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Introduction

Refrigeration plays an essential and growing role in the global economy, with significant
contributions made in food, health, thermal comfort and environmental protection areas.

The refrigeration sector includes refrigeration systems (as well as cryogenic systems),
air-conditioning and heat pumping systems. The total number of these systems in operation
worldwide is roughly 3 billion .

The sector is expected to grow in the decades to come, particularly in developing coun-
tries, where demand for refrigeration is rising sharply. This growth must be sustainable,
with limited impact on the environment, and climate change in particular.

In light of this, the IIR has produced this Informatory Note with the aim of evaluating the
impact that the refrigeration sector has on climate change. This evaluation is essential to
clarify the environmental issues resulting from refrigeration.

This Informatory Note first presents an estimate of greenhouse gas (GHG) emissions
related to the refrigeration sector:

e direct emissions of GHG refrigerants generated mainly by leakage or non-controlled
disposal from refrigeration systems, mainly chlorofluorocarbons (CFCs), hydrochloro-
fluorocarbons (HCFCs) and hydrofluorocarbons (HFCs);

e indirect emissions generated by GHGs produced in the generation of the energy that
these systems require to operate.

To integrate direct and indirect emissions into one single indicator, different metrics
exist, such as Total Equivalent Warming Impact (TEWI) and Life Cycle Climate Performance
(LCCP). LCCP #¢'2I" s the most comprehensive and is used here.

This Informatory Note also includes forecasts of future direct GHG emissions related to the
refrigeration sector. It particularly focuses on the potential advantages of the implementa-
tion of the recent Kigali Amendment, which plans a gradual reduction of HFC consumption
and production worldwide (see Table 1).

Estimates presented in this Informatory Note are detailed in the document “Annexes to
the 35th Note” available on the IIR website. (http://bit.ly/lIRnote)

Methodology

1.1. Direct and indirect emissions

Greenhouse gas emissions in the refrigeration sector can be divided into two groups:
direct emissions and indirect emissions.

Direct emissions occur during maintenance operations or when a refrigeration appliance
has reached the end of its lifespan, but they can also be caused by leaks during operation.
This Informatory Note focuses on the emissions of three groups of refrigerants: CFCs
(chlorofluorocarbons), HCFCs (hydrochlorofluorocarbons) and HFCs (hydrofluorocarbons)
which contribute the most to global warming, as evidenced by their high Global Warming
Potential (GWP).

It should be noted that since the early 1990s, the Montreal Protocol has regulated
production and consumption of chlorinated fluids (CFCs, HCFCs) that contribute to the
depletion of the ozone layer, with the aim to phase them out. In many applications, these
gases have been replaced by HFCs, which are also now being regulated under the Kigali
Amendment of the Montreal Protocol (see Table 1).
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Indirect emissions are generated from the production of energy required to drive refrig-
eration systems.

* The electricity generation required to operate systems (see Annex D, Annex F). CO, emis-
sions are primarily generated by the combustion of different types of fuel. Methane
(CH,) emissions are primarily generated by coal mining, and also largely by natural gas
extraction. Nitrous oxide (N,O) emissions are significantly generated by coal combustion.

* Automotive air conditioning leads to over-consumption of fuel (see Annex E) and, in turn,
generates additional CO, and N,O emissions.

e Other sources of indirect emissions exist, such as refrigerated transport and ab- and
adsorption systems that use fuel combustion as a heat source. However, in light of the
number of units in service, the emissions from these systems are negligible compared
to others (see Annex E).

In addition to direct and indirect emissions, the LCCP calculation also takes into account
emissions that result from the manufacture of materials and refrigerants, and those that
occur during decommissioning of appliances at the end of their lifespans. Based on the
data of the 32" IIR Informatory Note on LCCP %, the impact of these emissions is consid-
ered to be negligible.

Table 1: Summary of the targets of the Montreal ™ *' and Kyoto "' Protocols.

The Montreal Protocol:

« Phases out the production and consumption of CFCs by 1996 for developed countries,
and by 2010 for developing countries (London Amendment, 1990).

» Phases out the production and consumption of HCFCs by 2020 for developed coun-
tries, and by 2030 for developing countries (Montreal Amendment, 2007).

» Phases down the production and consumption of HFCs by 85% by 2036 for devel-
oped countries, and by 80 or 85% by 2045 or 2047 for developing countries (Kigali
Amendment, 2016).

The Rio Convention and the Kyoto Protocol

» Targets: “To stabilize concentrations of greenhouse gases (GHGs) in the atmosphere
at a level preventing all anthropogenic disturbances that would endanger the climate
system”.

- 6 greenhouse gases are concerned: CO, (carbon dioxide), CH, (methane), N,O (nitrous
oxide), HFCs (hydrofluorocarbons), PFCs (perfluorocarbons), and SF_ (sulphur
hexafluoride).

» The Paris Agreement is related to these 6 greenhouse gases.

Table 2 lists GHGs considered in this Informatory Note. The GWPs ® are given on a
100-year horizon, based on the lifetimes in the upper atmosphere of the different GHGs.
Direct emissions estimates take into account that CFCs, HCFCs and HFCs are not used by
the refrigeration sector only. The percentage of these gases from within the refrigeration
sector is mentioned in Annex A.
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Table 2: List of GHGs emitted by the refrigeration sector.

Substance GWP100 [6] Lifetime (in years) [6]
Direct emissions
CFC-11 4,660 45.0
CFC CFC12 10,200 100.0
CFC-115 7,670 1,020.0
HCFC-22 1,760 11.9
HCFC HCFC-123 79 1.3
HCFC-124 527 5.4
HFC-32 677 5.2
HFC-125 3,170 28.2
HFC HFC-134a 1,300 13.4
HFC-143a 4,800 47.1
HFC-152a 138 1.5
Indirect emissions
Co, 1 there is no distinctive lifetime
CH, 28 12.4
N,O 265 121

1.2. Concepts used to evaluate the impact of emissions

1.2.1. Radiative forcing

The Intergovernmental Panel on Climate Change (IPCC) defines radiative forcing!”! as the
rate of energy change per unit area of the globe as measured at the top of the troposphere,
calculated in watts per square metre. It “denotes an externally imposed perturbation in
the radiative energy budget of the Earth’s climate system. Such a perturbation can be
brought about by secular changes in the concentrations of radiatively active species
(e.g., CO,, aerosols), changes in the solar irradiance incident upon the planet, or other
changes that affect the radiative energy absorbed by the surface (e.g., changes in surface
reflection properties). This imbalance in the radiation budget has the potential to lead to
equilibrium state of the climate system” ¥, To indicate humankind’s responsibility for the
phenomenon, the year 1750, which marks the start of the industrial era, was chosen as
the reference year. Therefore, a gas that has the same radiation capacity today as it did in
1750 has a radiative forcing of 0.

While its definition and validity are accepted by the scientific community, it should be
stressed that radiative forcing is an instantaneous value since it depends on the current
atmospheric concentration of a gas which results from its past emissions and its atmos-
pheric lifetime.

To summarise, radiative forcing provides a very good indication of the impact of a gas on
climate change at a given moment, (i.e. the impact of the previous emissions at the given
moment). However, it does not estimate the total impact over time of current emissions.

1.2.2. GWP

To estimate the impact on climate change of current emissions, it would be necessary
to take climate mechanisms into account, which are still not sufficiently well-known. As a
result, it is currently very difficult to accurately predict the total impact of a gas from the
time it is emitted until its atmospheric decay.
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The IPCC" accepted the concept of GWP to compare different GHGs and to provide an
order-of-magnitude estimate of their long-term impact. GWP is a fairly simple index: it
is defined as the time-integrated global mean radiative forcing due to a pulse emission
of a mass of gas, relative to a pulse emission of an equal mass of the reference gas CO.,.

GWP takes into account the radiative forcing of a gas, its lifetime and changes in its con-
centration over time (significant uncertainties also surround this topic). In multiplying the
mass emissions of a GHG by its GWP, we obtain the CO,-equivalent of these emissions.
This unit of measure makes it possible to compare different GHGs by converting their
emissions into a common unit.

GWP has some limitations. Time horizon, which is chosen by the user, influences the
results obtained. Time horizon is generally accepted as 100 years (GWP_ ). Some oppo-
nents of HFCs object to using GWP, and opt instead for GWP_ which, according to them,
is more consistent with the average lifetime of HFCs (21.7 years) .

This Informatory Note uses GWP_  to obtain long-term estimates. Given the lifetime of
certain gases (CO, in particular), a 20-year time horizon would not be long enough. It could
also lead to overestimations of the real impact of short-lived gases **..

Furthermore, other indicators such as GTP, iGTP, and TEMP 1*% 121415161 haye been devel-
oped, but no consensus has been reached on replacing GWP 1728,

Estimating the impact of refrigeration on climate
change

2.1. Estimating the impact of past emissions with radiative forcing

As previously explained, radiative forcing estimates the impact of a gas (or gases) present
in the atmosphere at the given moment, due to its/their past emissions, and resulting
concentration in this moment.
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Figure 1: Changes in total radiative forcing of CFCs, HCFCs, and HFCs
(refrigeration sector only) from 2005 to 2015. Sources: WMO' and IPCC'",
(See Annex A, Annex B)
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Figure 1 shows that CFCs account for the majority of radiative forcing from refrigerants
(69% in 2015 —0.16 W.m™). This may seem surprising at first glance, given that CFCs have
been regulated by the Montreal Protocol since 1987, and that since 2010, their production
has been phased out in all countries (Article 5 and Non-article 5). On the other hand, this
makes sense when taking the atmospheric lifetime of CFCs into account. CFC emissions
peaked in the 1990s, but continue to form a substantial amount of the radiative forcing
budget today. However, their impact is decreasing. This clearly reveals the positive effect
of the Montreal Protocol. That being said, it is fair to assume that CFCs will continue to
account for a significant proportion of the total radiative forcing *° for many decades to
come.

In the case of HCFCs, a slight increase in radiative forcing values can be noted. It is
expected to stabilise in 2020, before decreasing thereafter*?, as a result of the Montreal
Protocol phase-out schedule and due to their relatively short lifetimes (around 10 years).

For the moment, the radiative forcing impact of HFCs can be considered relatively small.
However, it is important to note that the radiative forcing of HFCs has increased by a factor
of 2.7 in less than 10 years, and would continue to increase due to the replacement of CFCs
and HCFCs. This illustrates the importance of the Kigali Amendment to phase-down HFCs.

In 2015, as shown in Figure 1, direct emissions had a total radiative forcing of 0.23 W.m>.
In contrast, indirect emissions had a total radiative forcing of 0.14 W.m? (see IIR esti-
mates in Annex B). It is therefore apparent that past direct emissions had a larger impact
on climate change in 2015 than past indirect emissions.

Based on these estimates, another figure worth noting is that in 2015, 12% of total
atmospheric radiative forcing is attributed to the refrigeration sector. While this data
is relevant to quantify the impact of past emissions, it does not at all reflect the impact of
current and future emissions. This factor is discussed in the following section.

2.2. Estimating the impact of current emissions with GWP

2.2.1. Global emissions

The purpose of this section is to quantify the total impact of all current emissions being
generated by the refrigeration sector. Here, GWP_ s used to convert the emissions of
different gases into a common scale of CO,-equivalents. In the following, and unless oth-
erwise specified, all emission estimates are yearly values.

Itis important to compare the direct (CFCs, HCFCs and HFCs) and indirect (primarily CO,)
emissions generated by the refrigeration sector to assess its impact on climate change.

The graphs below, based on IIR estimates (see Annex C), show that the direct emissions of
the refrigeration sector are equal to around 1.53 GtCO?eq, or 37% of the total emissions
of the sector.
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Figure 2: Emissions of different GHGs in 2014 and disribution of each
(refrigeration sector only). These graphs represent emissions from the
refrigeration sector only. (See Annex A, Annex C, Annex D, Annex E, Annex F)

In 2014, HFCs and HCFCs generated roughly the same amount of emissions (0.6 GtCO,eq).
Current trends now show a decrease in HCFC emissions % as a result of the Montreal
Protocol, and an increase in HFC emissions ?*. Since HFC regulations implemented in
several countries are recent, their impact is much smaller. When it comes to CFCs, their
total emissions are 0.31 GtCO,eq, which is a 96% decrease from emissions levels in the
beginning of the 1990s .
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Indirect emissions generated by energy produced for the refrigeration sector are equal
to around 2.61 GtCO,eq, or 63% of the total emissions of the sector (see IIR estimates
in Annex D, Annex E, Annex F).

The highest indirect emissions are those generated by the electricity production for the
refrigeration sector: total indirect emissions total of 2.37 GtCO_eq (CO, ****: 2.10 GtCO,eq;
CH, 1##2%2¢:0.24 GtCO,eq; N,O??1: 0.02 GtCO,eq). Consumption of fuel****”! due to the
use of automotive air conditioning is significant, since it accounts for 9.3% of total indirect
emissions (0.24 GtCO,eq).

Overall, 4.14 GtCO,eq, representing 7.8% of global greenhouse gases emissions, are
attributed to the refrigeration sector.

2.2.2. Regional emissions

In this section, we provide estimates of regional and national greenhouse gases emissions
generated by refrigeration use. We based these estimates on data from the regional and
national reports to the UNFCCC ?¥) within the framework of the Kyoto Protocol and from
specific studies on certain countries (see Annex G).
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Figure 3: GHG emissions in different countries and regions (refrigeration sector
only) in 2014.

China?%3:3% 22 and the USA®***** generate the most GHG emissions, at 1000 MtCO_eq
and 750 MtCO _eq respectively (Figure 3). This accounts for nearly 43% of global emissions
from the refrigeration sector.

The European Union ¢ the second largest economic zone (in terms of gross domestic
product (GDP)) in the world after the United States, generates 2.6 times less GHG emissions
than the USA, despite having a larger population.

Another finding worth noting is that India ***] the second most populated country in
the world, has relatively low emissions at only 180 MtCO,eq. This demonstrates the lack
of widespread refrigeration in the country to date. But these emissions are expected to
rise in the near future due to a large increase in demand for refrigeration.

In order to better understand refrigeration use and the resulting emissions, it is helpful
to analyse per capita emissions (Figure 4).
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Figure 4: GHG emissions per capita in different countries and regions
(refrigeration sector only) in 2014.

Among the countries studied, Qatar’s refrigeration sector generates the most per capita
GHG emissions, with 4500 kgCO,eq per capita'”*.. Next is the USA with 2300 kgCO_eq per
capita. These figures show the impact of warm climates on refrigeration needs, particularly
air conditioning, and of the energy sources currently used for electricity production.

Itis important to note that in the case of China, as opposed to the other countries included
in Figure 4, a significant portion of the population has limited access to refrigeration
technologies. This is especially true for those living in rural zones. This explains China’s
relatively low per capita emissions figure. In the case of Europe and Russia, per capita
emissions figures are relatively similar, at approximately 550 kgCO, per capita.

We can also note that the ratio of direct to indirect emissions varies fairly significantly
from country to country. When looking at European countries, this variation is striking.
In Germany *°!, where the majority of electricity production comes from fossil fuels, indi-
rect emissions account for 75% of GHG emissions from the refrigeration sector. On the
other hand, in France **, a country that relies primarily on nuclear energy for electricity
production, indirect emissions account for only 39% of these emissions. In Iceland, where
electricity is produced almost exclusively from renewable energies, this figure is even
lower at just 6% 1.

These figures reflect the situation in 2014, which can differ from the more recent past
(for instance in Japan 1?®! following shutting down the nuclear plants due to the 2011
earthquake) and could change in the near future.

2.3. Emissions forecasts

This section aims at predicting future emissions trends in the refrigeration sector, and,
specifically, to assess the impact of the Kigali Amendment on these trends. This is done by
comparing emissions trends — while taking the implementation of the Amendment into
account — with baseline (business-as-usual) scenarios developed by Velders et al. ), in
which the Kigali Amendment is not taken into consideration. These scenarios are based
on several different socio-economic models.
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Figure 5: Evolution of HFC emissions (refrigeration sector only) with (blue
curve) or without (red area) the implementation of kigali Amendement.

Figure 5 shows that without the implementation of the Kigali Amendment, the HFC
emissions from the refrigeration sector would rise to between 3 and 4 GtCO_eq**!in 2050.
However, according to IIR estimates, if the Kigali Amendment is implemented, the HFC
emissions will only amount to approximately 0.7 GtCO,eq in 2050, after having peaked
around the 1.5 GtCO,eq mark at the end of the 2020s.

In total, over the 2015-2050 period, this represents a 44% to 51% decline in cumulative
HFC emissions. With the Kigali Amendment, we will arrive at a cumulative total of emis-
sions of 39 GtCO,eq. Without the Kigali Amendment, the total would rise to between 70
and 80 GtCOeq.

Figure 5 clearly illustrates the magnitude of benefits the Kigali Amendment would bring
to the climate in the next decades.

It is also useful to forecast the direct emissions trends for all refrigerants (CFCs, HCFCs
and HFCs) that are used in the refrigeration sector.
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Figure 6: Evolution of CFC, HCFC and HFC emissions (refrigeration sector only)
following the implementation of Kigali Amendment. (Annex H)
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The initial significant finding in Figure 6 forecasts (refrigeration sector) is the drop in
refrigerants emissions in 2050 compared to 2015. In fact, emissions drop from 1.5 GtCO,eq
in 2015 to 0.7 GtCO_eq in 2050. This decline can be traced back to the effectiveness of
the Montreal Protocol and its various amendments.

It must be emphasised that without the implementation of the Kigaliamendment, global
refrigerant emissions would continue to rise.

It should also be noted that, at the signature of the Kigali Amendment, many organisations
and political leaders suggested that the planned regulation of HFCs, once effective, would
prevent the global average temperature increasing by up to 0.5 °C7-% % by the end of
the century. This is to be compared with the target of the Paris Agreement, which is to
“keep the increase of global average temperature to well below 2 °C above pre-industrial
levels”. 1" The 0.5 °C figure actually came from a publication that dates from 2013, in
which the authors estimated that without regulation, HFC emissions could contribute
to a rise in average temperatures between 0.35 °C and 0.5 °C by 2100. In addition, the
publication was based on a controversial study from 2009 “?, which overestimated future
HFC emissions.

Currently, several scientists > *“) now estimate that, without regulation, the maximum
impact of HFCs on the global average temperature would be a rise between 0.1 °C and
0.3 °C by 2100. The Kigali Amendment should, then, allow a temperature reduction in
this range (and not a reduction of 0.5 °C).

Conclusion

Estimates included in this Informatory Note indicate that 12% of global radiative forcing
is currently attributed to the refrigeration sector (including refrigeration systems as well
as air-conditioning, heat-pumping and cryogenic systems). While this indicator may be
useful in quantifying the impact of past emissions, it does not reflect the impact of current
and future emissions.

To estimate the impact of emissions from the refrigeration sector on climate change, we

have chosen to use 100 year horizon (GWP_ ).

Based on these values, the refrigeration sector accounts for 7.8% of global GHG emis-
sions (based on 2014 estimates).

Indirect emissions account for 63% of these GHG emissions. Direct emissions from
GHG refrigerants account for 37%, although these figures vary from country to country
and change over time.

Regarding direct emissions, it is important to continue the successful initiatives of the
Montreal Protocol on CFCs and HCFCs. In addition, controlling emissions of high GWP HFCs
is now a priority “>“*I notably under the Kigali Amendment !,

According to IIR estimates, the implementation of the Kigali Amendment will reduce
overall global HFC emissions by 44% to 51% between 2015 and 2050 (compared with a
regulation-free scenario) 1%,

It is important to underline the fact that by regulating the use of HFCs, the Kigali
Amendment will prevent a substantial increase of average temperatures between 0.1 °C
and 0.3 °C by 2100. It should be noted that the frequently referenced figure of 0.5 °C is
an overestimate. This result must be put into perspective with the objective of the Paris
Agreement, which is to limit the rise in global average temperature to well below 2 °C
above pre-industrial levels.

11
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Today, there are many alternatives to high-GWP refrigerants > *”) with comparable or supe-
rior energy efficiencies that can help reduce direct emissions. Examples include ammonia,
CO,, hydrocarbons and HFOs. It should be taken into account, however, that these alterna-
tive refrigerants may present certain disadvantages and safety risks such as flammability,
toxicity, and high working pressure. Such disadvantages and risks should be considered,
from the design of refrigeration facilities to the training and certification of operators.

Alternative technologies to mechanical compression, without refrigerants, can also be
developed and have a positive impact.

Indirect emissions, which are predominant, are mainly influenced by two factors:
e the energy efficiency of refrigeration systems;

e the primary energy required to produce electricity (coal, oil, gas, nuclear energy, renew-
able energy, etc.) and the efficiency of the transport of electricity.

While the potential to improve energy efficiency is ultimately limited by the laws of ther-
modynamics as well as cost-related constraints, it remains very important to seek further
efficiency increases through research and technical innovations. Solutions to limit energy
losses can still be implemented, such as energy recovery systems or better insulation.
Another significant potential is in the rational use of air conditioning and smart control
strategies, e.g. selecting comfortable temperatures that are not too low in summer, while
avoiding unnecessarily cooling empty rooms.

When it comes to primary energy sources, the potential to reduce emissions is much
higher. However, this depends very little on the refrigeration sector itself, and much more
on national energy policies. Electricity production from fossil fuels must be reduced.

The nature of the gases emitted means that the reduction of direct emissions and that of
indirect emissions will have different consequences for climate change. Nevertheless, they
are linked. In fact, contrary to HFCs and HCFCs, which have a lifetime in the atmosphere
of some twenty years, CO, has a lifetime of several centuries, and plays a role in many
climate mechanisms ™% Although reducing the direct emissions of these gases will have
a substantial positive impact on the short and medium term, regulating CO, emissions
would have an impact on a longer term.

The world’s first priority in combating climate change should be to reduce CO, emissions.
Here, the refrigeration sector has a role to play by producing systems that are more energy
efficient. Efforts to reduce direct emissions must be pursued vigorously and must not be
neglected as they will play an important part in the limitation of global warming.

12
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Recommendations

Taking into account the growing demand for refrigeration, including air conditioning, par-
ticularly in developing countries, use of this technology is expected to develop considerably.
The initiatives that have been undertaken to reduce GHG emissions must be followed to
limit this technology’s impact on climate change.

With regard to direct emissions (37% of the sector’s total emissions), the IIR encourages
governments and the different actors in the sector to cooperate to make the Kigali Agree-
ment a success. The IIR also recommends that HCFC and HFC refrigerants, which have a
high impact on global warming, are replaced with refrigerants that have a low impact on
global warming as soon as possible. Efforts are also needed in containment and recovery,
particularly for alternative refrigerants with a significant impact on global warming or
presenting a safety risk (flammability, toxicity).

The sector’s indirect emissions (63%) have the strongest impact on the climate. Govern-
ments must encourage the use of renewable energy and promote energy efficiency at all
levels of the economy, as well as educational programs on the rational use of energy. It
remains essential to continue research and development of alternative refrigerants and
alternative refrigeration methods to achieve high energy efficiency and cost effectiveness
of these novel technologies.

Thanks to its various scientific conferences, publications and international network of
experts, the IR will play a leading role in these initiatives to limit global warming and
promote sustainable development.
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