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Abstract

While hydrogen fluoride (HF) and hydrogen chloride (HCI) are not consi-
dered main air-pollutants in the EU, they have the potential to contribute to
acidification. Hydrofluorocarbons (HFCs), hydrofluoro-olefins (HFOs) and
hydrochlorofluoro-olefins (HCFOs) are used as refrigerants and for other ap-
plications. They break down in the atmosphere to produce HF and HCI (for
HCFOs) and some of these fluorocarbons also break down to produce triflu-
oroacetic acid (TFA). For the emissions of these fluorocarbons in the EU, a
worst-case scenario estimates their theoretical potential contribution to acidi-
fication and compares it to the acidification potential for the main air pollu-
tants contributing to acidification, which are nitrous oxides (NO,), sulphur
oxides (mainly SO,), and ammonia (NH,). The Acidification Potential from
these fluorocarbons in 2016 is estimated at <0.5% of the total due to SO,,
NO,, NH;, and it can be concluded that this is insignificant in the context of
the main acidification air-pollutants. Assuming that the EU targets for emis-
sions of SO,, NO, and NH, by 2030 are achieved, the Acidification Potential
from HFCs, HFOs and HCFOs in 2030 is also estimated at <0.5% of the total
due to SO,, NO,, NH, and will remain insignificant.
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1. Introduction

Hydrofluorocarbons (HFCs), hydrofluoro-olefins (HFOs) and hydrochlorofluo-
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ro-olefins (HCFOs) are used as refrigerants and for other applications. They

break down in the atmosphere to produce hydrogen fluoride (HF) and hydrogen

chloride (HCI, for HCFOs) and some of these fluorocarbons also break down to

produce trifluoroacetic acid (TFA). While HF and HCI are not considered main

air-pollutants in the EU, they are among the substances normally considered as

potential contributors to acidification [1]:

 sulfur dioxide (SO,)

o sulfur trioxide (SO,)

 nitrogen oxides (NO,)

o hydrogen chloride (HCI)

e nitric acid (HNO,)

« sulfuric acid (H,SO,)

o phosphoric acid (H;PO,) (note: the anion does not leach and the contribu-
tion to acidification is in practice equal to zero)

« hydrogen fluoride (HF)

o hydrogen sulfide (H,S)

e ammonia (NH,)

The main air pollutants contributing to acidification in the EU are nitrous oxides
(NO,), sulphur oxides (mainly SO,), ammonia (NHj;) as they form acidic species
in the atmosphere, which are then rained out (“acid rain”). SO, is used as basis
for determination of the acidification potential (or the equivalency factor) for
each substance. The method of establishing effect factors for acidifying substances
is based on stoichiometric considerations and it is internationally accepted (see
Table 1) [2].

For completeness, as TFA is an acidic breakdown product for some HFCs and
HFOs, the equivalency factor for trifluoroacetic acid (TFA) is shown in Table 2
and, due to its high molecular weight, is significantly lower than those for HF
and HCL

The trend [3] in emissions of nitrous oxides (NOx), sulphur oxides (mainly
SO,), and ammonia (NH;) in the EU and its targets [4] for 2030 are shown in
Figure 1.

Table 1. Equivalency factors (EF) for acidifying substances (kg SO,-eq./substance).

Substance Formula EF kg SO,/kg
Sulphur dioxide SO, 1
Sulphur trioxide SO, 0.8
Nitrogen dioxide NO, 0.7
Nitrogen oxide NOjy (x is assumed to be 2) 0.7
Nitrogen oxide NO 1.07

Ammonia NH,; 1.88

Hydrogen fluoride HF 1.6
Hydrogen chloride HCl 0.88

Source: [2].
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Table 2. Equivalency Factor for Trifluoroacetic Acid (TFA) compared to HF and HCL.

Molar wt EF k
Substance Formula Reaction onar n g
g/mole SO,/kg
Sulphur dioxide SO, SO, +H,0 — 2H" +SOZ 64.06 2 1
Hydrogen fluoride HF HF > H +F 20.01 1 1.60

Trifluoroacetic acid (TFA) CF,COOH CF,COOH — CFCOO +H" 114.02 1 0.28

Hydrogen chloride HCl HCl > H" +CI” 36.36 1 0.88

Definition n is the number of hydrogen ions released as a result of conversion of the substance. Source: [2]
except for TFA.

EU28 Emissions of Main Acidification Pollutants
(ktonnes)
30,000

25,000
20,000
15,000 \
10,000

5,000 ——_

1990 2000 2010 2030 Target
—NOx —NH3 SOx

Figure 1. EU28 emissions of the main acidification air pollutants (NO,, SO, and NH,)
and 2030 targets. Source: [4].

According to the European Environmental Agency [5], after decades of de-
clining sulphur emissions in Europe, acidification is declining or slowing so that
some forests and lakes are showing signs of recovery. Owing to the considerable
reductions in emissions of SO, over the past three decades, nitrogen compounds
emitted as NO, have become the principal acidifying components in both terre-
strial and aquatic ecosystems, in addition to their role in causing eutrophication.
However, emissions of SO,, which have a higher acidifying potential than NO,,
still contribute to acidification. The 2018 Progress towards the achievement of
the EU’s air quality and emissions objectives [4] estimated that the further re-
duction in SO, emissions in order to comply with the NEC Directive require-
ments will resolve most of the threat of acidification of forest soils, and full im-
plementation of additional reduction potentials would allow meeting the critical
loads for acidification at 99.8% of all European forest areas.

As the emissions of the main air pollutants contributing to acidification de-
crease it is important to consider the potential impact of HFCs, HFOs, and

HCFOs for acidification. For the emissions of HFCs in the EU, a worst-case sce-
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nario allows their theoretical potential contribution in 2016 to acidification to be
estimated and compared to the acidification potential for the main air pollutants
contributing to acidification. Assuming, the EU targets for emissions of SO,,
NO,, NH, are achieved by 2030, allows a comparison of the Acidification Poten-
tial of forecast emissions HFCs, HFOs and HCFOs with the 2030 target emis-
sions.

Under the EU F-Gas Regulation 517/2014 on fluorinated greenhouse gases,
the European Union is gradually reducing the supply of HFCs, weighted for
their Global Warming Potential (GWP). Industry has responded by developing
short lived fluorinated substances, the hydrofluoro-olefins (HFOs) and hydroch-
lorofluoro-olefins (HCFOs) with atmospheric lifetimes from days (e.g. HFO-1234yf,
2,3,3,3-tetrafluoroprop-1-ene, CF,CF=CH,) to months (e.g. HFO-1336mzz(E),
cis-1,1,1,4,4,4-hexafluorobut-2-ene, Cis-CF,CH=CHCEF,). These are replacing HFCs
in some applications due to their environmental, performance and safety prop-
erties. The naming convention for fluorocarbon refrigerants (single substances)
was developed to allow engineers and non-chemists to easily identify the refri-
gerant [6].

Acidification is regarded as a regional effect. Widely used HFCs have lifetimes
in the range 1.6 years (HFC-152a,1,1-difluoroethane) to 51 years (HFC-143a,
1,1,1-trifluoroethane) for the most widely used HFCs and are well mixed in the
atmosphere globally and their degradation does not occur on a regional basis.
However, for a worst-case scenario, it is assumed that their atmospheric break-
down is regional and that all the HFCs emitted in the EU breakdown within the
EU boundaries, and their theoretical potential contribution to acidification esti-
mated. The short atmospheric lifetimes of the HFOs and HCFOs means that
their decomposition is mainly regional and the acid species, including HF [7],
generated can be assumed to be deposited within the EU. For the HCFOs, HCl
will also be produced as an atmospheric breakdown product.

The generation and fate of trifluoroacetic acid (TFA), although primarily a
natural substance, from breakdown of fluorocarbons including HFCs and HFOs
is the subject of a large number of studies [8]. This paper only considers TFA in
the context of acidification. Carbon dioxide (CO,) is also a breakdown product
of some fluorocarbons, but the quantities are minute compared to the CO, from
fossil fuels which contribute to the acidification of the sea [9] as well as global

warming.

2. Other Sources of Atmospheric HCl and HF

Most of the HCI in the lower atmosphere (where acid rain is generated) is the
result of acidification of sea salt aerosol [10]. This HCI therefore does not
represent additional H* as it is simply a change of counter-ion from SO, to CL
HCl is also emitted to the atmosphere from volcanic sources.

Fluorine, in the form of fluoride ion, is found in many rocks and minerals and

most soils. It comprises 0.06% of the Earth’s crust (which, although it does not
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seem much, is actually about twice the known amount of fossil fuel carbon).
Fluorides are released into the environment naturally through the weathering
and dissolution of minerals, in emissions from volcanoes and in marine aerosols.
Estimates of the annual global release of hydrogen fluoride from volcanic
sources through passive degassing and eruptions range from 0.06 to 6 million
tonnes/year. The wide distribution in soils means that there is significant natural
movement of fluoride through the atmosphere on wind-borne dust particles (es-
timates vary from 1 to 10 million tonnes/year) [11] [12] [13].

Hydrogen fluoride (HF) and hydrogen chloride (HCI), are released to air from
combustion of fuels [14] that contain trace amounts of fluoride or chloride.
Emissions of HF and HCI display a similar source pattern with significant emis-
sions from the combustion of coal. As the importance of coal has decreased, the
contribution of other sources has grown. Most significant of these is brickmak-
ing as a source of HF. Solid fuels, and particularly coal, do contain chlorine and,
as a result, the combustion of coal is responsible for HCl emissions [15], reduced
by the installation of emission controls at coal-fired power stations. Of particular
note, the burning of biomass and municipal solid waste (MSW) to generate heat

and power contribute to emissions of HCL

3. Emissions of HFCs, HFOs and HCFOs

Emissions from hydrochlorofluorocarbons (HCFCs) in the EU have declined sub-
stantially as most of their uses have been banned since 2004 under the EU ODS
Regulations (e.g. Regulation 2037/2000 on substances that deplete the ozone layer).
Some emissions still occur from refrigeration installations (HCFC-22, chlorodifluo-
romethane) and decommissioned insulation foam (HCFC-141b, 1,1-dichloro-1-
fluoro-ethane and HCFC-142b, 1-chloro-1,1-difluoro-ethane) depending on the
waste treatment technology. Their atmospheric lifetimes are between 9 and 18
years which means that the formation of HCl and HF is gradual and not regional
and will fall over time as the “bank” is declining. The HCFCs were replaced by the
HEFCs which have been used in refrigeration, stationary and mobile air-condi-
tioning, heat pumps, MDIs (metered dose inhalers), insulation foams and some

fire-fighting systems since the early 1990s.

3.1. Emissions of HFCs

The emission data for HFCs is available as CO,e (calculated from the emitted
tonnes and the global warming potential (GWP) of each HFC) and in 2016 HFC
emissions were reported as 107,067 ktonnes CO,e. The emissions of HFCs (as
CO,e) in the EU are shown in Figure 2. In 2017 about 90% of HFC emissions, as
CO,e, were from Refrigeration and Air-Conditioning (RAC) [16], as shown in
Figure 3. A similar split in sources of emissions will have occurred in the pre-
ceding few years. There will be a time-lag between HFCs placed on the market
and emissions. The period 2010 to 2014 was selected for average GWPs as

HCEFCs were effectively banned at end 2009, and there was not significant use of
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EU HFC Emission Estimates

150,000

CO, equivalent

100,000
50,000 —
0
NN © I~ 0 O O 4 N M S I © I 00 O O 4 N M < 1 © ™~
D OO OO OO O O ©O © © © © © 0 0 © dA Hd A A d d oA o
o OO OO O O O O O O O O O O O O OO O o O O
~ d d d 4 AN AN AN AN AN AN AN AN AN AN AN AN NN NN NN

Figure 2. Estimated emissions of HFCs in the EU. Source: [16].

Key Sources of HFC Emissions 2017
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Figure 3. Key sources of HFC emissions, as CO,e, in 2017 for the EU. Source: [16].

HFOs in this period. Assuming an average GWP of 2100 (based on the average
GWPs for HFC placed on the market in the years 2010 to 2014 [17] (average
GWPs 2152 to 2062), allows an estimate of the actual tonnes of HFC emissions
in 2016 at about 51,000 tonnes.

3.2. Switch to Short Lived Hydrofluoro-Olefins (HFOs) and
Hydrochlorofluoro-Olefins (HCFOs)

Under the EU F-Gas regulation (517/2014), the European Union is gradually re-
ducing the supply of HECs, weighted for their Global Warming Potential (GWP).
As the use of HFCs decreases due to the F-Gas Regulation, the use of HFOs and
HCFOs is expected to continue to increase. Figure 4 shows the HCFCs, HFCs
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HCFCs, HFCs and HFOs/HCFOs placed on the EU market
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Figure 4. HCFCs, HFCs, HFOs and HCFOs placed on the EU market. Source: [17].

and HFOs/HCFOs placed on the EU market since 2007 [17] and does not show a
significant increasing trend for these fluorocarbons in total. The two peaks occur
in advance of market restrictions, the HCFC phase-out and the start of the HFC
phase-down. The average tonnes of HCFCs, HFCs, and HFOs/HCFOs placed on
the EU market in each year since 2007, is 98,590 tonnes, similar to the quantity
(100,854 tonnes) placed on the market in 2017. As RAC containment and recy-
cling improves and some applications move to non-fluorocarbons alternatives it
is unlikely that fluorocarbon use will increase over the next years to 2030 and
may potentially decrease, particularly as improved containment, recycling and
destruction should also contribute to reduction in emissions of all these fluoro-
carbons. The worst-case scenario selected for 2030 as HFCs are phased-down
and HFOs/HCFOs use increases is the same total emissions of HFCs/HFOs/HCFOs
as for HFCs in 2016, assuming all HFCs/HFOs/HCFOs emitted breakdown within
the EU boundaries and their theoretical potential contribution to acidification
estimated.

Emissions in 2030 will be influenced by the HFCs, HFOs and HCFOs placed
on the market several years earlier. Their contributions to the forecast emissions
in 2030 are derived from a recent model for consumption and emissions of
HFCs and HFOs. In addition, a range of emissions of HFO-1234yf (2,3,3,3-te-
trafluoroprop-1-ene, CF,CF=CH,) have been taken into account. The paper [18]
“Future Emissions and Atmospheric Fate of HFC-1234yf from Mobile Air Con-
ditioners in Europe” estimated total predicted emissions of HFC-1234yf for the
EU27 countries for the year 2020, assuming complete conversion to HFO-1234yf,
to be 9800 tonnes to 17,200 tonnes per year. The more recent model suggests
that HFO-1234yf emissions could be towards the lower end of the range, even

allowing for additional emissions of HFO-1234yf from its use in blended refri-
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gerants and for other RAC applications. The impacts of lower and higher emis-
sions of HFO-1234yf are compared to the base case for the relative acidification
potential. In 2025, the placing on the market quota for HFCs reduces to 31%,
which will have a major effect on the refrigerants that can be made available un-
der the phase-down cap. The reduction in the HFC cap is resulting in a switch to
refrigerants with lower GWPs. Several of the lower GWP refrigerants that are be-
ing adopted as replacements for HFCs contain HFO-1234yf as a component (e.g.
R-448A, R-449A, R-452A, R-452B, R-454C, R-455C, R-457C and R-513A).
Therefore there will be some emissions of HFO-1234yf from stationary refrige-
ration, air-conditioning and heat pumps (RACHP) as well as mobile air-condi-
tioning (MAC). In addition, there will be increased installed equipment using
HFC-32 (difluoromethane) instead of R-410A, and refrigerants containing HFC-
143a (mainly R-404A) will have substantially been replaced. The naming con-
vention for series 400 and series 500 refrigerants allow engineers and non-che-
mists to easily identify the refrigerant as they contain two or more components.

The composition of these refrigerants is available [19].

3.3. Atmospheric Formation of HF, HCl and TFA from
HFCs/HFOs/HCFOs Emitted in the EU

The atmospheric chemistry of degradation of fluorocarbons is well documented
[20]. The table shows the weighted average HF generation assuming that the
HFCs breakdown to form HF exclusively rather than some minor quantities of
trifluoroacetic acid (TFA) (from HFC-134a). This is a worst-case scenario for
acidification potential as it generates the maximum moles of acid per mole of
HEC. Table 3 is derived from available 2014 HFC placing on the market data
[21] and shows the average maximum HF generation per tonne of HFC as 0.78
tonnes per tonne.

The actual total HFCs placed on the EU market is higher than shown in Table
3 and is reported as 124,408 tonnes in 2014. Confidentiality means some indi-
vidual HFC quantities are not disclosed. In addition, for this simple analysis,
HFC-227ea (1,1,1,2,3,3,3-heptafluoropropane) has been excluded as it breaks-down
to produce one molecule of TFA per molecule of HFC-227ea. However, the
quantities of HFC-227ea placed on the market mean that it would have a very
minor effect on the calculation. The total weighted average HF content is 0.78,
the individual averages sum to 0.77 (a rounding issue).An alternative method of
determining the maximum HF generation rate per tonne is from the three do-
minant HFC refrigerants placed on the EU market in 2014, which are R-134a,
R-404A and R-410A. This is shown in Table 4, giving effectively the same result.

As these refrigerants may have different emission rates due to their use in dif-
ferent types of equipment and for HFC-134a, its use in mobile air-conditioning
and MDIs, their similar acid generation rates ensures that the worst-case scena-
rio calculation is applicable, particularly as HFC-134a is about 50% of the HFCs
placed on the EU market in 2014.
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Table 3. Weighted average worst case HF Generation for HFC placed on the market in
2014.

HFC Formula 2014 tonnes MWt Moles HF HF by wt Weﬁ:t::nzrtage
152a CEH, 6227 66 2 0.61 0.03
134a CHE, 60,771 102 4 0.78 0.41
143a CH,E, 13,512 84 3 0.71 0.08
125 C,HE, 25,476 120 5 0.83 0.18
32 CH,F, 11,060 52 2 0.77 0.07
Total 117,046 0.78

Source: [21].

Table 4. Maximum HF generation from the three main refrigerants in 2014 (assumes no
TFA generated).

Refrigerant Formula & Composition HF by wt
R-134a CF,CFH, 0.78
R-404A C,F,H/C,F,H,/CF,CFH, (44.0/52.0/4.0) 0.77
R-410A CH,F,/C,FH (50.0/50.0) 0.80

3.4. Acid Generation from HFCs, HFOs and HCFOs

Each molecule of HFO-1234yf (2,3,3,3-tetrafluoroprop-1-ene, CF,CF=CH,) breaks-
down in the atmosphere to produce 1 molecule of TFA [8], [22], which reduces
the generation of acids as less fluoride is available to generate HF. HFC-134a
(1,1,1,2-tetrafluoroethane, CH,FCF,) breaks down to produce a 21% yield of
TFA. Yields of TFA from HFCs, HFOs and HCFOs are shown in Table 5 [23]
[24] [25].

Table 6 shows the acid generation potential for the HFCs, HFOs and HCFOs
that are forecast to be emitted in 2030 as the use pattern of fluorocarbons changes
in response to the F-Gas Regulation.

The refrigerants adopted more widely in the period up to 2030 will be lower
GWP single components and blends of some of the substances in Table 6. Some
of these substances will also be used as propellants and foam blowing agents
(and may also be blended with non-fluorocarbons). The trend is to use lower
GWP refrigerants as replacements for R-404A, R-410A and R-134a (the most
widely installed refrigerants). Table 7 shows the range of refrigerants that might
be used as their replacements and these have lower acid generation.

4. Potential Contributors to Acidification/Acidification
Potential

Acidification Potential (AP) is based on the contributions of SO,, NO,, HCI,
NH,;, HF and other acids (or acid precursors) make to the potential acid deposi-
tion, Ze. on their potential to form H"* ions [26] and is calculated from the Equi-

valency Factor and the emissions of each substance.
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Table 5. Atmospheric Breakdown: Molar yields of TFA from HFCs, HFOs and HCFOs.

Designation Formula
HFC-134a CF,CFH,
HFC-227¢a CF,CHFCF,
HFC-236fa CF,CH2CF,
HFC-245fa CF,CH,CHF,

HFC-365mfc CH,CF,CH,CF,

HFO-1234yf CF,CF = CH,

HFO-1234z¢(E)

HCFO-1233zd(E)

Trans-CF;CH = CFH

Trans-CHCI = CHCF,

TFA molar yield

21%

100%

<10%

<10%

<10%

100%

0%

0% experimental,
max 2% theoretical

Other atmospheric breakdown products include naturally occurring HCOOH (formic acid) HF, HCI, CO,.

The TFA yields have been determined using models and/or laboratory experiments.

Table 6. Acid generation potential for the HFCs, HFOs and HCFOs forecast to be emit-

ted in 2030.
Substance Formula MWt M}(I)i:es HF by wt MI.;II:S TF::tby I\;I_;)Cl;s H(‘i}tby
HFO-1234yf  C,FH, 114 1 0.18 1 1 0 0
HFO-1234zeE C,;F,H, 114 4 0.70 0 0 0 0
HFO-1336mzz ~ C,F.H, 164 6 0.73 0 0 0 0
HCFO-1233zd C,F,CIH, 130.5 3 0.46 0 0 1 0.28
HFC-32 CH,F, 52 2 0.77 0 0 0 0
HFC-125 C,F:H 120 5 0.83 0 0 0 0
HFC-134a C,F,H, 102 3.37 0.66 0.21 0.23 0 0
HFC-152a C,FH, 66 2 0.61 0 0 0 0
HFC-143a C,FH, 84 3 0.71 0 0 0 0
HFC-227ea C;HF, 170 4 0.47 1 0.67 0 0

Table 7. Potential acid generation for key HFC refrigerants and their lower GWP replace-

ments.
Refrigerant Composition (Mass %) HEF by wt TF::tby E- GCZZV:R4 "
R-404A and replacement fluorocarbon refrigerants
R-404A R-125/143a/134a (44.0/52.0/4.0) 0.76 0.01 3922
R-407A R-32/125/134a (20.0/40.0/40.0) 0.75 0.09 2107
R-407F R-32/125/134a (30.0/30.0/40.0) 0.73 0.12 1825
R-452A R-32/125/1234yf (11.0/59.0/30.0 0.63 0.30 2140
R-449A R-32/125/1234yf/134a (24.3/24.7/25.3/25.7) 0.61 0.31 1397
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Continued
R-460B R-32/125/134a/1234ze(E) (28.0/25.0/20.0/27.0)  0.74 0.05 1352
R-454C R-32/1234yf (21.5/78.5) 0.31 0.79 148
R-455A R-744/32/1234yf (3.0/21.5/75.5) 0.30 0.76 148
R-457A R-32/1234yf/152a (18.0/70.0/12.0) 0.34 0.70 139
R-410A and replacement fluorocarbon refrigerants
R-410A R-32/125 (50.0/50.0) 0.80 0.00 2088
R-32 0.77 0.00 675
R-452B R-32/125/1234yf (67.0/7.0/26.0) 0.62 0.26 698
R-134a and replacement fluorocarbon refrigerants
R-134a 0.66 0.23 1430
R-450A R-134a/1234z¢(E) (42.0/58.0) 0.68 0.10 605
R-513A R-1234yf/134a (56.0/44.0) 0.39 0.66 631
R-1234yf 0.18 1.00 <1
R-1234ze(E) 0.70 0.00 <1

*Note: All GWPs are calculated using the values given in the F-Gas Regulation 517/2014. However, the val-
ues listed for the individual substances R-1234yf and R-1234ze(E) are IPCC AR5 values. Source: [18] for re-
frigerant compositions.

4.1. Acidification Potential of HFC, HFO and HCFO Emissions in the
EU

Table 8 shows the 2016 AP based on worst-case emissions of HF from HFCs and
the 2030 forecast AP based on worst-case emissions of HF, HCI and TFA due to
emissions of HFC, HFOs and HCFOs, from a recent model of their forecast
consumption and emissions. The acidification potential (AP) per tonne of
HFC/HFO/HCFO emissions in 2030 is forecast to have decreased significantly
compared to 2016, in part due to the lower generation of acids from each mole-
cule of R-1234yf.

4.2. Acidification Potential of Emissions of SO;, NOy, NH3 in the EU

The EU has published 2016 emissions [27] of SO,, NO,, NH, and targets for
2030 [4]. The Acidification Potentials of these substances are shown in Table 9.

5. Conclusions: Relative Acidification Potential of HFCs, HFOs
and HCFOs

Assuming that the EU targets for 2030 are achieved allows a comparison of the
Acidification Potential of HFCs, HFOs, and HCFOs emissions with the 2030
target emissions in addition to a comparison for emissions in 2016. Table 10
shows the relative contribution in 2016 and the forecast contribution in 2030 for
HFCs, HFOs and HCFOs compared to the Acidification Potential for the main
air pollutants contributing to acidification. The reduction in AP from the esti-

mated change in fluorocarbon emissions composition broadly matches the 2030
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Table 8. Acidification Potentials for fluorocarbon emissions in 2016 and 2030.

Acid Generation per tonne EF kg SO,/kg ~ AP/tonne AP (ktonnes)
2016 HFCs 51,000 tonnes emissions
HF (2016) 0.78 1.6 1.25 63.321
2030 HFCs, HFOs, HCFOs 51,000 tonnes emissions
HF 0.52 1.6 0.83 42.530
TFA 0.39 0.28 0.11 5.547
HCl 0.01 0.88 0.01 0.369
Total (2030) 0.95 48.446
Table 9. EU 2016 Emissions and 2030 Targets for SO,, NO,, NH,.
EF kg SO/kg ];:1::::12:)5 (ktillzles)
2016 Emissions
SO, 1 2329 2329
NO, 0.70 7163 5014
NH; 1.88 3906 7343
Total 13,398 14,686
2030 Emissions Targets
SO, 1 1604.17 1604.17
NO, 0.7 4326.58 3028.61
NH,; 1.88 3297.89 6200.03
Total 9228.64 10,832.81

Source: [4].

Table 10. Relative contribution to acidification for HFCs, HFOs and HCFOs.

2016AP (ktonnes) 2030 AP (ktonnes)

SO, NO, NH, 14686 10833
HFCs HFOs HCFOs 63.3 48.4
Relative HFCs HFOs HCFOs 0.43% 0.45%

Data from Table 8 and Table 9.

reduction targets for the EU for SO,, NO,, NH,. For both 2016 and 2030 the rel-
ative APs due to HFCs, HFOs and HCFOs are very similar and are estimated at
less than 0.5%. The lower and higher emissions scenarios for HFO-1234yf result
in relative acidification potentials of 0.42% and 0.47% for emissions in 2030,
compared to 0.45% for the base-case. It can be concluded that these fluorocar-
bons have an insignificant contribution to acidification at present and in 2030.
Furthermore, the “2018 Progress towards the achievement of the EU’s air
quality and emissions objectives” [4] estimated that the further reduction in SO,
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emissions in order to comply with the NEC Directive requirements will resolve
most of the threat of acidification of forest soils, and full implementation of ad-
ditional reduction potentials would allow meeting the critical loads for acidifica-
tion at 99.8% of all European forest areas. This supports the important conclu-
sion that HFCs, HFOs and HCFOs emissions will make an insignificant contri-

bution to acidification.
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