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Abstract. Chlorofluorocarbons (CFCs) are the primary causel Introduction

of ozone depletion, and they also contribute to global climate

change. With the global phaseout of CFCs and the coming

phaseout of hydrochlorofluorocarbons (HCECs), the substiConcern about damage to the Earth's ozone layer prompted
tute hydrofluorocarbons (HFCs) are increasingly used. Whildhe signing of the Montreal Protocol in 1987, an international
CFCs were originally used mainly in applications such astreaty that has since been hailed as one of the most success-
spray cans and were released within a year after productiorf,“' environmental agreements. The halocarbons that were the
concern about the ozone layer led to reductions in rapidprimary cause of ozone loss are also potent greenhouse gases
release applications, and the relative importance of slower(Ramanathan, 1975), and reductions in emissions of these
release applications grew. HFCs are now mainly used in re9ases have benefitted both the ozone layer and efforts to re-
frigerators and air conditioners (AC) and are released ovefluce anthropogenic climate change (Velders et al., 2007).
years to a decade after production. Their containment in suc/t the time that the protocol was developed, chlorofluoro-
equipment represents banks, which are building up as procarbons were the primary halocarbons addressed, and most
duction grows. A key finding of our work is that the increases ©f the emissions of these gases occurred rapidly (within
of HFC banks represent a substantial unseen commitment t8Pout a year after production), in applications such as spray
further radiative forcing of climate change also after produc-€ans, metered-dose medical inhalers, open-cell foams, and
tion of the chemicals ceases. We show that earlier phaseougflvents (Fig. 1) (Fisher and Midgley, 1994; Gamlen et al.,
of HFCs would provide greater benefits for climate protec- 1986). Citizen actions and national regulation already led to
tion than previously recognized, due to the avoided buildupreductions in the use of CFCs in spray cans in some coun-
of the banks. If, for example, HFC production were to be tries before the protocol was signed (Andersen and Sarma,
phased out in 2020 instead of 2050, not only could about2002). By reducing production and consumption of rapidly
91-146 GtCG-eq of cumulative emission be avoided from released gases in each country, measures taken under the pro-
2020 to 2050, but an additional bank of about 39—64 G+CO tocol quickly led to further changes in emissions of CFCs,
eq could also be avoided in 2050. Choices of later phaseod{*’ith very little time lag. While CFC production is phased out
dates lead to larger commitments to climate change unlesglobally, a small amount of emission of these gases continues

growing banks of HFCs from millions of dispersed locations (S€€ Fig. 2), due mainly to release from applications where
are collected and destroyed. their use involves containment and storage, i.e., a bank of ma-

terial. The primary banks are in refrigeration and air condi-
tioning (AC) applications, from which gases are released on a
timescale of years to about a decade (medium timescale), and
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Fig. 1. Contributions of different types of applications to the emissions (mass basis) of CFCs, HCFCs, and of HFCs. The applications differ
in the delay times between production and emission (banking times; see Table 1). The CFC and HCFC emissions (AFEAS, 2009) are shown
for those years when they were used extensively and reductions in their emission were not affected much by Montreal Protocol regulations.
HFC emissions are the average of the upper- and lower-range scenarios for 2030 from Velders et al. (2009).

in closed-cell foams, from which they are released over mul-in comparison to carbon dioxide under some circumstances
tiple decades (long timescale, e.g., in building insulation).(Gschrey et al., 2011; Velders et al., 2009, 2012).
This represents a legacy, or commitment, of continued envi- CFCs used in rapid-release applications, like spray cans
ronmental impact from past production of CFCs, but its mag-and solvents, were largely replaced with not-in-kind alterna-
nitude is relatively small since so much use of CFCs occurredives right away after environmental concerns were recog-
in rapid-release applications and because production for thaized. Because of these same concerns, HCFCs and HFCs
longer timescale release applications has been in decline favere always only used in limited amounts for rapid-release
over two decades. applications. Figure 1 shows that the substitution of CFCs
Substitute processes and chemicals that replace the CFQgth HCFCs and HFCs coincided with a shift away from
have evolved in the decades since the Montreal Protocotapid-release applications to applications involving contain-
entered into force. Motivated by environmental concerns,ment, particularly refrigeration and AC (see also McCulloch
many applications now employ approaches that do not reet al., 2003). Further, environmental concerns led to tighter
quire halocarbons at all, referred to here as ‘not-in-kind’ sub-systems that increase the time the material spends in equip-
stitutions; an example is the widespread use of hydrocarbonment (e.g., by the use of improved hoses that leak less in
rather than halocarbons in spray cans today. CFCs have alsoobile AC). As a result of the shift to longer-timescale uses,
been replaced by other halocarbons. Initially, some uses oéach additional year of production in HCFCs and HFCs leads
CFCs were replaced with HCFCs, which have a reduced imto an increasing buildup in banks. The unseen and growing
pact on ozone, and now increasingly with HFCs, which docommitment to climate change from the HFCs produced but
not deplete ozone at all. The contributions of emissions ofnot yet released has not been clearly discussed or quantified,
HCFCs and HFCs to climate change depend upon their atand is the focus of this paper. In several previous HFC sce-
mospheric lifetimes and radiative efficiencies and thereby omario studies (Velders et al., 2009, 2012; Gschrey et al., 2011;
their global warming potentials (GWPs), as well as the totalIPCC/TEAP, 2005; Meinshausen et al., 2011; UNEP, 2009a)
emission and hence the abundance. The GWP is an indelsanks have been considered in the modeling approach, but
comparing the integrated radiative forcing of an emissionthe focus in discussing climate change effects was only on
of a greenhouse gas, integrated over typically one hundreémissions and radiative forcing, and the fact that the time lag
years, relative to that of emitting the same mass of carborbetween production and emissions results in a bank and as-
dioxide (see, e.g., IPCC/TEAP, 2005). Most HFCs currently sociated hidden climate impacts was not discussed.
used have relatively long atmospheric lifetimes (e.g., HFC- HFCs are among the basket of gases of the Kyoto Pro-
134a, with a lifetime of about 13 years) and GWPs in excesgocol. Since 2009, there have been discussions among the
of 1000, and are sometimes referred to as high-GWP HFCgparties to the Montreal Protocol about including the HFCs
Throughout this paper, we refer to high-GWP HFCs unlessunder this protocol as well, and limiting their consumption
otherwise noted (see Sect. 7). HCFCs are now scheduled tand production to avoid a potentially large future contribu-
be phased out globally in 2040, and are already being retion to climate change. The progression from CFCs to HFCs
placed by HFCs (as well as by a lesser amount of not-in-kindand the accompanying changes in banks create a new issue
materials and technologies). As a result, atmospheric HFGor policy design that poses several options: (i) doing noth-
concentrations are rapidly growing, by 10-15% per yearing and allowing the banks to build up and be released, caus-
from 2006 to 2010 (UNEP, 2011a). The increase in concening further climate change; (ii) taking steps to collect and
trations implies a growing contribution of HFCs to radiative destroy the banks as part of a phaseout schedule; or (iii)
forcing of climate change, which could become substantialplanning a phaseout schedule at an earlier time that avoids
the buildup of the banks. Here we show that the benefits
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: : : : of earlier HFC phaseouts will be greater than previous es-
L GWP-weighted Production ] timates, where emissions, concentrations, and radiative forc-
10k — cres | ing were considered, but not the effects of the banks remain-
HCFCs e | ing at the end of the period examined (UNEP, 2011a; Velders
etal., 2012), since actions taken sooner will avoid the buildup
of banks of these gases. Equivalent climate protection could
be achieved with later phaseout dates if the banks are col-
lected and destroyed at those times. Indeed, in some coun-
tries, banked CFCs from refrigerators and AC are already
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K cording to the delay times (banking times) between pro-
20 duction and emission. About 64 % of CFC emission in the
period just before the Montreal Protocol was signed came
from applications with short banking times, such as aerosol
0 .

propellants, cleaning agents, and open-cell foams (Fig. 1).
In addition, extensive emissive use as solvents occurred at
: : : : : that time for two additional ozone-depleting gases, methyl
L GWP-weighted Emissions ] chloroform and carbon tetrachloride. Emissive applications
100 —— crcs _ made up about 11 % of HCFC emissions in the middle of
HCFCs | the last decade, during which they were extensively used,
and are projected to make up about 6 % of the HFC emis-
sions in coming decades based on calculations from Velders
et al. (2009). The HFC emissions in the scenario of Gschrey
et al. (2011) show a very similar mix of applications with
short (about 5%), medium (about 89 %), and long (about
6 %) banking times, although their total emission levels are
about half the levels of the scenario of Velders et al. (2009)
in 2050.
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3 Scenarios of halocarbons
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Fig. 2. GWP-weighted production, bank, and emissions of halocar- 1€ CFC and HCFC scenarios used here are identical to the
bons for the period 1980 to 2100. Calculated direct GWP-weightedo@seline scenario from WMO (2011). These scenarios apply
data (100 yr time horizon) are shown for the baseline scenarios ofhe following constraints: (i) observed mixing ratios to es-
the CFCs and HCFCs (WMO, 2011) and the upper and lower rangetimate historical annual average emissions (top-down); (ii)
of the HFC scenarios from Velders et al. (2009). In these scenariopottom-up bank estimates by UNEP (2009a), if available, for
the HFC production past 2050 is constant at the 2050 level. Four adthe year 2008; (iii) reported production of halocarbons from
ditional scenarios are shown in which there is a global phaseout inyNEP (2010); and (iv) phaseout schedules of the Montreal
ErOd“CtiOE of HFCSdi” 2220' ]?030' 2040, or 2050. Thi GWPS(“SeObrotocol; see Velders and Daniel (2014) for a more exten-
ere are those used in the reference scenarios, i.e., of WMO (2011). . .
for the CFCs and HCFCs, and IPCC (2007) for the HFCs. Bive descn_phon. The bottom-up bank estlm_ates for 2(_)08 are
based on inventories of the number of units of equipment
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Table 1.Main applications of CFCs up to about 1990 and of HCFCs and HFCs currently.

Applications CFCs HCFCs HFCs
Short banking times< 1 years)
Aerosol propellant CFC-11 HFC-134a
CFC-12 HFC-152a
CFC-113 HFC-227ea
Cleaning agent (solvent) CFC-113 HCFC-141b HFC-43-10mee
HCFC-225ca
HCFC-225ch
Open-cell foam blowing CFC-11 HCFC-141b HFC-134a
CFC-113 HCFC-142b HFC-152a
HCFC-22
Medium banking times (1 to 10 y)
Refrigeration and stationary air conditioning CFC-11 HCFC-22 HFC-232
CFC-12 HFC-32
CFC-114 HFC-125
CFC-115 HFC-1344
HFC-1433
Mobile air conditioning CFC-12 HFC-134a
Fire extinguishing HCFC-123 HFC-23
HFC-125
HFC-227ea

Long banking times< 10 years)

Closed-cell foam blowing CFC-11 HCFC-141b HFC-134a
CFC-12 HCFC-142b HFC-245fa
HCFC-22 HFC-365mfc

1 Mainly used in blends.
2The largest emissions of HFC-23 occur as a byproduct of HCFC-22 production. Such emissions are not taken into account in the scenarios
discussed here.

containing CFCs and HCFCs and the amount of halocarbongost completely from closed-cell foams, while CFC-12 is
present in the equipment. In other years, the bank at the stagmitted from stationary refrigeration and AC.
of a particular year is equal to the sum of the bank in the pre- The HFC scenarios used in this study are the upper- and
vious year and production from that year, with the emissionlower-range scenarios of Velders et al. (2009). These scenar-
from that year subtracted. Historical bank sizes could also béos can be characterized as business-as-usual scenarios in the
estimated from solely historic production data and top-down-sense that they assume that the current patterns of replace-
derived emission, but banks derived this way have largement of CFCs and HCFCs with particular HFCs and other
and unknown uncertainties, because they are the result cfubstances and technologies, as observed in the past few
an accumulating difference between two numbers (Daniel eyears in developed countries, continue unchanged and will
al., 2007). Emission factors, which represent the fraction ofalso apply to developing countries. These scenarios do not
the total bank of specific 0zone-depleting substances (ODSs)onsider global regulations of technological developments
that are released each year, are derived from the ratio of then the use and emissions of HFCs, nor do they incorporate
top-down-derived emissions and the bank estimates over thehanging market conditions since 2009. They project the de-
period 1999 to 2008, and are used to calculate the depletiomand and emissions of HFCs for developed and developing
of the bank and annual emissions past 2008. These emisountries based on growth in population and economy from
sion factors are overall factors applied to the total bank 0f2010 to 2050 (IPCC, 2000). The demand in developed coun-
a specific ODS. Possible future changes in these factors argies is assumed to be proportional to the projected growth in
not taken into account in the scenario. But such changes arpopulation, and the demand in developing countries is pro-
probably small for all CFCs and HCFCs, since currently mostportional to the growth in gross domestic product (GDP). The
individual CFCs and HCFCs are emitted from a single typeper capita HFC demand in developing countries is limited to
of application. For example, CFC-11 is currently emitted al- the per capita demand in developed countries, and is deter-
mined for each type of application. The HFC demand past
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2050 is fully saturated; i.e., the demand up to 2100 is keptcontribution of the applications with long banking times in
constant at the 2050 level (see also Xu et al., 2013). AnnuaFig. 1), so uncertainties in these applications’ replacements
emissions are calculated as a constant fraction of the banlare not critical to our calculations.

These fractions (emission factors) for most HFCs are based Besides the reference scenarios, two HFC reduction sce-
on the fractions observed for the HCFCs they replace. nario sets are analyzed relative to each reference scenario.
The mix of chemicals and technologies that will be usedIn the first set of hypothetical scenarios, the production of
to replace the HCFCs are key to the HFC emissions in thesélFCs is immediately phased out in 2020, 2030, 2040, or
scenarios since the HCFCs are scheduled to be phased oR050, while in the second scenario set the banks of HFCs
globally by 2040 following the regulations of the Montreal are collected and destroyed in 2020, 2030, 2040, or 2050
Protocol. In the scenarios (Velders et al., 2009), 90 % of theon top of the production phaseout. These changes are abrupt
HCFC use in refrigeration and stationary AC applications israther than gradual and are intended as illustrative; they do
assumed to be replaced with blends of HFC-32, HFC-125n0t include economic considerations. Taken together, this
HFC-134a, and HFC-143a while 10 % is assumed to use notset of scenarios illustrates the climate benefits that could be
in-kind technologies or chemicals. Half of the HCFC use in achieved with earlier production phaseouts, the effects that
foams is replaced with HFC-134a, HFC-245fa, and HFC-doing nothing would have, and sizes of the banks that may
365mfc, while the other half is replaced with not-in-kind need to be collected and destroyed at later times should the

technologies or chemicals. A small demand for HFC-152aparties deem that to be the preferred option.
for specialty industrial aerosols is continued in the scenar-
ios. The phaseout of HFC-134a for mobile AC in Europe in
2017 is included in the scenario, while in other regions the4 GWP-weighted production, emissions, and banks
use of HFC-134a is continued unabated. In the scenarios this
mix of HFCs and not-in-kind alternatives remains constantThe potential climate effects of the transition from using
for the whole time period considered. CFCs to HCFCs and HFCs is shown in Fig. 2 in terms of
The magnitude of future production and demand are im-CO,-equivalent (C@-eq) production, emissions, and bank
portant for our calculations; an under- or overestimation ofsizes, using GWPs with a 100yr time horizon. £€Y is
them will also give an under- or overestimation of the future used as a simplified climate metric to compare different
size of the banks. These scenarios of Velders et al. (2009)juantities in terms of their integrated radiative forcing over
with their projections of production, banks, and emissions ofthis time horizon. However, it is important to recognize that
HFCs, are at the upper range of published HFC scenariossven for two emission scenarios of identical £€%, if the
Other scenarios differ because they assume different and/@mitted gases have different lifetimes, the effects on cli-
temporally changing replacement patterns of HCFCs withmate will be different at different times (Myhre and Shin-
HFCs and not-in-kind technologies, and different growth dell, 2013). For example, in the case of identical J5%9
rates for the demand and market saturation (Gschrey et alemissions, the shorter lifetimes of HFCs (compared with the
2011). However, because the Gschrey et al. (2011) scenaatmospheric residence time of @Owill result in a faster
ios display a similar mix of short, medium, and long bank- and larger short-term climate response to radiative forcing
ing time applications to those of the reference scenario ofthanges (e.g., on a 20-year time horizon) after HFC emis-
Velders et al. (2009), the relative role of the banks as a fracsions than the much longer and nearly irreversible response
tion of emissions and radiative forcing in those scenariosafter CQ emissions (Solomon et al., 2009). The projected
would be similar to that displayed here, albeit with smaller maximum GWP-weighted HFC production in 2050 is about
absolute values for banks, emissions, and radiative forcingequal to the maximum CFC production in the 1980s, while
Some other scenarios, such as several of the Representatittee maximum HCFC production is much less, consistent with
Concentration Pathways (RCPs) (Meinshausen et al., 2011these being largely used as transition compounds. The differ-
also include strong mitigation actions in line with actions on ences in maximum production of these halocarbons are in
other greenhouse gases. However, for the RCP scenarios, ipart due to differences in GWPs of the halocarbons, but are
formation on banks is not available; only emissions, mixing also the result of the use of not-in-kind (non-halocarbon) sub-
ratios, and radiative forcings have been reported. stitutes, especially for CFCs (McFarland, 1999). The large
The Multilateral Fund of the Montreal Protocol is cur- values for the HFCs in 2050 are mainly caused by growth
rently funding projects in developing countries to meet their (particularly of GDP in the developing world) in the long-
2015 target in the HCFC phaseout. In 2015, the HCFC usderm projections. Like other issues around sustainability, as
in developing countries may not exceed 90 % of the averag¢he developing world continues to develop, demand for in-
2009-2010 use. Almost all the projects currently proposeddustrial products is likely to increase rapidly.
deal with the use of HCFCs for foams. In the HFC scenarios The GWP-weighted emissions of HFCs show a very simi-
of Velders et al. (2009) and Gschrey et al. (2011) the pro-lar behavior to the growth of CFCs before the late 1980s, but
jected emissions of HFC for foams are much smaller thanthe buildup of the banks is quite different (Fig. 2 and Table 2).
the use for refrigeration and AC applications (see the 10 %The CFC banks peaked at about 25 Gy3#0 around 1990,
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Table 2. Emissions and banks of CFCs, HCFCs, and HFCs, and emissionsy,f CO

Halocarbond
Year (x) Emission Cumulative emission Bank gjémissioﬁ
(GICOr-eqyrl) (1950to x) (GtCB-eq) (GtCO-eq) (GtCO-eqyrl)

CFCs 1988 88 154 24.6 22
HCFCs 2013 1.0 19 5.6 32-37
HFCs 2020 1.2-1.5 11-12 7.5-9.0 33-42

2030 2.5-3.8 29-36 16-25 26-51

2040 4.2-6.9 61-87 29-47 16-62

2050 5.5-8.8 109-166 39-64 12-74

1 The CFC and HCFC emissions and banks are from the baseline scenarios (WMO, 2011). The HFC emissions and banks are the upper and
lower ranges of the scenarios of Velders et al. (2009).

2The CQ emissions are from fossil and industrial uses. The ranges are from the upper and lower RCP scenarios (Meinshausen et al., 2011).
3 Years with maximum emissions in the baseline scenario.

4 The cumulative CFC emissions from 1950 to 2014 are 226 Gteq

while the HFC banks are projected to have the potential tainstead of 2050, the cumulative emissions avoided would be
reach more than twice this size, about 50-80 Gi€@, at  about 91-146 GtC®eq from 2020 to 2050, while a bank
the end of the 21th century. This is another illustration of theof about 39-64 GtC&eq is also avoided in 2050, an addi-
impact of HFCs being used largely in slower-release applicational benefit to climate protection of about 40 % compared
tions, in contrast to CFCs (see also Fig. S1, Supplement). with the cumulative emissions reduction alone. This compar-
Table 2 shows that in the year of maximum CFC GWP- ison exemplifies how an analysis that, for example, just ex-
weighted emissions, i.e., 1988, the bank was about 2.8 timeamines emissions and radiative forcing time series through
the annual emission, while in 2014 when HCFC emissions2050 would understate the full climate benefits of an earlier
are projected to peak, the HCFC bank is about 5.6 times th&lFC production phaseout.
annual emission. This ratio is even larger for the projected Figure 3 presents cumulative production, emission, and
HFC emissions, greater than 6 in 2030 and 7 in 2050. banks versus time for the scenarios. Figure 3 can be com-
The GWP-weighted halocarbon banks and emissiongared to Fig. 2, and helps to show what is gained by the
shown in Fig. 2 and Table 2 are significant for climate changeavoided banks (as compared to consideration of emissions
when compared to the historic and projectedb@missions.  and concentrations only) for any choice of phaseout time de-
The CFC annual GWP-weighted emissions were about 40 %ired. The arrows on the figure show, for example, how a
of the annual C@emissions in 1988, while the CFC bank in phaseout 10 years earlier than 2050 corresponds with 60—
that year was slightly larger than the annual Gfnissions, 96 GtCGQ-eq of avoided production, of which 50-80 Gtg&O
implying that another year’s worth of G&q emission re- eq is manifested in avoided emission and 10-16 Gt&®in
mained in the bank at that time. The annual HFC emissionsa smaller bank.
in our scenarios reach up to 12 % of the upper-range annual
CO, emissions (RCP8.5) in 2050 and 75 % for the Q0e-
nario with strong mitigation (RCP3PD). In these scenarios,5; Ragdiative forcing
the HFC bank grows to 39-64 GtG@q compared with an

annual CQ emission of 12-74 GtC&eqyr* in 2050 (Ta-  The contribution of halocarbons to radiative forcing of cli-
ble 2). So, the estimated HFC bank sizes range from a factomate change depends on the product of the global average
of less than 1 to more than 5 year's worth of £€ emis-  concentrations and the radiative efficiencies (generally given
sions in 2050 for the scenarios compared here. as radiative forcing per ppt). The radiative forcings of the
The effects of possible phaseouts of HFC production inpajocarbon scenarios considered here are shown in Fig. 4
certain years are also shown in Fig. 2. The figure shows theynd Table S1 (see Supplement). The radiative forcing of the
continuing emissions that would occur after a phaseout ifcFCs peaked around 2000 and slowly decreased since then,
the banks are not destroyed: after a production phaseout, th@hile that of the HCFCs is projected to peak just after 2020.
banks decline slowly over about 20 years, as the HFCs arg, the business-as-usual scenarios, the radiative forcing of the
emitted during this period. Because of the consistently in-HFCs is projected to continue increasing throughout the 21th
creasing HFC production through 2050, the earlier the phasecentury, and may reach values of more than 0.5 ¥¢.m
out, the shorter is the period the banks can build up and the Figure 4 also shows the effects of HFC phaseouts at var-
smaller is the final bank size at the phaseout date. If, for exjous times on radiative forcing. While the HFC emissions
ample, the HFC production were to be phased out in 202Q:;ontinue for about 20 years after a production phaseout due
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g [ Cumulative emissions ] tive forcings of halocarbons are shown for the baseline scenarios of
Io) i Bank the CFCs and HCFCs from WMO (2011) and the upper and lower
g 150 |- ranges of the HFC scenarios from Velders et al. (2009). In these sce-
> narios the HFC production past 2050 is constant at the 2050 level.
% L Four additional scenarios are shown in which there is a global pro-
2 1001 duction phaseout of HFCs in 2020, 2030, 2040, or 2050, as in Fig. 2.
2 r No bank destruction is assumed. For£X@e radiative increases rel-
g 50 ative to 2000 are shown for the four RCP scenarios (Meinshausen
v r et al., 2011). The radiative forcing values for the halocarbons rep-
resent net changes from the start of the industrial era (ca. 1750) to
0 L present.
2000 2010 2020 2030 2040 2050 2060

Year

Fig. 3. Cumulative GWP-weighted production and emission and IS about half the rate of increase in g@rcing of 0.025—
instantaneous GWP-weighted bank of the HFC upper- and lower0.035 W nT2yr=1 in 2050 in the mid-range RCP scenarios,
range scenarios from Velders et al. (2009). The cumulative producillustrating how large the HFC contribution could become
tion equals the sum of the cumulative emission and the instantacompared to other forcing agents if there are no controls.
neous bank. The arrows illustrate two examples of the climate ben- With a HFC phaseout in 2020, a significant bank and accu-
efits of an earlier phaseout in terms of both avoided emissions angnylation in the atmosphere would be avoided. Their contri-
reduced banks. bution to radiative forcing then always remains small, and in
2050 it is smaller than the current forcing of HFCs of about

. _ 0.02W n12 (Velders et al., 2012).
to emission from the banks if they are not destroyed as noted

above, the HFCs continue to contribute to radiative forcing

for a further several decades, as the gases are slowly removesl Committed climate forcing of HFC banks

from the atmosphere by natural processes. For example, with

an HFC production phaseout in 2050, the radiative forcingThe buildup of the HFC banks is shown in Fig. 2, and the
decreases slowly from a maximum of 0.26—0.42 \W2nin HFC contribution to radiative forcing is depicted in Fig. 4
2054 t0 0.07-0.11 W rr? in 2100. However, this is still more  for the reference scenarios and scenarios with a phaseout
than 0.4 W n72 less than the forcing in 2100 in the scenario in production. The potential additional effects of collection
of constant production after 2050. At their peak, these ra-and destruction of the HFC banks on reductions in radia-
diative forcings are about 8-14 % of the g€rcing from tive forcing are further illustrated in Fig. 5 and Table S1.
the mid-range of RCP scenarios (RCP4.5 and RCP6) (MeinThe effect of destroying the bank is initially zero, and in-
shausen et al., 2011) (Fig. 4). While the absolute forcing iscreases almost immediately, as some of the banks would
important in determining the total amount of warming since have been released, and then decreases rapidly. If the banks
pre-industrial times, the rate of increase in forcing is im- are not destroyed, the HFCs would be emitted from them in
portant in determining the rate of transient temperature riseabout decade, and the corresponding contribution to the at-
The rate of increase in radiative forcing by HFCs in the ref- mospheric abundance would decrease according to the life-
erence scenario is 0.010-0.017 Whyr—1 in 2050, which  times of the HFCs. For example, if the bank is allowed to
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0.00 - The effects on the radiative forcing of the production
phaseout and bank destruction would be smaller when us-
ing other scenarios that have lower future HFC emissions as

N‘E -0.05 |- a reference (Gschrey et al., 2011; Meinshausen et al., 2011),
= but the previously unseen importance of the future bank can
gn be expected to be similar in a relative sense when compared
g 010 1 e bank destruction in with cumulative production.
v | 3 2050
2 3 2040
2 045 |- HEE 2030 4 7 Montreal Protocol
& N 2020
r _ . . The Montreal Protocol has controlled production and con-
2020 Radlaltlve forlcmg reclzluctlonl . sumption of ODSs. The amounts of ODSs present in banks
1980 2000 2020 2040 2060 2080 2100 have not been regulated under the protocol. Controlling pro-

Year duction and consumption was easier to carry out, and it ad-
Fig. 5. Reductions in radiative forcing from destruction of the HFC dre_ssgd key environmental effects when most of th_e use was
banks in 2020, 2030, 2040, or 2050 relative to the case with onlyem'ss've’ SO that_WhaF was produced/consumed in a given
a production phaseout in that same year. This is equivalent to th¥€ar was also emitted in the same year. We have shown here
radiative forcing contribution from the HFC bank post-2020, -2030, that this not true anymore for the HFCs now used as alterna-
-2040, and -2050 in the production-phaseout scenarios. This redudives for ODSs, because the relevant applications are much
tion plus the production phaseout gives the maximum possible mitiess emissive and banks that persist for years are significant
igation, i.e., the zero emissions scenario. The ranges correspondnd will become larger if production continues. This implies
to the upper and lower HFC reference scenarios from Velders ehew issues and considerations for policymakers if they want
al. (2009). to control HFCs using the expertise and the institutions of the
Montreal Protocol, as agreed by the more than 100 countries

grow unabated until 2050, then it reaches 39—64 GH&@in that signed the Bali Declaration in 2011 (UNEP, 2011b).

our baseline scenarios. If destroyed instantaneously in 2050 Earlier phaseouts of HFCs wouild yield benefits for climate
) . . o
the radiative forcing is reduced by 0.09-0.14 Wararound Protection that are significantly larger, about 40 % in terms of

) . . GWP-weighted emissions, than estimates based on concen-
2060 and 0.03—-0.05Wn? in 2100, relative to the scenario i - o
in which the HFCs are gradually emitted from the bank buttrat|ons and radiative forcing in 2050 alone, due to the added

in which production is eliminated. It is evident that in a sce- impact of avoided banks. Options to reduce the use of high-

i0 in which the bank destructi tart lier. the si fGWP HFCs are available for several sectors (UNEP, 2011a,
nario In which the bank cesirction Starks eariier, e size O2013) and include fiber insulation materials. Non-HFC sub-

radiative forcing. These reductions in radiative forcin Can%tances with low GWPs — such as hydrocarbons, ammonia,
9. Y and CQ — are used in some refrigeration systems. Alterna-

also be viewed as the radiative forcing that arises from thet. ; S
..., tive HFCs with atmospheric lifetimes on the order of days
post-2020, post-2030, post-2040, and post-2050 banks if th r weeks. and conseguently very low GWPs, are now ge-

ban_ks were not coIIected_and destroye_d, relative to the Scelhg introduced for foams and aerosols (e.g., HFC-1234ze)
narios with only a production phaseout in the same years.

Fiqures 4 and 5 show that the maximum reduction in ra_and mobile AC (e.g., HFC-1234yf). In the selection of possi-
_au N w ) ximu uction | ble alternative substances and or technologies for high-GWP
diative forcing is obtained with both a production phase-

. : HF he indir lim ff hat arise from the ener
out and collection and destruction of the bank. In a hy- Cs, the indirect climate effects that arise from the energy

othetical scenario where a production phaseout and banﬂsed or saved during the application or product's full life cy-
P . . P Hon p . cle need to be considered. Policymakers could also choose to
destruction occur in 2050, the radiative forcing decreas

. 2 Wi . Simit future emissions of HFCs by collection and destruction
I.rg:; ?r(()JEr,r? ttr?eZOZo(zilsc(t)'-olr?_g.azsto tér\:\gtgaer?lggiez?rmcrzltpc?r; B of banks. In that case, the accessibility of the banks is im-
2'100 the radia?[ive ?orcl:in preducel; 0 0.04-0 06V\?u i;h ' yportant. Halocarbons in foams are harder and more costly to
the p,roduction phaseou? contributing .most. of thgm::hangeconeCt and destroy than those present in refrigeration and AC
about 0.19-0.29 W r?, and the bank destruction only 0.03— applications (UNEP, 2009b), but foams make up only a small

. ko . ;
0.05WnT2. The relatively greater importance of the pro- fraction (10-15 %) of the total projected HFC bank. Also, it

duction phaseout by 2100 occurs because once productioShOUId be noted that the HFC banks are dispersed across the
is eliminated in 2050, most of the HFCs that originated from Slobe to a much greater extent than are the HFC production

the 2050 bank have been destroyed by natural processes ]éqecs"t'rt_:]e;ioa:fZCt'?ggsﬁ relative ease of adopting a capture and
the atmosphere. Without additional production from 2050 on, PP '
nothing further gets added to the bank after that time.

Atmos. Chem. Phys., 14, 45631572 2014 www.atmos-chem-phys.net/14/4563/2014/



G. J. M. Velders et al.: Growth of climate change commitments from HFC banks and emissions 4571

8 Conclusion IPCC: Climate Change 2007: The physical science basis, edited by:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av-
The Montreal Protocol entered into force in the late 1980s, eryt, K. B., Tignor, M., and Miller, H. L., Cambridge Univ Press,
when most of the regulated chlorofluorocarbon (CFC) use Cambridge, UK and New York, 996 pp., 2007.
Occurred in rap|d_re|ease app“catlons Such as Spray Cané?CC/TEAP SpeCIa| repOI’tZ Safegual’dlng the ozone Iayer and the
while current uses of the hydrofluorocarbon (HFC) substi- global climate system: Issues related to hydrofluorocarbons and
. _ perfluorocarbons, edited by: Metz, B., Kuijpers, L., Solomon, S.,
tutes for C.:FCS have shifted to applications Where the ga_ses Andersen, S. O., Davidson, O., Pons, J., de Jager, D., T., K., Man-
are contained for years, or banked, such as in refrigeration

) . : . . ning, M., and Meyer, L., Cambridge Univ Press, New York, 478
and air conditioning equipment or insulation foams. We have bp., 2005

shown that this transition has previously unrecognized policyyicculioch, A., Midgley, P. M., and Ashford, P.: Releases of re-
implications. The buildup of HFC banks represents an un-  frigerant gases (CFC-12, HCFC-22 and HFC-134a) to the atmo-
seen commitment to further climate change, also after pro- sphere, Atmos. Environ., 37, 889—-902, 2003.

duction of the chemicals ends, unless the banks are colMcFarland, M.: Applications and Emissions of Fluorocarbon
lected and destroyed. We have shown that earlier phaseouts Gases: Past, Present and Prospects for the Future, Nen-CO
of HFCs would provide greater benefits for climate change 9greenhouse gases, edited by: Van Ham, J., Baede, A. P. M.,
(by as much as 40 %) than suggested by previous estimates, Meyer, L. A., and Ybema, R., Kluwer Acad. Publ., Dordrecht,

because of reduction of the banks. Boston and London, UK, 604 pp., 1999. _ _
Meinshausen, M., Smith, S. J., Calvin, K., Daniel, J. S., Kainuma,

M. L. T., Lamarque, J.-F., Matsumoto, K., Montzka, S. A., Raper,
S. C. B., Riahi, K., Thomson, A., Velders, G. J. M., and van Vu-
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