2) 

            CF3C(O)OCH2O + N2 → CF3C(O)O + HCHO + N2    (3) 

            CF3C(O)OCH2O + O2 → CF3C(O)OC(O)H + HO2    (4) 

            CF3C(O)OC(O)H + H2O → CF3C(O)OH + HC(O)OH    (5) 
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The C-C bond breaking (Eq. 3) and hydrolysis (Eq. 5) pathways can compete, with the former 

irreversibly degrading TFA, while TFA is re-formed by hydrolysis. A recent study showed that 

the hydroperoxyester product formed from perfluorooctanoic acid (PFOA) and SCIs is deposited 

in aqueous media where PFOA is regenerated, thus accelerating the transfer of PFOA into 

aqueous environments.17  

Previous studies have examined the impacts of the degradation of HFC-134a22,23 and HFO-

1234yf,6,7,24-26 but a comparison is lacking between the two scenarios in the context of TFA 

generation. In this study, we examine the effect of the transition from HFC-134a to HFO-1234yf 

on atmospheric TFA formation, distribution, and deposition. In addition, we investigate the effect 

of the mechanisms by which TFA is lost from the atmosphere, particularly through reaction with 

SCIs, by addition of Criegee intermediate chemistry to a tropospheric 3-dimensional chemical 

transport model, STOCHEM-CRI.  

2. Modelling  

STOCHEM-CRI, a 3D tropospheric chemical transport model, operates such that chemistry 

and transport processes are uncoupled (allowing timesteps to be determined locally) and is driven 

by archived meteorological data from the UK Meteorological Office (Met. Office).27 As such, the 

‘offline’ model functions at the atmospheric resolution of the Met. Office unified model (1.25° 

longitude × 0.83° latitude × 12 uneven vertical levels).28,29 The data outputs include: pressure, 

temperature, humidity, interpolated wind data, tropopause height, cloud amount, precipitation, 

boundary layer height and surface parameters. The meteorological module of STOCHEM has 

been discussed in detail previously,27 and updates can be found in Derwent et al.30  

In this study, the reduced chemical CRI mechanism, which involves species-specific, box-

model simulations, was utilised. The development of this reduced mechanism has been reported 

by Jenkin et al.31 and Watson et al.32 with further amendments reported by Utembe et al.33,34 and 

Khan et al.35 Optimisation of this reduced mechanism is achieved using the Master Chemical 

Mechanism 3.1 (MCM v3.1) with ozone generation as the key principle.34,36 The OH initiated 

oxidation mechanisms of HCF-134a, HFO-1234yf (Scheme 1)23,37 and TFA8 are added in the 

CRI mechanism. HCF-134a and HFO-1234yf react with OH at distinct rates of 7.3 × 10-13 exp (-

1540/T) and 1.26 × 10-12 exp (-35/T), respectively.38,4
 TFA formation from the degradation 

mechanisms for both HFC-134a and HFO-1234yf goes via CF3C(O)F formation with yields of 
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0.21 and 1, respectively, followed by hydrolysis.7 As the secondary chemistry/partitioning is fast, 

we assume 100% TFA formation from CF3C(O)F, but clearly this is an upper limit for TFA 

production. The main differences between the TFA formation paths from the two degradation 

mechanisms are the initiation step and the branching ratios of the final products which we 

investigated in the study. Following the inclusion of the oxidation mechanisms of HFC-

134a/HFO-1234yf and TFA, the air parcels in the model contain concentrations of 231 individual 

species competing in 531 chemical reactions. 

 

Scheme 1. The degradation mechanisms of HFC-134a and HFO-1234yf oxidation by OH. Note: 

for HFO-1234yf, the formations of organic hydroperoxides (reaction between a peroxy radical 

and HO2 radicals) and peroxy nitrates (reaction of peroxy radicals with NO2) from the OH-

initiated oxidation products, and their fates, occur in the same way as shown for HFC-134a, but 

are not shown in the diagram. 

Addition of the Criegee intermediate chemistry to the CRI mechanism involved the 

inclusion of 17 individual SCIs along with explicit formation and loss processes. A full 

representation of the Criegee intermediate chemistry can be found in Holland et al.17 and 

Chhantyal-Pun et al.39 In short, the added chemistry includes: formation reactions of SCIs from 

their parent alkenes, unimolecular decomposition of SCIs, and bimolecular reactions of SCIs 

with water (and water dimer). More details can be found in the Supplementary Information 

(Tables S1 and S2). As all SCIs included are expected to have similar reaction rates with TFA, 

inclusion of individual reactions would be computationally inefficient. As such, all individual 

SCIs included were grouped into a singular class labelled ‘SCI’. This class accounts for the total 
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concentration of all the included SCIs and assumes a consistent rate co-efficient for all SCIs with 

TFA (3.4 × 10-10 cm3 s-1).21 Following the inclusion of the Criegee intermediate chemistry, each 

air parcel now contains concentrations of a total of 248 species that compete in 578 chemical 

reactions and utilise a time-step of 5 minutes. Further addition of the hydroperoxyester product 

(termed HETFA) from the reaction of TFA and SCIs, and its reactions (considered the same for 

all HETFA) is implemented in the model as described in Holland et al.17  

Global anthropogenic emission fluxes for HFC-134a of 0.21 Tg yr-1 were taken from the 

BEIS report5 for the year 2015 and, assuming a full transition in use, were taken to be the same 

for HFO-1234yf. In line with the focus of this investigation, atmospheric TFA production was 

modelled only as a result of degradation of these hydrocarbons (i.e. no biogenic TFA emissions 

or direct anthropogenic emissions were included). The emissions of HFC-134a and HFO-1234yf 

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 5o longitude by 5o latitude extracted 

from EDGARv4.2 with a resolution of 0.1o longitude by 0.1o latitude 

(http://edgar.jrc.ec.europa.eu/). The distribution over China was poor in the EDGAR emission 

inventory, thus we collected the HFC-134a emission distribution for China from Su et al.40 and 

merged it with EDGAR emission inventory to derive a more accurate global distribution of HFC-

134a for our model study. The emission totals of the other species (e.g. VOCs, CO, NOx) 

employed in STOCHEM were adapted from the Precursor of Ozone and their Effects in the 

Troposphere (POET) inventory (http://accent.aero.jussieu.fr/database_table_inventories.php). 

Physical deposition processes were accounted for where relevant, and an explanation of 

how they were represented can be found in von Kuhlmann.41 Specifically, deposition velocities 

for TFA were extracted from Wallington et al.42 Dynamic and convective scavenging coefficients 

were calculated using the correlation between Henry’s Law constant and scavenging coefficient 

(with Henry’s Law constants and scavenging coefficients for the selective compounds extracted 

from Sander et al.43 and Penner et al.44, respectively). In all, excluding a brief sensitivity analysis, 

TFA was represented using a dry deposition velocity (over land and sea), dynamic scavenging 

coefficient, and convective scavenging coefficient of 1.9 mm s-1, 1.9 cm-1, and 3.8 cm-1, 

respectively. Depositions of HFC-134a and HFO-1234yf were not included as these processes 

are not expected to be significant given the high volatilities of the species.45,46  

http://edgar.jrc.ec.europa.eu/
http://accent.aero.jussieu.fr/database_table_inventories.php
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In this investigation, six key simulations (STO-HFC, STO-HFC-SCI, STO-HFC-HETFA, 

STO-HFO, STO-HFO-SCI and STO-HFO-HETFA) were performed. A collection of the basic 

features of each simulation and the differences between them can be found in Table 1. 

Table 1. Details of each simulation 

Simulation 

(STO-) 

Total 

Species  

Additional 

Species 

Number of 

Gas Phase 

Reactions  

Criegee 

Field 

Included 

(Y/N)  

Additional Reactions/ physical 

processes 

HFC 231 HFC, TFA 531 N OH+HFC→CF3COFa+HO2+HF 

OH+TFA→P1 

TFA→ dry deposition  

TFA→ wet deposition 

HFC-SCI 248 SCIsb 578 Y SCI+TFA→P2 

HFC-HETFA 249 HETFA 580 Y SCI+TFA→ HETFAc 

HETFA+OH→ CO2 + HF  

HETFA+OH→ TFA + HCOOH  

HETFA→ dry deposition  

HETFA→ wet deposition 

HFO  231 HFO, TFA 531 N OH+HFO→CF3COFa+HO2+HCHO 

OH+TFA→P1 

TFA→ dry deposition  

TFA→ wet deposition 

HFO-SCI 248 SCIsb 578 Y SCI+TFA→P2 

HFO-HETFA 249 HETFA 580 Y SCI+TFA→ HETFAc 

HETFA+OH→ CO2 + HF 

HETFA+OH→ TFA + HCOOH 

HETFA→ dry deposition  

HETFA→ wet deposition 

Note: aAssuming 100% conversion of TFA from CF3COF. bSCIs represent the ‘Criegee Field’ described in 

Supplementary Information cThe reaction product ‘P2’ has been replaced by ‘HETFA’. 

‘STO-HFC’ and ‘STO-HFO’ employed the addition of an emission inventory of HFC/HFO 

as well as their atmospheric fates in the CRI mechanism. The fates of TFA (reaction with OH, 

dry deposition and wet deposition) were also accounted for in these simulations. All subsequent 

simulations (STO-SCI and STO-HETFA) included the addition of the Criegee intermediate 

chemistry as described previously.17,39 The STO-HETFA simulations included the explicit 

atmospheric fates (e.g. OH-oxidation, dry deposition and wet deposition) of the SCI-mediated 

HETFA. Each simulation was run with meteorological data from 1997/98 for a period of 24 

months with the first 12 months discarded as a ‘spin-up’ year. 
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3. Results and Discussion  

3.1. Global Budget of TFA 

The only source of TFA is via ‘Chemical Production’ which refers to oxidation of HFC-

134a or HFO-1234yf in the foremost simulations (STO-HFC, STO-HFO, STO-HFC-SCI, STO-

HFO-SCI) with the addition of TFA production via the degradation of HETFA in the final 

simulations (STO-HFC-HETFA and STO-HFO-HETFA). 

Table 2. Global budget of TFA from successive simulations 

 STO-HFC STO-HFC-

SCI 

STO-HFC-

HETFA 

STO-HFO STO-HFO-

SCI 

STO-HFO-

HETFA 

Production process 

Chemical 

Production 

(Gg yr-1) 

7.77 7.77 7.78 207.30 207.30 207.57 

Loss processes 

OH Removal 

(Gg yr-1) 

 

0.48 0.48 0.48 12.96 12.94 12.95 

SCI Removal 

(Gg yr-1) 

N/A 0.03 0.03 N/A 0.84 0.84 

Dry Deposition 

(Gg yr-1) 

0.58 0.57 0.57 23.83 23.74 23.78 

Wet Deposition 

(Gg yr-1) 

6.70 

 

 

 

6.68 6.69 170.33 169.59 169.76 

Global Burden  

(tonnes) 

65.72 65.15 65.16 22.35 × 102 22.20 × 102 22.22 × 102 

Note: N/A means not applicable 

The global burdens of TFA across the simulations (Table 2) follow a similar trend where 

the ‘STO-HFC’ simulated outcomes are consistently around 3% of their ‘STO-HFO’ 

counterparts. This is not a surprising result given the increased rate and yield of TFA formation 

from the oxidation of HFO-1234yf compared with HFC-134a. These results suggest that the 
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transition to HFO-1234yf from HFC-134a (assuming consumption is matched) would generate a 

thirty-three-fold increase in the global atmospheric TFA burden, corresponding to over 2150 

tonnes of TFA. Successive simulations for each precursor have significant effects on the overall 

global burden of TFA (Table 2). The addition of Criegee intermediate reactive loss gives a global 

burden reduction of TFA by approximately 0.6 and 15 tonnes in the STO-HFC-SCI and STO-

HFO-SCI scenarios, respectively.  

Globally, SCI-mediated oxidation is shown to account for only ~0.4% of the total loss, 

meaning that deposition processes account for a much more significant overall removal. This is 

an expected result given that SCI-oxidation reactions are not significant at high altitudes, as SCIs 

do not form in significant quantities at low pressures, whereas physical processes may operate 

across a wider zonal range resulting in an increased tropospheric average deposition loss. As 

such, it is important to consider SCI-mediated loss processes at the surface level where their 

contributions are likely to be more significant. 

Furthermore, OH-initiated HETFA degradation to TFA only represents a minor route to 

atmospheric TFA production (~0.2% in relevant simulations). Thus, inclusion of the atmospheric 

fate of the SCI-mediated oxidation product, HETFA, does not have a significant effect on the 

overall global burden of TFA.  

3.2. Impact of transition from HFC-134a to HFO-1234yf on TFA surface concentration 

The surface distribution plots show high TFA concentrations nearer to the equator and 

northern mid-latitudes produced from HFC-134a (Figure 1a) and HFO-1234yf (Figure 1b), 

which are in good agreement with other modelling studies both in concentration magnitudes and 

spatial distributions.6,7,26 With the industrial productions of HFC-134a and HFO-1234yf 

predominantly between 30oN and 60oN and with OH abundances highest in the tropics, the peak 

levels of TFA reach up to 0.05 and 3 ppt from the oxidation of HFC-134a and HFO-1234yf, 

respectively. Figure 1c shows a growth in absolute TFA concentration following the transition to 

HFO-1234yf usage, with the most significant increases occurring in the mid latitudes due to an 

increase in OH-oxidation productivity. This comparison highlights the predicted effect of the 

transition from HFC-134a to HFO-1234yf on surface level mixing ratios of TFA. 
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   (a)       (b) 

 

   (c) 

Figure 1. Surface distribution plots of TFA mixing ratios in parts per trillion (ppt) produced from 

(a) HFC-134a emissions of 0.21 Tg yr-1 in the STO-HFC-SCI scenario, and (b) HFO-1234yf 

emissions of an equal amount in the STO-HFO-SCI scenario, with (c) a surface distribution plot 

depicting the multiplicative increase of TFA distributions predicted by changeover from the 

STO-HFC-SCI scenario to the STO-HFO-SCI scenario. 

Despite accounting for an additional loss process for TFA by reaction with Criegee 

intermediates, this investigation shows that a transition from HFC-134a to HFO-1234yf use will 

result in a significant overall increase in tropospheric TFA as loss processes cannot compensate 

sufficiently. As such, natural cycles of TFA and the proportions that reside in air, land and sea 

reservoirs will be altered as environmental contamination increases. Even with consideration of 

the effects of SCIs, the percentage increase in tropospheric TFA resulting from the switch to 

HFO use remains substantial, with a maximum 250-fold increase in the northern hemisphere 

(Figure 1c). As a result of the more rapid degradation of HFO-1234yf compared with HFC-134a, 
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the transition not only increases the global burden of TFA but also concentrates it over landmass, 

most notably the northern hemisphere, although significant increases (up to 50-fold) are also seen 

in regions of the southern hemisphere.  

3.3. Impact of Criegee intermediate loss on the regional lifetime of TFA 

Removal of TFA by OH is generally accepted to be a minor loss process, giving a lifetime 

of around 4 months, whereas wet deposition is expected to be the most significant loss process, 

with a corresponding lifetime of close to 9 days.47 The current investigation predicts a global 

TFA lifetime of 5-10 days, with the spatial variation shown in Figure 2, in good agreement with 

Hurley et al.47 The shorter predicted surface TFA lifetime from this investigation is a 

consequence of inclusion of the Criegee intermediate reactive loss. A recent study has shown that 

the inclusion of SCIs may result in an atmospheric lifetime of TFA as short as 4 days over 

forested regions.21 The model predictions presented here, with the Criegee intermediate 

chemistry, show that this lifetime may be as little as 2 days over forested regions, such as the 

Amazon and Congo (Figure 2b). Although the global tropospheric lifetime of TFA is consistent 

between simulations, addition of the updated Criegee intermediates chemistry results in 

significant regional surface lifetime reductions. SCIs exist in the greatest concentrations over 

forested regions, where biogenic alkene emissions are high,48 and thus significant impacts on 

TFA lifetimes are seen over the Amazon, boreal and Congo forests, as shown in Figure 2b.   

 

(a) (b) 

Figure 2. Surface level distribution plots depicting the lifetime of TFA with respect to (a) OH 

removal and deposition processes only; and (b) OH removal, deposition processes and removal 

by SCIs (extracted from the STO-HFC-SCI simulation) 
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SCI-mediated loss of TFA is significant over land masses, but it is mostly negligible over 

water and ice-covered regions. Large reductions of up to ~ 5 days are seen over parts of South 

America and central Africa which are covered by tropical rainforests (Figure 2b). Significant 

reductions of ~3 days are also seen over the boreal forests of Canada and Russia, as well as the 

forest regions of Australia and Southeast Asia (Figure 2b). The implication of this finding is a 

more concentrated loss of TFA in some regions than would previously have been suggested.21,49  

3.4. Formation of HETFA and its impact on TFA concentration 

The reaction of TFA with SCIs may only temporarily remove TFA from the atmosphere 

because some of the reaction products formed can degrade by OH-initiated oxidation to 

regenerate TFA.49 Therefore, this chemistry may not represent a permanent loss process. This 

possibility was investigated in the STO-HFC-HETFA and STO-HFO-HETFA simulations, which 

included consideration of the atmospheric fates of the SCI-mediated oxidation products of TFA. 

The further oxidation of the SCI-mediated oxidation product, HETFA, does not have an overall 

significant effect on the atmospheric concentration or distribution of TFA. However, it is 

important to consider the condensed phase hydrolysis of HETFA, reforming TFA that can then 

partition into the gas phase.50 The deposition losses of HETFA (15 tonnes/yr for STO-HFC-

HETFA and 468 tonnes/yr for STO-HFO-HETFA) are comparatively higher than the chemical 

loss processes, which could be responsible for the regeneration of TFA by biological degradation 

in the aqueous phase,17 but the contribution to TFA abundances from this process cannot be 

accounted for with the current model.  As rapid reactions of TFA with SCIs are the dominant 

sink over biodiverse forested areas, the implications of concentrated deposition of TFA and 

HETFA must be considered. Although there is little evidence that TFA poses a significant threat 

to the complex ecosystems of tropical forests, there has been little research into the effects of 

concentrated HETFA deposition.10 

3.5. Impact of increased dry deposition on TFA concentration 

Moving forward, dry deposition fluxes of TFA were modelled as an upper limit to 

investigate the impact of this loss mechanism on tropospheric TFA levels under the future 

emission scenario for HFO-1234yf. A dry deposition velocity of 0.43 cm s-1, extracted from Fang 

et al.51 was employed in these simulations, hereafter referred to as ‘STO-HFC-SCI-DD and STO-

HFO-SCI-DD’. The global budgets of TFA from these simulations are shown in the 
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Supplementary Information (see Table S3). The global burden of TFA is reduced by 6.9% and 

7.3% when operating under maximum deposition velocities compared with STO-HFC-SCI and 

STO-HFO-SCI simulations, respectively. An increase in the contribution of dry deposition to 

overall TFA loss is also observed (~20% in STO-HFC-SCI-DD and STO-HFO-SCI-DD as 

opposed to ~12% in STO-HFC-SCI and STO-HFO-SCI simulations, both in reasonable 

agreement with Luecken et al.7), along with a corresponding decrease in the contributions of 

other loss processes. Deposition fluxes in this integration are, unsurprisingly, significantly higher 

than those previously reported in the literature6,26 due to the implementation of a greater 

deposition velocity. The increased dry deposition flux of TFA from 0.19 cm s-1 to 0.43 cm s-1 

decreases its global surface level by between 5 and 40%, with the most significant reductions 

occurring in the tropical region (Figure 3). However, the greater dry deposition of TFA into 

oceans could have an impact on the environment due to its high solubility, accumulation and 

persistence in aqueous phases.13 

 

Figure 3. Surface distribution plot depicting the percentage decrease in TFA concentration when 

deposition is modelled at an upper limit. Percentage change = (STO-HFO-SCI-DD−STO-HFO-

SCI)×100/STO-HFO-SCI. 
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3.6. Impact of Future HFC and HFO emissions on TFA 

Until now, this investigation has been conducted under the assumption that future HFO-

1234yf consumption will match the peak consumption of HFC-134a seen in 2015. While this 

assumption is valid in the short term, it is likely that consumption will increase beyond this point 

and emissions will grow accordingly. In fact, HFO-1234yf use is expected to exceed current 

HFC-134a usage by around 290,000 tonnes yr-1 by 2100.52 As a first approximation of projected 

emission increases, sensitivity analyses were conducted in which emissions of HFO-1234yf were 

increased by factors of 5 and 50, and found increases of 400% and 4900%, respectively, in the 

global TFA burden from the STO-HFO-HETFA case. Despite a consistent increase in loss fluxes, 

these remain insufficient to counteract any significant increases in HFO-1234yf emissions. As 

such, any increase in emissions of HFC-134a and HFO-1234yf greater than the current emission 

scenario is likely to result in significant TFA burden as the atmosphere is not sufficiently able to 

disperse and deposit relevant oxidation products. This impact becomes more important when 

considering the transition to HFO-1234yf use because of a greater TFA yield from OH oxidation. 

Areas downwind of emission sites are likely to experience increased TFA production due to the 

more rapid degradation by OH.7 

4. Conclusions 

In the study, we quantify the effects on atmospheric TFA of a full transition from HFC-

134a to HFO-1234yf use in industry using an updated atmospheric fate model. A thirty-three-

fold increase (equivalent to ~2150 tonnes) in global atmospheric TFA burden is predicted 

following a complete transition. Criegee intermediates chemistry is shown to result in minor 

contributions to overall global TFA loss, although more significant regional effects are seen 

when considering only the surface layer. Despite inclusion of these previously neglected loss 

processes, the HFC-134a to HFO-1234yf transition results in significant global increases of 

surface level TFA (for example, a maximum 250-fold increase over Europe) as loss processes 

cannot compensate with the increase in emissions of TFA precursors. The atmospheric lifetime 

of surface-level TFA is predicted to be between 5 and 9 days, whereas inclusion of the Criegee 

intermediates sees the TFA lifetime decrease to as little as 2 days over areas with significant SCI-

mediated loss (i.e. the terrestrial tropics). Further examination of the effects of SCI-mediated 

oxidation products on TFA found no significant impact on atmospheric TFA concentrations or 
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distributions. A first approach using a model to assess increased emission scenarios suggests a 

significantly greater global TFA burden will accompany the transition to HFO-1234yf.  
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