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Figure 1. In situ observations of PFCs, HFCs, sulfur hexafluoride, nitrogen trifluoride, sulfuryl fluoride and trifluoromethyl sulfur
pentafluoride (1998 — 2018) showing baseline monthly mean data (dark green, Medusa; purple, ADS; blue, ECD) and total data
(light green, Medusa; pink, ADS; blue, ECD) obtained from the GC-MS-Medusa, GC-MS-ADS and GC-ECD (SFg) instruments at Cape
Grim and from Medusa measurements at CSIRO and SIO on the Cape Grim Air Archive (orange). 2011 and 2012 nitrogen trifluoride
annual means are derived from global data (references: see text above; CSIRO unpublished Cape Grim Air Archive data). ................ 5

Figure 2. Global HFC, PFC, sulfur hexafluoride and nitrogen trifluoride emissions (left: k tonnes; right: M tonnes CO»-e) from global
AGAGE atmospheric measurements (Rigby et al., 2014 and unpublished data 2018). CO,-e emission estimates use GWPs from the
IPCC 4t Climate ASSESSMENT (ARG GWWPS). c..ccveeueiirierieiteiteereeteesseeteesesteessesseessessesssessesteensesssessestesssensesssessestsensesssessesbeessensesssesesssensenssenns 6

Figure 3. Australian HFC, PFC and sulfur hexafluoride emissions (M tonne CO»-e) in the Inventory (DoEE, 2019). Note the impact on
the reduction in emissions due to the refurbishment of potline #1 at the Kurri Kurri aluminium smelter in 2005-2006. Dashed lines
are eXponeNntial AN NI DEST fitS. ...iiiiiiiieei e st e e et e e e e s e e s ae e ae e e teesteeasseeseessseeseessseenseessseenseesnseenseesnseenseesnnnnn 11

Figure 4. Australian HFC-32, -125, -134a, -143a, -152a, -365mfc, sulfur hexafluoride and sulfuryl fluoride emissions (NGA, orange:
DoEE, 2018; light brown: DoEE, 2019) compared to emissions calculated from Cape Grim data by interspecies correlation (ISC, blue)
and from the UK Met. Office NAME (light blue) particle dispersion/InTEM inversion models. In the ISC calculations of HFC and sulfur
hexafluoride emissions, Australian emissions are scaled from Melbourne/Port Phillip emissions on a population basis (5.4,
Australia/Port Phillip); in the INTEM 2011 calculations, Australian emissions are scaled from Victorian/Tasmanian emissions, also on
a population basis; for the INTEM 2018 inversions, Australian emissions are scaled from Victorian/Tasmania/New South Wales
emissions, also on a population basis. Also shown are Australian sulfuryl fluoride emissions from ISC and InTEM, scaled on a grain
production basis. The data shown in red are emissions from the refrigerant bank and are show in red (Brodribb and McCann,
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Figure 5. Monthly-mean PFC-14 concentrations observed in situ at Cape Grim (dark blue), 2004-2018. PFC-14 pollution episodes
(light blue), typically lasting up to 12 hours in duration, are also seen at Cape Grim (Mihle et al., 2010)........ccceeevvevveecreeseeeireeneennns 15

Figure 6. Australian PFC-14 emission factors as reported in the National Inventory Report 2016 (NGA: DoEE, 2018) and as derived
from atmospheric measurements at Cape Grim using NAME/TAPM (to 2011) and TAPM (to 2016) modelling. The grey band is the
average (+1 sd) emission factor derived from NAME/TAPM. The Kurri Kurri emission factor is based on direct PFC-14 measurements
made at the Kurri Kurri smelter in 2009 (Fraser €t Gl., 2013). .....ccviiiieiiieereeiteeeireerteesreesteeereesteesaeesteessseesbeesaseeseessseeseesssesseesssesseens 16

Figure 7. Australian emissions of PFC-14 as recorded in the National Inventory Report 2017 (NGA: DoEE, 2019; uncertainty 27%:
DIICCSRTE, 2013) and as obtained from TAPM (scaled from Vic/Tas emissions) and NAME-INTEM (scaled from Vic/Tas/NSW
L= AT oY1) N 4o Yo =1 113 2SS 16

Figure 8. Australian PFC-116 emissions from the National Inventory Report 2017 (DoEE, 2019) and Australian PFC-116, PFC-218 and
PFC-318 from atmospheric measurements at Cape Grim using NAME, TAPM and ISC modelling; error bars are * sd. Australian PFC-
116 (NAME) are from Vic/Tas data scaled by aluminium production, PFC-116 (TAPM/NAME PFC-14) are from Australian
TAPM/NAME PFC-14 emissions (Table 5) and the observed PFC-116/PFC-14 ratio (0.10+0.01) in Australian smelter plumes; PFC-218
and PFC-318 are from NAME and ISC modelling, with Australian emissions obtained from regional emissions by population

LYo 1113 = 2SR PPPRP 18

Figure 9. Australian emissions of HFCs (-125, -134a, -143a, -23) and other HFCs (-32, -152a, -227ea, -236fa, -245fa, -365mfc)
estimated from atmospheric data (ISC-INTEM) measured at Cape Grim, and in the Inventory (DoEE, 2019), expressed in units of M
Le] a1 o[-l 60 DRSS PP POUPPPPPURTR: 22

Figure 10. Australian and global sulfur hexafluoride imports and emissions (tonnes) from Cape Grim data using ISC and INTEM
(Ganesan et al., 2014; Rigby et al., 2014) and from the Inventory (NGA: DOEE, 2019). .....ceevvueeiieriieiee e ereeste et e e sre e 23

Figure 11. Australian sulfuryl fluoride emissions (tonnes), scaled from SE Australian emissions based on grain production, derived
from Cape Grim in situ data, using ISC and InTEM techniques; global emissions (tonnes) are from Rigby et al., 2014; Rigby,
8 0T o8 o LTy LT N - 1 - USSP 23

Figure 12. Australian HFC, PFC, sulfur hexafluoride emissions calculated from Cape Grim observations (ISC-InTEM) and in the
Inventory (NGGI/NGA, ageis.climatechange.gov.au) in M tONNE CO2-€. ....ccveevieiuieiiieeeiee e stee et ereesteesreesteesbeeeveesareebaesareeseesanes 24
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Table 1. Concentrations (2017, 2018) and growth rates (2017-2018) for HFCs, PFCs, sulfur hexafluoride, nitrogen trifluoride, sulfuryl
fluoride and trifluoromethyl sulfur pentafluoride measured in situ at Cape Grim, Tasmania or on air samples collected at Cape Grim
(references: see text above; CSIRO unpublished Cape Grim Air Archive data). .....cccceevceerieeciieieeste e e e see e e e e sne e 3

Table 2. Australian HFC, PFC, sulfur hexafluoride imports (tonnes; calendar years 2017, 2018, A. Gabriel, Department of
Environment and Energy, 2019); PCE = pre-charged @QUIPMENT. .....c.vciviiiieiiieeieecite et e etee et steesereeseaeebeestaesveessseesaesasesnbeessseeaseessnennns 7

Table 3. Australian HFC, PFC and sulfur hexafluoride emissions (http://unfccc.int/national_reports/
annex_i_ghg_inventories/national_inventories_submissions/items/10116.php). HFC-23 emissions in 1995 from HCFC-22
production in Sydney. Not shown are small HFC-236fa emissions (0.005 tonnes in 2016). Note GWPs used are AR4. .........ccccevveeuneenne 9

Table 4. Australian HFC, PFC, sulfur hexafluoride and sulfuryl fluoride emissions (tonnes, 2005-2016) from atmospheric data,
collected at Cape Grim, Tasmania - emissions calculated by interspecies correlation (ISC) and from inversions using the UK Met
Office NAME particle dispersion model and the INTEM inversion model (INTEM 2012, INnTEM2018). For years when InTEM inversions
are not available, ISC data are assumed. The emissions are 3-year running averages, i.e. 2010’ = average of 2009, 2010, 2011
emissions. Australian HFC and sulfur hexafluoride emissions (ISC, INnTEM) are scaled from regional emissions by population; GWPs
(to calculate CO,-e emissions) are from the National Inventory Report 2015 (DoEE, 2017). PFC-14 emissions are the TAPM-INTEM
average from Table 5. Australian PFC-116 emissions are from InTEM (Vic/Tas) scaled by aluminium production; Australian PFC-218
and PFC-318 emissions are from INTEM and ISC scaled by population; Australian sulfuryl fluoride emissions are from ISC and INnTEM
estimates of SE Australian emissions scaled by grain ProduCioN. .........cuiiiiiiiiiiie e et e e s sab e e e s bee e e sabeaesnans 12

Table 5. Australian PFC-14, PFC-116, PFC-218, PFC-318 emissions (t: tonnes) and PFC-14, PFC-116 emission factors (g/t aluminium,
2005-2016) derived from atmospheric observations — remote (Portland, Pt Henry, Bell Bay) (3 yr averages, e.g. 2010 = average of
2009, 2010, 2011), using the TAPM and NAME models, directly, at Kurri KUITi........coeeirecienie e 17
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Hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SFe) and nitrogen trifluoride (NFs) are potent
greenhouse gases (GHGs), collectively described as synthetic GHGs (SGGs). SGGs are covered by Australia’s emission
reduction targets under the Kyoto Protocol (2013-2020) and the Paris Agreement (2021-2030). Both the Kyoto Protocol
and the Paris Agreement are legally-binding instruments under the United Nations Framework Convention on Climate
Change (UNFCCC). HFCs are used extensively in Australia, largely in air conditioning and refrigeration, initially as ‘ozone-
friendly’ replacements for chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). Minor uses of HFCs in
Australia are as aerosol propellants, including metered dose inhalers (MDls), as foam blowing agents, solvents, in fire
extinguishers and others.

Increasing HFC emissions are seen as a significant driver of climate change over the next 50 years (Velders et al., 2007,
2009, 2012, 2014, 2015; Estrada et al., 2013; Harris, Wuebbles et al., 2014; Myhre et al., 2014; Rigby et al., 2014). The
Kigali Amendment to the Montreal Protocol entered into force 1 January 2019 and mandates a phase-down schedule
for HFC production and consumption. With global adherence to this Amendment, radiative forcing from HFCs is
expected to reduce from 0.22-0.25 W m2 in the baseline scenario from Velders et al., 2015 to 0.13 W m2 in 2050
(Montzka and Velders, 2018).

Perfluorocarbons are a by-product of the production of aluminium in Australia and overseas and, in addition, are used
overseas in the electronics industry during the manufacture of integrated circuits and plasma screens. Refrigeration
represents a very minor use of PFCs in Australia and overseas.

Sulfur hexafluoride is used extensively in the electricity distribution industry, both in Australia and overseas, for
dielectric insulation and current interruption in circuit breakers, switchgear, and other electrical equipment, and as a
cover gas in metal production, for example magnesium.

Nitrogen trifluoride is used internationally in the semi-conductor production industry, initially as a replacement for PFCs.
DoEE (2019) has identified a small amount of specialty electronic components manufacturing, consuming around 20 kg
of nitrogen trifluoride, which is destroyed in the process. Negligible amounts of electronics cooling fluids containing
nitrogen trifluoride are consumed in Australia.

Sulfuryl fluoride (SOzF2) and trifluoromethyl sulfur pentafluoride (CF3SFs) are potent synthetic greenhouse gases that
are not part of the Kyoto Protocol/Paris Agreement suite of SGGs. Sulfuryl fluoride use in Australia is growing, largely as
a replacement for phosphine (PHs) in grain fumigation at the farm level and at regional grain storage locations. While
global emissions have been detected at Cape Grim, it is unlikely that trifluoromethyl sulfur pentafluoride is imported
into Australia

Australia’s mandated HFC production and import phase down began on 1 January 2018 and will reach an 85% reduction
in 2036. In early 2010, the Australian Government made a commitment, in light of the Kyoto Protocol/Doha
Amendment, to reduce its total GHG emissions by 5 per cent below 2000 levels by 2020. GHG emission reduction targets
for implementation post-2020 have been announced by the Australian government: 26%-28% reduction from 2005
emissions by 2030. This includes the commitment to phase down Australian HFC imports by 85% by 2036. There are no
global or Australian targets to phase-down sulfuryl fluoride or trifluoromethyl sulfur pentafluoride emissions, as these
gases are not controlled in the Kyoto Protocol, or the subsequent Paris Agreement, due to their relatively low emissions.

The Australian National Inventory reported a total of 554.1 million tonnes (Mt) CO»-e emitted from all GHG sources in
2017 (not including land-use change), which was an increase from 2016 emissions (546.6 Mt) of 1.3% (DoEE, 2019). HFC
emissions were estimated to be 12.3 Mt (12,253 k tonnes) COz-e in 2017, 2.3% above 2016 emissions, while the sum of
HFC, PFC and sulfur hexafluoride emissions was 12.6 Mt (12,632 k tonnes, Table 3) COz-e, 1.9% above 2016 emissions.
Although the total emission of Kyoto Protocol SGGs is only 2.3% of total Australian greenhouse gas emissions (DoEE,
2019), it is the fastest growing emissions sector (on a percentage basis) in the Australian National GHG Inventory
(referred to subsequently as the Inventory).

In this Report, we estimate Australian emissions of HFCs, PFCs, sulfur hexafluoride and sulfuryl fluoride derived by inter-
species correlation (ISC), inverse and forward atmospheric modelling techniques, using Cape Grim atmospheric
observations. These so-called ‘top-down’ estimates are compared to estimates of HFCs, PFCs and sulfur hexafluoride
emissions submitted by the Australian Government to the UNFCCC (DoEE, 2019), based on Intergovernmental Panel on
Climate Change (IPCC)-recommended ‘bottom-up’ methodologies (modified for Australian conditions where better data
is available) for estimating national GHG. Australian HFC, PFC and sulfur hexafluoride emissions are compared to global
emissions estimated from AGAGE (Advanced Global Atmospheric Gases Experiment; Prinn et al., 2000, 2018; Rigby et
al., 2014 and updates) atmospheric observations.
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Cape Grim in situ measurements of nitrogen trifluoride commenced in February 2015 and trifluoromethyl sulfur
pentafluoride in late-2010. Preliminary inspections of the data suggest that there are no significant Australian emissions
of these species.

Concentrations of HFCs, PFCs, sulfur hexafluoride, nitrogen trifluoride, sulfuryl fluoride and trifluoromethyl sulfur
pentafluoride have been measured in situ in the Southern Hemisphere atmosphere at Cape Grim, Tasmania, as part of
the AGAGE program (Prinn et al., 2000, 2018) and/or in the Cape Grim Air Archive (1978-2018) at CSIRO (Aspendale), at
the Scripps Institution for Oceanography (SIO, USA), and on a sub-set of the Cape Grim Air Archive at the University of
East Anglia (UEA, UK) (Fraser et al., 2016). Other flask air samples from Cape Grim have been analysed at CSIRO, at SIO,
at UEA and at the University of Heidelberg (Germany). The SGGs have been measured by CSIRO in situ in the atmosphere
(baseline and non-baseline) at Cape Grim, Tasmania, since the late-1990s (HFCs, PFC-116: CF3CFs) and the mid-2000s
(other PFCs, sulfur hexafluoride, sulfuryl fluoride). Nitrogen trifluoride (up to 2013) and trifluromethyl sulfur
pentafluoride (up to 2008) have been measured on the Cape Grim Air Archive. In situ measurements of nitrogen
trifluoride and trifluoromethyl sulfur pentafluoride have recently become available (February 2015 for nitrogen
trifluoride and recently calibrated trifluoromethyl sulfur pentafluoride going back to late 2010). These data are used, in
conjunction with similar data collected from other Northern and Southern Hemispheric sites, to estimate global and
regional concentration trends, atmospheric lifetimes, emissions and radiative forcings for these species:

HFCs Oram et al., 1996, 1998; Oram, 1999; O’Doherty et al., 2004, 2009, 2014; Greally et al., 2007; Stohl et
al.,2009; Miller et al., 2010; Vollmer et al., 2011; Arnold et al., 2014; Fraser et al., 2014a, 2016; Krummel
et al., 2014; Rigby et al., 2014; Fortems-Cheney et al., 2015; Lunt et al., 2015; Simmonds et al., 2015,
2016, 2017, 2018; Meinshausen et al., 2017; Leedham Elvidge et al., 2018; Liang et al., 2017; Montzka
and Velders, 2018; Li et al., 2019

PFCs Oram, 1999; Fraser et al., 2007, 2011, 2013, 2016; Mihle et al., 2010; Ivy, 2012; Ivy et al., 2012; Laube et
al., 2012; Oram et al., 2012; Kim et al., 2014; Krummel et al., 2014; Rigby et al., 2014; Wong et al., 2015;
Trudinger et al., 2016; Meinshausen et al., 2017; Leedham Elvidge et al., 2018; Droste et al., 2018; Engel
and Rigby, 2018; Li et al., 2019

SFs Maiss et al., 1996; Oram, 1999; Fraser et al., 2004, 2014a, 2016; Levin et al., 2010; Rigby et al., 2010,
2014; Sturges et al. 2012; Ganesan et al., 2014; Krummel et al., 2014; Meinshausen et al., 2017;
Leedham Elvidge et al., 2018; Engel and Rigby, 2018

NF3 Weiss et al., 2008; Arnold et al., 2013; Rigby et al., 2014; Meinshausen et al., 2017

SO2F> Mubhle et al., 2009; Krummel et al., 2014; Meinshausen et al., 2017

CFsSFs Sturges et al., 2012

The abundances and trends of HFCs, PFCs, sulfur hexafluoride, nitrogen trifluoride, sulfuryl fluoride and trifluoromethyl
sulfur pentafluoride in the global background atmosphere, as measured at Cape Grim, Tasmania, or in the Cape Grim
air archive, are shown in Table 1 (2017-2018) and Figure 1 (1998-2017).

The major HFC in the background atmosphere at Cape Grim (and around the globe) is HFC-134a (95.6 ppt in 2018),
followed by HFC-23 (30.4 ppt), HFC-125 (24.6 ppt), HFC-143a (21.6 ppt), HFC-32 (15.2 ppt) and HFC-152a (4.7 ppt). The
global annual rate of increase of HFC-134a has increased from 6.0 ppt (2016-2017) to 6.2 ppt (2017-2018); the HFC-23
growth rate (0.86 ppt, 2016-2017) has increased to 1.21 ppt (2017-2018); the HFC-143a annual increase (1.7 ppt, 2016-
2017) has remained steady at 1.7 ppt (2017-2018); the HFC-125 annual increase (2.6, 2016-2017) has increased to 3.0
ppt/yr (2017-2018). HFC-152a concentrations had stopped growing in the background atmosphere however, for the last
three years the concentrations have been increasing again, with an annual increase of 0.174 ppt/yr (2017-2018); the
HFC-32 increase (2.1 ppt, 2016-2017) has increased to 2.7 ppt (2017-2018).

The annual growth in total HFCs has increased from 13 ppt/yr (2016-2017) to 15 ppt/yr (2017-2018). Total HFCs in the
atmosphere are growing currently (2017-2018) at 8%/yr.

The cumulative concentration of the minor HFCs (HFC-245fa, HFC-227ea, HFC-236fa, HFC-365mfc, HFC-4310mee) is 5.3
ppt (2018), 2.7% of the total HFC concentration in the background atmosphere (197 ppt, 2018). The minor HFCs (HFC-
245fa, HFC-227ea, HFC-236fa, HFC-365mfc, HFC-4310mee) are growing in the background atmosphere with a
cumulative annual growth rate of 0.39 ppt (2017-2018).
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Concentration Growth Species Formula Concentration Growth

2017 2018 ppt/yr %/yr 2017 2018 ppt/yr %/yr
HFCs PFCs
HFC-134a CH2FCF3 89.4 95.6 6.2 6.7 PFC-14 CFa 83.1 84.0 0.95 1.1
HFC-23 CHF3 29.2 30.4 1.21 4.0 PFC-14(a)t CFa 49.0 49.9 0.95 1.9
HFC-143a CHsCFs 19.9 21.6 1.7 8.2 PFC-116 CaFe 4.6 4.7 0.094 2.0
HFC-125 CHF2CF3 21.7 24.6 3.0 12.7 PFC-318 c-Cs4Fs 1.6 1.6 0.066 4.1
HFC-32 CHzF2 12.5 15.2 2.7 19.1 PFC-218 CsFs 0.64 0.65 0.018 2.7
HFC-152a CHsCHF2 4.5 4.7 0.174 3.8 PFC-5114 CsF14 0.30 0.31 0.009 2.9
HFC-245fa CHF2CH>CF3 2.3 2.5 0.20 8.4 PFC-3110 C4F10 0.19 0.19 0.002 1.1
HFC-227ea CF3CHFCF3 1.3 1.4 0.12 9.1 PFC-4112? CsF12 0.12 0.12 0.0 0.0
HFC-365mfc CHsCF2CH2CF3 0.94 0.99 0.054 5.6 PFC-61162 CsF16 0.12 0.12 0.0 0.0
HFC-43-10mee  CsH2F1o 0.26 0.27 0.007 2.6 PFC-71182 CsF1s 0.09 0.09 0.0 0.0
HFC-236fa CF3CH2CF3 0.16 0.17 0.013 7.8
total HFCs 182 197 15 8.1 total PFCs 90.7 91.8 1.1 1.2
HFC fluorine 676 732 56 8.0 total PFC(a) 56.6 57.7 11 2.0
sulfur SFs 90 94 036 3.9 PFCfluorine 389 394 52 13
hexafluoride
sulfuryl fluoride  SO2F2 2.2 23 041 49 "UoEeN g 15 17 018 113

trifluoride

trifluoromethyl

sulfur CF3SFs 0.17 0.17 0.002 1.3 total fluorine 1126 1190 64 5.5
pentafluoride

1PFC-14 (a) = CF4 (anthropogenic) = total CF4 — natural CF4 (= 34.1 ppt, Trudinger et al., 2016)

2 extrapolated from 2011 data (lvy et al., 2012)

3 estimated from Cape Grim and global data; assumed = 2011-2012 growth rate (Arnold et al., 2013)

Global HFC data have shown that the total level of HFCs in the background atmosphere is consistent with total emissions
from ‘bottom-up’ inventories, but there are significant differences between atmospheric data and emissions inventories
for individual HFCs. For HFC-134a, global emissions from atmospheric observations are seasonal (NH summer maximum,
Fortems-Cheiney et al., 2015) and 20%-30% lower than inventory estimates of emissions (2007-2012, Fortems-Cheiney
etal., 2015, Lunt et al., 2015), whereas HFC-31, HFC-125, HFC-143a global emissions are 20%-30% higher than inventory
estimates (Lunt et al., 2015). Over-reporting of HFC-134a, HFC-32 and HFC-125 emissions (10%-100%, 2004-2014,
Simmonds et al., 2015; Hu et al., 2017) and under-reporting of HFC-143a emissions (40%-60%, 2007-2012, Simmonds et
al., 2015) have occurred in the USA inventory compared to emissions based on atmospheric observations. The global
growth rate of HFC-23 emissions slowed significantly, reaching a minimum in 2009, when resources under the Kyoto
Protocol (the Clean Development Mechanism - CDM) were used to improve HCFC-22 (CHCIF2) production methods and
capture the co-produced but waste HFC-23. The cessation of CDM funding has resulted in global HFC-23 emissions
growing again (Simmonds et al., 2018).

Regional inverse studies have shown that the growing levels of HFCs in the background global atmosphere result from
growing emissions from China/East Asia (Fortems-Cheiney et al., 2015), offset by declining HFC emissions from
developed countries (USA, Europe).

HFC replacement chemicals (HFC-1234yf — CF3CFCH2, HFC-1234ze - CF3CHCHF) have been detected in urban and
background atmospheres in Europe (Switzerland: Dubendorf and Jungfraujoch, Vollmer et al., 2015) since 2013-2014 at
the sub-ppt level and have recently been measured in Cape Grim air.

Total fluorine from HFCs reached 732 ppt in 2018 growing at 8%/yr (2017-2018). The major PFC in the background
atmosphere at Cape Grim (and around the globe) is PFC-14 (CF4: 84.0 ppt in 2018, about 40% of which is naturally-
occurring), followed by PFC-116 (4.7 ppt), PFC-318 (1.6 ppt), PFC-218 (0.65 ppt), PFC-5114 (0.31 ppt) and PFC-3110 (0.19
ppt). The cumulative concentration of three minor PFCs (PFC-4112, PFC-6116, PFC-7118) observed at Cape Grim is 0.33
ppt (2018, extrapolated from 2011 data). The total PFC concentration in the background atmosphere is 91.8 ppt (2018),
currently growing at 1.1 ppt/yr (1.2%/yr). The total anthropogenic PFC concentration in the background atmosphere is
57.7 ppt growing at 2%/yr.

The annual rate of increase of PFC-14 in the atmosphere increased from 0.84 ppt (2016-2017) to 0.95 ppt (2017-2018),
0.2 ppt higher than the decadal average annual increase of 0.75 ppt (2009-2018). The anthropogenic component (from
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aluminium production and the electronics industries) of atmospheric PFC-14 is growing at 1.9%/yr. The annual rate of
increase of PFC-116 (CFsCF3) is 0.094 ppt (2017-2018), slightly higher than the decadal average annual increase (0.08
ppt, 2009-2018); the PFC-218 annual increase (0.018 ppt, 2017-2018) is higher than the decadal annual average (0.016
ppt, 2009-2018); the PFC-318 annual increase (0.066 ppt, 2017-2018) is higher than the 9-year average annual increase
(0.05 ppt, 2010-2018). The minor PFCs (PFC-3110, PFC-4112, PFC-5114, PFC-6116, PFC-7118) are growing in the
background atmosphere with a cumulative annual growth rate likely to be of the order 0.01-0.02 ppt (2013-2018).

Total fluorine from PFCs reached 394 ppt in 2018, growing at 1.3%/yr (2017-2018).

The measured amount of PFC-14 in the global atmosphere is significantly higher than that calculated due to the
accumulated emissions from the aluminium and semiconductor industries (Muhle et al., 2010). There appears to have
been significant under-reporting of emissions by the semiconductor industry over the past decades and a recent under-
reporting of emissions by the aluminium industry, possibly associated with the rapid growth in aluminium production
in China (Kim et al., 2014). Under-reporting of PFC emissions from the aluminium industry may be due to the assumption
that PFC emissions only occur during so-called ‘anode effect events’, whereas there may be quasi-continuous PFC
emissions throughout the aluminium production process (Wong et al., 2015). PFC-14 emissions have been shown to
respond to economic/industrial activity, with enhanced emissions during WWII due to the demand for aluminium for
aircraft, and reduced emissions during the recent GFC (Trudinger et al., 2016).

Annual mean sulfur hexafluoride levels reached 9.4 ppt in 2018 at Cape Grim, growing at 0.36 ppt/yr (3.9%/yr, 2017-
2018), similar to the 2016-2017 annual average growth rate. The decadal annual average growth rate is much lower at
0.32 ppt/yr (2009-2018). Annual mean sulfuryl fluoride levels reached 2.3 ppt in 2018 at Cape Grim, growing at 0.11
ppt/yr (4.9%/yr), close to the 10-yr average growth rate (0.09 ppt/yr, 2009-2018). Trifluoromethyl sulfur pentafluoride
stopped growing in the Cape Grim atmosphere in 2007 (0.16 ppt), as seen in UEA Cape Grim Air Archive measurements
(Sturges et al., 2012), following 3M’s decision to cease PFOS production (Santaro, 2000). In situ measurements at Cape
Grim have recently been calibrated (SIO-14 scale) and show annual mean concentrations of 0.17 ppt in 2017 and in
2018. The current measurement precision is (+0.004 ppt, 1 standard deviation). If there is no further production/release
of trifluoromethyl sulfur pentafluoride, its concentration in the atmosphere should remain effectively constant due to
its very long atmospheric lifetime (800 yr). With zero emissions, atmospheric concentrations should decline by only
0.05% (<0.001 ppt)/yr. Given the uncertainty in the measurements, a longer record is required to define a possible trend
in this species.

Nitrogen trifluoride is growing rapidly in the background atmosphere. In February 2015, in situ measurements of
nitrogen trifluoride began at Cape Grim. The mean concentration of nitrogen trifluoride is 1.5 ppt for 2017 and 1.7 ppt
for 2018, growing at 0.18 ppt/yr (11%/yr). Following the recent inclusion of nitrogen trifluoride into the post-Kyoto
Protocol ‘basket’ of GHGs (Paris Agreement), it is anticipated that the current rapid growth rate will decline as
alternatives are introduced into the semiconductor manufacturing industry.
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Figure 1. In situ observations of PFCs, HFCs, sulfur hexafluoride, nitrogen trifluoride, sulfuryl fluoride and
trifluoromethyl sulfur pentafluoride (1998 — 2018) showing baseline monthly mean data (dark green, Medusa; purple,
ADS; blue, ECD) and total data (light green, Medusa; pink, ADS; blue, ECD) obtained from the GC-MS-Medusa, GC-MS-
ADS and GC-ECD (SFs) instruments at Cape Grim and from Medusa measurements at CSIRO and SIO on the Cape Grim
Air Archive (orange). 2011 and 2012 nitrogen trifluoride annual means are derived from global data (references: see
text above; CSIRO unpublished Cape Grim Air Archive data).
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3 Global HFC, PFC, sulfur hexafluoride, nitrogen trifluoride
and sulfuryl fluoride emissions

Global emissions of HFCs, PFCs, sulfur hexafluoride, nitrogen trifluoride and sulfuryl fluoride have been estimated from
AGAGE global data (including Cape Grim data) by inverse modelling up to 2017 (Figure 2; Rigby et al., 2014 and Rigby,
unpublished data).
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Figure 2. Global HFC, PFC, sulfur hexafluoride and nitrogen trifluoride emissions (left: k tonnes; right: M tonnes CO2-e)
from global AGAGE atmospheric measurements (Rigby et al., 2014 and unpublished data 2018). COz-e emission
estimates use GWPs from the IPCC 4t Climate Assessment (AR4 GWPs).

Total global HFC emissions were 493 k tonnes in 2017, rising by nearly 18 k tonnes/yr since 1995; total global HFC
emissions in 2017 were 9% higher than in 2016. Global emissions of the major HFCs (HFC-32, HFC-125, HFC-134a, HFC-
143a) increased from 2016 to 2017: 25%, 15%, 3%, 10% respectively; global emissions of HFC-152a peaked in 2011 and
were in decline, but have increased again to 55 ktonnes/yr in 2017. HFC-23 global emissions increased by 15% from
2016 to 2017. HFC-134a emissions exhibit significant seasonality, in particular at the mid-latitudes of the northern
hemisphere, with summer emissions 2-3 times winter emissions (Xiang et al., 2014; Fortems-Cheiney et al., 2015;
Simmonds et al., 2015).

Total PFC emissions have declined from 24 k tonnes/yr in the late-1970s to 19 k tonnes/yr in 2017. Emissions from 1993
until 2014 were around 15 k tonnes/yr. Global emissions of the major PFCs (PFC-14, PFC-116) increased from 2016 to
2017 by 17% and 16% respectively.

Sulfur hexafluoride emissions have been increasing steadily from about 3 k tonnes per year in the late-1970s to
approaching 9 k tonnes per year in 2017 (an increase of around 0.15 k tonnes/yr). Sulfur hexafluoride emissions
increased by 2% from 2016 to 2017.

Nitrogen trifluoride emissions were first observed in the mid-1990s, growing at 0.08 k tonnes/yr since 1995 to 2.3 k
tonnes in 2017. The 2016-2017 increase was 15%.

Total global HFC, PFC, sulfur hexafluoride and nitrogen trifluoride emissions have risen (10 k tonnes/yr, largely HFCs)
from about 30 k tonnes per year in the late-1970s to around 523 k tonnes per year in 2017, with a 2016-2017 increase
of 9%.

Global sulfuryl fluoride emissions (not shown in Figure 2) were around 1 k tonnes per year in the late-1970s, peaking at
3.6 k tonnes per year in 2015 and 2016, then declining to 3.0 k tonnes per year in 2017. There is significant year to year
variability in emissions, presumably due to the global demand for sulfuryl fluoride being dependant on, in part, variable
global grain production.
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HFCs and sulfur hexafluoride are not manufactured in Australia and estimates of Australian HFC and sulfur hexafluoride
emissions, reported annually to the UNFCCC (see below), are based on import data (Table 2). HFCs and sulfur
hexafluoride are imported as bulk chemicals or in pre-charged equipment (PCE), leading to estimates of ‘banks’ of HFCs
and sulfur hexafluoride stored in equipment or products such as refrigerators, air conditioners, fire extinguishers, foams,
aerosols and electrical equipment. Only small amounts of PFCs are imported into Australia (Table 2) and these are not
considered to be a significant source of PFC emissions; Australian PFC emissions are assumed to originate exclusively
from aluminium production (see below).

HFC imports in 2018 were 7498 metric tonnes, 51% in bulk, 49% in pre-charged equipment (PCE), 20% lower than HFC
imports in 2017. This reduction is in line with Australia’s mandated HFC production and import phase down which began
on 1 January 2018. HFC imports had previously grown by 10% per year over the period 2008-2017. PFC imports in 2017
and 2018 were about 0.17 and 0.47 tonnes respectively.

Sulfur hexafluoride imports in 2018 were 12 tonnes, 37% lower than 2017 imports. Sulfur hexafluoride imports vary
significantly year-to-year. Thirty four (34) tonnes of sulfur hexafluoride were exported in 2016, presumably from a
stockpile of sulfur hexafluoride previously imported, but none exported in 2017 or 2018. Since 2012, sulfur hexafluoride
imports have totalled 132 tonnes and exports 37 tonnes, leaving 95 tonnes in Australia.

Species Bulk PCE bulk Total Total Total Imports Total Imp-Exp

Imports Imports Exports Imports Imp-Exp Mt CO2z-e Mt CO2z-e

2017 2018|2017 2018|2017 2018|2017 2018|2017 2018| 2017 2018| 2017 2018
HFC-23 3.8 0.07|0.06 8.7 0.02| 39 88| 39 88| 0.06 0.13| 0.06 0.13
HFC-32 590 620(1611 1697 | 1.4 0.09 (2202 2317 ({2200 2317 1.5 1.6 1.5 1.6
HFC-125 1761 1029 (1014 998 | 4.3 862775 2027|2770 1940 9.7 6.8 9.7 6.8
HFC-134 0.74 0.02 0.74 0.02|0.74 0.02| 0.00 0.00{ 0.00 0.00
HFC-134a 2124 1706|1048 957| 8.2 0.06|3172 2663|3163 2663 4.5 3.8 4.5 3.8
HFC-143a 1049 366| 15 11| 3.1 0.84|1063 377|1060 376 4.8 1.7 4.7 1.7
HFC-152a 25 21 0.31| 25 21| 25 21| 0.00 0.00{ 0.00 0.00
HFC-227ea 46 20|0.00 0.05|0.13 0.58| 46 20| 46 20| 0.15 0.06| 0.15 0.06
HFC-236fa 0.20 0.00 0.08 0.20 0.08| 0.20 0.08| 0.00 0.00| 0.00 0.00
HFC-245fa 38 31(0.02 0.04| 28 27| 38 31| 35 29| 0.04 0.03| 0.04 0.03
HFC-365mfc 52 34 5.1 28| 52 34| 47 31| 0.04 0.02| 0.04 0.02
total HFCs 5664 3805|3713 3692 | 25 949377 7498 |9352 7404 21 14 21 14
PFC-14 0.01 0.31|0.00 0.01 0.01 0.32/0.01 0.32| 0.00 0.00{ 0.00 0.00
PFC-116 0.05 0.06 0.02 0.10 0.02|0.10 0.02| 0.00 0.00| 0.00 0.00
PFC-218 0.00 0.04 0.00 0.04|0.00 0.04| 0.00 0.00{ 0.00 0.00
PFC-318 0.05 0.09 0.05 0.09|/0.05 0.09| 0.00 0.00{ 0.00 0.00
total PFCs 0.11 0.44(0.06 0.03 0.17 0.47|0.17 0.47| 0.00 0.00| 0.00 0.00
SFes 75 24| 12 9.6 19 12| 19 12| 0.43 0.27| 043 0.27
total HFCs, PFCs, SFs (5671 3808 (3725 3702| 25 949396 7510 (9371 7417 21 15 21 14

The National Greenhouse Gas Inventory (NGGI: ageis.climatechange.gov.au) published in 2019 contains estimates of
Australian emissions of HFC-23, HFC-32, HFC-125, HFC-134 (CHF2CHF2, not measured currently at Cape Grim), HFC-134a,
HFC-143a, HFC-152a, HFC-227ea, HFC-236fa, HFC-4310mee, PFC-14, PFC-116 and sulfur hexafluoride, up to 2017, which
form part of the National Inventory Report 2017 (DoEE, 2019). The Inventory is the Australian government submission
to the UNFCCC and which forms a part of the Australian National Greenhouse Accounts (NGA). Note the annual
emissions in the NGGI and in the National Inventory Report are for fiscal years, i.e. 2013’ emissions are emissions for
July 2012 to June 2013.

The HFC emissions (Table 3) are based on HFC import data (Table 2), as bulk HFCs or PCE, leading to an estimate of
‘banks’ of HFCs stored in equipment or products (refrigerators, air conditioners, fire extinguishers, foams, aerosols -
largely metered-dose inhalers) and appropriate application-dependent emission factors from those ‘banks’, which allow
for emissions during the lifetime of the application, as well as emissions from initial charging/re-charging of equipment
and equipment disposal.
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In the National Inventory Report 2017 (DoEE, 2019), two significant changes have been implemented for determining
Australian estimated HFC emissions. The first change is that the annual leak rates are calibrated to the CSIRO HFC
emissions estimates for all equipment types from 2006 onwards. The second change to the method is CSIRO species
data is used to modify the species percentages each year from 2006 onwards.

Australian HFC emissions were about 110 tonnes in 1995, rising to 5556 tonnes (12253 CO»-e ktonnes) in 2017. HFC-
134a emissions increased by about 65 tonnes (2%) from 2016 to 2017, all other HFCs by about 57 tonnes (2%). Emissions
of total HFCs (in CO2-e terms) in 2017 were 2% higher than in 2016.

In the Australian GHG emission inventory, PFC (PFC-14, PFC-116) emissions only arise from aluminium production, with
total PFC emissions in 2017 of 24 tonnes (0.20 Mt CO2-e, DoEE, 2019). About 0.17-0.47 tonnes of PFCs (PFC-14, PFC-
116) were imported into Australia in 2017-2018 as refrigerant blends in bulk and PCE (Table 2). It is not clear whether
these PFC imports are used to calculate corresponding contributions to PFC emissions — if they are, they are very small
compared to PFC emissions from the aluminium industry (24 tonnes in 2017, Table 3). PFC emissions in the Inventory
fell from 37 tonnes in 2012 to 24 tonnes in 2013 due to the closure of the Kurri Kurri smelter in NSW and from 24 tonnes
in 2014 to 22 tonnes in 2015 due to the closure of the Point Henry smelter in Victoria. PFC emissions in the Inventory in
2017 are about 17% lower compared to 2016. This decline is due to aluminium production decreasing by 8% and the
PFC-14 emission factor from DoEE, (2019) has also decreased (20%).

Australian sulfur hexafluoride emissions are largely (90%) from the electricity supply and distribution network, with 10%
from electrical supply equipment manufacture. Emissions (1975-2017) are estimated as leakages from sulfur
hexafluoride ‘banks’ in the electricity supply and distribution network and leakages from Australian manufacture of
electricity supply equipment, using a combination of default IPCC and Australian-specific emissions factors (DoEE, 2019).

Australian emission factors for electrical equipment stock are global IPCC default factors: 0.05 tonne (t) emitted per
year per tonne (t) of stock (1975-1995), 0.02 t/t (2000); an Australian-specific base emission factor (0.0089 t/t) has been
estimated for 2009 (DoEE, 2019) and then scaled in subsequent years by the estimates of Australian sulfur hexafluoride
emissions from Cape Grim atmospheric observations (DoEE, 2019). For 1995-2000-2009 periods, emission factors are
linearly interpolated. The 2009 emission factor (0.0089 t/t) is based on emission estimates from 15 utilities (the major
consumers of sulfur hexafluoride in Australia) using their own data on sulfur hexafluoride consumption (consumption =
emissions, not defaulting to the IPCC method). The 2016 and 2017 emission factors (after scaling by Cape Grim data)
are 0.0093 tonne sulfur hexafluoride per tonne sulfur hexafluoride banked i.e. 0.93% (DoEE, 2019).

The sulfur hexafluoride emission factors assumed for Australian equipment manufacture (0.15 t/t, 1975-1995; 0.085
t/t, 1996-2017) are IPCC default factors for Europe. The original global IPCC default factor for manufacturing (0.74 t/t)
was significantly higher and currently IPCC recommends 0.30-0.35 t/t (prior to 1995) and 0.12 t/t after 1995, both
significantly higher than the assumed Australian emission factor for equipment manufacture. These IPCC factors are for
gas insulated switchgear (GIS); higher factors are recommended for circuit breakers (0.55 t/t prior to 1995, 0.29 t/t after
1995). Circuit breakers are used extensively in the USA, GIS in Europe. The Australian inventory assumed GIS values,
presumably because Australia uses largely GIS equipment in its electricity distribution networks. Since the equipment
manufacture sector emits only 10% of Australia’s sulfur hexafluoride, total sulfur hexafluoride emissions are relatively
insensitive to the choice of emission factors for this sector. Australian sulfur hexafluoride emissions in the Inventory are
7.7 tonnes for 2017. Of the approximate 80 tonnes of sulfur hexafluoride imported into Australia since 2012, about 40
tonnes have been emitted to the atmosphere and 40 tonnes have gone into the electrical equipment bank (DoEE, 2018).

Australian sulfur hexafluoride emissions from tracer gas studies, eye surgery etc. have been estimated at 1 kg of sulfur
hexafluoride as CO2-e per person per year or a total of 1.1 tonnes of sulfur hexafluoride per year (DoEE, 2018). Thus,
total Australian emissions of sulfur hexafluoride in 2017 (electrical equipment and other uses) was 7.7 tonnes.

The quantity of sulfuryl fluoride imported each year into Australia depends, in part, on the annual grain harvest. Before
2007, Australian sulfuryl fluoride imports were significantly less than 50 tonnes per year, reaching current levels of
imports (~150 tonnes per year) by 2011-12, continuing at about this level until 2015-16, with 2016-17 imports higher
due to a record grain harvest (M. Stein, A-Gas, pers. comm.). Mihle et al. (2009) estimate that approximately 2/3 of
sulfuryl fluoride used in fumigation escapes to the atmosphere, so current Australian sulfuryl fluoride emissions are
likely to be about 100 tonnes per year (~0.5 M tonnes CO2-e), 2-3 times larger than the CO2-e emissions due to sulfur
hexafluoride (0.18 M tonnes COz-e in 2017). Globally, the reverse is the case, with the COz-e emissions of sulfur
hexafluoride (200 M tonnes, 2017) being significantly higher than for sulfuryl fluoride (15 M tonnes, 2017).

The HFC, PFC and sulfur hexafluoride contributions to total emissions from this sector are shown in Figure 3. The
significant impact on total emissions in 2005-2006 due to reduced PFC emissions (the Kurri Kurri aluminium smelter
upgrade) can be clearly seen. Prior to the significant reduction in PFC emissions at Kurri Kurri in 2005, Australian
HFC/PFC/sulfur hexafluoride emissions grew at about 12%/yr (Figure 3). After the Kurri Kurri upgrade, these combined
emissions grew at about 7%/yr. The Australian Kyoto Protocol/Paris Agreement-SGG emissions are 97% HFCs, 2% PFCs
and 1% sulfur hexafluoride.
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Year HFCs Total PFCs Total Total

134a 125 143a 32 245fa  152a  365mfc 23 227ea  236fa 134 43-10mee HFCs 14 116 PFCs ¢ HFC,PFC,SFs
Tonnes
1995 33 12 1.1 0.6 61 04 0.0 0.0 0.0 108 171 22 193 14 315
1996 145 51 4.9 2.8 0.0 1.7 0.0 0.1 0.0 205 157 20 178 13 395
1997 247 86 8.3 4.8 0.0 2.9 0.0 0.1 0.1 349 137 18 155 12 516
1998 349 122 12 6.8 0.0 4.1 0.0 0.1 0.1 494 185 24 209 11 714
1999 481 168 16 9.3 0.1 5.7 0.0 0.2 0.1 681 127 16 143 9.3 833
2000 565 198 19 11 0.1 6.7 0.0 0.2 0.2 799 143 19 162 9.3 971
2001 807 282 27 16 0.1 10 0.0 0.3 0.2 1143 201 26 227 9.6 1379
2002 1024 358 34 20 0.1 12 0.0 04 0.3 1449 193 25 218 9.9 1676
2003 1252 438 42 24 0.2 15 0.0 0.5 04 1772 188 24 212 10 1994
2004 1493 522 50 29 0.2 18 0.0 0.6 04 2113 191 25 216 10 2339
2005 1365 332 356 28 31 26 8 14 20 0.6 2180 200 26 226 8.6 2414
2006 1476 345 370 50 35 32 25 13 5.7 0.7 2353 77 10 87 8.2 2447
2007 1456 406 385 93 31 41 27 42 16 5.0 0.8 2503 65 8.4 73 7.7 2584
2008 1576 490 431 110 27 42 46 47 21 5.3 1.0 2796 50 6.4 56 7.2 2859
2009 1829 591 529 144 29 44 58 48 34 5.8 1.1 3312 40 4.9 45 6.4 3364
2010 1975 635 549 180 41 54 80 46 37 7.5 1.5 3608 32 3.5 36 6.3 3650
2011 2220 697 528 217 60 59 82 49 32 6.8 1.7 3952 35 3.8 38 6.2 3997
2012 2067 666 584 224 62 85 78 50 22 5.8 1.8 3846 34 3.7 37 6.5 3890
2013 2064 745 669 231 69 87 75 56 48 4.3 2.0 4050 22 2.4 24 6.2 4081
2014 2450 927 634 391 99 92 74 41 38 3.1 2.0 4751 22 2.4 24 6.8 4782
2015 2761 1016 664 435 116 100 81 45 41 3.4 2.2 5266 19 2.3 22 7.5 5295
2016 2901 1038 644 462 121 106 79 45 31 4.4 2.6 5434 26 2.9 29 8.2 5470
2017 2966 1061 659 473 123 108 81 46 32 4.5 2.7 5556 18 5.6 24 7.7 5588
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HFCs Total PFCs Total Total
Year

134a 125 143a 32 245fa 152a 365mfc 23 227ea 236fa 134 43-10mee HFCs 14 116 PFCs ¢ HFC,PFC,SFs
kt COz-e

1995 47 41 5.0 0.4 909 13 0.0 0.0 0.0 1004 1261 270 1531 316 2851
1996 207 177 22 1.9 0.3 5.5 0.0 0.1 0.1 414 1161 249 1410 289 2114
1997 353 302 37 3.2 0.5 9.4 0.0 0.1 0.1 705 1011 217 1228 267 2200
1998 500 428 52 4.6 0.6 13 0.0 0.2 0.2 998 1367 293 1661 240 2899
1999 688 589 72 6.3 0.9 18 0.0 0.2 0.2 1375 938 201 1139 211 2725
2000 808 691 85 7.4 1.0 22 0.0 0.2 0.3 1614 1060 227 1287 212 3113
2001 1154 988 121 11 1.5 31 0.0 0.3 0.4 2307 1484 318 1802 219 4328
2002 1464 1253 153 13 1.9 39 0.0 0.4 0.5 2926 1423 305 1728 225 4879
2003 1791 1533 187 16 2.3 48 0.0 0.5 0.6 3579 1387 297 1684 229 5492
2004 2135 1828 223 19 2.7 57 0.0 0.6 0.7 4267 1411 303 1714 231 6212
2005 1953 1163 1591 19 31 3.2 6.0 45 191 0.6 5003 1475 316 1792 196 6991
2006 2110 1209 1654 34 36 4.0 20 43 56 0.8 5167 566 121 687 186 6040
2007 2083 1422 1720 63 32 5.1 22 619 51 49 0.8 6066 480 103 583 175 6824
2008 2253 1713 1925 75 28 5.2 37 702 68 52 1.1 6859 366 78 445 163 7467
2009 2615 2068 2365 97 30 5.4 46 714 110 57 1.2 8109 299 60 359 147 8615
2010 2825 2223 2455 122 42 6.7 64 679 119 74 1.7 8611 240 43 283 143 9037
2011 3174 2438 2359 147 62 7.3 65 723 104 67 1.9 9149 255 46 301 141 9591
2012 2956 2332 2612 151 64 11 62 743 71 57 2.0 9060 250 45 295 147 9502
2013 2952 2607 2991 156 71 11 60 822 154 42 2.2 9867 163 29 192 142 10201
2014 3503 3244 2835 264 102 11 59 611 123 31 2.2 10785 163 29 193 155 11132
2015 3948 3557 2970 294 119 12 64 668 133 33 2.5 11802 143 28 171 171 12144
2016 4148 3632 2881 312 124 13 63 664 100 43 2.9 11983 189 36 225 186 12393
2017 4242 3714 2946 319 127 13 64 679 102 44 3.0 12253 135 68 203 176 12632
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Figure 3. Australian HFC, PFC and sulfur
hexafluoride emissions (M tonne CO2-e)
in the Inventory (DoEE, 2019). Note the
i impact on the reduction in emissions
due to the refurbishment of potline #1
at the Kurri Kurri aluminium smelter in
2005-2006. Dashed lines are
exponential and linear best fits.
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5 Australian HFC, PFC, sulfur hexafluoride and sulfuryl
fluoride emissions from atmospheric data

5.1 HFC, sulfur hexafluoride and sulfuryl fluoride emissions

CSIRO estimates emissions of a number of greenhouse and ozone depleting trace gases from the Melbourne/Port Phillip
region (Dunse et al., 2001, 2005; Dunse 2002; Greally et al., 2007; Stohl et al., 2009; Fraser et al., 2014b, 2016; Simmonds
et al., 2016), utilising in situ high frequency measurements from the Cape Grim Baseline Air Pollution Station in Tasmania
and employing the interspecies correlation (ISC) technique with co-incident carbon monoxide (CO) measurements or
inverse modelling (InTEM).

Port Phillip HFC, PFC-116 and sulfur hexafluoride emissions have been calculated, by ISC from Cape Grim data (2004-
2017, Krummel et al., 2014 and unpublished data) and presented as 3-year running averages (2005-2017; Table 4, Figure
4). The HFC, PFC-116 and sulfur hexafluoride emissions are derived from Port Phillip emissions, scaled to Australian
emissions on a population basis. NOAA air mass back trajectory analyses (Draxler and Hess, 1997) are used to ensure
that the pollution events at Cape Grim used to derive Port Phillip emissions are imbedded in air masses that only pass
over the Port Phillip region and do not include other possible high carbon monoxide source regions, in particular the
Latrobe Valley, or high carbon monoxide emission events (biomass burning).

The NAME particle dispersion model coupled to the INTEM inversion model (O’Doherty et al., 2009; Manning et al.,
2003, 2011; Redington and Manning, 2018) is used to calculate HFC, PFC (see below), sulfur hexafluoride and sulfuryl
fluoride emissions. NAME (Numerical Atmospheric Dispersion Modelling Environment) is a Lagrangian particle
dispersion model driven by 3-dimensional wind fields from numerical weather predictions models. For a more detailed
description of the NAME model see Appendix A.

Cape Grim sulfuryl fluoride measurements commenced in 2004, but significant pollution episodes (as selected for ISC
calculations) were not observed at Cape Grim until 2010. These pollution episodes are used to calculate SE Australian
(largely Victorian) sulfuryl fluoride emissions by ISC. Grain exported from Victorian grain terminals, or produced in
Victoria, accounts for about 10-20% of Australia’s grain production/exports (National Transport Commission, 2008;
ABARES 2018) and thus possibly 10-20% of Australia’s emissions of sulfuryl fluoride. SE Australian sulfuryl fluoride
emissions calculated from Cape Grim data by ISC are scaled to Australian emissions by this factor (i.e. multiplied by
7.0+2.1) (Table 4, Figure 4). The InTEM model domain used to derive sulfuryl fluoride emissions is
Victoria/Tasmania/New South Wales, and the scale factor used to derive Australian emissions, based on grain
production, is 2.4+0.2. Australian emissions of sulfuryl fluoride averaged about 120 tonnes/yr (573 k tonnes CO2-e) over
the period 2011-2017, some 3%-4% of global emissions (see above), similar to Australia’s fraction of global grain
production (~2%). Australian sulfuryl fluoride imports are currently around 150 tonnes per year (M. Stein, A-Gas,
personal communication).
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Regulated species

HFCs ISC (tonnes)

HFC-32

HFC-125

HFC-134a

HFC-143a

HFC-23

HFC-152a

HFC-227ea

HFC-236fa

HFC-245fa

HFC-365mfc

Major HFCs"

Total HFCs

HFCs InTEM, 2012 (tonnes)
HFC-23

HFC-152a

HFC-227ea*

HFC-236fa*

HFC-245fa%

HFC-365mfc

HFCs InTEM, 2018 (tonnes)
HFC-32

HFC-125

HFC-134a

HFC-143a

Major HFCs"

Total HFCs

ISC-InNTEM average (tonnes)
Total HFCs

ISC-INTEM mean (M tonnes CO,-e)
SFs

ISC (tonnes)

INTEM, 2012 (tonnes)

33+11
3924130
16124503
420+145
46251
31+10
16+9
23+16
36+18
10+4
2458+540
26191540

34432
31+2
1619

23+16

36+18
13+1

70+39°
277+166°
1000+386°
269+100°
161614355
1769+435°5

2194+490
5.53+1.0

68+25
29+2°

51+19
344+114
14694457
3681125
46257
32+11
1346

613
36+15
25+10
2231+485
23891490

34+32
3543
1316
613
35+£15
13+1

70+39
277+166
1000+386
2691100
16161435
17514435

2071+465
5.06+0.9

60121
2912

103+43
444+170
15924544
421+153
46+25
44+15
1747

5+2
35114
30412
2561590
27381595

34+32
41+3
17+7
5+2
34114
15+2

73154
3234194
11474536
307+130
1850+585
1996585

2368+590
5.75%1.2

38+14
3143

105+40
465+166
1496+485
409+141
4519
39+13
20+8

5+2
26£10
44116
2475535
26541535

3443
4313
20+8
5+2
25£10
16+3

89168
387+194
1421+632
360+164
2257+685
24011685

2528610
6.12+1.2

28+10
34+2

136+48
561+183
17364542
503+162
46118
4115
32412
612
28+11
55+19
2937+595
31441595

4314
68+4
32+12
6+2
28+11
47+13

129479
428+195
1474+571
379+176
2410+635
26321635

28881615
6.97+1.3

28+11
4413

129+44
456+156
14174474
394+136
33£13
39+13
27+10
5+2
29+11
58+21
23961520
25871520

4416
6915
27+10
5+2
29+11
64+10

170479
439+181
13861474
383+160
2378540
26151540

2601+530
6.20+1.1

2549
43+3

151+50
484+159
15414495
3661122
34413
40+14
22+8

5+2
42+15
57+20
2543535
27431535

5545
72+4
22+8
5+2
42+15
68+3

179473
506+155
14461357
419+145
2550+420
28131420

2778+480
6.61+1.0

2418
4412

15752
466+153
14441466
408+139
35£13
59+21
1545

4+1
43+15
54+19
2475510
26861515

55+53
72143
1545
411
43+15
68133

188+70
563+161
14041421
455+143
2610+480
28661480

2776500
6.59+1.1

2248
44+23

154+50
497+160
1373+433
4461149
37+12
58+20
32+11
31
4615
50+17
2469+490
26951490

55453
72143
32411

3+1
46%15
68433

184+79
587+191
1298+439
460152
25294510
28031510

2749500
6.72+1.1

2147
44+23

277495
6571218
17324570
449+153
29+10
65+22
27+10
2+1
70+23
52+18
3115+635
33611635

180+86
600+232
11834491
441+183
2404580
26981580

3029+610
7.09+1.3

2016
44+23

289+98
672+225
18241607
440+£150
30+10
66122
27+10
2+1
77+26
54+18
3225670
34801675

553453
72143
27+10
2+1
77+26
68433

246109
703+245
15374586
441+195
2927675
32281675

33544675
7.6411.4

23+7
44+23

266190
595+198
16594548
3704125
2619
61+20
1816

241
68123
46+15
28901605
31114605

55353
72143
1816
31
69+23
68133

298+129
741+252
18494597
450178
33381685
36221685

3366+645
7.45%1.3

2147
44+23

216+73
493+166
1416%472
3304112
28+10
60+20
1846

31
55+18
38+13
2455+520
26561520

553453
72143
1816
3+1
69123
68433

298+129°
741+2526
1849+597°¢
450+1786
3338+685
36071685

31324605
6.01+1.1

2218
44+23
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SGGs 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

ISC-INTEM mean (tonnes) 48+13 44+11 3448 3116 3617 3416 3445 3315 3315 3214 3315 32145 3315
ISC-INTEM mean (k tonnes CO,-e) 1099+303 1011258 7861187 697143 8211158 779+133 7774123 504172 490163 449+147 5144170 4691156 5091172
PFCs
total (Table 5, tonnes) 16040 146145 92435 77125 101430 91+25 99125 92+15 81+10 76115 89+15 132440 119+35
total (Table 5, k tonnes CO»-e) 12594343 1150£399 7274327 6094210 8691384 7621271 8294285 7691187 6671145 6291154 7294195 10641376 9691354
HFCs, SF¢, PFCs
total (tonnes) 24024541 22611519 24944633 2635641 30251652 27274561 2911+508 29011517 28621515 31371627 34761695 35301690 32971647
total (k tonnes CO,-e) 7890+1085 722311020 725941245 7423+1255 866511325 7738+1145 821441050 7859+1085 787311135 817111350 888511440 8981+1370 7442+1080
Unregulated species
SO,F,, ISC (tonnes) 916 815 1249 17+11 18+12 6740 85153 7143 74144 102161 10060 12675 122473
SO,F;, INTEM (tonnes) 24+37 24137 25144 27154 37156 54+54 78149 112146 137147 147+50 165+59 17767
SO,F,, ISC-INTEM mean (tonnes) 16121 16+21 19426 22433 27134 60147 82451 91+45 10546 124455 132160 152471 150170
SO,F,, ISC-INTEM mean (k tonnes CO,-e ) 821106 791104 93+131 1094163 1374170 301+235 4081255 4574223 5274228 6211277 6624298 760+354 5154307

*includes HFC-32, HFC-125, HFC-134a, HFC-143a lassumed = 2007 emissions 23ssumed = 2008 emissions 3assumed = 2011 emissions

4assumed = ISC data 5assumed = 2006 emissions 6assumed = 2016 emissions
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Figure 4. Australian HFC-32, -125, -134a, -143a, -152a, -365mfc, sulfur hexafluoride and sulfuryl fluoride emissions
(NGA, orange: DoEE, 2018; light brown: DoEE, 2019) compared to emissions calculated from Cape Grim data by
interspecies correlation (ISC, blue) and from the UK Met. Office NAME (light blue) particle dispersion/InTEM inversion
models. In the ISC calculations of HFC and sulfur hexafluoride emissions, Australian emissions are scaled from
Melbourne/Port Phillip emissions on a population basis (5.4, Australia/Port Phillip); in the INTEM 2011 calculations,
Australian emissions are scaled from Victorian/Tasmanian emissions, also on a population basis; for the INTEM 2018
inversions, Australian emissions are scaled from Victorian/Tasmania/New South Wales emissions, also on a population
basis. Also shown are Australian sulfuryl fluoride emissions from ISC and InTEM, scaled on a grain production basis.
The data shown in red are emissions from the refrigerant bank and are show in red (Brodribb and McCann, 2015).

14 | Dunseetal., 2019



SE Australian emissions of PFC-14 (CFa) are evident in the PFC-14 data collected at Cape Grim (Figure 5). Inspection of
Figure 5 shows an overall decline in intensity of PFC-14 pollution episodes due to declining emissions. The year-to-year
variability of the number and intensity of PFC-14 episodes seen at Cape Grim is large, so 3-year averaging is used when
deriving PFC emissions from these data (so the latest annual emission calculated from these data is for 2017). Detailed
analysis of these PFC-14 pollution episodes shows clearly that the Cape Grim PFC-14 pollution originates largely from
southern Victoria from the Point Henry and Portland smelters, with some contribution from Bell Bay, Tasmania (Note:
the Point Henry smelter closed in July 2014).

The Cape Grim PFC-14 pollution episode data have been used to estimate PFC-14 emissions from these SE Australian
smelters. A regional transport model (TAPM — The Air Pollution Model; Hurley, 2008; Hurley et al., 2008) is used to
calculate emissions in which PFC-14 is released into the model atmosphere from the Point Henry, Portland and Bell Bay
locations, with annual emissions that are varied, so that the resultant PFC pollution episodes seen at Cape Grim in the
model are a best-fit match to observations. The emissions are constant in any one year, varied year-by-year. Smelter-
specific emission factors are calculated from the emissions by dividing by the smelter-specific annual aluminium
production (Fraser et al., 2007, 2011).

The NAME transport and InTEM inversion models are used to derive PFC emissions from the Victoria/Tasmania/NSW
domain containing aluminium smelters at Portland, Point Henry, Bell Bay, Kurri Kurri and Tomago smelters.

86 I I I I I I 1 I I I I 1 I 1

sal Cape Grim, Tasmania a

82 .

80 / -
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b
1
1

76 I i J
74 / 4
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The TAPM and InTEM estimates of regional PFC-14 emissions are scaled to derive Australian emissions on an aluminium
production basis. For example, if the PFC-14 emissions derived for the SE Australian smelters, which account for about
35% of Australia’s aluminium production, are assumed to be representative of all Australian aluminium production, then
Australian PFC-14 emissions from aluminium production can be derived and compared to emissions in the National
Inventory Report 2017 (DoEE, 2019) (Figure 7). The emission factors and emissions calculated for the Point Henry,
Portland and Bell Bay smelters are shown in Table 5. Australian PFC-14 emission factors as reported in the National
Inventory Report 2017 (DoEE, 2019) and as derived from atmospheric measurements at Cape Grim using NAME/TAPM
(to 2011) and TAPM (to 2017) modelling are shown in Figure 6.

The Australian emissions derived from atmospheric data prior to 2006, using TAPM or INTEM (Vic/Tas) are likely to be
underestimated due to the very significant PFC-14 emissions from a single pot-line (#1) at Kurri Kurri, which accounted
for nearly half of all Australian PFC emissions from aluminium smelting in 2005. The pot-line was upgraded in 2006 and
this accounts for the dramatic drop in PFC-14 emissions from 2005 to 2006 in the National Inventory Report. The large
PFC emissions prior to 2006 are not seen in the TAPM estimates of emissions, as they are based on Bell Bay/Pt
Henry/Portland data. The NAME inversion, based on the Vic/Tas/NSW domain, uses all pollution episode data, including
any Kurri Kurri- or Tomago-affected data that may have impacted on Cape Grim (the Kurri Kurri and Tomago smelters
are located in the Hunter Valley, NSW). This is why the Australian PFC-14 estimates in 2005 (182 tonnes) based on the
NAME (Vic/Tas/NSW) emissions are significantly greater than the TAPM estimates for 2005 (95 tonnes).

In 2017, Australian PFC-14 emissions (TAPM, 90 tonnes) were about 0.6% of global emissions (14 k tonnes). The only
significant PFC-14 source in Australia is aluminium production, whereas globally both aluminium production and the
semiconductor production industry are significant sources of PFC-14 emissions.
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Figure 6. Australian PFC-14 emission
factors as reported in the National
Inventory Report 2016 (NGA: DoEE,
2018) and as derived from atmospheric
measurements at Cape Grim using
NAME/TAPM (to 2011) and TAPM (to
2016) modelling. The grey band is the
average (+1 sd) emission factor derived
from NAME/TAPM. The Kurri Kurri
emission factor is based on direct PFC-
14 measurements made at the Kurri
Kurri smelter in 2009 (Fraser et al.,
2013).

Figure 7. Australian emissions of PFC-14
as recorded in the National Inventory
Report 2017 (NGA: DoEE, 2019;
uncertainty 27%: DIICCSRTE, 2013) and
as obtained from TAPM (scaled from
Vic/Tas emissions) and NAME-INTEM
(scaled from Vic/Tas/NSW emissions)
modelling.



Refrigerant

TAPM emissions (tonnes)

PFC-14

Portland 18+3 18+4 14+4
Pt Henry 1242 11+2 10£2
Bell Bay 5+1 5+1 613
Australia 95+12 94+12 80+16
NAME emissions (tonnes)

PFC-14° 182+65 15777 68155
PFC-116 15+1 15+1 15+1
PFC-218! 9+1 10+1 1141
TAPM/NAME average emissions (tonnes)

PFC-14 138438 125+45 74435
PFC-116* 1414 1314 74
ISC emissions (tonnes)

PFC-218 743 612 9+4
PFC-318 26117 2617 26117
ISC/NAME average emissions (tonnes)

PFC-218 8+2 812 10£3
Total PFC emissions 160+40 146+45 92+35
COz-e (M tonnes) 1.26+0.34 1.15+0.40 0.73%£0.33
PFC emission factors

Portland, Victoria 52+10 52+11 4012
Pt Henry, Victoria 63112 60£11 52111
Bell Bay, Tasmania 3118 3018 32419
Australia (TAPM)® 48110 4810 41+14
Australia (NAME)® 96134 82140 35428
TAPM/NAME average 72422 65125 38421
Kurri Kurri

9+2
77+25
0.61+0.21

42+15

5149
22412
38+12
23+14
31+13

1244
9+2
3+2

69114

44+30
1943
19+3

57+22
6+2

1343
101430
0.87+0.38

16+4
91425
0.76+0.27

12+4
9+3
3+2
70+15

51431
2943
20+2

61+23
6+2

1445
155

1743
99425
0.83+0.28

40+13
45+13
19411
35+13
27+15
31+14

10+3
8+2
3+2
61+12

51+31
2943
20+2

61+128
6+1

1214
14+5

12448
92+15
0.77+0.19

10+2
8+2
4+2
5619

51+31
2943
20+2

56+9
6+1

7+2
1214

7+2
81+10
0.67+0.14

3248
42+8
19+11
3149

3149

12+3
2+0°
442
53+11

51+31
2943
20+2

53+11
5+1

8+3
10+4

8+3
76%15
0.63+0.15

39+10

3818
19411
32+10

1544

412
6315

51+31
2943
20+2

63+15
6+2

9+3
1044

9+3
89+15
0.73+0.19

18+6

12+9
10337

51+31
2943
20+2

103+37
10+4

9+3
132440
1.06+0.38
63120

63147
63147

63134

2017 2005-17 avg

11+3

1348
90433

51+31
2943
20+2

90433
9+3

9+3
11+4

9+3
119435
0.97+0.35
52+16

69143
61+29

61+29

10+3
104+27
0.85+0.28

1 Dalzell, E., Hydro Australia 2013, personal communication

2 Australian emissions scaled from Portland, Pt Henry, Bell Bay emissions by aluminium production

3 Australian emissions scaled from Portland, Pt Henry, Bell Bay, Kurri Kurri, Tomago emissions by aluminium production

4 CoF6/CF4 = 0.1, Kim et al., (2014)

5 TAPM (Portland, Pt Henry, Bell Bay average emissions)/aluminium production
6 NAME (Vic/Tas/NSW) emissions/aluminium production: NAME emissions for 2011 are based on 2010-2011 data only

7 emission factor for 2009 (Fraser et al., 2013)
8 TAPM or ISC only 2012 onwards
9 Note: Pt Henry closure in July 2014
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Figure 8 shows the Australian PFC-116 emissions from the National Inventory Report 2017, from PFC-14 emissions
(TAPM/NAME) assuming a PFC-116/PFC-14 mass emission factor of 0.10+0.01, based on atmospheric observation at
Aspendale on the Pt Henry/Portland PFC plumes and on direct measurements on the Kurri Kurri exhaust stack (Fraser
et al., 2013; Kim et al., 2014). The overall agreement is good, as expected, as the emissions are from the aluminium
industry only, with current emissions (since 2009) of about 6 tonnes/yr.

Cape Grim data also suggest that there are significant Australian PFC-218 and PFC-318 emissions, the former increasing
from about 10 tonnes in the mid-2000s to peak at 17 tonnes in 2010-2011, declining to 9 tonnes from 2015-2017 and
the latter declining from nearly 30 tonnes in 2009 to 10-11 tonnes in 2016-2017. The sources of PFC-218 and PFC-318
are unknown; there are no significant PFC-218 or PFC-318 imports recorded. The PFC-218 emissions are about the same
size as the non-aluminium PFC-116 emissions, with a similar growth pattern. This suggests their emissions may be
related.

60 — T T T T T T T T T T T T

PFC-116 (C,F;), PFC-218 (C,F;), PFC-318 (c-C,F,)

w S0F .

@

o

5 -e- PFC-116, (DE)

-Z— 40 -e- PFC-116 (NAME) .

c -e~ PFC-116 (TAPM/NAME CF,)

.g -8- PFC-218 (NAME/ISC)

é 30+ -8 PFC-318 (I5C) T

@

c

2 201 .

o

%

3

< 10 -
| | 1 1 1 | | 1 1 1 | | 1

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

As mentioned in section 4, the HFC Inventory estimates for 2006-2017 have been revised in the National Inventory
Report 2017 (DoEE, 2019). Two significant changes have been implemented for determining the HFC emissions. The first
change is that the annual leak rates are calibrated to the CSIRO HFC emissions estimates for all equipment types from
2006 onwards. The second change to the method is CSIRO species data is used to modify the species percentages each
year from 2006 onwards.

The major HFC in the Inventory (ageis.climatechange.gov.au; DoEE, 2019) is HFC-134a, with emissions in 2017 of 2966
tonnes (Table 3). Based on Cape Grim data, Australian emissions of HFC-134a in 2017 were 1416 tonnes (ISC), 52% lower
than reported in the Inventory (Table 3, Figure 4). For the 12-year period 2006-2017, the average Australian emissions
of HFC-134a calculated from Cape Grim data (ISC, 1588 tonnes/yr) are about 35% lower than the Inventory (2145
tonnes/yr; DoEE, 2019).

Cape Grim data suggest that Australian emissions of HFC-134a have grown significantly (24%) over the period 2006-
2015, but are now in decline, decreasing 22% from 2015-2017. The Inventory show increasing emissions through to
2017, with emissions growing by 100% from 2006-2017. Over the period 2006-2017, Cape Grim data suggest total HFC-
134a emissions of 20 k tonnes (ISC) compared to the Inventory total of 28 k tonnes which is a factor of 1.4 higher. This
is a big improvement from the previous report (Dunse et al., 2018; a factor of 2.3 higher). The ISC and InTEM total agree
to within 13%. The revised Inventory estimates (see section 4) better reflect the year to year variability of the use of
individual HFCs and the difference in magnitude between the Cape Grim estimates and the Inventory estimates has
been reduced. However, the Inventory estimates are still substantially larger than Cape Grim estimates for HFC-134a.
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Based on atmospheric data, global emissions of HFC-134a were 241 k tonnes in 2017 (Rigby et al., 2014 and Rigby,
unpublished data). Australian emissions are about 0.6% of global emissions based on Cape Grim data, and 1.2% based
on Inventory data.

Cape Grim ‘sees’ largely winter emissions of HFC-134a emissions from the Melbourne/Port Phillip region; this could
offer a partial explanation of the large difference between Australian emissions of HFC-134a calculated from Cape Grim
data and as reported in the Inventory.

The next major HFC emitted into the Australian environment is HFC-125 with current (2017) emissions estimated to be
about 1061 tonnes in the Inventory. Based on Cape Grim data, Australian emissions of HFC-125 in 2017 were 493 tonnes
(ISC), about 53% lower than the Inventory data. For the 12-year period 2006-2017, the average Australian emissions of
HFC-125 calculated from Cape Grim data (ISC, 511 tonnes/yr) are about 29% lower than the Inventory (718 tonnes/yr;
DoEE, 2019).

The emissions based on Cape Grim data (493 tonnes in 2017), decreased by 17% compared to 2016 emissions. Emissions
appear to have stabilised following a rapid increase in HFC-125 emissions which occurred from 2013-2015 (35%) likely
due to the popularity of HFC-125 in new air-conditioning systems as part of the refrigerant blend R410A.

Over the period 2006-2017, Cape Grim data suggest total HFC-125 emissions of 6.6 k tonnes (ISC) compared to the
Inventory total of 9.3 k tonnes, a factor of 1.4 higher. As with HFC-134a this is a big improvement from the previous
report (Dunse et al., 2018; a factor of 2.3 higher). The ISC and INnTEM total agree to within 1.6%.

Based on atmospheric data, global emissions of HFC-125 were 77 k tonnes in 2017 (Rigby et al., 2014 and Rigby
unpublished data). Australian emissions are 0.6% of global emissions based on ISC data, and 1.4% based on Inventory
data.

According to the Inventory (Table 3), the next major HFC emitted into the Australian environment is HFC-143a with
current (2017) emissions of 659 tonnes. Based on Cape Grim data, Australian emissions of HFC-143a in 2017 were about
330 tonnes (ISC), about 50% lower than the Inventory estimates. For the 12-year period 2006-2017, the average
Australian emissions of HFC-143a calculated from Cape Grim data (ISC, 409 tonnes/yr) are about 26% lower than the
Inventory (554 tonnes/yr; DoEE, 2019).

Over the period 2006-2017, Cape Grim data suggest total HFC-143a emissions of 5.3 k tonnes (ISC) compared to the
Inventory total of 7.2 k tonnes, a factor of 1.4 higher. The ISC and INTEM total agree to within 6%.

Based on atmospheric data, global emissions of HFC-143a were 30 k tonnes in 2017 (Rigby et al., 2014 and Rigby,
unpublished data). Australian emissions are about 1.1% of global emissions based on ISC data, and 2.2% based on
Inventory data. Simmonds et al. (2015) report growing USA HFC-143a emissions through 2012 (8.5 k tonnes), with no
obvious seasonality.

The emissions based on Cape Grim data (216 tonnes in 2017), decreased by 19% compared to 2016 emissions. Emissions
appear to have stabilised following a rapid increase in HFC-32 emissions which occurred from 2013-2015 (88%) likely
due to the popularity of HFC-32 in new air-conditioning systems on its own and as part of the refrigerant blend R410A.
Similarly, the largest increase (35%) in HFC-125 emissions occurred over the same period — HFC-125 also being a
component of R410a. Based on Cape Grim data, Australian emissions of HFC-32 in 2017 were about 216 tonnes (ISC),
about 54% lower than the Inventory estimate (473 tonnes). For the 12-year period 2006-2017, the average Australian
emissions of HFC-32 calculated from Cape Grim data (ISC, 170 tonnes/yr) are about 32% lower than the Inventory (251
tonnes/yr).

Over the period 2006-2017, Cape Grim data suggest total HFC-32 emissions of 2.2 k tonnes (ISC) compared to the
Inventory total of 3.3 k tonnes, a factor of 1.5 higher.

Based on atmospheric data, global emissions of HFC-32 were 50 k tonnes in 2017 (Rigby et al., 2014 and Rigby,
unpublished data). Australian emissions are 0.4% of global emissions based on ISC data, and 0.9% based on Inventory
data.
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The 2017 HFC-152a emissions have been estimated from Cape Grim data at 60 tonnes (ISC), close to 2016 emissions.
The data suggest that HFC-152a emissions may have peaked in 2015 at 66 tonnes. Estimates of HFC-152a have been
included in the Inventory for the first time this year (DoEE, 2019), with an estimate for 2017 of 108 tonnes. INTEM
emissions are available for the period 2005-2011 and average 20% higher than the ISC emissions. For the 12-year period
2006-2017, the average Australian emissions of HFC-152a calculated from Cape Grim data (ISC, 50 tonnes/yr) are about
30% lower than the Inventory (71 tonnes/yr)

The primary uses for HFC-152a are as an aerosol propellant, as an alternative to CFC-11 and CFC-12 in foam expansion
and as a component of some refrigerant blends. Imports of HFC-152a into Australia were 25 tonnes in 2017, 21 tonnes
in 2018 (Table 2), 45% lower than 2015 imports, consistent with the peak emissions in 2015 shown from the Cape Grim
data.

Over the period 2006-2017, Cape Grim data suggest total HFC-152a emissions of 0.65 k tonnes (ISC) compared to the
Inventory total of 0.92 k tonnes, a factor of 1.4 higher.

Based on atmospheric data, global emissions of HFC-152a were 55 k tonnes in 2017 (Rigby et al., 2014 and Rigby
unpublished data). Australian emissions are about 0.1% of global emissions based on ISC data, and 0.2% based on
Inventory data.

HFC-23 emission estimates are estimated in the Inventory to be 46 tonnes in 2017. The 2017 emissions have been
estimated from Cape Grim data at 28 tonnes (ISC), dropping steadily from 46 tonnes in 2006. In the 1990s, Australian
emissions were estimated as fugitive emissions from Sydney-based Australian HCFC-22 production. HCFC-22 production
ceased in Australia in 1995. HFC-23 imports averaged 0.9 tonnes per year from 2011-2016, then imports increased to
3.9 tonnes in 2017 and 8.8 tonnes in 2018. Although emissions of HFC-23 are small compared to the major HFCs (HFC-
134a, HFC-143a and HFC-125), continued emissions of HFC-23 have significant potential to contribute to climate forcing
due to its large GWP (Global Warming Potential) of 14,800.

For the 12-year period 2006-2017, the average Australian emissions of HFC-23 calculated from Cape Grim data (ISC, 36
tonnes/yr) are about 16% lower than the Inventory (43 tonnes/yr). Over the period 2006-2017, Cape Grim data suggest
total HFC-23 emissions of 0.43 k tonnes (ISC) compared to the Inventory total of 0.52 k tonnes, a factor of 1.2 higher.

Based on atmospheric data, global emissions of HFC-23 were 15 k tonnes in 2017 (Rigby et al., 2014 and Rigby,
unpublished data). Current Australian emissions are about 0.2% of global emissions based on ISC data, and 0.3% based
on the Inventory.

The origin of these Australian HFC-23 emissions is unknown. HFC-23 is a component of the R-508 series of refrigerants,
but significant imports of R-508 refrigerants into Australia have not been recorded.

RRA (M. Bennett, private communication, 2014) is not aware of any significant historical use of R-508 refrigerants in
Australia. RRA in their refrigerant reclaim operation have collected only one cylinder of R-508 from a CSIRO instrument
testing laboratory in Sydney. Thus, it is unlikely that the unaccounted for HFC-23 is from past or current use of R-508
refrigerants in Australia.

Aspendale atmospheric data on HFC-23 (unpublished) and PFC-116 (Kim et al., 2014) show very different
concentration/wind direction (so-called concentration ‘roses’) at Aspendale. The PFC-116 data show a clear, strong
maximum in the direction (W of Aspendale) of the Pt Henry and Portland smelters, confirming a largely aluminium-
production source, and essentially noise in the other wind sectors. The HFC-23 data show a significant, but small
concentration maximum in the direction NE of Aspendale (as do HFC-134a, HFC-32, HFC-125 etc.). It would appear that
HFC-23 is in the general mix of refrigerant/firefighting emissions from Melbourne, but has not been identified, in any
significant amounts, in any Australian imports.

One possible explanation is that HFC-23 (CHFs) is present in refrigerant blends as a contaminant — for example with
blends containing HFC-32 (CHzF2). It is possible that overfluorination during the production of HFC-32 could produce
HFC-23 and that the resultant refrigerant blends using HFC-32 could contain, likely small, amounts of HFC-23.

The observation that the maximum emissions (46 tonnes, 2006) occurred in the first year of measurements suggests
that peak emissions may have been pre-2006. Although global emissions of HFC-23 are on the increase (Stanley et al.,
2020), in Australia we see a steady decline in HFC-23 emissions since 2006 (about 5% per year) — if we assume this is
from an ‘old’ bank, then the current bank could be of the order of 500 or more tonnes.
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HFC-227ea is a gaseous fire suppression agent used as a replacement for Halon 1301.The 2017 emissions from Cape
Grim data have been estimated at 18 tonnes (ISC), equal to the 2016 emissions. The HFC-227ea emissions are quite
variable, ranging from 13 tonnes in 2006 up to a peak of 32 tonnes in 2009. In 2017, 46 tonnes of HFC-227ea were
imported into Australia and 20 tonnes were imported in 2018 (Table 2).

HFC-227ea emissions are estimated in the Inventory to be 32 tonnes in 2017. Australian emissions of HFC-227ea from
Cape Grim data in 2017 are about 44% lower than the Inventory data. For the 12-year period 2006-2017, the average
Australian emissions of HFC-227ea calculated from Cape Grim data (ISC, 22 tonnes/yr) are about 27% lower than the
Inventory (30 tonnes/yr).

Over the period 2006-2017, Cape Grim data suggest total HFC-227ea emissions of 0.27 k tonnes (ISC) compared to the
Inventory total of 0.37 k tonnes, a factor of 0.7 higher.

There are no INTEM estimates of HFC-227ea emissions from Cape Grim data.

Based on atmospheric data, global emissions of HFC-227ea were 4.9 k tonnes in 2017 (Rigby et al., 2014 and Rigby,
unpublished data). Australian emissions are about 0.4% of global emissions based on ISC data and 0.7% based on
Inventory data.

HFC-236fa is a clean agent fire suppressant used as a replacement for Halon 1211 in portable fire extinguisher
applications. HFC-245fa is used as a blowing agent for plastic foam insulation and is used as a replacement for HCFC-
141b. HFC-365mfc is also used as a blowing agent for plastic foam insulation and is a replacement for HCFC-141b.

The 2017 emissions for HFC-236fa, HFC-245fa and HFC-365mfc have been estimated (ISC) from Cape Grim data at about
3 (steady), 55 (declining) and 38 tonnes (declining) respectively. In 2017, 0.2, 35 and 47 tonnes of HFC-236fa, HFC-245fa
and HFC-365mfc respectively were imported into Australia (Table 2); in 2018 the imports were 0.08, 29 and 31 tonnes
respectively.

Australian emissions of HFC-236fa from Cape Grim data in 2017 (ISC, 3 tonnes) compare well with the Inventory data
(4.5 tonnes). For the 12-year period 2006-2017, the average Australian emissions of HFC-236fa calculated from Cape
Grim data (ISC, 4 tonnes/yr) also compare well with the Inventory (5 tonnes/yr). HFC-236fa imports have never exceeded
0.2 tonnes per year, but emissions have averaged 4-5 tonnes per year since 2006 — there must be unrecorded HFC-236fa
imports, perhaps from foam.

Australian emissions of HFC-245fa from Cape Grim data in 2017 (ISC, 55 tonnes) are about 55% lower than the Inventory
data (123 tonnes). For the 12-year period 2006-2017, the average Australian emissions of HFC-245fa calculated from
Cape Grim data (ISC, 46 tonnes/yr) are about 32% lower than the Inventory (68 tonnes/yr). The imports of HFC-245fa
are in decline from peak imports of 280 tonnes in 2010.

Australian emissions of HFC-365mfc from Cape Grim data in 2017 (ISC, 38 tonnes) are about 53% lower than the
Inventory data (81 tonnes). For the 12-year period 2006-2017, the average Australian emissions of HFC-365mfc
calculated from Cape Grim data (ISC, 47 tonnes/yr) are about 29% lower than the Inventory (66 tonnes/yr). The imports
of HFC-365mfc are in decline from peak imports of 250 tonnes in 2011.

The imports of HFC-245fa and HFC-365mfc are in decline from peak imports of 200-250 tonnes each in 2011. Current
emissions (ISC) of HFC-236fa and HFC-365mfc are not inconsistent with imports (total emissions 2015-2017 = 338
tonnes, total imports = 359 tonnes).

INTEM estimates of emissions of HFC-365mfc for the period 2006-2011 are about 18% lower than ISC estimates of
emissions over the same period.

Based on atmospheric data, global emissions of HFC-236fa, HFC-245fa and HFC-365mfc were 0.33, 13 and 4.7 k tonnes
respectively in 2017 (Rigby et al., 2014 and Rigby, unpublished data). Australian emissions are about 0.9%, 0.4% and
0.8% of global emissions based on Cape Grim data.
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6.9 Total HFCs

Total HFC emissions (Table 4), based on Cape Grim observations (ISC, INTEM mean) have grown from about 2200 tonnes
in 2005 to 3132 tonnes in 2017, an increase of 42%. Total HFC emissions in 2017 are about 44% lower than in the
Inventory, with the discrepancy shared fairly equally between the major HFCs. In previous reports in this series the
discrepancy between the Cape Grim data and the Inventory was due mainly to differences in the estimates of HFC-134a.
Over the period 2006-2017, total HFC emissions in the Inventory are 28% higher than total emissions based on Cape
Grim data (ISC/InTEM average).

Total HFC emissions in the Inventory in 2017 are 12.3 Mt CO:z-e, higher (around 50%) than emissions (6.0 Mt CO2-¢, ISC-
INTEM mean) based on Cape Grim data (Table 3, Table 4, Figure 9). Over the period 2006-2017, the total HFC emissions
in the Inventory are 110 Mt CO»-e, compared to 78 Mt CO2-e (41% higher) from Cape Grim data (ISC-InTEM).

Based on atmospheric data, global total HFC emissions are 493 k tonnes (Rigby et al., 2014 and Rigby, unpublished data)
in 2017. Based on Cape Grim data (ISC-InTEM), Australian emissions are 0.6% of global emissions or 1.1% based on the
Inventory data.

For the combined HFCs (-32, -125, -134a, -143a) the Australian Inventory emissions in 2015 were nearly 4900 tonnes.
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6.10 Sulfur hexafluoride

Sulfur hexafluoride emissions in the Inventory are 7.7 tonnes in 2017, 8.2 tonnes in 2016 (Table 3, Figure 4). Estimates
using Cape Grim data (ISC:Table 4, Figure 4) are 68 tonnes in 2005, decreasing to a low of 22 tonnes in 2017, an overall
decrease of about 9% per year. In CO2-e terms sulfur hexafluoride emissions have fallen by 0.59 Mt CO2-e, from 1.10 Mt
COz-e in 2005 to 0.51 Mt CO2-e in 2017 based on Cape Grim data, whereas in the Inventory sulfur hexafluoride emissions
have fallen by only 0.02 Mt CO2-e, from 0.20 to 0.18 Mt CO»-e over the same period.

Over the period 2006 — 2017, both the Inventory and Cape Grim data show that Australian sulfur hexafluoride emissions
are in decline overall (6% decline in the Inventory, 63% seen at Cape Grim), presumably reflecting the actions of
Australian electricity distributors to reduce emissions. However, the Inventory sulfur hexafluoride emissions are
significantly lower than emissions estimated from Cape Grim data; over the period 2006 to 2017 the sulfur hexafluoride
emissions in the inventory average 7 tonnes per year, about a factor of 4 lower than estimates from Cape Grim over the
same period (28 tonnes per year).

A recent inversion study, using a hierarchical Bayesian method has been used to derive Australian (and other regions)
emissions (Ganesan et al., 2014). Results show Australian emissions in 2012 of 17+9 tonnes. This compares with 2218
tonnes in 2012 (ISC data), whereas the Inventory reports 6.5 tonnes.

Based on atmospheric data, global emissions of sulfur hexafluoride were 8.9 k tonnes in 2017 (Rigby et al., 2014, Rigby,
unpublished data). Australian emissions are about 0.2% of global emissions (ISC), but < 0.1% based on the Inventory
data. It would be unusual for Australian emissions of a widely-used industrial chemical to be <0.1% of global emissions.

The Australian sulfur hexafluoride emissions from atmospheric data and in the Inventory, and sulfur hexafluoride import
data, are shown in Figure 10.
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Based on Cape Grim data, Australian sulfuryl fluoride emissions averaged 20 tonnes/yr from 2005-2009, but then
increased to 150 tonnes in 2017 (Table 4, Figure 11). Presumably this reflects a change in grain fumigation practices
away from using methyl bromide and phosphine. Global emissions were 3000 tonnes in 2017 (Rigby et al., 2014 and
Rigby, unpublished data). Australian emissions are 5% of global emissions. Australia is responsible for 3% of global wheat
production, but 10-15% of wheat exports. Sulfuryl fluoride is more closely related to wheat production (grain storage in
Australia’s interior) than to wheat export (grain storage at export ports, fumigated with methyl bromide).

In CO2-e terms, sulfuryl fluoride emissions reached 515 k tonnes COz-e in 2017, compared to 509 k tonnes CO:-e for
sulfur hexafluoride, 969 k tonnes COz-e for PFCs and 6000 k tonnes CO2-e for HFCs. In climate change terms, Australian
sulfuryl fluoride emissions are now more than 53% of the radiative forcing of PFCs, and possibly growing quite rapidly.
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Total HFC, PFC and sulfur hexafluoride emissions in CO2-e from Cape Grim data are shown in Table 4 and Figure 12. Total
Australian HFC, PFC and sulfur hexafluoride emissions in the Inventory are 12.6 M tonnes COz-e in 2017, higher (70%)
than estimates based on Cape Grim data: 7.4 M tonnes COz-e (ISC-INTEM). Over the period 2006-2017 the average
Inventory estimates are 36% higher than estimates based on Cape Grim data (ISC-InTEM). Over the period 2006-2017,
total Australian emissions of HFCs, PFCs and sulfur hexafluoride, based on Cape Grim data (96 Mt COz-e) are about 17%
lower than the same emissions in the Inventory (116 Mt CO2-e). In two categories (PFCs and sulfur hexafluoride) the
atmospheric data give higher estimates of emissions than in the Inventory. In the HFC category the atmospheric data
give lower estimates of emissions than the Inventory.

Australian total HFC, PFC and sulfur hexafluoride emissions in 2017 from Cape Grim data (3297 tonnes, ISC-INTEM) are
0.6 % of global emissions (517 k tonnes).
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CSIRO, through involvement in the international AGAGE (Advanced Global Atmospheric Gases Experiment)
program, has now measured and reported atmospheric concentrations, temporal trends and emissions for

eleven HFCs, nine PFCs, sulfur hexafluoride, nitrogen trifluoride, trifluoromethyl sulfur pentafluoride and sulfuryl
fluoride, utilizing data from the background atmosphere at Cape Grim, Tasmania. The AGAGE program involves
collaborating scientists from the USA, Australia, China, Italy, Korea, Norway, Switzerland and the UK, who operate
a global measurement network and, through a variety of modelling initiatives, estimate lifetimes and emissions of
all the significant non-CO2 GHGs, from both ozone depletion and climate forcing perspectives.

All HFCs, all PFCs, sulfur hexafluoride and sulfuryl fluoride, show increasing concentrations in the background
atmosphere at Cape Grim, which is consistent with global background atmospheric changes. Significant increases
from 2017-2018 (ppt per year) are seen in HFC-134a (6.2), HFC-125 (3.0), HFC-143a (1.7), HFC-32 (2.7), HFC-23
(1.21), PFC-14 (0.95), sulfur hexafluoride (0.36) and sulfuryl fluoride (0.11). Total HFCs are growing at 15 ppt per
year or 8% per year, total anthropogenic PFCs at 0.95 ppt per year (1.9% per year), sulfur hexafluoride at 3.9%
per year and sulfuryl fluoride at 4.9% per year.

Total global HFC, PFC, sulfur hexafluoride and nitrogen trifluoride emissions have risen from about 30 k tonnes
per year in the late 1970s to around 467 k tonnes per year in 2016.

HFC imports into Australia in 2018 were 20% lower than imports in 2017. This reduction is in line with Australia’s
mandated HFC production and import phase down which began in 1 January 2018. Sulfur hexafluoride imports in
2018 were 37% lower than 2017. Less than 1 tonne of PFCs are imported into Australia. The quantity of sulfuryl
fluoride imported each year into Australia depends on the annual grain harvest, but is currently around 150
tonnes per year.

The National Greenhouse Accounts (Inventory) reports significant Australian annual (2017) emissions of HFC-134a
(2966 tonne), HFC-125 (1061 tonne), HFC-143a (659 tonne), HFC-32 (473 tonne), HFC-245fa (123 tonne), HFC-
152a (108 tonne), HFC-23 (46 tonne), HFC-227ea (32 tonne), PFC-14 (18 tonne), sulfur hexafluoride (8 tonne),
PFC-116 (5.6 tonne) and HFC-236fa (4.5 tonne). Emissions of the majority of HFCs are increasing. The Inventory
emissions calculations for HFCs have been revised for the 2019 Inventory using CSIRO data to calibrate leakage
rates and to modify the species percentages. Emissions of PFCs (from aluminium production only) in the
Inventory have declined 72% from 2006-2017. Overall the emissions of HFCs, PFCs and sulfur hexafluoride are
increasing due to the dominant influence of HFC emissions.

Regional Australian emissions have been detected in the Cape Grim data for all HFCs, the first four PFCs listed
above, sulfur hexafluoride and sulfuryl fluoride. The emissions have been quantified using a variety of modelling
techniques, including interspecies correlation (ISC), forward modelling using the CSIRO TAPM model and inverse
modelling using the UK Meteorological Office transport model NAME and inversion model INTEM. Australian
emissions of all the major HFCs (except HFC-23) decreased from 2016 to 2017. Overall the major HFCs have
decreased by 15% from 2016-2017. Total HFCs (major and minor) also decreased by 15% from 2016-2017. It is
not yet clear why there was a substantial drop in HFC emissions from 2016-2017, as the HFC phase-down was not
yet enacted. Decreases were seen in HFC-32 (19%), HFC-125 (17%), HFC-134a (15%), HFC-143a (11%) and HFC-32
(2%).

Emissions of all the minor HFCs have been detected in the Cape Grim data. A few episodes of HFC-4310mee have
been detected, but not enough to estimate emissions. Emissions of two of the minor HFCs have decreased from
2016-2017 with HFC-245fa decreasing by 19% and HFC-365mfc decreasing by 17%. HFC-227ea emissions
remained steady and HFC-236fa emissions increased by 50%.

Total HFC emissions in 2017 from Cape Grim data are about 44% lower than in the Inventory, with the
discrepancy shared fairly equally between the major HFCs. In previous reports in this series the discrepancy
between the Cape Grim data and the Inventory was due mainly to differences in the estimates of HFC-134a. Over
the period 2006-2017, total HFC emissions in the Inventory are 28% higher than total emissions based on Cape
Grim data (ISC/InTEM average).

The Inventory shows Australian total HFC emissions continuing to grow.

Cape Grim data show total HFC emissions growing until 2016. The Cape Grim data show that total HFC emissions
were 7% lower in 2017 compared to 2016. Whether this represents some stabilization in emissions will be
resolved with further data in the next few years.
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e  Total HFC emissions in the Inventory in 2017 are 12.3 Mt COz-e, higher (around 50%) than emissions (6.0 Mt CO»-
e, ISC-INTEM mean) based on Cape Grim data. Over the period 2006-2017, the total HFC emissions in the
Inventory are 110 Mt COz-e, compared to 78 Mt COz-e (41% higher) from Cape Grim data (ISC-INTEM).

e  Qver the period 2006 — 2017, both the Inventory and Cape Grim data show that Australian sulfur hexafluoride
emissions are in decline overall (6% decline in the Inventory, 63% seen at Cape Grim), presumably reflecting the
actions of Australian electricity distributors to reduce emissions. However, the Inventory sulfur hexafluoride
emissions are significantly lower than emissions estimated from Cape Grim data.

e Australian sulfuryl fluoride emissions from Cape Grim data (ISC only) have grown rapidly from 9 tonnes in 2005
up to 122 tonnes in 2017. This presumably reflects a change in grain fumigation practices away from using methyl
bromide and phosphine to sulfuryl fluoride.

e  PFC-14 and PFC-116 emissions from the aluminium industry have been estimated using INTEM and TAPM (PFC-
116 indirectly via PFC-14). Over the period 2006-2017, PFC-14 emissions in the Inventory are in decline and are
about 50% lower than PFC-14 emissions estimated from Cape Grim data (TAPM-INTEM). Emissions of PFC-14
using Cape Grim data have been steady at about 60 tonnes for the period 2012-2015, but increased significantly
to 103 tonnes in 2016 and 90 tonnes in 2017, 5 times the Inventory estimate. The fraction of Australian PFC-14
emission seen at Cape Grim has declined significantly since the closure of the Point Henry smelter in 2014. The
2016 and 2017 increase in PFC-14 emissions is largely due to increases seen at the Bell Bay smelter. This result
will need to be confirmed when INTEM emission estimates are updated.

e  Over the period 2006-2017, PFC-116 emissions in the Inventory (assumed only from the aluminium industry) have
declined by 44% and are on average about 36% lower than PFC-116 emissions estimated from Cape Grim data
(TAPM-INTEM).

e  Cape Grim observations show that Australian emissions of PFC-218 were growing until 2011, but are now
declining, with current (2017) emissions for PFC-218 about 9 tonnes. PFC-318 emissions vary from 10-12 tonnes
over the last 5 years. There are no significant Australian imports identified for these PFCs. Globally PFC-218 and
PFC-318 are used in the electronics industry (etching), in refrigeration, in fire suppression and in medical
applications.

e  Total Australian PFC emissions (from Cape Grim data) declined from 2005 to 2008, largely driven by emissions
from the aluminium industry. From 2008 to 2017 emissions varied from 76 - 132 tonnes per year (119 tonnes in
2017). Total Australian PFC emissions from the Inventory have declined by 72% from 2006 to 2017.

e  Total Australian HFC, PFC and sulfur hexafluoride emissions, expressed as CO2-e emissions, over the period 2006-
2017 estimated from Cape Grim data (96 Mt CO2-e) are about 17% lower than the same emissions in the
Inventory (116 Mt CO»-e).

Average Australian HFC, PFC and sulfur hexafluoride emissions (tonnes) over the period 2006-2017 from the
Inventory are 36% higher than estimates based on Cape Grim data (ISC-InTEM).

e Importantly, Cape Grim data suggest that the combined Australian emissions of HFCs, PFCs and sulfur
hexafluoride, which peaked in 2009 and plateaued over the period 2009-2014 at 2900 tonnes per year, reached a
new maximum of about 3500 tonnes in 2016 and then declined in 2017 to 3300 tonnes; the Inventory shows that
emissions have continued to grow through 2017 to 5588 tonnes.
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NAME (Numerical Atmospheric Dispersion Modelling Environment) is a Lagrangian particle dispersion model driven by
3-dimensional wind fields from numerical weather predictions models. NAME has a horizontal resolution (grid boxes 40
km x 40 km) and a minimum boundary layer height of 100 m. NAME operates in a backward mode, so, for example, it
identifies, within a 3 hr period at Cape Grim, which grid boxes in the prescribed domain impact on Cape Grim in the
previous 12 days. NAME releases 33,000 particles at Cape Grim over the 3 hr period and the resultant 12-day integrated
concentrations in each of the domain boxes are calculated. Operating NAME in the backward mode is numerically very
efficient and is a very close approximation to the forward running mode, which is what is used to identify emission
sources impacting on Cape Grim. The NAME model is coupled to the INTEM inversion model (O’Doherty et al., 2009;
Manning et al., 2003, 2011; Redington and Manning, 2018)

In the inverse calculation, INTEM identifies pollution episode data at Cape Grim, and starts with randomly-generated
emission maps and searches for the emission map that leads to a modelled pollution time series that most accurately
mimics the observations. The inversion method assumes that baseline air enters the inversion domain regardless of
direction i.e. it assumes that sources outside the specified domain do not impact significantly on Cape Grim. For the
2018 InTEM inversions, emissions were calculated for the Victoria/Tasmania/New South Wales domain and, for the
2011 InTEM inversions, a Victoria/Tasmania domain was used.
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