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The replacement of R22 in the commercial and industrial refrigeration and
air conditioning sector poses a big challenge for developing countries when
designing and implementing the accelerated HCFC phase-out. This collec-
tion of articles was compiled to highlight that natural refrigerants may be
applied in various systems which previously used R22 and that they have
proven to be energy-efficient, economically feasible and environmentally
friendly replacements to HCFCs. 
The handbook contains 31 articles by individual authors covering the follow-
ing issues: policies and legislation on F-gases and related issues (Part 1),
safety concerns and means to overcome (Part 2), a technical assessment of
natural refrigerants in different applications (air conditioning, commercial
and industrial refrigeration and heat pumps) (Part 3), and case studies by
manufacturers and end-users providing insights into market developments
and examples of successful conversions to natural refrigerants (Part 4).
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It is now common knowledge that the Montreal Protocol in its effort to phase out the
use of ozone depleting substances, especially CFCs, also alleviated the growing climate
problem significantly. Some say the world was given a grace period of 10 years in which
to react to the potentially cataclysmic effects of climate change. It could have been
done even better – if a big chance presenting itself in the mid 1990s would have been
taken instead of being missed. At that time there was for example an opportunity to
convert the household refrigeration technology directly from CFCs to hydrocarbons,
which have no adverse effects on the ozone layer and the climate, and which were
already well known and available at that time. German hydrocarbon based “Greenfreeze”
technology (the name given by Greenpeace) using hydrocarbons as refrigerant and
also to produce the insulation foam was transferred first to the Chinese refrigerator
manufacturer Haier in a partnership between the US-Environmental Protection
Agency, the German Ministry for Economic Cooperation and Development through
GTZ-Proklima and Greenpeace. Soon afterwards the Swiss-Indo-German ECOFRIG
project introduced this technology to the Indian refrigerator company Godrej. 
Unfortunately, these conversions never became a trend outside Europe, mainly due to
misinformation about the alleged dangers of natural refrigerants. This continues to this
day and at this juncture, just after the adjustment of the Montreal Protocol to achieve
an early phase out of HCFCs, the last major group of ozone depleting substances with
high global warming potential, we might miss another opportunity unless we are
watchful. 
Haier and Godrej continued and increased their production of hydrocarbon based
refrigerators which have a superior performance. Several other companies followed suit.
Fortunately, some manufacturers, while mainly producing equipment based on HCFC
and HFC refrigerants with high Global Warming Potential, still persisted to use and
improve natural refrigerant technology. Carefully avoiding the noise of deliberate and
unjustified bad publicity, a small but significant number of local and international
companies decided quietly to adopt the concept of natural refrigerants anyway. They
convinced themselves that the technology is not only better, from a physical and envi-
ronmental point of view, but that the issue of “safety”, by all reasonable interpretations
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of this term, need not be compromised. Most importantly for cost conscientious busi-
nesses, using natural refrigerants actually helps to save money through improved energy
efficiency and reduced servicing costs. Today Haier is the largest refrigerator manu-
facturer in China and already 80% of Chinese domestic refrigerator production is
based on hydrocarbon technology.
The big challenge for the coming years is to establish natural refrigerant technology
to substitute HCFCs in air conditioning and commercial refrigeration applications.
In recent years, some of the largest companies in the retailing, food and beverage sec-
tors in Europe and Australia started to convert their commercial refrigeration systems
to natural refrigerants.They now actually advertise their use of natural refrigerants to
signal corporate responsibility to their customers. 
In September 2007 the Parties to the Montreal Protocol reached consensus on the
early phase out of HCFCs. Because of economic growth and increasing wealth the
sharply growing volume of these substances threatens to off-set the successes reached
so far through the implementation of the Montreal Protocol. This is not only the case
with regard to their detrimental effect on the ozone layer. Equally important, their
high global warming potential rapidly offsets the climate benefits achieved through
the phase-out of CFCs. The decision of the Parties to the Montreal Protocol, while
primarily focusing on the ozone depleting potential of HCFCs, recognized the neces-
sity to take into consideration the climate effects of the replacement technologies. In
the refrigerant sector two mature technologies, fluorinated refrigerants (HFCs) with
their high global warming potential as well as environmentally friendly natural refriger-
ants (hydrocarbons, ammonia and CO2) are available. However, HFCs still dominate
the market outright and natural refrigerants, despite their superior properties, still 
remain in the shadows, largely because exaggerated safety concerns have not been
addressed properly. But if HFCs will replace HCFCs in any substantial manner, the
climate benefits of the Montreal Protocol will be lost within a short period of time. 
The adjusted Montreal Protocol clearly calls for environmentally superior replacements
of HCFCs in order not to squander already attained and further achievable climate
benefits. Because of this, this book became possible. And because of the rapidly deteri-
orating global climate this book became a necessity. The world simply cannot afford
to lose this opportunity a second time. 
This publication attempts to provide information and guidance to decision makers in
developing countries, both in government and the private sector. It demonstrates which
ozone- and climate friendly alternatives to fluorinated refrigerants are available in the
market and why and how they should be applied. We are aware of the wide audience
with varying interests and information needs and hope to provide thorough opinions
from authoritative experts and convincing examples of operational refrigeration sys-
tems with natural refrigerants. Everyone concerned with the replacement of HCFCs
through sustainable technologies will find a wealth of knowledge on many aspects
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relevant to their current work, which will enable them to take an informed decision.
The publication covers the main areas to be considered when planning for an early
HCFC phase out and conversion to natural refrigerants: policies and legislation regard-
ing fluorinated refrigerant gases and appropriate alternatives, safety issues associated
with flammable or toxic refrigerants, assessment of the performance of natural refriger-
ants in different applications and environments, actual examples, case studies and
market developments. The information was provided by professionals whose integrity
and authority is immaculate. In our quest to contribute to the welfare of future gener-
ations we are very grateful to them.



The Montreal Protocol and the Kyoto Protocol are two global environmental agree-
ments with a common objective: to protect Earth’s atmosphere from the adverse
effects of human actions. Although the Montreal Protocol has already largely secured
its status as a success story, we still have to cope with the challenges resulting from cli-
mate change. We are only in round one of a long fight. 
Climate change is an alarming, global environmental problem. Melting polar icecaps
and glaciers, rising sea levels and entire coastlines under threat are just a few of the
issues that we are facing. Other consequences include an increase in global weather
extremes, droughts and floods, environmental migration, food shortages and species
extinction. The atmosphere is responding unmistakeably to human-induced global
warming, with disastrous damage to the economy and society as a result. 
The Kyoto Protocol is the first internationally binding agreement to cut greenhouse
gas emis-sions – albeit just in parts of the industrialised world. The main focus is car-
bon dioxide (CO2) emissions from the burning of fossil fuels such as oil, gas and coal.
However we need far more ambitious commitments in order to avert the disasters that
are threatening people and the environment. Catastrophic economic and ecological
consequences are foreseeable if warming exceeds 2 °C. We must take immediate ac-
tion and halve global greenhouse gas emissions by 2050 if we are to limit global war-
ming to 2 °C. To do so, we must not only focus on preventing carbon dioxide emis-
sions but also keep an eye on other Kyoto Protocol gases, including fluorinated gases. 
We pay a high price for our often ineffective approach to handling scientific findings.
This is exemplified by the failure to take resolute action to protect Earth’s climate over
the last 20 years. For instance, we had real indications as early as 1987 of a strong likeli-
hood that Earth’s atmosphere would warm by 3 °C, as the IPCC has now confirmed.
In the case of the Montreal Protocol, it took 13 years for Cruitzen, Rowland and
Molina’s 1974 scientific findings to be translated into political action.
In September 2007, the community of states celebrated the 20th anniversary of the
Montreal Protocol on Substances That Deplete the Ozone Layer. The Montreal Pro-
tocol sparked unparalleled innovative progress, via intermediate steps, away from sub-
stances with high ozone depletion potential towards alternative substances and pro-
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were laid for finding a follow-up to Kyoto by 2009. These rules would cover the
period after 2012 and aim to limit Earth’s warming to a maximum of 2 °C. For this
to happen, on the one hand, industrialised countries – the main contributors to global
warming – must be required to take the radical reduction measures needed. These
measures are within reach with today’s technologies. On the other hand, effective cli-
mate protection necessitates involving newly industrialising countries in an appropriate
manner. Therefore we must also develop sustainable technologies and make them avail-
able to all countries so that they can contribute towards climate protection.  
At the end of a three-day visit to China at the start of 2008, Germany’s Environment
Minister Sigmar Gabriel said: “Like Germany, China is investing heavily in energy
efficiency and the expansion of renewable energies. We should support these policies
not only with regard to global climate protection but also because of the opportunities
this entails for export.” This applies to newly industrialising and developing countries
alike. Germany will thus provide further financial support in addition to its contribu-
tion to the Montreal Protocol’s Multilateral Fund.
Germany is prepared to make a disproportionately large contribution towards climate
protection and lead the way for the rest of the world. This role will involve close
cooperation with newly industrialising and developing countries and their support to
attain climate protection goals. This process will include replenishing the Multilateral
Fund to a level that will allow the Montreal Protocol’s Article 5 countries to implement
the Montreal decisions with regard to the climate change aspect, as well.  The German
Government’s resolution on an “Integrated Energy and Climate Programme” sent a clear
signal about the path that we should follow. This programme comprises 29 points and
should become a model for industrialised countries. In this way, we are sending out an
important message for the international negotiations: climate protection pays. One point
in this programme addresses the reduction of fluorinated greenhouse gas emissions.
Promoting energy efficiency and eliminating fluorinated greenhouse gases are two of
the challenges that we must face together. The German Government is planning to
earmark the proceeds from the sale of emissions certificates, an estimated € 400 mil-
lion in 2008, for programmes to promote climate protection as part of these efforts.
This programme will also have a strong international orientation. The measures need-
ed to limit climate change represent significant challenges for the world’s population,
yet also offer major opportunities for particularly innovative and climate-friendly
technologies and products. That is the way forward. Innovation necessitates dialogue
between business, society and politicians, together with dialogue between industrial-
ised and developing countries. 

cesses without a negative impact on the ozone layer. The next stage will focus on
reducing the climate impact of these alternatives. Solutions addressing both concerns
have not yet been implemented in all areas. One positive example is the use of hydro-
carbons in household and commercial refrigeration appliances. It has been almost 15
years since Germany pioneered the environmentally-friendly hydrocarbon fridge around
the world. We must now expand the use of these substances to other refrigerant appli-
cations, too. Alternative technologies have also been developed for foam blowing, aer-
osols, solvents and fire fighting agents that have a much lower impact on our climate.
Germany’s experience of phasing out ozone-depleting substances demonstrated that
industry needs plenty of warning in order to stimulate the necessary innovation. The
ban on HCFC R22 from 2000, which was adopted in 1991 at a time when wide-
spread alternatives were not yet available, stimulated the necessary development work
at a national and also European level.
The decisions made by the parties to the Montreal Protocol in September 2007 not
only bring the ozone protection process forward but also facilitate a clear contribution
towards protecting our climate. It is now our shared duty to avoid any perverse incen-
tives for other environmental agreements when fulfilling obligations. The use of fluor-
inated greenhouse gases covered by the Kyoto Protocol must not increase as a result
of the 2007 Montreal commitments – even though these substances’ current contri-
bution towards overall warming is “only” comparable with that of air traffic. 
By way of illustration, here is one small example: The accelerated phase-out of
HCFCs agreed in Montreal in 2007 not only helps to protect the ozone layer but also
mitigates climate change. 7.7m tonnes less HCFC will be manufactured compared
with the previous rules (HCFC phase-out in developing countries by 2040 without
interim steps). These 7.7m tonnes have a global warming potential of 26 gigatonnes
of CO2 equivalent. By way of comparison, greenhouse gas emissions from industrial-
ised countries totalled 18 gigatonnes of CO2 equivalent in 2004. Even just replacing
some 25% of HCFCs with substances that have zero global warming potential will
have a reduction in the global warming contribution that is equivalent to the reduction
achieved by the Kyoto Protocol during its first commitment period from 2008 to 2012.
Let us now return to the Montreal Protocol, its innovation and contribution towards
global environmental protection. The international community has made significant
funds available to developing countries to ensure that they do not suffer any financial
drawbacks from CFC phase-out and are also able to benefit from the new technologies.
These funds not only helped to protect the ozone layer but also made a significant
contribution towards climate protection because the banned CFCs have substantial
direct global warming potential. Major innovation was and is needed to phase out
CFCs and HCFCs. We still need additional innovation to help climate-friendly solu-
tions to achieve a worldwide breakthrough. The European Union wants to agree an
effective and fair international climate regime for the future. Last year the foundations
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IInnttrroodduuccttiioonn  

The ‘Dialogue on Key Future Challenges Facing the Montreal Protocol’ (2-3 June
2007, in Nairobi) celebrated 20 years of the Protocol and examined its future. The
first aspect of the agenda was to celebrate the success of the Protocol, which was
demonstrated by highlighted several key messages:

- Overall, the Montreal Protocol has achieved 90 per cent of what it set out to do;
- By 2005 developed countries had reduced production and consumption by over 99

per cent from baseline levels and developing countries by 80 per cent;
- Further reductions are anticipated from multiyear phase-out agreements under the

Multilateral Fund, and total closure of CFC and halon production in China in July
2007;

- Non-Article 51 Parties are well ahead of their reduction targets for HCFC production
and consumption: by 2005 they had already reduced by over 72 per cent against a
mandated reduction of 35 per cent;

- There is a ‘culture of compliance’ showing that achievable goals could be met.

The age and success of the Protocol have their downsides, however, which Parties also
have to address now. Specifically, age and success means there is simply less remaining
to do – the result is that attention and willingness to remain engaged could wane.
However, the remaining work is becoming more challenging and costly in its detail
and specificity – it is a kind of paradox that presents problems to the system as it has
functioned in the past.
The ultimate success of the Protocol in phasing out Ozone Depleting Substances
(ODS) also would represent an end to the financial responsibilities of donor coun-
tries, which tends to lead to a particular emphasis on certainty about remaining plans

Success and Future Challenges 
of the Montreal Protocol

JASON ANDERSON, Institute for European Environmental Policy (IEEP), Belgium

1 ‘Article 5’ countries are those with delayed phaseout schedules and which receive financial assistance – deve-
loping countries, also referred to here as ‘A5’ countries. Non-Article 5 countries are the opposite: countries
which have earlier phaseouts and fund the Multilateral Fund.
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the Protocol, there is clear evidence of ongoing illegal trade that needs attention,
and final success will only be achieved if phaseout plans are implemented and
complied with. There is still the need for adequate monitoring, assessments, and
national capacity for ozone issues. All require continued attention at a time when
many see the Protocol winding down.

6. Assessing the cost, effectiveness and funding needs for outstanding issues: national
and sectoral phaseout plans, which envision the final success of the Protocol and
hence the end of donor requirements for the MLF, need to be adequately resourced;
additionally there are exemptions continuing, as well as the accelerated HCFC
phaseout: wanting to pin down the final financial requirements will be complex
while considering the financial implications of making certain full phaseout occurs.
Donors would like to see A5 countries take more responsibility, while A5 coun-
tries do not want to be left stuck with remaining ODS, facing non-compliance
and the financial responsibility to phase it out.

7. Interaction with other environmental agreements and issues: there is a notable link
with climate change and the UNFCCC/Kyoto Protocol due to the Global Warming
Potential (GWP) of ODS as well as the energy-using character (or energy saving
in the case of insulation) of much of the relevant equipment. Also important,
though, are other chemicals conventions and agreements (Rotterdam, Basel,
Stockholm, SAICM) and the International Plant Protection Convention (IPPC).

In many respects the positions of donor countries like the United States, Japan and
the EU are quite similar in their desire to see such issues tackled, while Article 5 coun-
tries emphasize the need to see they receive enough support, and institutions remain
strong enough, to guarantee phaseout is achievable without overburdening their eco-
nomies. Important differences among non-A5 do exist, however, notably the con-
tinued use of methyl bromide in the US (though they are not alone), as well as their
greater reliance on HCFCs, their use and promotion of HFCs as an alternative and
their greater resistance to natural refrigerants. 
Following, we explore some of the most complex issues in the future discussions.

BBaannkkss,,  rreeccoovveerryy  aanndd  ddeessttrruuccttiioonn

The IPCC/TEAP Special Report on Ozone and Climate (SROC)2 found that for CFCs
and HCFCs, a significant contribution (now and in coming decades) comes from
their respective banks. There are no regulatory obligations to restrict these emissions

2 The report is officially known as ‘Safeguarding the Ozone Layer and the Global Climate System: Issues
related to hydrofluorocarbons and perfluorocarbons’, drafted by the Intergovernmental Panel on Climate
Change and the Technical and Economic Assessment Panel, found at http://www.ipcc.ch/ipccreports/
special-reports.htm

and responsibilities among donors. Through national and sectoral phaseout plans,
and close attention to their implementation, it is hoped that eliminating the final
amounts of Ozone Depleting Potential (ODP) tonnes will not be a never-ending
commitment. However, the desire to achieve finality has to be balanced with making
sure developing country needs are met and the sufficient resources and expertise are
made available.
There are instances of waning interest, noted at the ‘Future Challenges’ meeting, of
which just two details are that the WMO has dismantled some ozone monitoring
devices, and voluntary contributions to the Scientific and Environmental Effects
assessment panels have totalled only $58,000: indicative perhaps of a larger issue.
Counteracting the tendency to lose focus, while at the same time recognizing that
ODS phaseout has to shift into a final phase is a complex balancing act.

Upcoming challenges in the Montreal Protocol
Overall, there are a number of recognised challenges, of which probably the most sig-
nificant are:
1. Management of banks: the nature of the Montreal Protocol is the phaseout of

production and import and with it consumption of ODS – however, there are still
significant amounts banked in equipment, particularly refrigeration, air condition-
ing, foams and fire protection, which are large sources of leakage. Trying to de-
stroy banks, whether at end of life or beforehand, would require a new approach.

2. Dealing with currently exempted uses and critical use needs: in particular methyl
bromide exemptions negotiated in 2005 were large (though falling year-on-year),
and Quarantine and Pre-Shipment (QPS) sustains significant levels; CFC Metered
Dose Inhaler (MDI) use is reducing but not fast enough according to phaseout
goals;

3. Reversing the increase in HCFCs use and achieving the accelerated phaseout:
the accelerated phaseout puts more pressure on seeing progress on HCFCs, which
risked being almost ignored in A5 countries particularly due to the emphasis on
CFC phaseout and the extremely long HCFC phaseout timeframe previously set
(2040, now put at 2030, and 2020 for non-A5 countries). A challenge here will
be both to find alternatives and to consider the implication of a ‘double phase
out’, where HCFCs were funded by the MLF to replace CFCs. 

4. Reforming the institutional structure: The institutions were designed to accom-
modate many decisions and many projects, while these are in fact diminishing in
number and hence reform to save effort and cost may be possible.

5. Maintaining expertise and momentum, countering illegal trade and ensuring
successful implementation and compliance: even as statistics show the success of
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CTC: There is likely to be an excess of CTC production in the near future, and the
excess will need to be destroyed. While destruction of stored ODS is possible with
various technologies, there is an important question of how to ensure it takes place,
rather than seeing excess simply enter the market and depress prices, increasing
demand. There are many recovery and recycling (R&R) projects, but they are not
especially effective. A 2006 report on compliance found that 59.4 per cent of coun-
tries employing R&R machines reported that they had been functioning ‘satisfactorily’
or ‘very well’ – in other words 40 per cent found they were not working well, which is
a high figure, and the machines are only part of the success of R&R (or destruction).

Foam end-of-life options
The TEAP established the Task Force on Foam End-of-Life Issues in response to
MOP Decision XVII/10. The final report (TEAP, 2005) focused on the description
of the technical and economic aspects of blowing agent recovery and destruction from
appliance and building insulation foams. There were several conclusions:

- A new parameter, recovery & destruction efficiency (RDE), would help describe the
whole recovery and destruction chain, and that currently practiced recovery and
destruction process have the potential to reach an RDE of greater than 85%-90%;

- Anaerobic degradation of ODS in case of landfilling (managed attenuation) shows
potential;

- Thirdly, the economics of recovery and destruction are greatly affected by segregation
of foams from other components, infrastructure of transport, and so on. Mechanical
separation followed by re-concentration, and direct destruction of the foam including
its blowing agent both work well. It estimated that blowing agents can currently be
recovered from appliances at a net cost of $25-40/kg;

- Finally, existing banks of CFCs and HCFCs are estimated to be 1.5 million and
0.75 million tonnes, respectively.

The IPCC/TEAP SROC found that for foam from refrigerators, all refrigerator foams
could be managed at end-of-life by 2015 at costs of $10-50/kg, if the investment in
plants to do so were appropriately dispersed geographically. This would, however,
involve investment in developing as well as developed countries. For buildings, how-
ever, the general consensus is that recovery will be considerably more expensive than
from appliances because of the lower yield (caused by losses in the use and recovery
phases) and the additional costs of demolition waste separation. It should be noted
that this discussion of options is in the context of actual experience where recovery
and destruction are not meeting the potential – implying that there needs to be sig-
nificantly more effort. Recovery costs as noted are nearly an order of magnitude
greater than refrigerant recovery costs, meaning that tackling foams will be quite hard.
However, as the graphic below shows, foams are the major banks: a conundrum.

either under the Montreal Protocol or the UNFCCC and the Kyoto Protocol, although
some countries have effective national policies3. The bank turnover varies significantly
from application to application: from months (e.g. solvents) to several years (refrigera-
tion applications) to over half a century (foam insulation). Of the bank-related emis-
sions that can be prevented in the period until 2015, the bulk is in refrigerant-based
applications where business-as-usual emission rates are much higher than for foams
during the same period. With containment during use, and active recovery and de-
struction at end of life, more of the emissions from CFC banks can be captured.
According to the report, of the CFCs banked in refrigeration and air conditioning
equipment, 280,000 tonnes could be cost-effectively collected and destroyed. Costs
are on the order of $5,000 per ODP-weighted tonne, which compares favourably to
CFC production and consumption phaseout costs4. ODS in foams are significant but
more expensive to collect, as discussed in detail below. Some of the potential ap-
proaches to recovery include: 
Regulations: End-of-life management measures, such as mandatory recycling and bans
on venting

Financial incentives and market mechanisms: Tax rebates for delivery of used fluoro-
carbons to destruction facilities provide incentives to minimize emissions. Subsidy
(50%) on the cost of collection and destruction of halons and CFCs was provided in
the Netherlands to discourage venting, just before stocks of these substances became
illegal in 2004.

Voluntary Agreements: ‘responsible use’ principles include good practice guidelines
regarding the selection and maintenance of equipment, including improved contain-
ment of substances and recovery during servicing and at the end-of-life.

A 2006 meeting5 noted the following quantitative results on CFC, halon and CTC
regarding banks and annual flow:

CFCs: total non-reusable CFCs from refrigeration is about 3,500 metric tonnes. How-
ever, CFC blown insulation will be in use after the year 2015. Recovery and recycling
from refrigeration would require a well coordinated effort in policy and subsequent
infrastructure, since the recovery and recycling of them are viable applications, although
more expensive for foams.

Halons: Recovery and recycling rather than destruction of halons are expected to
function well since halons are used for decades and have residual value due to high
demand. 
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3 The report does not go on to mention which countries these are.
4 National and sectoral phaseout plans evaluated in 2007 (UNEP, 2007a) showed cost effectiveness figures

of $4000 to $9000 per ODP tonne.
5 March 2006, under Decision XVII/18, and decision 47/52 of the Executive Committee of the Multilateral

Fund.



their best as the 2005 methyl bromide phaseout date approached but there continued
to be high levels of use. The extraordinary MOPs in 2004 and 2005 agreed an
approach to critical use exemptions with annual review (an EU proposal – the US
wanted multi-year exemptions). Accordingly, 2005 saw around 14,000 tonnes of crit-
ical use allowed, of which around 9,000 for the US – which although a third of use
levels prior to the Protocol, was an increase on the previous year. Subsequently there
has been progress: CUEs permitted by MOP-18 for 2008 totalled around 7,500 ton-
nes, but CUEs granted by MOP-19 for 2009 totalled only 4,400 tonnes – a drop of
approximately 42%. Nevertheless, Parties have raised concerns about slow adoption
of alternatives and disputed large CUE nominations, noting that up to 40% of stocks
were not being used for critical uses. A 2005 study stated : ‘There is an evident
reluctance of MB users to change to alternatives which is noted in all sectors. The fact
that MB cannot be replaced by one sole and equally effective alternative implies that
growers and other stakeholders have to change their approach to production and pro-
cess management’ (UNEP, 2005). 
Because of the uncertain amount and use of stocks, the presence of the option to grant
critical uses, increasing QPS use, and information from the field showing that methyl
bromide options are not always being implemented, there is concern for the future.
The whole issue raises to the fore problems with the notion of ‘critical needs,’ when
considering that the applications granted such exemptions in particular countries,
most notably the long list in the United States, are ones not requiring methyl bromide
in other places where the same crops are grown (e.g. strawberries, tomatoes and others).

Phaseout and compliance issues in Article 5 Countries
A recent assessment (UNEP, 2007b) discussed future phase out goals, compliance and
anticipated compliance, in Article 5 countries. They summarise that:
- For CFCs, 6 countries were in non-compliance with 2005’s 55 per cent reductions,

while 93 countries (or 82 if accounting for national plans) were at risk of non-com-
pliance with the future 85 per cent reduction based on current use.

- For Halons, 2 countries exceed the baseline freeze and the same two are at risk of
failing to meet the 50 per cent reduction (Libya and Somalia).

- For Methyl bromide, 4 countries exceed the freeze level, while 6 countries are at risk
of not meeting the 20 per cent reduction level.

- For Carbon tetrachloride, 8 countries may have missed the 2005 control levels.
- For Methyl chloroform, 0 countries exceed the baseline freeze, while only the DR

Congo is at risk of not achieving the 30 per cent reduction.
The same survey further summarised the total sectoral use and phaseout perspectives,
based only on the projects planned and under implementation. About half of the
47,466.7 ODP tonnes consumed in the latest statistics are subject to approved pro-
ject phaseouts.

A key conclusion of these assessments is that, in many cases, ODS recovery and
destruction will not be achievable without any additional stimulation which may arise
from other environmental agreements and economic imperatives.

PPhhaasseeoouutt  ooff  OODDSS  iinn  tthhee  ccoonntteexxtt  ooff  eexxeemmppttiioonnss,,  ccrriittiiccaall  uusseess,,
aanndd  ccoommpplliiaannccee  iissssuueess  

Non-Article 5 Countries and methyl bromide
Non-Article 5 countries are occasionally cited for non-compliance issues, often having
to do with failure to properly report production for export, or lack of clarity on
exemptions. With other ODS targets largely met or on target, the major (non-HCFC)
challenge has to do with methyl bromide. As leaders of the Montreal Protocol, coun-
tries like the United States, Canada and several EU Member States did not appear at
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Figure 1: Banks and emissions by substance and sector, (IPCC/TEAP, 2005; Figure SPM-4,
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been found largely successful – except in the area of implementing required regulatory
changes (note that this is not encouraging when considering the option of promoting
national regulatory approaches to address the task of reducing banks).

IInnssttiittuuttiioonnaall  rreeffoorrmm

ODS phaseout has been 9/10ths achieved, and the remaining amounts are often dif-
ferent in nature to address than what came before, so it seems logical that the set of
institutions dealing with ODS may need to be reformed. They might be downsized
while given a strategic redesign to increase effectiveness. Parties have shown willingness
to make changes, such as the merging of the two MLF subcommittees; both donors
who are concerned about ongoing funding and implementers who are concerned about
effective projects and programmes are willing to consider options.
Among the options to make the size, responsibilities and budget of the institutions
better match future circumstances are decreasing the number of MOPs, having the
MP and MLF secretariats increase cooperation to avoid task duplication, cooperating
with other Conventions, increasing the role of the national ozone units as implementing
agencies diminish their roles (probably with the exception of the UNEP compliance
action programme, which will continue to be important), and several others, which
are further mentioned in the methodology.
A major aspect of this is debate over the institutional arrangements for the ‘endgame’
of ODS control, particularly with respect to developing countries (DCs) and the
MLF. The MLF is not meant to be a perpetual institution: it has a specific goal to assist
phaseouts in DCs, and a sign of its success would be that its role diminishes. At the
same time, donor countries want to see a ‘light at the end of the tunnel’ for their
financial commitments. This was the idea behind the multiyear national phaseout
plans first introduced in 1997 and taken up thereafter.
MOP 19 decisions in September 2007 have somewhat diluted the emphasis on the
institutional arrangements at least until more detail on HCFC phaseout arrangements
are hammered out. The sped-up HCFC phaseout will require further deliberations on
the means of achieving it, whether through current or revised institutions. Earlier
phaseout is an important achievement but brings with it challenges such as the cost
of alternatives to HCFCs, and reconversion of plants recently converted to HCFCs.
Parties have stated that the MLF is sufficient to handle the earlier phaseout without
specific additional funding, though A5 countries will want to be certain of that.
As it will take 50-60 years for the ozone layer to recover, monitoring will continue to
be essential, and scientific updates will be needed both to verify expected improvement
and remind Parties of the ongoing risks posed by ozone depletion and hence the im-
portance of achieving complete phaseout. 

Table 1: Balances of remaining phaseout by substance, excluding certain agreements
(UNEP, 2007b).

The data in the previous table do not account for multiyear agreements, refrigerant
management plans and halon banking – adding these to the projects planned, the
total residual ODS consumption is estimated to be around 7,000 ODP tonnes, of
which mainly CFCs and Methyl Bromide (next table). Here is where the significance
of exemptions can be seen.

The preceding study shows the following:

• There is grounds for optimism about future phaseout if looking at projects and pro-
grammes in the pipeline;

• Exemptions and critical uses will continue at a rate of around 20 per cent of current
consumption;

• Compliance to date has been relatively successful, with future CFC reduction levels
the most at risk of being missed (which are also the most important by tonnage).

While there is often concern about project implementation delays, the review found
that delays are generally not an indication of ultimate project failure. Those countries
having to implement action plans to make for or avert compliance problems have
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Table 2: Residual ODS consumption after accounting for all projects, programmes, 
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Policies and enforcement: assistance for legislative and policy control development;
combating illegal trade; strengthening national enforcement structures and actions;
improve import/export systems; developing national essential use and standards panels
for all ODS.
Servicing and Banks: meeting all servicing needs for CFC equipment until end of life,
possibly by establishing banks; ensuring adequate ODS for critical uses; finding ways
to avoid needing essential uses; developing ODS bank guidelines, controls and tracking.
New ODS: avoiding the spread of new ODS.
The great majority of these issues are ones that are important to all Parties, with the
difference among A5 Parties being the fact of longer phaseout timing and hence the
need for a longer-term view on maintaining effective action. It is also important to
note the emphasis these countries pay to maintaining sufficient banks and stockpiles
to ensure equipment is serviceable until end of life, at a time when there is increasing
concern about ODS banks and the need to see if it is possible to reduce them.

TThhee  ppoolliittiiccaall  llaannddssccaappee  ooff  tthhee  oozzoonnee  aanndd  cclliimmaattee  iinntteerraaccttiioonn

Among the more important future issues will be the interaction (both in the climatolo-
gy and political senses) of ozone and climate. Policy is just now rising to the challenge
of climate, while the ODS phaseout is in the final planning phase. As important
greenhouse gases (GHGs), ODS are of interest from a climate protection point of view,
recognition of which may help overcome difficulties in phasing them out – in terms
of attention and financing. However, whilst the reduction in climate impact due to
the phaseout of ODS is important, the recent emphasis on this fact by the United
States in particular is probably a way of reducing the importance of the Kyoto Protocol
– as one of the leaders in the Montreal Protocol and a non-ratifier of Kyoto, the US
prefers to put itself in a good light on this issue. In terms of political messaging, then,
the climate impact of ODS cuts two ways – it is a real issue, but can be misused.
The special report on ozone depletion and climate change is itself instructive in this
regard. The primary motivation for the report was a concern raised in the UNFCCC
process about the introduction of HFCs to replace ODS and the obvious collision
course this represented for Montreal and Kyoto. As it happened, largely under pres-
sure from parties like the United States wary of putting pressure on HFCs, the man-
date of the report represented something of a shift in focus away from HFCs per se
toward a broader set of ozone/climate issues. The position of these and other Parties,
and of much industry, has been that the phaseout of CFCs would be hindered by too
aggressive limitation of HCFCs, while the phaseout of HCFCs would be hindered by
too aggressive limitation of HFCs: a cascade of reasons not to move too quickly. 

When the first extraordinary MOP discussed the possibility of critical use exemptions
for methyl bromide, the methyl bromide technical options committee (MBTOC)
stated they were not well enough resourced to perform a fully independent assessment
of critical use exemption (CUE) need, and had to rely in part on Party submissions,
which led to questions about the likely accuracy and impartiality of the CUE recom-
mendations. This is one example of how quite difficult answers are demanded of the
Assessment Panels, which they may not always be in a position to deliver if not ade-
quately resourced. 
It is perhaps worthwhile to note that assessment panel members are unpaid, and only
receive assistance if from Article 5 countries, or in some cases from their own govern-
ments. While they deliver quality work, it has always been the case that the people
most able to participate are funded by organisations that have a direct interest in the
outcomes.
Whilst there is an open question about the need for continuing such frequent meetings
and reports of the panels (the United States has suggested cutting their assessment
reports to once every three years), and cost savings are being sought, it could be argued
that the approach to the panels all along has been one that has not fully addressed the
impartiality of the advice given to Parties, and that renewed attention is necessary to
their resourcing and composition, particularly with regard to the TEAP and the tech-
nologies it assesses.

The needs of Article 5 Countries
It is important to consider future scenarios in light of the needs of Article 5 countries,
as they are where the bulk of the challenge lies. UNEP recently surveyed A5 Parties
and determined the following were the key priorities for them in the post-2010
period:
Political will: maintaining a high level will be important due to the long-term nature
of the commitment to phaseout.
Institutional capabilities: there is need to maintain functioning national ozone units;
there is a need for guidance on phaseout approaches in the post-MLF/GEF period;
and there should be peer support through networking among NOUs.
Information and awareness: NOUs need access to international expertise; stakeholder
groups need to have continued high levels of awareness; and there is a need for infor-
mation on longer term issues like MDIs, destruction, banks and essential uses.
Non-compliance: these issues will need to be addressed in the current and longer
term.
Data reporting: to meet obligations post-2010. 
Consumption and production phaseout: addressing residual sub-sectors, and methyl
bromide, especially considering the possibility that alternatives for QPS may not be
available until 2015.
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As much of the remaining focus is in developing countries, a major challenge will be
retaining the interest, including financial, of non-Article 5 countries, while Article 5
countries maintain steady progress toward complying with their commitments. Among
other things, successful cooperation at this difficult and detailed level provides a healthy
model for the long-term success of other international environmental protection efforts.
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The special report was quite obviously important in establishing the link between cli-
mate and ozone, and among the results is the clear fact that ongoing releases and the
long-term banking of high-GWP ODS still outweighs non-ODS in greenhouse gas
terms (not to mention in ODS terms). But what has really raised the Montreal – Kyoto
link to the fore is the clash over HCFC-22 production and the resulting HFC-23
emissions that have formed the backbone of Clean Development Mechanism credit-
ing (much to the chagrin of those who expected the CDM to support solar energy).
At MOP-19, Article 5 countries appeared to be most concerned with the possible
negative impacts of future alternatives, and asked for studies on the matter. They are
likely concerned about the long-term responsibility they may face for adopting high-
GWP HFCs as replacements for ODS, on the one hand, and the higher technical as-
sistance needs and safety costs of entering into non-fluorocarbon alternatives, particular-
ly ones that are still at the cutting edge of technology even in non-Article 5 countries.

CCoonncclluussiioonn

Success in the large proportion of ODS phaseout lays bare the remaining challenges
– dealing with intermediate alternatives like HCFCs and HFCs; essential uses; com-
pliance; banks; and so forth. As in many endeavours, the last bit takes far more effort
than addressing the same amount among the low hanging fruit earlier on. 
The success to date owes much to the ability to adjust the international regime –
Vienna was followed by Montreal, London, and Copenhagen, to begin with. There
have been myriad decisions since, including new approaches to financing and host
country responsibility and the recent acceleration of HCFC phaseout. However, there
has been reluctance to allow those adjustments to go ‘outside the box’ to consider
other environmental issues, of which climate is the most prominent. HCFCs and
HFCs as CFC replacements has created an explicit linkage for which there is an atom-
ized policy approach, with potential detrimental results. There should be a willingness
to consider where these issues are best addressed and how – for which the confluence
of reconsiderations under Montreal and a follow-up of Kyoto provides an excellent
opportunity.
Other problems, meanwhile, are diffuse and touch on a range of different policy and
economic realms – from methyl bromide in strawberries, to CFCs in asthma inhalers,
to ongoing problems with illegal trade. Tackling them will require harnessing other
agreements and fields of expertise. Though in some cases expensive given the smaller
scales involved, phaseouts are important, particularly those where non-ODS alterna-
tives can be fully implemented. Without doing so, there is not only a risk of ongoing
low-level emissions but of backsliding and a continuing inducement to illegal activity.
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IInnttrroodduuccttiioonn

Climate change is one of the biggest environmental challenges at present. The resolu-
tion of the challenge is complex and requires a thorough understanding of all the issues
involved. An overview of the technological issues involved as well as mitigation options
can be found in the Intergovernmental Panel on Climate Change (IPCC) Assessment
Reports of Working Group III /1/. Even when the phenomenon is thought to be un-
derstood, it needs an international major environmental agreement, such as the Kyoto
Protocol, to deal with it, and this relates to e.g. emission reductions, the sources and
sinks of greenhouse gases, the compliance regime, etc.
The most important element to be addressed in the climate change issue consists of
the emissions (and the control) of global warming gases. The compilation per country
of credible greenhouse gas emission data is therefore important. Where it concerns
refrigeration and air conditioning, it is related to the fluorocarbon gases, which com-
prise the chlorofluorocarbons (CFCs), the hydrochlorofluorocarbons (HCFCs), the
hydrofluorocarbons (HFCs), and, to a much smaller extent, the perfluorocarbons
(PFCs). Although CFCs and HCFCs contribute significantly to climate forcing emis-
sions, they are not controlled under the Kyoto Protocol, since they are already con-
trolled under the Montreal Protocol. This then leads to the observation that emissions
of HFCs etc. are controlled, however, that emissions of CFCs and HCFCs are not
controlled, although these chemicals are controlled under the Montreal Protocol for
production and consumption. The emissions are not addressed since the Montreal
Protocol is a phase-out protocol and not an emissions addressing regime. 
In the second section, this paper deals with the Montreal and the Kyoto Protocol
requirements. It then summarises in the third section the outcome of the IPCC  Tech-
nology and Economic Assessment Panel (TEAP) Special Report on the inter-linkages
between ozone layer depletion and climate change as published in 2005, and sum-
marises reporting actions undertaken thereafter. The section also considers a number
of instruments which can reduce climate forcing (or global warming) emissions, which

Aspects Involved in the 
Replacement of Fluorcarbon to 
Low GWP Refrigerants
JUERGEN USINGER, GTZ Proklima, Germany
DR. LAMBERT KUIJPERS, UNEP Technology and Economic Assessment Panel Co-Chair
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10%, 2020: 35%, 2025: 67.5%) by the year 2030. A small proportion of 2.5% can
continue to be used to service old equipment until 2040. In the industrialised countries,
HCFCs will be phased out fully by 2020. The industrialised countries have pledged
to support developing states in the phase-out process. The developing countries will
gain financial assistance through the Multilateral Fund in order to switch to non-HCFC
technologies, which are supposed to be more environmentally sound. 

United Nations Framework Convention on Climate Change (UNFCCC)
and Kyoto Protocol
Under the UN FCCC /2/, countries are obliged to annually report the emissions of
the greenhouse gases of interest. Although, many chlorine and bromine containing
compounds with a certain Ozone Depletion Potential (CFCs, HCFCs etc.) are (pos-
sibly strong) greenhouse gases, their production and consumption quantities have to
be reported under the Montreal Protocol, and not under the UNFCCC.  

In Article 4, the Framework Convention /2/ mentions in paragraph 1(a):
1.All Parties, taking into account their common but differentiated responsibilities and

their specific national and regional development priorities, objectives and circums-
tances, shall:
– Develop, periodically update, publish and make available to the Conference of the

Parties, in accordance with Article 12, national inventories of anthropogenic emis-
sions by sources and removals by sinks of all greenhouse gases not controlled by
the Montreal Protocol, using comparable methodologies to be agreed upon by the
Conference of the Parties;

– Formulate, implement, publish and regularly update national and, where appro-
priate, regional programmes containing measures to mitigate climate change by
addressing anthropogenic emissions by sources and removals by sinks of all gases
not controlled by the Montreal Protocol, and measures to facilitate adequate
adaptation to climate change.

The Kyoto Protocol was signed in Kyoto, Japan, in December 1997.  The aim of the
Protocol is a reduction of the emissions of a basket of six gases in total (carbon dioxide,
nitrous oxide and methane, as well as three fluorinated gases) by 2010 in the developed
countries, compared to the baseline for a country, which was defined as its GWP
weighted emissions in the year 1990. In order to be implemented, the Kyoto Protocol
had to be ratified by at least 55 parties to the UNFCCC and the ratifying countries
had to account for more than 55% of 1990 greenhouse gas emissions in order for the
Protocol to become international law. Since the United States and Russia were respon-
sible for 36% and 17%, respectively, of 1990 greenhouse gas emissions, these two
countries were seen as key players, with the ratification of at least one of the two coun-
tries essential for implementation of the Protocol. The US Administration claimed

relate to fluorocarbons, and more specifically, to low Global Warming Potential
(GWP) replacements for fluorocarbons. These instruments are looked at separately in
the subsequent sections, such as regulatory frameworks, taxes, voluntary agreements
and industry commitments. The paper finally gives some concluding remarks on the
way forward.

TThhee  ppoolliittiiccaall  ffrraammeewwoorrkk -- tthhee  MMoonnttrreeaall  aanndd  tthhee  KKyyoottoo  PPrroottooccooll

Montreal Protocol 
The Montreal Protocol was signed in 1987 (and its 20th anniversary was celebrated
last year) and entered into force on 1st January, 1989. Shortly after the 1987 Protocol
was negotiated, new scientific evidence conclusively linked CFCs to the depletion of
the ozone layer and indicated that depletion had already occurred. Consequently,
many countries called for further actions to protect the ozone layer by expanding and
strengthening the original control provisions of the Montreal Protocol. The basis for
strengthening the protocol was laid with Assessment Panels that should regularly
report to the Parties, who then could decide to take further actions on the basis of
scientific and technologically assessed background material. For technology and eco-
nomics under the Montreal Protocol, the TEAP and its six Technical Options Com-
mittees is responsible. Where it concerns reporting requirements under Article 7 of the
Montreal Protocol, Parties are required to report annually on production and consump-
tion, on imports and exports and on destruction of all the specific ozone depleting
chemicals as defined in the annexes to the Protocol. However, generally, there is no
requirement to report on the emissions of the Montreal Protocol gases, and Parties are
not required to report how and in which sectors the above-mentioned chemicals are
used. Emissions reporting of ODS is only required for allowing certain process agents
uses under the Montreal Protocol.  
In September 2007, at the 20th anniversary of the Montreal Protocol, the 19th Meeting
of the Parties decided to phase out the production and use of partially halogenated
chlorofluorocarbons (HCFCs) in advance of the schedule envisaged by the Montreal
Protocol until then. HCFCs not only deplete the ozone layer, but also harm the global
climate as they have a high global warming potential – up to 2000 times greater than
that of CO2. Moreover, the production of HCFC-22 generates the by-product HFC
23, a fluorinated hydrocarbon with a yet higher global warming potential (approx.
12,000 times higher than CO2). HCFCs have long served as substitutes for CFCs
(chlorofluorocarbons) and production volumes of HCFCs are rising sharply, as demand
for refrigeration and air-conditioning is growing steadily in the developing world. 
Under the new provisions, developing countries will freeze the production and use of
HCFCs at the levels of 2009/2010 in 2013 and phase them out completely (2015:
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In the figure below, the institutional frameworks for the two protocols are given (both
Montreal and Kyoto), as well as the institutions that provide assessment reports, and
in particular here the IPCC and the TEAP. The IPCC/TEAP Special Report concludes
that the reductions in ODS being implemented under the Montreal Protocol have
and will continue to have a substantial benefit on climate change.  
Although HFCs and HCFCs generally have lower global warming potentials than the
CFCs for which they are generally used as replacements, the anticipated growth in the
use of these fluorinated gases will further contribute significantly to global warming
By utilizing low GWP natural refrigerants in the replacement for HCFCs one can
avoid the development of unconstrained growth of HFC use and its associated global
warming potential. 

Figure 1: Framework of institutions and linkages between them, for both the Vienna
Convention-Montreal Protocol, as well as the UNFCCC Convention and the Kyoto Protocol
(UNEP stands for United Nations Environment Programme, MLF for Multilateral Fund, 
and CDM for Clean Development Mechanism)

that the science was unsound and argued that adherence to the provisions of the
Protocol would be harmful to the US economy. Russia used similar arguments to
forestall ratification, but eventually was persuaded by the possibility of advantageous
emissions trading coupled with pressure from the European Union in return for the
EU’s support of Russia’s admission to the World Trade Organization (WTO). The
Kyoto Protocol entered into force on 16 February 2005, ninety days after ratification
by the Russian Duma (lower house of parliament). As of 12 December 2007, 176
nations had ratified the Protocol, accounting for 63.7% of the Annex-I-countries
emissions 1990 greenhouse gas emission 
The 13th Conference Of the Parties (COP) in Bali (December 2007) has agreed to
launch negotiations for a post-Kyoto agreement, which shall be finalised by 2009.
Independent from the Bali negotiations for a new international agreement, several
countries have already announced their own GHG emission reductions targets. For
example, the EU has recently announced to reduce its GHG emissions by 20%  from
1990 levels by 2020. Germany has issued a 40% greenhouse gas emissions reduction
by 2020 in December 2007. Further details on EU and national regulations are elab-
orated below in section 4. 
The percentage emissions of HFCs in the total “Kyoto” basket is often discussed, and
also how this percentage would increase between 2000 and 2100. Dependent on the
country and how carbon intensive its economy is, the percentage of HFCs (GWP
weighted) in the total emission is generally between 1 and 4% and may be somewhat
larger by the year 2010. For the year 2100, estimates for fluorinated gas emissions vary
widely, up to tens of percents of the total.  
The HFC phase out can be fundamental to realise the Kyoto goals. Unlike to most of
the other Kyoto gases, growing use of  HFCs could be halted and possibly reverted as
there are sufficient alternatives to eliminate to a substantial degree the need for those
substances. Overall HFC emissions may therefore be reduced at short term, with less
efforts and costs to the global community than for example similar reductions of CO2
in the transportation sector.

IInntteerrlliinnkkaaggeess  bbeettwweeeenn  tthhee  MMoonnttrreeaall  aanndd  tthhee  KKyyoottoo  PPrroottooccooll

It has long been understood that stratospheric ozone depletion and climate change
have inter-linkages, because both Ozone Depleting Substances (ODSs) and their
alternatives contribute to climate change. In recognition of this fact, the 8th COP to
the UNFCCC took a decision inviting the Intergovernmental Panel on Climate
Change (IPCC) and the TEAP under the Montreal Protocol to develop a balanced,
scientific technical and policy relevant Special Report. This report was finalised and
approved by governments in 2005 /3/. 
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regulation on fluorinated gases (“F-gas”) under the ECCP (European Climate Change
Programme). This regulation 842/2006 was adopted in the course of 2006 and covers
all F-gas applications except domestic refrigerators and mobile air conditioning. It
makes it mandatory to contain via the control of systems via leakage detection systems
that are regularly checked, to recover and recycle, to monitor and archive, to label, to
train and certificate servicing personnel, to restrict marketing of F-gases for emissive
uses, etc. However, the effectiveness of the F-gas directive is consequently determined
by the national implementation, because the F-gas regulation tries to limit HFC emis-
sions and  does not implicitly aim at a reduction of the consumption or use.  
Netherlands, for example, introduced already a far more strict (STEK) regulation years
ago, it requires independent audit and the experience is that global warming emis-
sions from refrigeration and AC equipment can be reduced substantially by this type
of regulation. Also in 2006, the EC adopted the directive 2006/42 on emissions from
mobile air conditioning (MAC) systems, which is likely to have significant consequences.
The MAC directive proposes to halt the application of HFC-134a in new model ve-
hicles by 2011, and in all new cars by 2017; only alternatives with a GWP lower than
150 would be allowed after these dates. In fact, this would only allow the current alter-
natives hydrocarbons, carbon dioxide, or HFC-152a (or ammonia) or other low GWP
HFCs in mobile air conditioning systems. Although flammable refrigerants such as
hydrocarbons have been discussed for a long time, a breakthrough has not taken place
during the last decade. Therefore, German car manufacturers focused their research
on chemical blends and CO2 as a refrigerant for MAC. Finally, they found CO2 the
only suitable option and became the first movers in Europe. 
Countries such as Austria and Denmark and Switzerland have banned HFC refrigerants
in a variety of equipment. However, it is not clear how much their ban of HFCs could
stimulate certain developments in future and what the influence of these countries will
be on the EU level. Luxembourg has also banned HFCs in many applications and here
ammonia is applied in all types of equipment with a capacity larger than 150 kW.

Financial incentives and market mechanisms  
The relative costs of HFCs and other alternatives to ODSs will impact the choices of
both the users and the producers of these substances. Since HFCs are more expensive
than the ODSs they replace, they will further encourage the substitution to not in kind
or low GWP substitutes. Financial incentives can further shape this cost differential
between substances and technologies.
Deposits or taxes on HFC import and production are collected by several countries.
Deposits and taxes raise the cost of HFCs, encouraging containment and making re-
cycling more attractive. Tax rebates for the delivery of used HFCs to destruction facil-
ities provide incentives to minimise emissions in particular at end-of-life. For example,
in Norway there are rebates of about 20 Euro per tonne CO2 equivalent. These rebates

The primary opportunity suggested in the Special Report as it relates to ODS and
protection of the ozone layer is to address emissions from banks of ODS through
improved containment of substances, reduced charge of substances in equipment, end-
of-life recovery and recycling or destruction, and, increased use of alternatives with a
low or negligible GWP or by the use of not-in-kind technologies.
Banked material is defined in the report to include substances that have been pro-
duced but not yet released to the atmosphere, including CFCs stored in existing equip-
ment as a pure chemical, and distributed within the cells of foams. The Special Report
notes that a substantial fraction of emissions of ODS are and will continue to come
from ODS being emitted from banked sources, but that there are currently no re-
quirements under the Montreal Protocol for Parties to apply best practices when it
comes to bank management or end of life treatment.
Greenhouse gas emissions can significantly be avoided or reduced through accelerated
replacement of HCFC with low-GWP alternatives. Collection and destruction of sur-
plus ODS contained in banks or in products also has important ozone, climate, and
air quality benefits. While in the past none of above potential measures related to
ozone layer protection have been required or rewarded by the Montreal Protocol, a
number of them have already  been implemented by some Parties. 

There is a wide range of policies, measures and instruments that can reduce related
emissions. These include:
• Regulations (e.g.: mandatory technology and standards; production restrictions); 
• Financial incentives (e.g.: taxes on emissions, production import or consumption;

subsidies and direct government spending and investment; deposit refund systems
and tradable and non tradable permits); and,

• Voluntary agreements.  

These policies and regulations, measures and other instruments will be elaborated
upon in the following section.

PPoolliicciieess,,  rreegguullaattiioonnss,,  mmeeaassuurreess  aanndd  ootthheerr  iinnssttrruummeennttss

Regulatory measures 
The Montreal and Kyoto Protocol represent regulatory frameworks for the control of
globally hazardous substances. This fact has been dealt with above. This section elab-
orates on regulatory measures by the European Union (EU) or by individual countries.
In 2000, the EC adopted regulation 2037/2000, which mandates an accelerated
phase-out of HCFCs in the production of new equipment by the year 2001-2004.
The consequence of such a regulation is that one perceives that there is a driver to
non-ODP solutions, whether HFCs or other substances. In 2003, the EC proposed a
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the driver, but the supermarkets, wanting to declare their refrigerated or frozen prod-
ucts to be green. Therefore, it may be more difficult than in the domestic refrigeration
industry, still a tendency has started which has lead to the increased application of hydro-
carbons and ammonia in supermarket systems with secondary circuits and in smaller
distributed systems, and to the use of carbon dioxide in heat transfer processes. 

Large size refrigeration: Ammonia is already used as a refrigerant in all fields of  indus-
trial refrigeration and about 15% of the total refrigerant market. Ammonia is identified
as the most cost effective and also efficient option for all types of industrial equipment,
while users accepting the disadvantages of ammonia with some reluctance, because it
implies strict regulatory compliance. More applications of ammonia are also expected
in chillers and in commercial refrigeration, as long as there are no major cost disad-
vantages and regulatory compliance is acceptable. Carbon dioxide is now also applied
in vapour compression cycles in large size or in industrial refrigeration, combined with
an ammonia vapour compression cycle to cool the condenser. These systems can be
combined with a pumped carbon dioxide system (secondary circuit), so that several
temperatures can be maintained in different compartments. In all of this applications
ammonia use is going to grow further due to its technical and cost advantages. 

Mobile Air Conditioning: Mobile air conditioning is – or has been – the largest driver
for the production of HFC-134a. Since the mid-nineties the development to use other
refrigerants than HFC-134a was taken up. If all MAC systems would switch to a non-
HFC-134a, non-fluorocarbon solution, the manufacturing and marketing conditions
for HFC-134a and its blends for the use in other refrigeration and air conditioning
sub sectors would drastically change. This could well accelerate developments of low
GWP substances in many parts of the world. In 2007 already, several German car
manufactures finished their research on chemical blends and announced to use CO2
as refrigerant for MAC in their new generation of air conditioning systems. 

Stationary Air Conditioning: Stationary (and particularly) unitary air conditioning
has used HCFC-22 for a long time. Conversion is taking place to HFC blends and to
low GWP alternatives. In the case of HCFC-22, propane is implemented by several Air
Conditioner manufactures and it has proven to be highly energy efficient and requires
little technical changes in the conversion, except for safety reasons. Where many thou-
sands of small units have been charged with propane, this tendency has yet not been
observed with larger systems, where more and more the split systems have become
common. Nevertheless, some large manufacturers in developing countries investigate
also this option. If one looks at it world-wide, including all developing country manu-
facturers, it is questionable whether a one way route that will be chosen for alternatives
where large numbers of small equipment are manufactured in a number of developing
countries and then exported, it could be expected that a general conversion to low
GWP alternatives will take a similar time frame as in the refrigerator sector before. 

can or will often be combined with taxes on import or production. Under the new
decision (XIX/6) of the 19th MOP on the HCFC accelerated phase out, conversion
projects of HCFCs to natural refrigerants (such as hydrocarbons in the insulation of
domestic refrigeration) can be funded by the Multilateral Fund under the Montreal
Protocol. These projects may experience a priority vs. HFCs because of the superior
climate benefits if such solutions maintain an acceptable cost effectiveness.  
Emission reductions of gases controlled under the Kyoto Protocol (e.g. conversion of
HFC emitting uses) have a chance to be additionally financially supported through
the Clean Development Mechanism of the Kyoto Protocol. However, in some cases
because of the formal requirements for monitoring or baseline assessments or the vary-
ing market price for Certificates of emission reduction (CER), the income might be
too marginal to serve as an incentive.  

Voluntary agreements and industry commitments  
A number of other agreements and commitments by the industry has caused larger
changes in the use profile of fluorinated gases versus low GWP alternatives. 

Domestic refrigeration: With the introduction of the “Greenfreeze” concept in 1992,
a major breakthrough was realised by Greenpeace, which led German manufacturers
to consider the application of hydrocarbons in both the circuit and the insulation of
domestic refrigerators. Although in a first instance considered as a valid option for 
certain appliances only, competition arguments and the drive for green consumer 
products has caused a total market shift to hydrocarbons in virtually entire Western
Europe. More than 50% of the appliances currently manufactured in the world uses
hydrocarbons and this has had major impacts on the acceptance of hydrocarbons.  

Commercial refrigeration – small units: With the emphasis on a change of refrigerants
(HFC-134a) in vending machines for the Olympics in 2004, a major breakthrough
was again realised by Greenpeace, which led to the consideration of natural refrigerants
by global refrigeration equipment manufacturers. Several companies from the food
and drink industry have since then implemented and tested HFC free cooling tech-
nologies and have committed themselves to develop timelines and convert their point
of sale applications step-by-step to natural refrigerants. The fact that all the manu-
facturers that committed themselves to what they see as the only possible change to
sustainable solutions, are united in the “Refrigerants Naturally” makes this initiative
a powerful tool to keep stimulating a fragmented industry in this sub-sector. 

Commercial refrigeration – supermarkets: In 2007, several supermarket chains in
Europe have announced their move to natural refrigerants, in most cases to CO2 tech-
nologies. Even though in many cases, commercial refrigeration (supermarkets) still use
HCFC-22 and HFC blends as alternatives, the equipment producing industry are not
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CCoonncclluuddiinngg  rreemmaarrkkss  aanndd  tthhee  wwaayy  ffoorrwwaarrdd

The transition or conversion from ozone depleting chemicals (such as CFCs) has
occurred in all developed countries via the use of HCFCs or HFCs in many types of
refrigeration/AC equipment. In case of domestic refrigeration there has been a direct
change from CFCs to isobutane in the refrigeration circuit. This applies to developed
countries, but also to a number of industries in the developing countries.
Guidelines  for a change from HCFCs to alternatives are under development. But the
recent developments in terms of regulatory incentives, innovative technology solutions
and cost implications, voluntary agreements and industry commitments are directing
towards a change to low GWP alternatives, with natural refrigerants being the most
prominent ones. In these sub sectors the greening of the consumer or the emphasis on
sustainability via green products has often been an important driver, almost indepen-
dently on the cost implications of the change to low GWP alternatives. In the case of
mobile air conditioning, the regulatory driver has become the main one.  The CO2
choice by carmakers in Germany will also have consequences for the refrigerant choices
that will be made for other types of refrigeration and AC equipment in the future. 
In other industries, where the timelines are not as important, choices will be made
against a different background.  It is important to state that these industries will make
a choice or will commit themselves to a development that has a low risk of being chal-
lenged again in future, which implies that it is very likely that one will make a choice
to go to low GWP refrigerants, which  in most cases will be natural refrigerants.  
In the total refrigeration and AC market, the share of low GWP and natural refrigerants
in specific is expected to grow, with relatively large differences regionally in the very near
future. However, this may well change drastically in the longer term. Consideration
of the impacts of climate change and the necessary mitigation measures are expected
to have a further large impact on the future choices made by industry and therefore
on all technical developments. 
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IInnttrroodduuccttiioonn

During 2007, 12 billion Euros were invested worldwide in reducing climate changing
emissions via the Clean Development Mechanism (CDM). This is a four-fold increase
over 2006 and this trend in expanding CDM continues in 2008. Around one-fifth of
these CDM projects concerned energy efficiency improvements and among these, just
a few comprised the modernisation of refrigeration equipment. The most prominent
example is a CDM project to replace 531 chillers in India.  
The following article proceeds in three steps. First, the basic aspects of energy efficiency
CDM for refrigeration are presented. To illustrate such CDM projects, the chiller
CDM is then described, outlining the major operational and financial features which
influence the multiplication of such CDM. In the third part, a broad outlook on the
near future for refrigeration CDM is attempted.

EEnneerrggyy  eeffffiicciieennccyy  CCDDMM  ffoorr  rreeffrriiggeerraattiioonn

CDM is a creation of the Kyoto Protocol and the U.N. Framework Convention for
Climate Change. It is thus a set of rules produced by a multilateral organisation de-
fining how private entities can engage in emission reduction efforts in developing
countries (non- Annex 1-countries) and trade the emission reduction achieved on the
global market. All CDM rules, information, decisions and negotiations are public and
subject to intense scrutiny. The U.N.-FCCC website is the only official source, www.
unfccc.int and it contains all relevant documents in standardised and rigid formats.  
Any company, Non-Governmental-Organisation (NGO) or other organisation can elab-
orate a CDM project and submit it to the U.N.-FCCC. After validation, verification
and monitoring the CDM, the U.N.-FCCC issues emission reduction credits called
Certified Emission Reductions (CER) to the CDM project owner. Each CER corres-
ponds to one tonne of CO2. In 2007, 350 mio. CERs were sold into the global 

Modernizing Refrigeration 
Equipment with the Kyoto Protocol’s
Clean Development Mechanism
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saved) are distributed over many small sites. For a single refrigeration unit, the admin-
istration costs to realise a CDM are relatively high and therefore other CDM in larger
units (such as windpower) are cheaper. The overall specific cost of refrigeration CDM
reflects the cost of aggregating many refrigeration units in one CDM project.
Overall, refrigeration CDM has not been pursued because the expanding CDM market
still has cheaper emission reductions in the pipeline. CDM projects comprising several
hundred small refrigeration units are likely to become competitive in 2008. The point
in time when this happens depends on the demand for the emission reductions, the
CERs. For example, when the governments of the USA and Australia join the EU in
obliging industry to purchase CERs (legislating cap-and-trade emission reductions), the
demand for CERs will increase and with disappearing hydropower and windpower
opportunities, energy efficiency CDM projects will expand.

IInnddiiaa  ––  AAcccceelleerraatteedd  CChhiilllleerr  RReeppllaacceemmeenntt  PPrrooggrraammmmee

On 30 November 2007, the U.N.-FCCC approved a Chiller CDM in India. This
CDM is a cooperation between one of the largest banks in India, ICICI, and the
World Bank. In setting this precedent, a special CDM methodology for chillers was
created, called AM0060, which is now available for anybody to use. The CDM pro-
ject will replace 531 chillers across India. The CDM project owner is the Indian bank
and as a financial service company it is a suitable project owner allowing the aggrega-
tion of a number of refrigeration units. Besides the financial results, this CDM will
illustrate that this aggregation role of the project owner is important. 
ICICI decided to exclude the choice of chiller technology from the conditions it offers
to the chiller owners, posing only one condition. Any chiller can be part of this CDM
project, as long as the Global Warming Potential (GWP) of the refrigerant in the new
chiller is lower than the GWP of the old one. This implies that a CFC-11 chiller or a
CFC-12 chiller can be replaced with a HCFC-123, a HFC-134a, an Ammonia or a
Hydrocarbon chiller. The chiller owner chooses the technology. ICICI anticipates that
most chillers replaced in this CDM project will be CFC-11 and CFC-12 ones, but a
smaller number of HCFC-123 and HFC-134a will be replaced as well. 
The total financing volume of the CDM project is 91.3 mio US$. Approximately
90% of the cost is provided by the chiller owners. The remaining 9.1 mio US$ is the
contribution by ICICI. The CER revenues are estimated at 14 mio US$. These figures
are given in the official CDM documents submitted to the U.N.-FCCC.
ICICI offers a credit to the chiller owner, who is responsible for the chiller purchase,
installation and operation. ICICI’s credit offer comprises financing the total chiller
investment, or only the part of the investment financed with the expected CER income.
A chiller owner can choose a different source of financing for the part not covered by

market. This market for CERs is rapidly expanding and diversifying, however its de-
pendence on the U.N.-FCCC as its regulator, gives this market a unique type of
uncertainty. As any emerging market, the CDM market proceeds in the order of spe-
cific costs, i.e. investment volume per CER. Specialised companies are active in each
country, analysing CDM opportunities and mass-producing CDM project documents
for submission to the U.N.-FCCC. Some of these companies are publicly listed and
their competition is intense.  
The investments in emission reductions with the lowest specific cost have been in the
production of the refrigerant HCFC-22. All of these opportunities are already realised.
At present, the highest number of CDM projects coming to the market are hydro-
power, windpower and N2O in nitrogen fertilizer plants. As the CDM market expands,
the type of CDM projects change in the order of their rising specific costs. Once all
nitrogen fertilizer plants are submitted for example, other CDM projects with higher
costs per CER will appear in order to satisfy the demand. Currently, the largest part
of the demand for CERs are the purchases from European utility companies such as
Endesa, Enel, RWE, E-ON, Vattenfall and so on.
Energy efficiency CDM projects on the demand-side have lower investment costs
than windpower or hydropower, however at present, their return on investment is also
lower because of the energy efficiency improvement level and transaction costs.
Correspondingly most CERs traded currently are from windpower and hydropower,
see figure below.

The World Bank’s chiller CDM project in India is the first large energy efficiency
CDM in refrigeration with 2.4 mio CERs over its 7 year lifetime. It will demonstrate
the specific costs of such refrigeration CDM. The principle reason why energy effi-
ciency CDM have not been undertaken faster is that energy efficiency gains (kWh
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These rules in AM0060 might seem rather stringent, but the Kyoto Protocol regula-
tions for CDM require that the emission reduction must be measured with accuracy
and a certain level of conservativeness in the calculations has to be assured. The envi-
ronmental integrity of the CDM projects relies on this accuracy. While the U.N.-
FCCC is sometimes criticised for being bureaucratic and for imposing unnecessary
costs to CDM projects it must be stressed that the accuracy of the emission reduction
results is also required to ensure that all technologies and all sectors are treated equally.
Creating extra CERs by manipulating measurements in a CDM project is equivalent
to printing money. The U.N.-FCCC acts like a central bank protecting its currency.
Careful engineering of the monitoring technology in a CDM project, demonstrated
transparently to the public, has often lead to quick CDM approval and implementation.
On the contrary, stubborn insistence on partial data such as in the refrigeration CDM
project by Pao de Acucar (submitted three times in a row over two years), the largest
Brazilian supermarket chain, only creates unnecessary precedents.

OOuuttllooookk  ffoorr  rreeffrriiggeerraattiioonn  CCDDMM

Five major factors will determine when CDM projects will be realised on a large scale
to finance refrigeration investments. 

New methodologies for large-scale demand-side energy efficiency projects
Aggregating many appliance units poses a number of specific conditions for their
approval by the U.N.-FCCC. The cost of monitoring the electricity savings is reduced
when only a sample of the appliances has to be monitored. For each type of appliance
this sampling is different. For lightbulbs, the sample must comprise representative
lighting use behaviour and such a sample can be only 50 – 100 households out of a
CDM project for millions of lightbulbs (methodology AM0046). There, the distribution
of the new energy efficient lightbulbs (CFL) is the major cost item. For refrigerators
and for Air Conditioners, the user behaviour is different and suitable sampling pro-
cedures must be developed. For industrial refrigeration, solutions akin to the power
consumption function for chillers (methodology AM0060) can be used. Three new
methodologies for refrigeration have been submitted and await approval.

Besides finance institutions, utilities, ESCOs and manufacturers 
are potential CDM project owners
Because monitoring costs are a significant part of CDM project costs, utilities, Energy
Service Companies (ESCOs) and manufacturers can reduce these costs and function
as CDM project owners. Utility companies produce a monthly electricity bill to their
customers and can offer customers rebates when they purchase more efficient refriger-

the CDM. In other words, ICICI administers the CDM project giving the chiller
owners maximum freedom to proceed as they wish, while ICICI assumes the risk for
the CDM registration and the CER trading. 
The CERs achieved in the implementation of the CDM project become tradable
when they are issued by the U.N.-FCCC and a the secondary market for CERs not
yet issued is also well established. Every year, an independent auditor has to control
whether the power savings in kWh correspond to the expected savings (340,000
CERs p.a. over 7 years). The auditor submits a “CDM Monitoring Report” to the
U.N.-FCCC for approval. ICICI estimates that the new chillers financed in this
CDM project are 40 – 50 % more energy efficient than the old ones. ICICI can re-
ceive more CERs than projected and these CERs can bring a higher income when the
prices for CERs in the global markets are higher than projected. ICICI assumes the
financial risk of this CDM project comprising the monitoring accuracy and the CER
trading conditions. At 14 mio US$ CER income from 2.4 mio CERs, ICICI uses 5.8
US$/CER in its financial planning. During 2007, the price actually fluctuated around
20 US$/CER and so ICICI used an average price estimate at a quarter of the current
level. The future price of a CER depends mainly on the political will of OECD coun-
tries to allow its industry to invest in emission reductions in developing countries.
Some OECD countries require most emission reductions to be achieved domestically
rather than in developing countries.
Many international banks have recently established their capacity to provide such
CDM financing services, ABN Amro, Barcleys, BNP, Morgan Stanley, UBS, to name
only the most prominent ones. As a prominent Indian bank, ICICI is well suited to
implement the CDM project in India, but there are no restrictions on who assumes
ownership of a CDM project. In place of ICICI it could also be a financial service
provider from any other country. Evidently a refrigeration equipment manufacturer
could also assume this CDM project owner role. At present, large manufacturers such
as Trane and Carrier are changing their financing services to integrate CDM finance. 
The CDM methodology AM0060 contains the rules for the calculation of the 
emission reduction. It stipulates that each old chiller must be tested at different load
conditions prior to dismantling. Such a test can be realised within one day and allows
establishing a numerical power consumption function for the old chiller. The new
chillers are fitted with continuous data loggers, recording the actual load. This data
logger transmits the load data to a computer every day. The power consumption
function of the old chiller allows calculating the electricity the old chiller would have
used. The difference to the new chiller is the energy saving in kWh. Finally, the old
chiller’s compressor unit must be cut with a blow-torch when it is dismantled to avoid
that it could be re-used elsewhere (thereby eliminating the emission reduction). Special-
ised auditing companies, so-called Designated Operational Entities (DOE) have to be
used to verify that the data for the methodology and the calculations are correct.

40 41



IInnttrroodduuccttiioonn

The chemical industry developed fully halogenated chlorofluorocarbons (CFCs) in
the 1930s. Their non-combustibility and technical properties made these substances
welcome in many industrial applications. They soon were used on a large scale. For
example, as so-called safety refrigerants, they replaced a number of refrigerants previous-
ly used, some of which are harmful to health such as SO2.
After the ozone depletion potential of these substances had been discovered (ozone
depleting substances, ODSs), they became the subject of international discussions.
These discussions resulted in the Montreal Protocol. At the same time, the search for
possible alternatives began. Research first focussed on substances chemically very simi-
lar to CFCs. Soon in this process, hydrochlorofluorocarbons (HCFCs) – which were
already known as refrigerants - were increasingly placed on the market. Since HCFCs
have a considerably lower ODP than CFCs, they were not initially covered by the
Montreal Protocol.
Despite this fact, many scientists and environmental authorities did not consider
HCFCs to be a sound long-term alternative, either [UBA 1989]. The chemical indus-
try in industrialised countries soon saw itself confronted with a possible ban on these
substances. Therefore, in further developing alternative substances, the chemical indus-
try focused on chlorine-free alternatives, mainly perfluorocarbons and hydrofluoro-
carbons (PFCs and HFCs). It was especially the HFCs that contributed to a fast ODS
phase-out in some areas, in developed countries. In parallel, industrial users were work-
ing on the use of non-halogenated substances, developing new technologies and im-
proving existing ones. As a result, halogen-free ODS substitutes established themselves
right from the beginning in many areas of application, for example as solvents or
cleaning agents, as refrigerants, as fire extinguishing agents and in many areas of foam
production.
In the late 1990s, the knowledge that PFCs and HFCs are harmful to the climate
sparked discussions about measures to reduce emissions of fluorinated gases on the

Protecting the Ozone Layer and the 
Climate from Halogenated Substances 
Measures in the European Union
KATJA BECKEN, Federal Environment Agency, Germany

ation equipment. The utility can monitor a sample of appliance users with little extra
costs. Likewise, equipment manufacturers can offer their clients to participate in a
CDM project and target this offer to those clients using particularly inefficient old re-
frigeration equipment. The lower the efficiency of the equipment replaced, the higher
the additional income from CDM. Manufacturers can prepare different CDM pro-
jects for different client types, reflecting their client’s financial situation and possibly
also the manufacturer’s technological capacity.

Refrigeration with HFC-134a and HFC-404a offer a particular incentive
Among the six gases in the Annex 1 of the Kyoto Protocol, HFC gases are the only
refrigerants eligible as contributing to global warming and thus as CDM emission
reductions. All refrigeration equipment with HFC-134a that is replaced with non-
HFC refrigerants effectively eliminates emissions of HFC-134a. With its GWP of
1,300 (in other words 1 ton of HFC-134a emissions avoided yields 1,300 CERs),
such CDM projects should be very profitable. The first HFC-134a replacing CDM
projects are currently implemented for car air-conditioners and refrigerators. Once
their profitability is demonstrated a wave of such CDM projects will appear. Other
HFC-134a uses such as in the manufacture of insulation foam are a special case and
respective methodologies and pilot CDM projects have been elaborated. 

New regulations for Programme of Activities are well suited for refrigeration
Taking into account the aggregation problem for demand-side energy efficiency pro-
jects, the U.N.-FCCC has recently created a new type of CDM with conditions that
allow for starting a small CDM project and expanding it over time. For the above de-
scribed Chiller CDM in India, this would have allowed starting it with only a smaller
number of chillers, for example only CFC-12 chillers of a certain size, and later on
expand it with different conditions for other sizes and refrigerants. Thereby the CDM
project owner can offer more advantageous conditions to each equipment owner.
Programme of Activities (PoA) CDM are currently being prepared for household
refrigerators and Air Conditioners.

Energy prices can reach a level where the additional income from CDM 
is sufficient to cover the higher investments of more efficient refrigeration
equipment
The most important parts of refrigeration equipment, the compressors, are not price-
sensitive for higher efficiency. Higher efficiency refrigerator compressors for example
cost only 10 – 20 % more than standard compressors. When energy prices translate
into typical payback periods of 3 or 5 years for investments in higher efficiency re-
frigeration equipment, the additional income from CDM above the benefit of lower
energy bills can shorten the typical payback by 1 to 2 years. 
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cations, depending on the availability of alternatives and the costs associated with
their use. Today, products containing ODSs may no longer be placed on the European
market. The use and placing on the market of CFCs have been generally prohibited
in the EU since 2001, for all applications (including hermetically sealed systems).
Continued use of HCFCs is allowed only for the servicing and operation of existing
refrigeration and air conditioning systems. Up until the end of 2009, virgin HCFCs
may be used for this purpose; thereafter, only recycled HCFCs (up until 31 December
2014). The continual reduction of the quantity placed on the market may reduce re-
frigerant availability even before the use prohibition becomes effective.

In keeping with the Montreal Protocol, exemptions apply in principle for feedstock
and processing agent uses as well as for essential and critical uses, which are insignificant
in quantitative terms.
As well as prohibitions, the EU Regulation also defines requirements for the servicing
and leak-checking of refrigeration and air conditioning equipment. For instance, it 
requires all practicable precautionary measures to be taken to prevent and minimise
leakages of CFCs and HCFCs. It also requires that fixed equipment with a refrigerant
charge of more than 3 kg be checked for leakages annually by qualified personnel.
CFCs and HCFCs contained in refrigeration and air conditioning equipment, heat
pumps, and domestic refrigerators and freezers must be recovered and disposed of or
recycled.
To inform the public and especially the users, the EU and Member States have pub-
lished brochures providing general information. They also publish “frequently asked
questions” about specific legal provisions. The relevant sectors of industry, and espe-
cially the users and developers of innovative halogen-free technologies, are involved in
the development of use-related regulations.

Measures in Germany and other EU Member States for protection of the
ozone layer
The EU Member States have implemented their international commitments in different
ways at national level. Germany took the lead in the EU as regards ODS legislation
by adopting a CFC/Halon Prohibition Ordinance as early as 1991. This Ordinance
of 1991 already included extensive bans on the use of CFCs and HCFC-22, which
gradually became effective up to the year 2000. The current Ordinance on substances
that deplete the ozone layer (ChemOzonSchichtV), which has been applicable since
2006, implements the requirements of EC Regulation 2037/2000 with regard to the
recovery and take-back of ozone-depleting substances such as R 22 as well as provisions
relating to checking the leak tightness of certain equipment. It also adopted national
provisions which had already been applicable over and beyond those of EC Regu-
lation 2037/2000.

basis of halogen-free technologies. Some Member States of the European Union (EU)
were quick to implement rigorous measures such as use prohibitions or taxes. For
many users, the fast succession of developments and measures meant having to switch
technologies several times in a relatively short time span. On the other hand, clear
policies enabled users and developers to pursue long-term technologies early on, and
costly double conversions could be avoided in some sectors.
Some processes and products based on the use of non-halogenated substances have
only in recent years reached a technical level that makes their use ecologically and eco-
nomically viable. This is true, for example, for the use of CO2 as refrigerant. Today,
these techniques can fully replace processes and products that were based on fluorinated
gases and were indispensible at the time. This presents an opportunity for countries
which have not yet converted to these substances and may thus directly switch to
halogen-free alternatives.

MMeeaassuurreess  ffoorr  pprrootteeccttiioonn  ooff  tthhee  oozzoonnee  llaayyeerr

In September 1987, 25 governments and the Commission of the European Commu-
nities signed the “Montreal Protocol on substances that deplete the ozone layer”. The
timetable initially agreed in 1987 was tightened several times and additional measures
were added as stipulated at the follow-up conferences in London (June 1990), Copen-
hagen (November 1992), Vienna (December 1995), Montreal (September 1997) and
Beijing (1999) http://ozone.unep.org/. It soon became evident that the emission 
reduction initially envisaged by the international community was insufficient. As a
consequence, the agreements soon laid down continual reductions in production and
consumption with the objective of a complete phase-out.

Measures in the EU for protection of the ozone layer
At European level, the Montreal Protocol has been transposed by Regulations, most
recently in 2000 by Regulation (EC) No 2037/2000 [EC Regulation 2000]. The pro-
visions laid down in these Regulations are directly applicable in all Member States.
Initially, only the internationally mandated production and consumption reductions
were legally binding for the EU. The latest Regulation now also includes gradual use
prohibitions for various applications.
The most important provisions of the Regulation include a prohibition on the pro-
duction and use of CFCs as well as the reduction of permitted levels of HCFC pro-
duction and use. The latter provisions are currently being adapted to reflect the most
recent decisions, adopted in Montreal in 2007. As control instruments, quota, licensing
and reporting systems have been introduced. To steer scarcer HCFC resources, the
Regulation lays down the above-mentioned gradual use prohibitions for various appli-
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In particular, operators of stationary equipment are required to prevent leakage of the
refrigerants concerned and to ensure that their equipment is checked regularly for leak-
age by certified personnel, the frequency increasing with the size of the equipment. In
addition, operators of equipment containing 300 kg or more must install a leakage
detection system. To monitor compliance with the requirements, the Regulation re-
quires certain data to be reported such as the quantity and type of fluorinated green-
house gases installed, any quantities added and the quantity recovered during servic-
ing, maintenance and final disposal. Recovery is mandatory. Labelling requirements
ensure user information and enable selective recycling.
For air conditioning systems in motor vehicles, Directive 2006/40/EC relating to
emissions from air conditioning systems in motor vehicles was adopted at the same
time [EC Directive 2006]. This Directive defines maximum rates of emission of fluo-
rinated greenhouse gases from air conditioning systems and prohibits the use of gases
with a GWP higher than 150 in new vehicle types from the year 2011. A general ban
for new vehicles will be effective from 2017.

Measures in Germany and other EU Member States to protect 
the climate from fluorinated greenhouse gases
Some EU Member States had already adopted measures prior to issue of the EU
Regulation in order to combat uncurbed growth in emissions of fluorinated green-
house gases. For example, in addition to economically relevant taxes on fluorinated
greenhouse gases, Denmark introduced extensive use prohibitions. Other Member
States defined ambitious technical requirements for the use of these substances in
order to minimise emissions as far as possible.
All other Member States will adopt national measures to transpose the EU provisions
into national law. Some will introduce stricter measures. Germany, for instance, plans
to set very strict requirements for the leak tightness of refrigeration and air conditioning
equipment, in the form of maximum permissible leakage rates. Furthermore, it plans
to financially support innovative technologies without fluorinated greenhouse gases in
order to increase their market penetration.

IImmppaacctt  ooff  tthhee  mmeeaassuurreess  ddeessccrriibbeedd

At the time of the Montreal Protocol, the foremost goal of the EU and its Member
States was to implement the ODS phase-out as quickly as possible. Due to high inter-
est in a fast phase-out, Member States provided financial support, to a varying extent,
for the development of halogen-free products and processes, including conversions to
halogen-free processes in small companies.

Other Member States have also enacted prohibition legislation, most of them at a later
date. Some have additionally introduced taxes on ODS to make their use less econom-
ically viable and recycling more attractive. Denmark was one of these countries. Other
Member States have mainly opted for technical emission control regulations. The fea-
ture all of these national regulations have in common is that they apply in addition to
those of the EU.

MMeeaassuurreess  ttoo  pprrootteecctt  tthhee  cclliimmaattee  ffrroomm  fflluuoorriinnaatteedd  ggrreeeennhhoouussee
ggaasseess

Climate protection has been gaining in importance since the Rio Conference in 1992
and the Framework Convention on Climate Change that was signed there. The
Convention aims to stabilise anthropogenic greenhouse gas emissions in order to pre-
vent global climate change http://unfccc.int/. In December 1997, by signing the
Kyoto Protocol, industrialised countries for the first time made a binding commit-
ment to reduce their greenhouse gas emissions. The European Union ratified the
Kyoto Protocol in 2002, and it entered into force on 16th February 2005. Whilst
industrialised countries as a whole committed to achieve an average reduction of
5.2%, the European Union set itself the internationally binding target of reducing its
greenhouse gas emissions by a total of 8% by 2008-2012 compared to 1990. In the
framework of burden-sharing within the European Union, Member States took on
different reductions, Germany committing itself to a reduction of 21%. Due to their
high and in part extremely high GWP, the fluorinated greenhouse gases HFCs, PFCs
and SF6 are covered by the Kyoto Protocol and included in the reduction commitments.
CFCs and HCFCs, which are already subject to a phase-out under the Montreal
Protocol (see above), are not.

Measures in the EU to protect the climate from fluorinated 
greenhouse gases
To achieve the objectives defined in the Kyoto Protocol, the EU has launched a num-
ber of climate change programmes http://ec.europa.eu/environment/climat/eccp.htm
comprising extensive sets of measures. One was the reduction of emissions of fluo-
rinated greenhouse gases, which are used predominantly as substitutes for banned ODS.
Following many years of discussions with Member States and industry, Regulation
(EC) No 842/2006 on certain fluorinated greenhouse gases entered into force in 2006
[EC Regulation 2006]. The Regulation sets use-related requirements (for example,
regular checks for leakage), prohibits individual high-emission uses, and requires recov-
ery of fluorinated greenhouse gases and labelling of products and equipment containing
them.
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may frustrate climate protection efforts made elsewhere. In all those use sectors in
which HFCs had already established themselves, the discussion on alternative sub-
stances was made more difficult by the fact that industry had already completed a
“switch”. Many companies felt that another costly conversion to non-halogenated
alternatives would be unreasonable. Nevertheless, the discussion, and the real possibil-
ity of the EU taking action on HFCs, brought conversions to non-halogenated alterna-
tives in further applications as well as stepped-up efforts by industry to develop halogen-
free products and technologies. This development was boosted by rigorous national
prohibitions, e.g. in Denmark.
The Regulation on fluorinated greenhouse gases and the Directive on air conditioning
systems in motor vehicles, adopted in the EU in 2006, contain only few prohibitions
(e.g. on the use of HFCs in motor vehicle air conditioning systems, in certain aerosols,
in one-component foams). Nevertheless, this EU legislation sent out a signal. Since it
already provides for a review and extension of measures, producers and users are in-
creasingly banking on non-halogenated substances.
One outcome of the discussion and of the various measures on HFCs is that the of-
fered range of innovative products and processes without synthetic substances is much
more diverse and advanced today than it was just a few years ago. This holds especially
for refrigeration and air conditioning technology. One example are CO2-based heat
pump water heaters, which have experienced an unprecedented rise. Also, in recent
years, many renowned companies such as Coca-Cola, Marks & Spencer, Sainsbury’s
and Tesco have committed to abstain from using fluorinated greenhouse gases and are
using this “green image” as competitive advantage. They are thus adding to pressure
on equipment producers to develop and market halogen-free technologies.
However, overall it is clear that there is a distinct difference between ODS phase-out
and the measures to control fluorinated greenhouse gases. Whilst specific prohibitions
on ODS led to a fast phase-out of these substances, the mostly technical, more eco-
nomically relevant measures on fluorinated greenhouse gases have brought about a
rethink only very slowly. Users appear to be more reserved even where alternative
products are available on the market. In many cases, the phase-in of HFC-based
technology presents another obstacle to the introduction of halogen-free technologies
today. This is expected to change as soon as sufficient political pressure is applied.
Overall, ODS phase-out in the EU has been successful. The measures implemented
have led to a nearly complete phase-out of ODS. In all those cases where the phase-
out occurred before fluorinated greenhouse gases were developed as possible alterna-
tives or where their use was already prohibited, ODS phase-out was possible without
phase-in of HCFCs or fluorinated greenhouse gases. Only in applications for which
non-halogenated alternatives were not available low-ODP or zero-ODP substances
were used as soon as they were launched on the market. Whilst HCFCs were only an
interim solution right from the beginning, the EU today is confronted with a phase-

The public was well-informed and the demand for such products was high. Therefore,
while the chemical industry was still developing halogenated alternatives, products
with hydrocarbons or other non-halogenated substances such as ammonia were laun-
ched on the market. As a result, ODS-free products often dominated the market even
before corresponding bans would take effect or be issued. In addition to the charac-
teristic “ODS-free”, these products also featured good product characteristics and
often an at least equivalent energy efficiency. Many companies used the resulting
advertising opportunity to improve the marketing of their products.
Some examples of areas in which products and processes without HCFCs or, later on,
without HFCs have established themselves are given below:

•ODS replacement as solvent: a nearly complete switch to non-halogenated substances
•ODS replacement in aerosols: a nearly complete switch to non-halogenated substances
•ODS replacement in foams: an extensive switch to non-halogenated substances

Since HCFCs do have an ODP, albeit a low one, scientists and policymakers in many
Member States considered HCFCs to be an unsuitable alternative. Therefore, except
for refrigeration, for which HCFC-22 had already been in use, HCFCs were used in
Germany in only a few applications, e.g. in foam production. In these applications,
they were only used for a short interim period and were soon replaced by non-halo-
genated substances and, in speciality applications only, by HFCs.
The situation was different in the refrigeration and air conditioning sector. Although
hydrocarbons or ammonia were successfully introduced or relaunched in some few
use sectors, e.g. domestic refrigerators and industrial refrigeration, technically mature
alternatives were lacking for many applications. In these, CFCs were still used in exist-
ing equipment up until 1999, and in isolated cases HCFCs (mostly R 22) were still
used in new equipment up until 2004. Today, refrigeration and air conditioning sys-
tems are predominantly produced with a variety of HFCs which have meanwhile been
developed by the chemical industry. These substances, which are more expensive than
natural refrigerants, are very similar to CFCs and therefore do not require any major
change to systems, components, or the way of their handling. Since demand for them
is high, they are available in sufficient quantities in Europe.
HFCs were therefore able to establish themselves widely in the refrigeration and air
conditioning technology market. With some exceptions, there were no EU regulations
barring the use of these substances. Because of their GWP, some scientists and envi-
ronment authorities also took a critical view of HFCs from the very beginning and in
part regarded them as only an interim solution [UBA 1889]. However, this was largely
ignored. A public debate over these substances did not really take place.
A relevant discussion about this group of substances only started around the new mil-
lennium, when it was realised that the sharp increase in emissions of these substances
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out of fluorinated greenhouse gases that in many cases will be politically difficult and
long-term although halogen-free solutions exist [UBA 2004, IPCC 2005]. Because of
the developments in recent years, countries which are only now embarking on final
ODS phase-out have the big opportunity to avoid introducing other halogenated sub-
stances at the same time.
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IInnttrroodduuccttiioonn

Historically, hydrocarbons (HCs) were among the first refrigerant fluids to be used,
but due to their flammability, their use was abandoned in favour of inert fluids such
as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). Compared
with CFCs, HCFCs and hydrofluorocarbons (HFCs), HCs offer zero Ozone Deple-
tion Potential (ODP) and extremely low Global Warming Potential (GWP) and, in
regard to their performance, they offer in general: high efficiency, reduced charge
sizes, and a range of other benefits such as mineral oil compatibility.
The only real factor against the application of HC refrigerants in refrigeration and air
conditioning equipment (hereinafter referred as to as RACE) is the safety concern in
handling relatively large HC charge quantities; special installation practices and hand-
ling procedures are certainly required. The evolution of such practices is necessary to
ensure their safe use prior to their possible implementation on a much larger scale.
In regard to the adoption of HCs within safety standards, the Technical Committees
responsible for standards development have been active in recent years trying to include
the additional safety measures required for the design, installation, repair and service
of RACE using these refrigerants. This present paper aims to provide an overview of
the current situation and evolution of the available international and European stan-
dards that cover the use of natural refrigerants. It should be noted here that some of
the standards covered (e.g., EN 378) also relate to environmental requirements for
systems. However, this article will not discuss this aspect specifically. 

SSttaannddaarrddss  aanndd  ddiirreeccttiivveess

First of all, it should be pointed out that a standard is a reference of achieving a cer-
tain level of quality, and in general, standards are not mandatory in the legal sense.
Further, they often include informative annexes that contain recommended practices
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To provide an insight into standards development, there are formalised procedures
that are carried out within each standards organisation, and these often overlap with
other organisations. A standard is initiated by a National Committee (NC; being the
authorised committee of a member country that is to manage national standardisation
activities on behalf of a given standardisation organisation), by putting a proposal to
the relevant Technical Committee (TC). If the TC (which will be made up of repre-
sentatives from all NCs) agrees to the proposal, it will usually set up a Working Group
(WG), which is normally comprised of industry representatives, to produce a draft
standard. The WG will submit a draft to the TC which should eventually approve it,
and submit it to the NCs for vote. If the sufficient number of positive votes is received
then the standard will be published.
In the case of a standard developed at international level, it will also be considered by
the relevant CEN committee for adoption as a European standard. In the case of
acceptance of a new European standard, it will automatically be adopted by national
standardisation bodies. Occasionally, there is upward transfer of a standard from
European level to international level, and in some circumstances this can also occur
with national standards being passed upwards for adoption as a European standard
(albeit with at least some changes).

Table 1: Summary of various standards in relation to natural refrigerants

but which are not required to satisfy conformity to the standard. Standards are only
mandatory when they are so specified in national laws, directives or regulations.
National regulations and community directives (e.g. European directives) are manda-
tory. For instance, the European directives applicable to the possible use of flammable
refrigerants in refrigeration equipment include:

• PED (Pressure Equipment Directive)
• LVD (Low Voltage Directive)
• MSD (Machinery Safety Directive)
• ATEX (equipment and protective systems intended for use in potentially explosive

atmospheres directive; named after the French: ATmosphere EXplosible)

There are two types of standards: harmonised and non-harmonised. A harmonised
standard is written so that it is consistent with particular directive/regulations.
Harmonised standards are extremely useful because they provide a “presumption of
conformity” to the relevant directive/regulations; conformity to the relevant directives
being necessary for CE marking of equipment. Manufacturers tend to follow these in
order to demonstrate the quality of their products as well as to satisfy the correspond-
ing directive/regulations. This approach is prescribed within the EU’s “Blue Book”
Guide to the implementation of directives based on the New Approach and the
Global Approach.
A major advantage, for instance, of the EN 60335-2 series of standards (more spe-
cifically -24, -40, -89) is that they have harmonised status with certain directives, for
example, the LVD. Thus, conformity to EN 60335-2-24, -40 and -89 means that
domestic refrigerators, heat pumps, air conditioners and commercial refrigeration units
can be built without the producer having to provide a detailed demonstration of con-
formity to that directive. (However, the manufacturer does have to document how the
product does conform to the directive or equivalent national legislation.) Conversely,
non-harmonised standards do not specifically provide an interpretation of directives,
so producers are under obligation to develop methodologies and interpretations for
achieving conformity independently.
Global standards applicable to RACE and their installation come mainly from two
organisations: the International Standardisation Organisation (ISO) and the Inter-
national Electrotechnical Commission (IEC). Similarly, within the European Union
(EU) the corresponding organisations are the Comité Européen de Normalisation
(CEN; European Committee for Standardisation) and the Comité Européen de Nor-
malisation Electrotechnique (CENELEC; European Committee for Electrotechnical
Standardisation), respectively. There is an agreement between IEC and CENELEC
(the “Dresden Agreement”) and ISO and CEN (the “Vienna Agreement”) which set
out the formalised process for transferring – as far as possible – the content of inter-
national standards to European ones, or in some cases, vice-versa.
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Whilst many of these standards evolved separately, the increased use of standards –
largely due to wider trading across the globe – has resulted in synchronisation
amongst most of these in terms of many of the technical requirements. With regards
to these requirements, most standards comprise the following series of topics:

• Classification of refrigerant type, related to toxicity and flammability classes
• System locations/occupancy types and corresponding permissible refrigerant quan-

tities and room sizes
• Construction requirements for the system such as safety devices and test pressures
• External features associated with installation such as ventilation and detection)
• Marking and instructions for users and operators
• Practices for servicing, maintenance and refrigerant handling

It is noted that many of the requirements within all of the standards are closely linked
to the risk posed by the refrigerant, or whatever classification – be it related to flam-
mability, toxicity or asphyxiation, or in most aspects, the hazards associated with ele-
vated pressures within the refrigerant-containing parts. 
The following sections will provide a general overview of the requirements specified
within most of the standards listed in Table 1. Due to the work of the standardisation
bodies, there is fairly close correspondence between most of them. However, due to
its outdated content ISO 5149: 1993 will be ignored in favour of the forthcoming
DIS ISO 5149: 2007, and the outgoing EN 378: 2000 will also be neglected in favour
of the new EN 378: 2007.

RReeffrriiggeerraanntt  cchhaarrggee  lliimmiittss

Limiting the amount of refrigerant charge within a single refrigerant circuit is one
approach to achieving an “approximate” level of safety. The current versions of EN
378, IEC/EN 60335-2-40 and DIS ISO 5149 all incorporate this methodology. IEC
/ EN 60335-2-24 and IEC / EN 60335-2-89 use this approach to some extent. The
charge size limit of any refrigerant is linked closely to its intrinsic characteristics in
terms of toxicity and flammability. 
The standard ISO 817: 2005 specifies the criteria by which a refrigerant can achieve
a particular safety classification. The classification is an alpha-numeric designation,
the former relating to its toxicity (A- for low-toxicity and B- for higher-toxicity), and
the latter referring to its flammability (-1 for non-flammable, -2 for lower flammability
and -3 for high flammability). Thus the HCs typically achieve an “A3” classification. 
The maximum charge for any refrigerant depends on the occupancy category and on
the location of the refrigerant-containing parts. Both EN 378 and DIS ISO 5149
(currently) adopt the same categories of occupancy, as follows:

Standards can also be classified as “horizontal” and “vertical” standards. Horizontal
standards are generic and in principle they should be applicable to all RACE and
installations (typically ISO and CEN standards such as EN 378 or ISO 5149).
Vertical standards, by contrast, are specific to a family of appliances and describe the
specific safety issues and requirements for their use. The vertical standards also refer
to the horizontal standards for additional or general requirements. The current RACE
safety standards all contain some requirements that relate to the application of HCs,
ammonia and carbon dioxide to some extent (Table 1).
Useful complementary information and interpretation of requirements can also be
found in industry guidelines or codes of practice, for instance, British Institute of
Refrigeration Safety Code of Practice for A2 and A3 Refrigerants. 
An overview of the hierarchy and interlinks between the various international stan-
dards, European standards and national standards are shown in Figure 1. The inter-
national standards make use of each other, and – in theory – they feed downwards to
European level, where the relevant legislation is integrated. These are then automati-
cally adopted by CEN members (generally the EU/EEA member states) as national
standards, and the “competing” national standards are withdrawn. For example, with
the acceptance of EN 378 in 2000, the national standards NPR 7600 in the
Netherlands, DIN 7003 in Germany and BS 4434 in the United Kingdom, were
withdrawn.
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Figure 2: Determination of allowable and maximum charge amount (or room size) 
for HC refrigerants (from Institute of Refrigeration Safety Code of Practice for A2 and A3
Refrigerants, 2008)

• Category A: general occupancy not restricted at all. Dwellings and public places, for
example, hospitals, prisons, theatres, supermarkets, transport termini, hotels, restau-
rants, etc.

• Category B: supervised occupancy restricted to a certain number of people, some of
whom are aware that the system is charged with a HC. Offices, laboratories, places
of work, etc.

• Category C: occupancy with authorised access only. Non public areas in supermarkets,
cold stores, manufacturing facilities, refineries, etc. Furthermore, systems are also
defined according to the general positioning of the components in relation to the
occupancies:
– Entire system within human occupied space which is not a machinery room
– Compressor and liquid receiver in an unoccupied machinery room or in the open air
– All refrigerant containing parts in an unoccupied machinery room or in the open air

Lastly, an additional division based on system design – being direct expansion or
indirect expansion – are also employed, although this is essentially predetermined in
the positioning of the system. In the case of the appliance standards, IEC / EN 60335-
2-24, -40 and -89, occupancy categories are not considered, and their requirements are
assumed to apply to equipment installed anywhere. 
In terms of refrigerant charge sizes, there are two basic criteria. The first is “allowable”
charge size. This refers to the maximum mass of refrigerant for a given occupied room
size. The second is the “maximum” charge size, and this refers to the upper limit that
the allowable charge size can reach. In other words, if the room is particularly large,
it is still not permissible to exceed the maximum charge size. The background for the
determination of the allowable charge is that it is an approximation of the quantity of
refrigerant that can be instantaneously released into a room without resulting in a
flammable concentration for anything more than a momentary length of time.
Conversely, the maximum charge is a largely arbitrary quantity. It is important to note
that both allowable charge and maximum charge apply per independent refrigerant
circuit, since it is taken that the probability of two separate circuits developing an
instantaneous catastrophic leak simultaneously is minute. 

Figure 2 provides a flow chart as a means of determining both the allowable and max-
imum refrigerant charges permitted, depending on occupancy category and location
of the refrigerating system, and corresponds to all of the standards. (Alternatively, the
minimum allowable room size can be determined for a given refrigerant charge size.)
Some of the limits are referred to the practical limit of the refrigerant (PL). This is a
value stated in the standards for each refrigerant, and represents the practical limit to
avoid dangerous concentrations (typically: 20% of LFL). 
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– Background ventilation must be provided at a rate of at least 4 air changes per hour
(or greater if national regulations prescribe) whenever an occupant is present.

– Emergency ventilation is required in the event of a release of refrigerant, and the
flow rate is a function of refrigerant charge (Vmin = 0.014 x Mr 

2/3, where Vmin is on
m3/s and the refrigerant charge Mr 

2/3 is in kg).

In the case of emergency ventilation, this is normally initiated with activation of a re-
frigerant sensor located at floor level in the machinery room. For HCs, the ventilation
should be initiated at a concentration of no more than 25% of the LFL.
It is noted that if a room has at least one of the longest walls open to the outside air
by means of louvers with 75 % free area and covering at least 80 % of the wall area
(or the equivalent if more than one wall is to outside), it is considered as being in the
open air, and therefore no mechanical ventilation is required. If the equipment is lo-
cated within a Category A or B occupied space, but built into a mechanically ventilated
enclosure (MVE), then special ventilation requirements are applied, as detailed within
EN 378, DIS ISO 5149 and IEC/EN 60335-2-40. The special requirements for fixed
systems that are contained within mechanically ventilated enclosures state that the re-
frigerating circuit is provided with a separate enclosure that is not connected to the
room. The system enclosure shall have a ventilation system that produces airflow from
inside the system to the outside through a ventilation shaft, at a rate of Vmin = 60 x
Mr / ρr (where ρr is the density of the refrigerant at atmospheric pressure and 25°C, in
kg/m3), but at no less than 0.03 m3/s. In addition, the pressure difference between the
interior of the enclosure and the external ambient shall be at least 20 Pa.

SSaaffee  ddeessiiggnn  aanndd  ccoonnssttrruuccttiioonn

In addition to the described limitations on the refrigerant charge depending on the
size of the room and type of occupancy, the standards impose requirements on any
aspect of the RACE that could become a risk due to the refrigerant flammability. In
the following, a selection of requirements for the safe design and construction of
RACE employing flammable refrigerants is outlined.

Compressors
There is little reference in the standards to special compressor requirements for the use
of flammable refrigerants. Of course, general pressure equipment and other machinery
regulations and directives do apply. EN / IEC 60335-2-34 safety standards for motor
compressors were extended to flammable refrigerants in 1996, deeming as unnecessary
any change in the use of hydrocarbon refrigerants since requirements are already spe-
cified in the standards for the appliances or end products that include motor compres-

In addition to these limits, sealed systems that contain up to approximately 150 g of
HC (depending upon the standard), are permitted to be located anywhere, regardless
of the room size or occupancy. Indeed, both the appliance standards, IEC / EN
60335-2-24 and -89 limit the quantity of HCs to 150 g throughout. For charge sizes
above 150 g, they refer to the relevant national or international standards, i.e., EN
378 or ISO 5149.

In Figure 2, the formula used for charge or room size determination for systems for
human comfort requires special attention. Here, the formula includes a term, hr, which
is related to the installed height of the unit, and nominal values for this are provided
within the standards:

– hr = 0.6 m for floor mounted units
– hr = 1.0 m for window mounted units
– hr = 1.8 m for wall mounted units
– hr = 2.2 m for ceiling mounted units

There are a number of additional conditions associated with the design of the refriger-
ating system that must be adhered to if the charge sizes specified are to be permitted.
As mentioned, these values are based on the current draft of the revised DIS ISO
5149: 2007, which is largely based on EN 378: 2007; this has the objective of achieving
international synchronicity for the design and construction criteria of RACE. How-
ever, as DIS ISO 5149 evolves, it is likely to deviate somewhat from EN 378, as exist-
ing requirements are rejected by some stakeholders, and new ones are developed. One
example is the addition of requirements for multi-split air-conditioning systems, which
are allowed to use larger charge sizes of certain flammable refrigerants. 

VVeennttiillaattiioonn

Mechanical ventilation is a necessary requirement for all refrigerants. Where flam-
mability is a concern, it is necessary to ensure that there is sufficient ventilation to
ensure that the refrigerant is dispersed rapidly in the event of a leak. 
The appliance standards IEC / EN 60335-2-24 and -89, do not specify a ventilation
rate, mainly because they are dealing with relatively small quantities of refrigerant. The
only prerequisite is that there is nowhere on the appliance where a leak of refrigerant
could accumulate. Typically, this does not require mechanical or forced ventilation.
Where mechanical ventilation is normally mandatory is within a machinery room,
where larger quantities of refrigerant are held. For this situation, EN 378 and DIS
ISO 5149 specify certain ventilation rates. If the concentration of refrigerant within a
machinery room (or any other Category C occupancy) can exceed the Practical Limit
in the event of a catastrophic leak, then mechanical ventilation must be provided:
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tem, the more comprehensive the levels of protection. One or two pressure relief valves
may be required depending upon the operating characteristics of the compressor and
whether parts of the system can be shot off by valves. For flammable refrigerants, fusi-
ble plugs cannot be used as a means of pressure relief. In terms of indicating devices, for
systems with refrigerant charges above 1 kg there must be connections for the pres-
sure indicators, and for more than 2.5 kg of refrigerant, each side of the refrigerant
system must be provided with pressure indicators. Refrigerant accumulators in systems
with charges above 2.5 kg that can be isolated from the system must be installed with
a level indicator which visibly indicates at least the maximum admissible level. 

Electrical components and other sources of ignition
Any system that contains a flammable refrigerant must not possess potential sources
of ignition that could ignite refrigerant in the even of a leak. Typically, this means that
surfaces temperatures shall not exceed the auto-ignition temperature of the refrigerant
reduced by 100 K, and that any source of electrical sparks must be removed or pro-
tected. Three options exist to address this:

– The component is constructed according to EN 60079-15 (sections 3 and 4 for
group IIA gases or the refrigerant used), which means that the component is sealed
so that will not allow the ingress of any leaked refrigerant.

– The component is located in an enclosure which complies with the requirements
of EN 60079-15 for enclosures suitable for use with group IIA gases or the re-
frigerant used.

– The component is not located in an area where a potentially flammable mixture
of refrigerant and air could accumulate – this is demonstrated by the leak simulation
test. This leak simulation test is described in each of the standards (EN 378, DIS
ISO 5149, EN/IEC 60035-2-24, -40, and -89), and requires a number of leaks
to be simulated from different parts of the equipment, whilst the concentration
of refrigerant is measured at the potential sources of ignition. If the concentration
of refrigerant never exceeds a prescribed value for a given period, then it is con-
sidered to not pose a hazard.

Out of the above, the use of the leak simulation test is preferred by large-scale manu-
facturers for reliability and cost-effectiveness.

MMaarrkkiinngg  aanndd  iinnssttrruuccttiioonnss

Together with the safety measures for the design and construction of RACE, the
standards also include an entire set of requirements concerning the marking of the
equipment and the instructions that must be supplied, clearly specifying how to
handle this kind of equipment safely.

sors. The more recent EN 12693 standard that applies to larger size compressors also
makes no reference to different classes of refrigerant. However, although not related
directly to safety standards, a consequence of the requirements of the PED means that
the supply of certain compressors for HCs is hindered within Europe. Presently, open
and semi-hermetic compressors for flammable refrigerants with considerable capacity
range are available in the market. There is no problem in obtaining small hermetic
compressors with low internal volumes, but this is not the case for medium-sized her-
metic compressors, of the type typically used for with small heat pumps and air con-
ditioners, or small-size commercial refrigeration equipment. Requirements of the PED
– in terms of material quality, production procedures and external approvals – are a
function of pressure   internal volume (P  V) of the component. These requirements
are subject to a step change with increasing P  V, but if the fluid is flammable (i.e., it
belongs to “fluid Group 1”), then the step-up to tighter requirements occurs at a lower
P V, than for a non-flammable refrigerant (“fluid Group 2”). Thus the additional
demand put upon manufacturers has deterred them from large-scale output of such
compressors. 

Materials
Materials must be selected to support foreseeable mechanical, thermal and chemical
tensions.

Piping
Non-permanent joints are not allowed inside occupied spaces except for site-made
joints directly connecting the indoor unit to piping. The use of non-permanent joints
in this case is considered to reduce the risk of ignition by such means as brazing torches,
when service technicians need to break into the system. In all cases, refrigerant tubing
shall be protected or enclosed to avoid mechanical damage and shall not be used
during handling or transport.

Secondary cooling and heating systems
When the system contains a secondary heat exchanger, the heat exchanger shall not
allow, due to a break of the evaporator or the condenser wall, the release of the re-
frigerant into the areas served by the secondary heat transfer fluid. Among the measures
to avoid this type of problem, the following comply with this requirement: an auto-
matic air/refrigerant separator discharging into the vented unit housing or outside, or
a double-wall heat exchanger.

Protection devices and indicating instruments
Any refrigeration system above a particular size must be provided with one or more
protection devices; the greater the charge size and the pressure and volume of the sys-
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well as the specific need for adequate installation practices and qualified personnel for
service and maintenance. Although the future substitution of synthetic refrigerants by
natural refrigerants is largely dependent on the possibly more restrictive regulations (or
even banning) of HFCs in the coming years, the evolution of the standards for their
safe use is indispensable prior to their possible massive implementation. Fortunately,
as described in this paper, a series of European and international standards concerning
the use of HC refrigerants in RACE are available, providing for the necessary ad-
ditional safety measures for the design, repair and servicing of RACE using flammable
refrigerants. This will provide a framework to develop future refrigeration technology
employing HCs. The review of the different existing and drafts standards highlights
the maximum charge and room size limits as well as the specific requirements of
RACE employing HCs, as well as other design features. However, it is also worth noth-
ing that whilst these standards provide guidance on safe design, other options exist,
and provide that the design, construction and installation of the equipment conform
to the relevant regulations and directives, other options are viable.

AAnnnneexx  11::  LLiisstt  ooff  ssttaannddaarrddss  aanndd  gguuiiddeelliinneess

Relevant European Directives
PED. Pressure Equipment Directive. Directive of the European Community 97/23/EC
LVD. Low Voltage Directive. Directive of the European Community 73/23/EEC
MSD. Machinery Safety Directive. Directive of the European Community 98/37/EC
ATEX. ATmosphere EXplosible. Directive of the European Community 94/9/EC

International Standards
ISO 817: 2005 Refrigerants – Designation system
IEC 60335-2-24 Safety of household and similar electrical appliances – Particular

requirements for refrigerators, food-freezers and ice-makers
IEC 60335-2-34 Safety of household and similar electrical appliances – Particular

requirements for motor compressors
IEC 60335-2-40 Safety of household and similar electrical appliances – Particular

requirements for electrical heat pumps, air conditioners and dehumidifiers
IEC 60335-2-89 Safety of household and similar electrical appliances – Particular

requirements for commercial refrigerating appliances with an incorporated or
remote refrigerant condensing unit or compressor

IEC 60079: 2001 Electrical apparatus for explosive gas atmospheres
ISO 5149: 1993 Mechanical refrigerating systems used for cooling and heating –

Safety requirements
ISO DIS 5149: 2007 Mechanical refrigerating systems used for cooling and heating

– Safety requirements

Marking
A key aspect related to safety is to ensure that those who are about to work on the
equipment are fully aware of the nature of the refrigerant used. Therefore, amongst
other indication marks, the flame symbol on the nameplate of the unit must be always
visible when accessing parts for maintenance. Further, a symbol for reading the user
manual, the repair manual and the installation manual should be well visible. There
must also be visible warnings such as the standard symbol for “caution, risk of fire,”
and statements that the appliance shall be installed and operated in a location corres-
ponding to the minimum room size (where applicable).In the case of equipment
installed in a special machinery room, the appropriate marking must also be made
visible prior to entry. This type of requirement is specified within all the relevant stan-
dards (EN 378, DIS ISO 5149, EN/IEC 60035-2-24, -40, and -89).

Manuals and instructions
Specific to the standards that permit equipment to contain larger refrigerant charge
sizes (i.e., EN 378, DIS ISO 5149 and EN/IEC 60035-2-40), there is a requirement
for detailed information to be provided in manuals for the installation, service and
operation (be they separate or combined manuals). The manuals will include all the
relevant information about the equipment, such as the maximum refrigerant charge,
the minimum rated airflow if required, the minimum floor area of the room or any
other special requirements, as well as all the corresponding warnings. Importantly,
they must all provide the necessary information and instructions for the correct hand-
ling of flammable refrigerants and associated equipment, refrigerant detection, charging,
equipment decommissioning, removal, recovery and storage of the refrigerant, and
aspects related to ensuring the integrity of the protection for electrical components. 
A crucial aspect is that they also include special requirements for personnel dealing
with this kind of equipment. Only competent professionals trained in the use of flam-
mable refrigerants are permitted to open equipment housing or to break into the re-
frigerant circuit, and the maintenance and repair requiring the assistance of another
skilled person should be carried out under the supervision of the competent individual.

FFiinnaall  ccoommmmeennttss  aanndd  ccoonncclluussiioonnss

Certain HCs have excellent characteristics as refrigerants from a thermodynamic point
of view. They are natural fluids with excellent environmental characteristics: no ODP
and negligible GWP. They also offer good miscibility with mineral oils (synthetic
lubricants are not required) and good compatibility with common materials employed
in refrigeration equipment. The only real argument against the application of HC re-
frigerants in RACE is the safety concern in handling relatively large HC charges as
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IInnttrroodduuccttiioonn  

Among designers and users of ammonia in refrigeration and heat pumps, ammonia is
with respect for all safety codes, standards and legal regulations the safe and profit-
able refrigerant. The number of accidents and lethal accidents are extraordinarily rare
compared to other risks in society. This is not known among society in general which
pronounce ammonia as very dangerous and frightening as ammonia has a heavy pun-
gent smell. This paper explains that ammonia is far better than its reputation.
As a refrigerant, ammonia is unsurpassed, and it has excellent thermodynamic quali-
ties that also have environmental advantages. All life is dependent on the recircula-
tion of nitrogen, in which the breaking down of natural substances to ammonia is an
essential part. Ammonia will continue to be used as a refrigerant in the future since
society cannot afford not to use it. Ammonia discussed here is anhydrous ammonia
(NH3) as refrigerant only and not in other applications like fertilizer, farming or chem-
ical industry.
There is a belief that ammonia is both poisonous and explosive, which is not fully true
if one examines the definition of “poisonous” and of “explosive”. This belief has often
been a hindrance to profitability in the refrigeration industry. Most people have expe-
rienced, to a greater or lesser extent, the smell of ammonia, while only a few people
have actually been injured by it. Furthermore, although flammable, ammonia does
not explode, it “flash burns” like confined smoke does in a building fire. Information
on risk = probability x consequence for Nordic Countries, Germany, UK and USA is
presented, as these are familiar to the author and can be verified. Other societies may
have other means of comparison.

Ammonia and its Reputation 
as Refrigerant
ANDERS LINDBORG, Ammonia Partnership AB, Sweden

European Standards
EN 60335-2-24 Safety of household and similar electrical appliances – Particular
requirements for refrigerators, food-freezers and ice-makers
EN 60335-2-34 Safety of household and similar electrical appliances – Particular

requirements for motor compressors
EN 60335-2-40 Safety of household and similar electrical appliances – Particular

requirements for electrical heat pumps, air conditioners and dehumidifiers
EN 60335-2-89 Safety of household and similar electrical appliances – Particular

requirements for commercial refrigerating appliances with an incorporated or
remote refrigerant condensing unit or compressor

EN 378: 2000 Refrigerating systems and heat pumps – Safety and environmental
requirements

EN 378: 2007 Refrigerating systems and heat pumps – Safety and environmental
requirements

EN 12693: 2008 Refrigerating systems and heat pumps – Safety and environmental
requirements – Positive displacement refrigerant compressors

National Standards and Codes 
DIN 7003 Refrigeration Systems and Heat Pumps with Flammable Refrigerants of

Group L3 – Safety Requirements (now withdrawn)
NPR 7600 Toepassing van natuurlijke koudemiddelen in koelinstallaties en warmte-

pompen (now withdrawn) 
BS 4434 1995 Specification for Safety and Environmental Aspects in the Design, 

Construction and Installation of Refrigerating Appliances and Systems (now
withdrawn)

IOR Safety Code of Practice for A2 and A3 Refrigerants. 2008, Institute of Re-
frigeration, United Kingdom.
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is why the technology used differs from that used with other refrigerants (see Table 1
“Comparison with other refrigerants”). This low liquid flow has limited the use of
ammonia for smaller refrigerating capacity, although with advancing technology in
the future it can also become an alternative for small systems.

Refrigerant properties
All the properties of a refrigerant listed before the Montreal Protocol have since then
been added with arguments related to the environment (ODP and GWP), zeotropic
and azeotropic blends and the supercritical process. All these properties have to be
taken into consideration in order to get a correct picture of a refrigerant. For exam-
ple, HFC refrigerants are not preferred for industrial systems because leaks are more
difficult to prevent and the price of replacing the charge is too high, a double penalty.
Furthermore there is no such thing as an ideal refrigerant and it is not likely that, within
the foreseeable future, there will be a new refrigerant with properties that match or are
better than those we have today /3/, /4/.

AAmmmmoonniiaa  aacccciiddeennttss,,  iinnffoorrmmaattiioonn  aanndd  ssttaattiissttiiccss  

There is literature on ammonia refrigeration systems that dates back more than 100
years, but there is much ground that has not yet been covered. Just a small number of
people with long experience of ammonia systems are experts in this field. There is a
clear need for extensive documentation on the subject of ammonia as a refrigerant in
order to increase understanding and to improve accessibility and confidence in the
operation of ammonia refrigeration systems. Incidents involving ammonia leakage are

Table 1. Comparison with refrigerants per kW refrigerating capacity at -15/+30°C /2/.
The vaporization heat of carbon dioxide is specified at the triple point of -56.6°C.
407C and 410A have “temperature glide”

AAmmmmoonniiaa

This presentation does not describe ammonia’s thermodynamic properties or how a
refrigera-tion system that uses ammonia is designed, constructed and operated, but
instead addresses the general issue of safety. Ammonia systems designed during the
past 20-30 years in accor-dance with pressure vessel legislation are very high quality,
with excellent standards of safety. Older systems can be unsafe and should be analysed
for risks by experts (not least in connec-tion with corrosion). Service staff and person-
nel with operational responsibility can cause spillage, so the provision of training and
information are worthwhile, low-cost preventive measures.

Ammonia production
The volume of ammonia that naturally circulates on Earth annually amounts to at
least 3 bil-lion tonnes. Every human being produces approximately 17 g per 24 hours
and a cow 1 tonne/year. On an industrial basis, about 150 million tonnes of ammonia
are produced, with approximately half a million tonnes being used as a refrigerant. It
is estimated that in the USA, 5% of all ammonia exists in refrigeration systems but
that only 0.5% of all manufactured ammonia is used in refrigeration systems. Large,
traditional-style refrigeration systems using ammonia have a natural loss of 5-10% of
their charge per annum, while modern, prefabricated systems have a much smaller
loss, some less than 1%.

The refrigerant ammonia
Ammonia was used for the first time in the compression process by David Boyle in
1872 in the USA. Carl von Linde started his first compressor for a brewery in Trieste
in 1876 /1/, which he selected after he had tried using ether which exploded in the
laboratory; his second choice was safer. Since then, ammonia has been the dominat-
ing refrigerant for industrial applications. This is due to its unique, thermodynamic
qualities and to the fact that refrigerating systems that use ammonia are efficient as well
as profitable.

The smell – an important advantage
Ammonia is the only refrigerant that has a strong characteristic smell. When ammonia
is mentioned, there is often a negative reaction with the opinion being expressed that
it is dangerous, toxic and explosive and has a terrible smell. The smell is in fact an
advantage since the smallest leakages are discovered immediately and then corrected. 

Comparison with some other modern refrigerants
The vaporization heat of ammonia is high and the liquid fluid flow rate is low, which
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• Awareness the smell is obvious and can be identified as ammonia, may call for help
but not go to hospital.

• Inconvenience and depending of how experienced persons are of ammonia. Experi-
enced will walk away while others may even panic. Some may ask for medical con-
trol or even treatment, no damage or injury.

• Medical treatment is needed and the injured can recover.
• Acute medical treatment of more severe conditions and repair is not possible e.g.

total eye damage.
• Lethal and in most accidents for last decades it is one single person.

According to ratios 1:10:30:600 it is estimated that Sweden may have 3 to 5 releases
per year and none cause damage to persons and some may not be recognised.

Releases in hot climates
One important parameter concerning a release and its influence on persons within
100-300 m radius are the climate conditions. Wind speed, temperature gradient and
inversion characteristics will influence the gas concentrations. Firstly, ammonia vapour
is one of few gases lighter than air and it will therefore disperse upwards. A liquid re-
lease tends to create an aerosol which picks up moisture from the air, and the charac-
teristic white cloud is formed. After a short distance from the release point, the liquid
droplets have evaporated and the cloud is in-visible in vapour phase. The spread is bet-
ter in warm than in cold climates, and a leak will have less influence on the neighbour-
hood. Also the height above the ground of the release is important; the higher the
position, the lower the concentration of gas.

Ignorance
Ignorance results in a negative attitude towards ammonia, but more than 95% of the
people in the refrigeration industry work with other refrigerants and technical solutions,

Figure 3: Accident Ratio Study, Bird and Germain, 1996

few in relation to the large number of systems that exist. Lethal accidents in the USA
/5/ (last 11 years), UK (1975-2007), Sweden (since 1940), Denmark, Norway and
Finland (since 1945) and Germany last 20 years are documented. This data gives an
Annual Death Rate (ADR) of < 2 per 1 000 000 000 population per year. As a bench-
mark the ADR of lightning strike in the USA is 32 per billion per year, traffic in
Sweden is 5 in 100 000 per year and working life in Sweden 5 in 1 000 000 per year.
To put these values into context, this and other data is provided in Figure 1, where an
indica-tion of social attitudes to such risks is also included.

Which persons are injured or killed by ammonia?
Accidents with ammonia have occurred, and when these are studied, it is apparent
that no-body beyond the vicinity of the system has been injured. People who have
been injured or killed were located at the point of the leakage, Figure 2, and were usu-
ally actually working on the system. The operational and service staff are the ones who
are in the danger zone of just a few metres. Injuries can be avoided by using personal
protection such as overalls (no bare arms or legs in summer), gloves and protective full
face filter masks.
Figure 2 illustrates that lethal accidents and accidents requiring medical treatment
have occurred within a few metres of the release. At distance of 200 metres the char-
acteristic smell is obvious. The distance 1500 metres is the safety distance for large
industrial releases of many tons e.g. storage tanks, railway wagons. The influences of
releases are strongly depending on weather conditions such as temperature, wind
speed and climate inversion.

Categories of reaction and injury to human beings
A study by Bird and Germain (1996) identified a ratio hierarchy that relate the differ-
ent levels of impact to individuals following a release, Figure 3. The levels of impact
are identified as follows:
• Unaffected persons are not aware of an accident or release and no smell.
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Figure 1: Probability of deaths in society, 
Prof. Jan Berghmans, Leuven, Belgium

Figure 2: Influence at accidents: 
Lethal accidents are close to the release



1 In case of exposure, it is rare that a person has measuring equipment. Experience is based on reconstruction
after the event. The concentration is not quantified.

2 2-5 ppm is possible to detect by smell and depends on the individual, air temperature and humidity. The
advantage of a low sensory threshold for detecting ammonia is that the gas gives an early warning, so that the
hazardous area can be evacuated. Even people without a sense of smell are warned of an ammonia presence
since the gas affects mucous membranes and damp skin with pain.                                      

3 Practical use of filter masks and fresh K-filter has shown that they can be used in concentrations 10 000 to
15 000 ppm.
Ammonia Partnership AB, Sweden.

Table 2: Physiological effect1 of ammonia on man

2

3

not with ammonia. It is all too easy to question situations one does not master, not
least situations that can be interpreted as being a threat to a compan’s operations.
Many authorities and planners have not acquainted themselves with the regulations
for ammonia and still consider it to be an impossible alternative. It is natural and not
at all inconsistent to respect and comply with the Pressure Equipment Directive,
Machinery Directive and modern Standards, all of which, when interpreted correctly,
result in safe ammonia systems.

Small or minimum charge
The refrigeration industry is striving to design and build systems with the smallest
possible charge. This is the case for fluorocarbons such as HFCs, where leakage is
unacceptable for cost and environmental reasons. For ammonia, sectioning and other
methods are used to reduce amounts in the case of possible leakages. Ammonia’s large
latent heat and special partial pressure are properties that make it difficult, or even
impossible, to empty part of a system, apart from leakage in the liquid phase. This
means that substantial quantities cannot leak out of ammonia systems, but the strong,
typical smell leads people to believe that leakages are of a more major size. Modern
detectors and sectioning reduce the problems that leakages cause. For ammonia there
is no minimum charge but there is a correct charge as small charges make the system
difficult to design and operate, charge variations in the system have to be respected.

Toxicity
Ammonia is always described as being poisonous but what is a poison? Philippus
Theophrastus Bombastus von Hohenheim or Paracelsus, Swiss doctor, chemist and
philosopher (1493-1541) is quoted as having said “the dose makes the poison”. The
amount of a substance a person is exposed to is as important as the nature of the sub-
stance. A modern definition is that a poison is a substance that, even in very small
quantities, has a dangerous or deadly effect on living organisms. It is not possible to
conceal ammonia, which is the only refrigerant that gives a warning long before the
concentration can be considered dangerous. The level of concentration that a trained
individual cannot put up with is not dangerous, (Table 2 “The Physiological Effect of
Ammonia on Man”).

Flammability
The word “explosive” is used in relation to rapid fire behaviour, with a flame propaga-
tion of many m/s and detonation in km/s. Since ammonia burns with low energy –
about half that of LPG – the flame propagation is low: about 8 cm/s according to ISO
817 /6/. Ammonia can selfignite if the temperature is above 651°C and, as a refrigerant,
is classified in group B2 (low flammability) in accordance with ISO 817 and ASH-
RAE 34. Ammonia’s flammability range is from 15% to 28% or 33%, depending on

74 75



Ammonia systems in fire
When there is a fire in a building with ammonia equipment, the ammonia is not a
particular threat. Energy and flame propagation are low, meaning that damage from
ammonia can be prevented, although there is always a chance that secondary ignition
can occur. The building can incur damage and systems with ammonia can cause leak-
age, but the leaked refrigerant will follow the fire gases upwards and will only affect
the surrounding area with an unpleasant smell to a very limited extent, if at all. It
should be noted that the products of combustion of ammonia – nitrogen and water –
are completely harmless even to global environment. This is in marked contrast to the
fluorocarbons which may form hydrofluoric acid, hydrochloric acid, carbonyl chloride
(phosgene), carbon monoxide, etc. when burnt, which are highly corrosive and extreme-
ly toxic, even in small quantities.

Safety codes and standards
Present day refrigeration systems using ammonia are very safe, with ammonia having
been used for more than 150 years. Accidents have occurred, and they cannot be con-
cealed since ammonia has such a characteristic smell. Media interest regarding the
cause of an emission or its consequences is relatively minor, but they often focus on
descriptions of a strong, terrible, “poisonous” smell.
As early as 1918, the first safety directives were drawn up in the USA for refrigeration
systems. These were followed by VBG 20 in Germany in 1933, and the predecessor of
the Swedish Refrigeration Code in 1942; there are now standards in most European
countries. Europe has EN 378:2000 Parts 1-4 /8/, the USA has ASHRAE 15 and
ANSI/IIAR 2. Europe has legislation in the Machinery Directive the Pressure Equip-
ment Directive and the ATEX Directive when applicable that shall be obeyed and, in
addition, technology, material and design have all improved. The systems of today have
come a long way over the years, and are now extremely safe.

Ventilation of machinery rooms
Refrigeration standards direct how premises that house equipment for ammonia shall
be ventilated. In general, the ventilation required for cooling surplus heat in summer is
greater than the standard requires. Since the ventilation requirements are related to the
system’s charge, the demands regarding volume flow rate of air when small amounts
of charge are used. But beware! In some cases, it has been necessary afterwards to
install a cooler in the machinery room to reduce the excess heat. Ventilation should
prevent the concentration in the room getting to the level at which ignition is possible.
Correctly operated ventilation means that fires involving ammonia are rare occurrences
in an international perspective. More often rescue services prohibit ventilation of a
machinery room to protect neighbours from the pungent smell. This creates a conflict
with work place safety.

the test method and reference. Ammonia can only burn in enclosed spaces, not out-
doors in open space without a supporting flame, and is therefore not classified as flam-
mable with regard to outdoor use. In order to ignite ammonia, an ignition source with
minimum energy is needed and this energy, compared to other flammable substances,
is considerable. The ignition source in an electric spark gap must be substantial, for
example ordinary sparks in 3-phase 440 volt systems do not have sufficient energy to
ignite ammonia and this is the reason for there being no requirements regarding
explosion-proof electric equipment when this is enclosed for refrigerating systems.
Ammonia requires minimum ignition energy of 14 mJ, while methane, ethane and
propene require 0.26 mJ and hydrogen gas requires 0.02 mJ. 

FFiirree  ccllaassssiiffiiccaattiioonn  aanndd  ssaaffeettyy  ssttaannddaarrddss

With regard to the European ATEX Directive on hazardous atmospheres, no classifi-
cation is necessary for refrigeration systems that use ammonia as refrigerant. Nothing
can happen inside the system. It is in the case of irregular operating situations such as
when the system is opened or during servicing that the environment can be brought
into question. Personnel working with flammable substances should have competence
and good knowledge of what they are dealing with. 
The latest proposal of prEN 378:2008 /7/ Part 3 Section 8.1 states …“in case of re-
frigerants with a characteristic odour at concentrations below the ATEL/ODL e.g.
ammonia, detectors are not required for toxicity”. In section 8.7 it then gives the limits
of 500 ppm and 30000 ppm … “in order to warn against danger and of fire”. These
levels are mandatory maximum levels. The person with operational responsibility must
be able to be on site within 60 minutes. In case of the higher level, all electrical equip-
ment that could ignite a gas mixture in air must be disconnected. 20% of LFL (Lower
Flammability Level) for ammonia, which is 15% in air, gives 3% as the highest alarm
level. Ventilation and detectors may be used if the equipment is explosion proof.
These instructions are also included in DIN 8975-11 /8/.
Ammonia’s range for flammability in air and enclosed spaces is 15-28%. This is a very
high concentration and only people with complete chemical protection would be cap-
able of remaining in the premises. Open flames are not allowed according to the safety
standards. Similarly, naked electric bulbs are a possible ignition source, so lighting
must have a spray-proof cover such as a plastic hood. Fluorescent lighting shall also
be covered though such light fittings are not hot during use.   
Fire progress is short-lived and is dependent on the volume of the room. After just a
few seconds of fire, a certain amount of the oxygen in the room has been used up and
the ammonia/atmospheric oxygen balance is no longer flammable. The fire dies if
other material is not ignited.
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Positive future and the refrigeration industry
The refrigeration industry has not in the past been effective in arguing the safety case
for ammonia, and has failed to deliver the message that this refrigerant is not difficult
to handle and is safe in operation provided existing safety codes and legislation are fol-
lowed. The latter are crystal clear and do not require extra interpretation.
The greatest cost arising from an emission of ammonia is in connection with cleaning
up, handling relations with the community, and regaining and continuing production.
Put a stop to all minor incidents! The smell of an ammonia leakage cannot be con-
cealed – the media cause it to spread much further than any neighbours would notice.
The distance for sensing the smell during worst special weather conditions is some
hundreds metres for a major emission. And media will spread the smell worldwide in
a few hours. Hydrocarbons are also natural alternatives for smaller capacities and in
large chemical applications.

FFuuttuurree  ooff  aammmmoonniiaa

Ammonia’s future is positive since it has superior properties as a refrigerant and will
therefore survive. Ammonia has always been the refrigerant used in large, industrial
contexts. Carbon dioxide is a good or in some applications better alternative and mo-
tivating its use can be less complicated than for ammonia with regard to safety. Carbon
dioxide is an efficient and interesting alternative for temperatures below -40°C. For
air conditioning applications water will be an obvious refrigerant if not ammonia is
used.
With improved quality in systems with adapted amounts of filling, many new ammo-
nia applications will be constructed. The political pressure on HFCs will increase and
this will result in new technical solutions with natural refrigerants, of which ammonia
is one. Used correctly, ammonia not only has a good level of safety but it also means
excellent profitability for its owner/user.

Ammonia is far better than its reputation. Use ammonia with respect as it
is environmentally friendly and offers best efficiency of most refrigerants.
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IInnttrroodduuccttiioonn

Safety is a major concern in any refrigeration application and it is the main reason why
the synthetic refrigerants dominated in the refrigeration industry for several decades.
When synthetic refrigerants were found to be harmful to the environment, several
regulations were enforced on their usage. Natural refrigerants are seen as a potential
permanent solution, among which CO2 is the only non-flammable and non-toxic (to
a certain degree that will be discussed in this study) that can operate in vapour com-
pression cycle at evaporation temperature below 0°C so it can be directly used in
public areas. When ammonia or propane are used in installations that serve public
areas, indirect systems are usually applied where the public areas are served with
secondary refrigerant, could be brine or CO2, and the primary refrigerant, ammonia
or propane, is kept in the machine room. In this case refrigerant leakage will be limited
to the machine room area where the proper safety devices must be installed. Compared
to direct expansion systems, indirect systems will have lower evaporation temperature
due to the additional temperature difference in the heat exchanger in the indirect circuit.
This will result in an additional temperature lift in the primary refrigeration circuit
leading to an increase in the compressor power for the same refrigeration capacity.
Moreover, the power needed to operate the secondary refrigerant circulation pump
will add to the running cost of the indirect system. 
CO2 is relatively inexpensive and unique among the natural refrigerants in its good
safety characteristics. In relation to the environment, as a natural substance CO2 has
no Ozone Depletion Potential (ODP), a Global Warming Potential (GWP) of 1 and
no unforeseen threat to the environment. All these factors combined make it almost
an ideal fluid (from safety and environment points of view) for applications where
relatively large refrigerant quantities are needed. Supermarket refrigeration and other
large sized refrigeration systems are applications where CO2 is seen as a strong candi-
date to replace conventional options. It has been first used as secondary refrigerant in
indirect systems. The knowledge learned from the early research work on CO2 and

Safety of CO2 in Large
Refrigeration Systems
SAMER SAWALHA, Royal Institute of Technology, Sweden
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at standstill, then the process will be repeated and subsequently the plant must be
charged again to compensate for the lost CO2 charge. The fact that CO2 is inexpen-
sive favours this solution over other more expensive ones such as auxiliary cooling unit
or thermal storage vessel. The position of the relief valve must be carefully selected so
liquid CO2 would not pass through it, otherwise solid CO2 (dry ice) will be formed
which might block the valve. Dry ice will be formed when the pressure is reduced
below the triple point pressure, 5.2 bars, as clarified in Figure 1. Guidance for selection
and positioning of the pressure relief valves can be found in EN 378: 2007 part 2.
On the other hand, the formation of the dry ice can be considered advantageous when
leakage occurs in other parts of the system except the relief valves. The concentration
rate increase in the space of the leak will be lower than the case of vapour leak owing
to the fact that the formed dry ice will delay the mixing between CO2 and air by the
time that it will take the dry ice to sublime. Moreover, the formation of dry ice on the
leakage point might block or limit the flow.

Supermarket refrigeration is a relatively large-scale application that requires long dis-
tribution lines and an accumulation tank for the solutions where the pump is used.
This results in large system volume and consequently a considerable refrigerant charge.
In case of a sudden leakage the concentration levels of the refrigerant might be high
and the number of people in the shopping area who could be exposed to it is large.
Therefore, safety concern is a major factor in the choice of the type of system and re-
frigerant to be used. CO2 is a relatively safe refrigerant compared to natural and arti-
ficial working fluids. It is classified in group A1, according to ASHRAE Handbook-
Fundamentals (ASHRAE 2005). This is the group that contains the refrigerants that
are least hazardous and without an identified toxicity at concentrations below 400

Figure 1: CO2 Log P-h diagram

the experiences gained from the early installations of CO2 in commercial applications
promoted its wider application in supermarkets with different system concepts.
Cascade systems with CO2 in the low stage and trans-critical systems where CO2 is
the only working fluid have been applied in recent years. Nowadays, for instance in
Sweden, there are more than 100 installations of CO2 in indirect systems, few cascade
installations and at least 20 plants with trans-critical circuit. 
In the specific application of supermarket refrigeration, safety is more carefully con-
sidered because of the large number of people that might be affected in case of leakage.
Although considerable research has been devoted to the development and the perform-
ance analysis of CO2 refrigeration systems in commercial applications, rather less atten-
tion has been paid to the detailed analysis of the safety aspects in this context. Some
research work has been done through the RACE project for mobile air conditioning
application (Amin, Dienhart et al. 1999). Investigations focused on the concentration
levels in the passengers’ compartment in case of leakage and on the level of the explo-
sive energy in case of component failure. 
This study analyses some safety aspects related to the usage of  CO2 in large systems,
the case of supermarket application is chosen as a practical example. The concentration
levels in the supermarket’s shopping area and machine room that result from different
accident scenarios are calculated for a selected practical example. The ventilation require-
ments in the supermarket under normal conditions and during a leakage accident are
taken into consideration. The case study is chosen in Sweden due to the large number
of CO2 installations in Sweden, especially in supermarket application.
For the selected case, the analysis of the calculations’ results showed that CO2 does
not pose exceptional health risks for the customers and the workers in the shopping
area, whereas safety requirements expressed by efficient ventilation and proper alarm
system must be installed in the machine room.

SSaaffeettyy  cchhaarraacctteerriissttiiccss  ooff  CCOO22

A common issue for CO2 systems in supermarkets is the high pressure at standstill. If
the plant would be stopped for maintenance, component failure, power cut or any
other reason, then the refrigerant inside the plant will start to gain heat from the
ambient and the pressure inside the plant will consequently increase. Components of
the indirect system and the low temperature level of the cascade and trans-critical sys-
tems will not stand the high pressure as they are usually designed for a maximum pres-
sure of 40 bars. 
The most common and easiest protective technique is to release some of the CO2
charge from the plant when the pressure reaches a certain preset value, consequently,
the pressure and temperature of CO2 in the plant will be reduced. If the plant remains
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CO2 has a main drawback of not being self-alarming by lacking a distinctive odour
or colour. This implies that facilities where CO2 may leak must be equipped with sen-
sors that trigger alarm when the concentration level exceeds 5000 PPM, above which
CO2 concentration may have effect on health. CO2 is heavier than air and therefore
will collect close to the floor when it leaks; thus, the sensors and the ventilators in the
space where CO2 might leak should be located close to the floor. Being inexpensive
and relatively safe allows the usage of large charges of the refrigerant and provides
flexibility in the design of the system. Hence, flooded evaporators which require large
refrigerant charges can be used for the intermediate and low temperature levels.
Nevertheless, the CO2 charge is expected not to be very high compared to other re-
frigerants due to the fact that the compact size of the  CO2 components and delivery
lines will contribute to minimizing the charge. Based on experiences from several
installations, an estimation of how much charge of CO2 will be needed in a super-
market can be found in Heinbok (Heinbokel 2001); about 5.25 and 1.7kg/kW for
secondary and cascade systems respectively. Of course this should be considered a
rough estimate because it will be different from one system solution and installation
to another.
In case of component rupture, the fact that CO2 has relatively high operating pressure
compared to other refrigerants raises questions concerning the hazards of blast effects,
shocks and flying fragments. As described and studied by Pettersen et al. (Pettersen,
Armin et al. 2004), the extent of a potential damage can be characterized by first; the
explosive energy which can be estimated as the energy released by expansion of the
refrigerant contained in a component or system. Second; is the possible occurrence of
a Boiling Liquid Expanding Vapour Explosion (BLEVE) which may create a more
severe blast effect than by an ordinary refrigerant expansion. BLEVE may occur when
a vessel containing pressurised saturated liquid is rapidly depressurised, e.g. due to a
crack or initial rupture. The sudden depressurisation leads to explosive vaporisation
and a transient overpressure peak that may burst the vessel. As Pettersen et al. (Pettersen,
Armin et al. 2004) reported, the explosive energy per kg for CO2 is high compared 
to R22. However, when the comparison is made for ductless residential air condition-
ing system with equal cooling or heating capacities and similar efficiencies then owing
to the smaller volume and refrigerant charge of the CO2 system the actual explosive
energies are in the same range. 
In the supermarket system the expected explosive energy may be higher than the cases
with conventional systems. This is due to the presence of the accumulation tank in
most of the CO2 system solutions which increases the system’s charge and volume.
However, the explosive energy is more of a concern with systems where the occupants
are close to the system’s components; such as mobile air conditioning and residential
air conditioning. In supermarket systems the high pressure components are in the ma-
chine room and the distribution lines are usually kept in a distance from the consumers.

PPM. Naturally, CO2 exists in the atmosphere at concentrations around 350 PPM
and for concentrations between 300 and 600 PPM people do not usually notice the
difference. CO2 has similar classification according to ISO 817: 2005, which is the
international standard for refrigerant safety classification; it is classified in group A1
which are the refrigerants with low toxicity and non-flammable.
According to ASHRAE (ASHRAE 1989), a CO2 concentration of 1000 PPM is the
recommended limit to satisfy comfort for the occupants, where in a CO2 controlled
ventilation system fresh air should be supplied so that the CO2 concentration level will
not exceed this value. This is the case of an application when a small CO2 generation
rate is expected due to different human activities. However, in the case of high leakage
rate that might occur in supermarket space or in the machine room, the consequences
of serious health hazards, such as suffocation, must be taken into account.
The following table is a list of selected concentration levels of CO2 and expected
effects on the human health.
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(1) The Occupational Safety and Health Administration (OSHA) revised Permissible Exposure Limit (PEL):
Time-Weighted Average (TWA) concentration that must not be exceeded during any 8 hour per day 40
hour per week.

(2) Threshold Limit Value (TLV): TWA concentration to which one may be repeatedly exposed for 8 hours
per day 40 hours per week without adverse effect.

(3) Short Term Exposure Limit (STEL): a 15-minute TWA exposure that should not be exceeded at any time
during a workday.

(4) National Institute for Occupational Safety and Health (NIOSH) revised Immediately Dangerous to Life
or Health (IDLH) value

(5) IDLH: maximum level for which one could escape within 30 minutes without any escape-impairing
symptoms or any irreversible health effects.

Table 1: Different concentrations of CO2 and the expected health consequences



Table 1. Until 1989 the Occupational Safety and Health Administration (OSHA) set
the concentration value of 10,000 PPM to be the Permissible Exposure Limit (PEL).
Most of the agencies, National Institute for Occupational Safety and Health (NIOSH),
American Conference of Governmental Industrial Hygienists (ACGIH), and MAK-
commission in Germany, that set the occupational safety standards used the TLV-
TWA of 5000. The value of TLV-TWA is usually combined with the Short Term Ex-
posure Limit (STEL) value of 30,000 PPM which is much higher than the highest
concentration possible in the shopping area (9,270 PPM). Accordingly, leakage accident
within the shopping area is not expected to result in any health hazard to the occupants.
When the fresh air supply is taken into account, the  CO2 concentration in the space
will drop after one hour of ventilation according to the equation below (Peterson
1986), which is represented by the curve in Figure 2. C1h is the concentration after
one hour (PPM), Cmax is the maximum initial concentration (PPM) and  is the air
change rate (1/h).

Figure 2: The influence of the ventilation rate on the concentration

Regarding the possible occurrence of BLEVE in CO2 vessels, Pettersen (Pettersen 2004)
reports that the maximum observed pressure spikes in the tests were only a few bars
above the initial pressure. Therefore, it was concluded that there was no reason to
expect BLEVE in CO2 system accumulators or receivers. 
In order to evaluate the risks attached to a leakage accident in a supermarket the pos-
sible concentration levels in the supermarket’s shopping area and machine room that
result from different accident scenarios has been calculated for a selected practical
example. The theoretical analysis will show the limits for the highest concentration
levels that could be reached in the supermarket.

TThhee  ccaassee  ssttuuddyy

The case of a supermarket in the small to medium size category (relative to the CO2
installations in Sweden) was selected as the base for the calculations. The dimensions
of the shopping area are around 40x30x5 m and the machine room’s dimensions are
10x10x3 m. The capacity of the plant is around 30 kW at the low temperature level
and 75 kW at the medium temperature level. CO2 is used as secondary refrigerant at
the low temperature level in an indirect system, the CO2 charge in this installation is
assumed to be 100 kg. These parameters are almost identical to a supermarket in
Hedemora area, about 200 km North West of Stockholm. The concentration of CO2
is calculated in different accident scenarios, which differ depending on two main pa-
rameters: The leakage position and the flow rate of the leaking CO2.
The main two places in the supermarket where leakage could take place are the ma-
chine room and the shopping area. The risk analysis is performed for these two places.
The refrigerant is assumed to leak with different flow rates which start with the hypo-
thetical case that the refrigerant escapes instantaneously and completely from the
plant resulting in the highest concentration possible. The lowest flow rate used in the
calculations was based on two hours of leakage time. It is assumed in the calculations
that good mixing occurs and that the refrigerant leaks with constant flow rate until all
the charge escapes from the plant. The value of 365 PPM was used for the  CO2 con-
centration in the fresh air supply and as the initial value in the room.

RRiisskk  aannaallyyssiiss  iinn  tthhee  sshhooppppiinngg  aarreeaa

Based on the dimensions of the selected supermarket, if the CO2 is assumed to escape
completely within the shopping area in a very short time, then the maximum concen-
tration of CO2 will be around 9,270 PPM. This concentration level far exceeds the
accepted levels for occupants in non-industrial facilities, the value of 1000 PPM in
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The results in Figure 3 show that the CO2 concentration sharply increases during the
assumed leakage times. This is due to the fact that the CO2 leakage rate is much higher
than the rate of replacement of CO2 contaminated air by fresh air supply via the ven-
tilation. At the end of the leakage period (after 15, 30, 60, and 120 minutes) the CO2
concentration reaches the peak because at that point the CO2 charge escaped com-
pletely from the plant into the shopping area. Afterward, the CO2 concentration 
decreases in an exponential manner due to the effect of the ventilation which replaces
the CO2 contaminated air by fresh air supply.
Looking at the accident scenario with the highest peak concentration, almost 9000
PPM at 15 minutes leakage duration, it is evident that the CO2 concentration level
in the shopping area does not enclose health risk to the customers and the workers in
the supermarket. However, an alarm is necessary to warn of a leakage problem so 
proper procedures can be followed for occupants’ safety and proper maintenance can
be performed.

RRiisskk  aannaallyyssiiss  iinn  tthhee  mmaacchhiinnee  rroooomm

If the same scenario, that the charge escapes completely and instantaneously, is
applied in the machine room then the concentration will be around 185,300 PPM. It
is very high if compared to the value of 200,000 PPM, listed in Table 1 at which death
accidents have been reported. Therefore, protective measures of a proper alarm system
based on CO2 detectors and efficient CO2-controlled ventilation system must be im-
plemented. According to the Swedish design codes (Svensk Kylnorm 2000), a minimum
ventilation rate of 2 ACH is recommended in the machine room. This value results
in 86% drop in the initial CO2 concentration after one hour of fresh air supply, clar-
ified in Figure 2. According to EN 378, if the machine room is occupied for significant
periods, e.g. used as building maintenance workplace, then the ventilation rate must
be at least 4 ACH. The ventilation system in the machine room must be a CO2 con-
trolled one; and, according to the Swedish safety codes when the concentration level
in the machine room reaches the TLV, 5000 PPM, the fresh air supply flow rate
(m3/h) must be increased according to the formula: 

Where M is the refrigerant charge (kg). The increase in the ventilation rate is accom-
panied with a low-alert alarm system, visual and acoustic, in the machine room and
in a visible place from outside the room. When the concentration level reaches 50,000
PPM (the IDLH value) high-alert alarm system is triggered and the workers must
leave the machine room immediately (SvenskKylnorm 2000). 

For the shopping area, ASHRAE Standard 62 (1989) recommends about 0.5 air
changes per hour (ACH), which results in approximately 40% reduction in the initial
CO2 concentration after one hour of ventilation, which can be seen in the figure
above. If the CO2 charge is assumed to escape with a constant flow rate then the con-
centration, in kg/m3, is calculated as a function of time according to the equation
below (Peterson 1986) and the results, in PPM, are plotted in Figure 3 for the shop-
ping area. It was assumed that the  CO2 charge escapes with constant flow rate during
different durations of 15 minutes, 30 minutes, 1 hour, and 2 hours. CO2 generation
from the occupants was ignored in the calculations. 

Where           is the CO2 mass flow rate (kg/h),V is the space volume (m3), Cair is the
CO2 concentration in fresh air (kg/m3), C0 is the initial concentration (kg/m3) and   is
the time in hours.
In a CO2 controlled ventilation, the ventilation rate in the shopping area must be
increased when the concentration reaches a value close to 1000 PPM in order to bring
the CO2 concentration down to normal level. In these calculations the ventilation sys-
tem was assumed to have constant value of 0.5 ACH regardless of the CO2 concen-
tration level. 
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Figure 3: CO2 concentration versus time in the shopping area for 15 minutes, 30 minutes,
1 hour, and 2 hours of leakage durations

(2)

(3)



that the period where the IDLH value is exceeded is 25 minutes, which means that
the exposure time for the high concentration levels of CO2 is also short. The high
concentrations reached in the machine room imply that specific safety procedures
must be implemented. The fact that CO2 is a colourless odourless gas means that pro-
per detection system must be placed to determine the increase in gas concentration.
Figure 5 clarifies the safety equipment that should be placed in the machine room, it
is shown in the figure that acoustic and flashing light alarm devices must be provided
in a visible place from inside and outside the room. The figure also shows that detectors
and the exhaust fan are placed at low level close to the floor.

DDiissccuussssiioonn  ooff  tthhee  aassssuummppttiioonnss  aanndd  rreessuullttss

The results presented in this chapter are based on simplified assumptions and aimed
to give an indication of the situation in a practical case. It was assumed that the re-
frigerant leaks with constant flow rate, which is not the case in practice, where the flow
rate is expected to be higher in the first stages of the leakage and then it will decay due
to the reduction of the pressure in the system. 
The refrigerant was assumed to escape completely from the system, it should be taken
into account that when the pressure in the system drops to 5.2 bars then dry ice will
be formed inside the system and will slowly sublimate. The same will occur to liquid
CO2 leaking from the system to the surroundings. Furthermore, the formation of dry
ice at the leakage point may reduce the leakage flow rate and could block the leakage
point. When the pressure inside the system drops to the ambient pressure, part of the
refrigerant will be left in the volume of the system’s components and distribution

Figure 5: Simplified drawing of the machine room and the required safety
equipment/devices

This is also in good accordance with the European Standard EN 378, which states
that refrigerant detection systems shall be fitted in machinery rooms if the system
charge is greater than 25 kg. Refrigerant detection systems shall be fitted to raise
alarms and initiate ventilation if the levels rise to 50% of the acute toxicity exposure
limit (ATEL), which is about 20000 PPM (2 % by volume). The emergency ventilation
system shall not to produce more than 15 ACH.
Figure 4 indicates that for the leakage duration of 2 hours there are no health conse-
quences for the workers, since the IDLH value is not reached (the maximum value is
approximately 26,150 PPM). The concentration curve levels off close to the value of
25,000 PPM due to the fact that the extraction rate of CO2 is almost equal to the leak-
age rate. In the case of 1 hour leakage time, the highest value reached is approximately
50,500 PPM and the high-alert alarm will be triggered for only 4 minutes, when the
IDLH value is exceeded.

The concern is high in the case of short leakage time of the whole CO2 charge, for 30
minutes of leakage time the value of 86,000 PPM is reached. According to the set-
tings of the alarm system installed in the machine room, the low-alert alarm will be
triggered after less than one minute from the moment that the leakage starts, and it
will last for almost 12 minutes until the high-alert alarm is triggered. Which means
that the workers have at least 12 minutes to leave the place before the critical CO2
concentration levels are reached. In case of 15 minutes of leakage time, the low-alert
alarm will be activated for at least 5 minutes before the high-alert alarm will start. This
makes the time to escape from the machine room shorter, but it should be also noticed
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Figure 4: CO2 concentration versus time in the machine room for 15 minutes, 30 minutes,
1 hour, and 2 hours of leakage durations
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lines. The longest leakage time of two hours that is used in the calculations is con-
sidered to be very short. In practice complete leakage is rare to occur and if it happens
then it would take place over several hours. Therefore, this will contribute to slower
increase of concentration.
Due to the fact that CO2 is 1.5 times heavier than air it will tend to pool; thus, CO2
concentration distribution in air will not be homogenous as assumed in these calcu-
lations. The concentration values presented in this study does not necessarily present
what a human would be subject to because the concentration at an average height of
human body might be higher or lower than the calculated value using the good
mixing assumption. The fact that the sensor must be installed on a level close to the
floor means that it will measure higher concentration than at an average height of
human body. This will give earlier warning and longer escape time than the resulting
values from the homogenous concentration assumption. Based on the above discussion,
it can be concluded that this model over predicts the average CO2 concentration in
the machine room and the shopping area. It also over predicts the rate of concentration
increase and the escape time would be much longer than used in the calculations.
Moreover, the analysis in this chapter does not take into account specific cases of direct
and close contact with leaking CO2 stream which could happen for technicians in the
machine room. This means that the person will be exposed to very high concentration
for very short time which may result in loosing consciousness. Skin burns probably
will not occur due to the fact that CO2 does not evaporate at atmospheric pressure
(Pettersen, Armin et al. 2004). Safety requirements in the machine room in large re-
frigeration systems will be similar to the discussed case in this study. However, con-
centration levels in the machine room and the public areas will depend on the given
parameters of each individual case. Still, the analysis in this study can be used as guide-
lines for evaluation and can give an indication of possible risks.

CCoonncclluussiioonnss

From the analysis of the calculations’ results, it is clear that using CO2 in supermar-
kets refrigeration does not enclose exceptional health risks for the customers and the
workers in the shopping area. Yet, CO2 detectors are recommended to be installed in
the shopping area, especially in places where leakage is possible and high local con-
centrations is expected in case of a leak. It must be pointed out that even if the CO2
charge and the size of the supermarket’s shopping area and machine room are iden-
tical to the modelled example, the case of every supermarket must be considered indi-
vidually taking into consideration the geometrical variations and the locations of the
distribution lines. Evidently, safety requirements such as proper ventilation and alarm
system are a must in the machine room.
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IInnttrroodduuccttiioonn

Safety is of concern when applying any refrigerant, with respect to hazards arising from
toxicity, asphyxiation, pressure explosions, mechanical injury, and so on. The use of
hydrocarbon (HC) refrigerants introduces an additional risk, which is flammability.
The primary means of handling this risk is through conformity to the relevant legal
requirements (such as national or regional regulations), safety standards such as EN
378, and industry codes of practice (such as the IOR Code for A2/A3 Refrigerants).
These standards prescribe design and construction features, for example, covering:
– maximum and allowable refrigerant charge sizes and room size limits
– use of non-sparking or sealed electrical components
– application of safety valves and pressure controls
– use of refrigerant detectors and mechanical ventilation
However, conformity to these requirements does not guarantee a low risk, and in fact
significant reductions in the hazards associated with the use of flammable refrigerants,
over and above those achievable solely by applying the relevant standards, can be
achieved by conducting thoughtful and detailed analysis of the equipment according
to its anticipated usage throughout its lifetime. This article therefore provides a break-
down of the factors that contribute to the risk associated with the use of flammable
refrigerants, once it is placed on the market. (This includes operation, servicing and
decommissioning, but not manufacturing and factory precautions.) 
Figure 1 is a schematic illustration of the sequence of events that leads to undesirable
consequences. Initially, two conditions must be fulfilled: a leak of refrigerant and the
presence of a potential source of ignition. Subsequent to the leak, the refrigerant must
mix with the surrounding air in the proportions that render it flammable, and this must
be present in the same position in space and time as the potential source of ignition
being active; this may lead to ignition of the mixture. The ignition event can result in
one or more “primary” consequences, which depend upon the local conditions: a jet
fire, a flash fire, and/or an explosion (which is characterised by the development of
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Although it should be recognised that it is not possible to completely eliminate the
risk (i.e., Pign = 0) since there will always be a probability of a leak, and if there is a leak
there must be at least an infinitesimally small flammable region, and there is always a
chance of a source of ignition somehow being introduced to the area. Nevertheless, it
is relatively straight forwards to deduce from the contributing factors, the general
principles for minimizing the flammability risk:
– reduce the likelihood of leakage
– reduce the possibility of leaked refrigerant accumulating
– reduce the occurrence of sources of ignition

These may be achieved in different ways depending upon the situation under consider-
ation, and the sections henceforth provide an overview of how these can be achieved.
However, in doing this it is appropriate to analyse the risk by discretising the problem
according to physical location and the type of activity being carried out, since the causes
of failure and ignition and the means of mitigation tend to differ accordingly. 
An example of this approach is provided in Figure 2, where the situations to be analysed
are broken down by considering the presence of gas and potential sources of ignition,
under the following:
– within the room, during normal operation
– associated with the equipment, during normal operation
– within the room, during servicing or maintenance work
– associated with the equipment, during servicing or maintenance work

To illustrate, service and maintenance activities tend to use equipment that may pos-
sess sources of ignition that are not normally present during normal operation (such
as recovery machines and brazing torches) and/or electrical devices on the equipment
may be exposed during servicing. Also the accumulation of leaked refrigerant within
the equipment should be treated and controlled in a different way, compared to it
flowing towards, or being released into the surrounding area.

Figure 2: Identification of situations to be considered

sufficient overpressure from the expansion of the gases). The interaction of these pri-
mary consequences with the surroundings, lead to possible “secondary” consequences:
thermal damage from radiated heat, a secondary fire perhaps due to flame impingement
or sufficient overpressure to cause damage to property or people. 

A sensible approach is to address each of the stages and the link between them, as indi-
cated in Figure 1, so that design features and working practices can be put into place
to minimise the hazard. Such a strategy is of course inherent within the relevant safety
standards, but the reasons for why certain requirements are specified are rarely obvious,
so a more fundamental understanding of the subject permits those within manufactur-
ing, installation, servicing and other organisations to carefully adapt such requirements
to suit the characteristics of their specific equipment. 

AAnnaallyyssiiss  ooff  ffaaiilluurree  sscceennaarriiooss

With respect to the sequence of events in Figure 1, it is obvious that avoidance of the
ignition event is the preferred focus, rather than overly investing in minimizing the
severity of the consequences. Therefore, first it is important to gain an appreciation of
the components that lead to ignition and this is addressed with respect to the proba-
bility of certain events occurring. The probability of ignition (Pign) is a function of a
three main factors: 
– the probability of leakage, Pleak
– the probability of refrigerant accumulating to form a flammable concentration, Pflam
– the probability of active ignition sources being present, Psoi

Thus, the probability of ignition can be equated to the product of these three factors
(equation 1).

Pign ≅ Pleak Pflam Psoi
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Figure 1: Basic sequence of events causing a hazard from flammable refrigerants

+ +



The examples above are typical of most leaks, with the exception of external mechanical
impact or intentional breaking in. Thus, it is useful to recognise that an instantaneous
release of the entire refrigerant charge is unlikely to happen, but instead a gradual evo-
lution of the leak, which may culminate in a major release of the remaining charge.
Such characteristics of refrigerant leakage can similarly be presented in terms of like-
lihood of leak of a particular size. Figure 5 presents the probability of leaks of different

Figure 3: Typical leak from evaporator
which is aggravated by defrost cycle 
(3 per day) (Ayers, 2000)

Figure 4: Evolution of a “catastrophic”
leak from pipework joint over a 15 day
period (Ayers, 2000)

Figure 5: Probability distribution for different sizes of complete refrigerant leaks from
medium-sized systems
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RReeffrriiggeerraanntt  lleeaakkaaggee

Leakage of refrigerant may occur from any refrigerant-containing part of the system,
and from service equipment that is also temporarily used to transfer refrigerant. A
release may occur during normal operation or during servicing, and may be a result
of one or more causes. If these causes can be identified and techniques are adopted to
mitigate them, then – with reference to equation (1) – the risk of ignition can be re-
duced. Table 1 lists a number of mechanisms that may lead to leakage, and some
examples of mitigation approaches are also provided. In general, the design stage
should adopt a combination of historical information (feedback from previous and
existing installed equipment), guidance from standards, product testing and technician
training (so that the physical construction is done according to the intended design).
Similarly, during servicing or maintenance, if the circuit has to be broken into, it is
essential that the connection is remade with at least equal quality. 

In evaluating the risk presented by a refrigerant release, it is useful to get an appreciation
of the nature of typical leaks. Figure 3 is some example data for a leak that occurred
from a coldroom evaporator, where a locally positioned sensor monitors the refriger-
ant concentration at given time intervals. It is seen that the leak is initiated at the same
time as a defrost cycle, and although from that point on intermittent leakage con-
tinues, it is always aggravated by the defrost cycle. This will be due to the higher tem-
perature imposed by the defrost heaters causing expansion of the construction materials,
thereby forcing open any leak holes. Figure 4 shows another situation, where a leak
evolves from a relatively minor pin-hole, to a catastrophic leak over the period of about
15 days. The cause of this is unclear but is likely to be a combination of vibration
along the pipe, and temperature and pressure fluctuations. 
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Table 1: Examples of release mechanisms and mitigation

Duration for complete discharge (min)



limit (LFL) and upper flammability limit (UFL). For hydrocarbons, the LFL and UFL
are approximately 2% – 10% by volume in air. The duration that this flammable region
exists for may be termed the flammable time. Thus, the product of flammable volume
_ flammable time can be considered proportional to the risk; using techniques to
reduce this results in a lowering of the risk.
Typically, the size and duration of the flammable region is related to the concentrations
that evolve following a release of refrigerant. These concentrations vary according to
a large number of variables, some of which can be controlled and some of which are
uncontrolled. As implied above, a release into an environment with high amounts of
air movement will result in low concentrations, whereas high concentrations will occur
in an environment under quiescent conditions. 
A slightly different situation is that illustrated in Figure 7, where a leak occurs within
the housing of the refrigerating equipment. Due to the level of confinement, only a
relatively small quantity of refrigerant can escape from the enclosure and a flammable
concentration rapidly develops, and thereon remains for a long duration. The small
volume of the enclosure encourages homogenous mixing of the refrigerant and air
mixture into a high concentration, thus with the continual ingress of air, it is possible
that a flammable concentration could always be present. With this type of situation it
is important to ensure that there is as free a flow of air through the enclosure as pos-
sible, which may of course require mechanical ventilation. 
Table 2 lists a number of parameters that affect the concentration – and therefore
flammable volume – of a release of refrigerant. Those in the left column are param-
eters that may be addressed within the design of equipment, whereas those in the right
column cannot be controlled when designing equipment. For example, where it is in-
tended to minimise the likelihood of high concentrations occurring following a leak,
the equipment can be designed with minimized refrigerant charge, design the evap-
orator (or condenser) airflow to discharge with a higher velocity, and maybe position
as much refrigerant-containing parts as high as possible.

CAN BE CONTROLLED BY DESIGN

Smaller refrigerant charge 

High air speed within room 

Air discharge at low level

Air discharge in downward direction 

Longer duration of ventilation time 

Refrigerant release at high level

Refrigerant release close to ventilation 

discharge or return

CANNOT BE CONTROLLED BY DESIGN

Smaller room size per unit mass of refrigerant

High room infiltration rate or poor room tightness

Greater thermal output from heat sources 

to increase internal convection

Liquid (instead of vapour) release phase

High refrigerant release velocity

Refrigerant release in upward direction

Longer duration refrigerant release time

Table 2: Parameters that result in a lower concentration and smaller flammable regions

sizes, for example, the leak on the far-left is a “catastrophic” leak, where the entire
charge may be released within four minutes, whereas at the far-right is a pin-hole leak,
which may take more than one day for the system charge to escape.

DDiissppeerrssiioonn  ooff  rreeffrriiggeerraanntt

Once a leak has occurred, the risk becomes a function of the behaviour of the gas with
respect to the local environment. In particular, the release may originate from a re-
frigerant containing part located external to the confines of the refrigerating equipment,
or from a part located within the housing. If the release occurs within the housing,
then it may be rapidly transferred out of the equipment, or it may accumulate within.
For example, if the conditions are such that the refrigerant exiting the leak hole is im-
mediately mixed with the surrounding air within a very large space, then the amount
of flammable material will be small, and unlikely to come into contact with a source
of ignition, thus a small Pflam. Conversely, if the refrigerant leak enters a relatively
small space with minimal air movement, then due to its density being greater than that
of air, it may accumulate and exist for a longer period of time within it flammable
limits. The larger this “cloud” and the longer it exists for, then the greater the likeli-
hood that it may come into contact with an active source of ignition, resulting in a
large Pflam.
Figure 6 illustrates this concept of the formation of a flammable region; that is the
volume of the gas/air mixture that is in a concentration between the lower flammability
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Figure 6: Illustration of the flammable
region following a refrigerant leak from
an evaporator into a room

Figure 7: Illustration of the flammable region
following a refrigerant leak within equipment
housing and gradual escape of mixture



A useful approach for investigating and subsequently minimizing Pflam is through
modelling the flammable volume-time and experimental determination of concentra-
tions, arising from leaks from different locations and under differing circumstances.
Features such as the use of mechanical airflow within equipment and the room can be
introduced or modified to help disperse a potential release of refrigerant to safe con-
centrations.

SSoouurrcceess  ooff  iiggnniittiioonn

Potential sources of ignition primarily include switches (manual, pressure, thermostatic,
timed, relays, contactors, overloads, etc). These should be addressed by using com-
ponents which are sealed, enclosed, solid state or specially positioned (according to
leak simulation testing), as prescribed within the relevant safety standards such as EN
378. However, depending upon the approach used for avoiding sources of ignition,
its integrity over the lifetime of the equipment must be considered. In particular:
– Sealed or enclosed components. A damaged component could be replaced by one

of insufficient tightness, or after repairing a component in-place, the method of
sealing may accidentally be spoiled. In addition, general wearing of a component,
such as through weathering or corrosion may also render it unsafe according to the
requirements of safety standards.

– Solid state components. Whilst such devices do not normally produce sparks, in the
event of overloading or manufacturing defects, the may occur excessive temperature,
arcing or even a naked flame.

Figure 9: Effect of refrigerant leak time 
on flammable region

Figure 10: Effect of room airspeed on 
flammable region

An illustration of how certain parameters affect the maximum floor concentration
within a room following a release of R-290 is shown in Figure 8 (Colbourne and Suen,
2003). The situation under consideration is for a complete “catastrophic” release of 0.5
kg charge within 31/2, 7 and 14 minutes, under a range of airflow rates. (The airflow
duct size is fixed, so a higher airflow rate results in a higher average air speed within
the room.) The equipment (refrigerant containing parts and airflow duct outlet) is
positioned at about 1 m above floor level. In this situation, it can be seen that the floor
concentration is much higher at low airflows, but as the airspeed increases, so does the
mixing of the leak, and therefore with the higher airflows stratification within the
room is almost eliminated. Similarly, as the leak time increases (equating to a lower
mass flow rate) the mixing of the release also improves, and if extrapolated, it can be
seen that any leak occurring over a much longer duration will also completely avoid
stratification.

Based on similar conditions to the above example, Figure 9 and Figure 10 show how the
size and duration of the flammable region is affected by these parameters (Colbourne
and Suen, 2004). With the example in Figure 9, it is seen that there is an exponential
reduction in the flammable volume-time as the duration for the entire refrigerant
charge to leak extends. Even more dramatic is the reduction in flammable volume-
time simply by slightly increasing the airspeed within the room (Figure 10). 
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Figure 8: Examples of maximum floor concentration with changes 
in room airflow and leak duration



To provide an example of such a situation, the overpressure evolving from different de-
sign features of equipment housing is shown in Figure 11. It is assumed that refrigerant
has leaked into a rigid metal enclosure that is half filled with a stoichiometric gas/air
mixture. Simulations for four situations are presented:

– housing with 0.5% of the enclosure wall area open
– housing with 10% of the enclosure wall area open
– housing with a steel panel covering 15% of the wall area
– housing with a plastic panel covering 15% of the wall area

It can be seen that with a very small opening, the effects of ignition could result in a
significant overpressure (nearly 200 kPa), with the possibility of the resulting shock-
wave causing notable damage to property. However, if the opening is significantly larger
(say 10% of the enclosure surface area, in this case) then the rising pressure is rapidly
vented, and the resulting overpressure is some 100 times lower than in the previous
case. The use of detachable panels has a similar effect, although there tends to be an
initial peak that represents the blowing-off from its fixings. Nevertheless, the resulting
overpressure is massively reduced compared to the small vent opening, and it would
be highly unlikely to result in secondary damage. This example emphasises the impor-
tance of appropriate design of equipment housing. 

Figure 11: Overpressure evolution with time, arising from ignition within an enclosure
and different types of vent-openings and panels

– Specially positioned components. Employing the approach that uses testing to iden-
tify the positioning of potential sources of ignition in locations that will not experi-
ence flammable concentrations in the event of leakage are advisable since it avoids
the potential complications highlighted above. However, it is important, firstly to
ensure that the tests are conducted and analysed thoroughly since it is easy to make
errors whilst carrying out this approach (Gigiel, 2004), and secondly that it is not
possible for the same or similar component to be repositioned. 

In addition to the above, it is also worth evaluating the potential for parts that are not
normally considered, to be sources of ignition under failure scenarios. This may include
electrical connections and terminals that may work loose, or fuses that may blow.

CCoonnsseeqquueenncceess

Although mitigating possible consequences of an ignition is more difficult to handle
in terms of design, it is useful to understand them and to consider available options.
As mentioned previously, there are three basic forms of primary consequence: 
– A jet fire, which would typically arise from instantaneous ignition of a refrigerant leak
– A flash fire, which would result from ignition of an unconfined pool of refrigerant

and air mixture
– Overpressure, which is expected to occur when a volume of mixed refrigerant and air

is ignited within a confined space, and is a result of the expansion of the heated gases

Jet fires are less likely, since the velocity if the leaking refrigerant and the surrounding
gas/air boundary are generally too high for a flame to be sustained. Indeed, special
conditions, or the presence of an external fire, are necessary for a jet flame to exist. 
Flash fires are likely if a leak of refrigerant is allowed to collect in a location that a po-
tential source of ignition is present, or in the case of a cloud of flammable material
passing along the floor. A flash fire is generally instantaneous, and certainly with the
quantities of flammable material used as refrigerant, the intensity of thermal radiation
emitted is unlikely to be sufficient to produce a secondary fire. However, people within
the immediate vicinity could receive burns. 
Overpressure of a sufficiently high value is termed an explosion, and it is largely a
function of the degree of confinement within which the ignition occurs. Generally, a
very large flash-fire within a room will approach an explosion if the quantity of the
flammable material is sufficiently high and if the room is well sealed and contains no
windows so that the pressure cannot be easily relieved. However, the situation of most
concern is that of ignition occurring within equipment housing, where a high degree
of confinement blows out the casing walls and causes a shockwave that could result in
injury to people or damage to property. 
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From the time at which a technician arrives at the equipment, a series of procedures
should be followed to ensure that the risk of ignition is minimised:

– Proper tools. Evaluation of servicing equipment and refrigerant handling is impor-
tant since several of the tools and equipment used for non-flammable refrigerants
may be unsuitable. Examples include refrigerant recovery machines, vacuum pumps
and hand-held refrigerant detectors. 

– Familiarisation. As with any equipment, the technicians should familiarise them-
selves with the construction and operation of the equipment, and specifically for
systems using flammable refrigerants, the special safety features. Such information
ought to be made available in the manuals. In addition, the technician should read
the service and maintenance logs from previous visits. 

– Checking the area. Prior to starting work on equipment, it is important to be aware
of the condition of the locality, for example, presence of other people, potential
sources of ignition, availability of natural or mechanical ventilation, and so on. If con-
cerns are identified, they should be addressed prior to handling refrigerant, for ex-
ample, establish the working area with signage (“keep out – flammable gas”), use of
refrigerant detectors, and ensuring the availability of a fire extinguisher. 

– Preparing the equipment. Regardless of the type of work (i.e., refrigerant handling
or otherwise), the equipment must be safe to work on. This includes isolating the
electrical supply whenever appropriate, carrying out routine inspection of electrical
components to make sure the sealing or enclosure is safe, and that any faults are
already identified.

– Brazing. In the case of connecting pipes and components, options such as mechan-
ical joining methods exist, instead of brazing. However, these alternatives typically
result in a higher occurrence of leakage, so brazing is often employed and therefore
it is important to ensure procedures such as prior checking for the presence of re-
frigerant and flushing the system with nitrogen are always carried out. 

– Completion of work. After working on the equipment, it is essential to ensure its
continuing integrity to the level required by the relevant safety standards. Specifi-
cally, this necessitates checking that the refrigerant charge has not been exceeded, that
it is leak-tight, ensuring ventilation is operating correctly and not obstructed, and
that all marking and warning signs are in place and visible. Of particular importance
is the updating of log books to ensure that any work carried out is clearly recorded. 

SSeerrvviiccee//mmaaiinntteennaannccee  aanndd  tteecchhnniicciiaann  ttrraaiinniinngg

The use of competent and qualified technicians, as well as concise working procedures
are essential for ensuring that safety of equipment is maintained once a product has
been installed. 
Human behaviour is known to have greatest influence on risk of ignition (Colbourne
and Suen, 2004). With reference to equation (1), the potential for a leak whilst work-
ing on a system is known to be up to 10 times higher than during normal operation
(for example, because of breaking into circuits), and the likelihood of ‘active’ ignition
sources being present is also higher (for example, presence of extra machinery, brazing,
connecting electrics, etc). Thus the risk of ignition is one or more orders of magnitude
greater during servicing and maintenance activities. In order to offset these factors,
consideration must be given to area and equipment pre-checks, proper working
practices, use of suitable equipment and ensuring the good condition of the equip-
ment prior to leaving the site. 
Training in accordance to an agreed curriculum and to a suitable level of expertise is
essential, but also regular updates and reminder sessions are also important to help
avoid nonchalant behaviour developing in case technicians become comfortable with
working on flammable refrigerants. Safety-related training should cover at least the
following topics:

– flammability properties
– illustration of the consequences of ignition
– appropriate design requirements for equipment
– marking of equipment, general warning signage
– checks to the local area, to service equipment, and to the refrigeration equipment 
– proper techniques for breaking into system, recovery, evacuation, charging, etc
– suitable service equipment and tools
– refrigerant detection and ventilation methods
– cylinder handling and storage
– final checks and ensuring equipment is left proper condition

Both written and practical assessments are desirable.

Ideally, it is always preferable to remove the appliance for servicing to a workshop
where the facilities are dedicated to such activities, rather than servicing it in-place.
This could apply specifically to activities that require the breaking into the refrigerant
circuit. 
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By comparison, the risk of ignition only for equipment using flammable refrigerants
– based both on estimated statistical data (assuming 10% of incidents have been
reported) and risk modelling – is significantly lower than the other values presented. 
Nevertheless, manufacturers, suppliers and service and maintenance companies should
take the issue of flammability seriously, and give consideration to identifying and
overcoming failures and errors envisaged throughout the life of equipment, from the
manufacturing process to technicians’ procedures to end of life disposal. Adequate sys-
tems should be put in place to include the following:

– training and re-training of factory staff
– use quality control systems (ISO 9001)
– monitoring and feedback of equipment placed into use
– monitor reliability of suppliers/components
– approval procedure for contractors and manufacturers
– develop type-test regime for components and assemblies
– third party inspections

Adopting such systems can provide ongoing improvements in the safety of equipment.

Figure 12: Comparison of the risk from ignition of refrigeration equipment using flammable
refrigerants with government tolerances and domestic appliances

A review of the known incidents associated with the use of flammable refrigerants is
important to avoid mistakes in future. Information has been collated to provide some
basic details of incidents worldwide with HC equipment (Colbourne et al, 2003). In
total eight incidents were found, six of which cased minor damage, and two resulted
in jet flames only. The important observation is that most were due to poor servicing,
and all were avoidable with good training. Three identical incidents were due to poor
design which caused leakage into an apparently sealed enclosure that contained a 
source of ignition. Also, none were related to the refrigerant charge size or stratification
of leak within a room. 

CCoonncclluuddiinngg  rreemmaarrkkss

Due to their flammability, the use of HC refrigerants introduces an additional safety
concern to the design and use of refrigeration equipment. In general terms, this is
handled through conformity to safety standards and regulations. However, further
improvements in the level of safety may be achieved through consideration and analy-
sis of the causes of an ignition event and the potential consequences. The findings
from carrying out an exercise of this type can be used to improve the design, con-
struction and service and maintenance practices associated with the equipment under
consideration. In general, the principles to follow for minimising the flammability risk
are:

– reduce the likelihood of leakage
– reduce the possibility of leaked refrigerant accumulating
– reduce the occurrence of sources of ignition

To date, over 200 million domestic refrigeration appliances have been in use, some for
over 10 years. A large number of other types of refrigeration, air conditioning and re-
frigeration equipment have also been placed on the market during this time. The fact
that there have been a negligible number of incidents attributable to flammability
demonstrates that this property can be handled well. 
In order to gauge the significance of the risk posed by equipment using HC refrigerants,
it is noteworthy to compare them against the fire risk experienced by other types of
appliances. Figure 12 provides data in terms of the number of fires caused by differ-
ent appliances, based on UK fire statistics over several years. Typically, between 1 in
10,000 to 1 in 100,000 appliances per year cause a fire, usually because of electrical
faults and escape of (fuel) gas. (It should be noted that the figures for domestic re-
frigerators have not risen since the introduction of R-600a.) Values for “intolerable” and
“negligible” risk of fatality for members of the public are also indicated, as specified
by the UK Health and Safety Executive (HSE) (Colbourne and Suen, 2004).
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IInnttrroodduuccttiioonn

The need to convert existing and newly manufactured chillers to hydrocarbon re-
frigerants arose from the environmental impacts of fluorocarbon refrigerants on global
warming and ozone depletion. The environmental impacts and legislation in many
jurisdictions require water chillers to cease using fluorocarbon refrigerants. Hydro-
carbons, ammonia, carbon dioxide, air and water are natural working fluids with
minimal environmental impact. 
Hydrocarbons and hydrocarbon mixtures are now widely used with better performance
in several applications including heat pumps, air conditioners, refrigerators, freezers
and mobile air conditioning systems. The hydrocarbon refrigerants propane, butane,
isobutane, pentane, isopentane, hexane and propylene, and their mixtures are possible
replacements in chillers. Hydrocarbons have low cost, low environmental impact and
are predicted to be more energy efficient in chillers for both spray and flooded evap-
orators. However, hydrocarbon refrigerants are not yet used in centrifugal chillers with
flooded evaporators for air conditioning applications. 
This paper provides valuable insight into safety precautions and emergency procedures
for refrigeration and air conditioning plantrooms. This can make injury or damage
from hydrocarbon leaking, mixing with air and igniting improbable. Explosion venting
theory and Australian standards were reviewed, errors corrected and omissions iden-
tified. The major new recommendations follow. A fire and vapour proof wall should
separate the chiller from all other plantroom components. This compartment should
be vented to atmosphere through floor-to-ceiling louvres with projected area typically
greater than 62% of the area of a side wall. Computational fluid dynamics (CFD) 
studies were undertaken to prove the accuracy of the new proposed analytical expression
of calculating the required vent size. If the minimum design ambient temperature is
less than 5 K above the refrigerant boiling point the compartment floor should form
a basin to hold twice the refrigerant liquid volume. 
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FFllaammmmaabbiilliittyy

Maclaine-cross (2004) shows the usage and risk of hydrocarbon refrigerants in motor
cars. Despite hydrocarbon refrigerants’ flammability and even without engineering
supervision and, in some cases, without adherence to any rational code of practice,
there were no incidents before 2004 of the refrigerant leaking and catching fire
(Maclaine-cross 2004). The quantity of refrigerant likely to be used in a chiller could
range from a few kilograms to 1000 kg compared to 200 g in the case of car air con-
ditioning. This comparison provides a sound reason not to ignore the flammability
risk with chillers. In spite of hydrocarbon flammability, it has been used in plantrooms
as fuels for over a century and there are accepted standards for their use in large quan-
tities in plantroom boilers. In addition it has been used successfully for decades in the
chemical process industry. If using hydrocarbon as a refrigerant adds to the site risks,
the chemical process industry would have rejected it, which is not the case. 
The handling of the refrigerant, either flammable or nonflammable, by the chillers
takes place at the central plant (plantroom). Centrifugal chillers incorporate a second-
ary cooling circuit (water or brine). Plantroom location is independent of the con-
ditioned space; for example, the plantroom can be located outside the building. In
addition, much less maintenance work is needed at the conditioned spaces. 
ANSI/ASHRAE standard-34 (2001), ISO standard-817 (2007), EN-378 (2007) and
the Australian standards AS-1677.1 (1998) classified refrigerants according to their
flammability and toxicity. Although most refrigerants are flammable given the right
conditions, some are more flammable than others (Table 1). In addition, toxicity
does not give a clear judgment on which substance is lethal. For example, ammonia is
classified as a toxic refrigerant, however its distinctive smell will give an early warning so
it will not be lethal. On the other hand although R-22 is considered a safe refrigerant,
many have been suffocated from it due to its lack of smell. Another example is that
the products of combustion from a non toxic refrigerant can be highly toxic. Burning
velocities vr in Table 1 are maxima for air mixtures at 25°C and 101.2 kPa (Glassman
1987, Jabbour 2004). 
For a building with general occupancy AS/NZS hydrocarbon charge provided the pri-
mary refrigeration system is totally in the open air or a machinery room complying
with its Section 4. Clause 4.7.2(c) requires there should be no atmospheric commu-
nication between this machinery room and the space with general occupancy. The
authors believe that such standards do not contain sufficient measures to limit the
consequences of ignition of a leak from a hydrocarbon refrigerant charge over 5 kg. 
The purpose of this paper is to describe additional measures to limit the consequences
of hydrocarbon refrigerant ignition. The measures in Sections 4 and 5 limit atmos-
pheric releases. Section 6 measures ensure leaks are rapidly diluted below the lower

EEnnvviirroonnmmeennttaall  iimmppaaccttss

Large chillers have been used with flooded tube-in-shell evaporators and may have re-
frigerant charges over 1000 kg. Table 1 lists the three most popular chiller refrigerants
and some replacements in order of ozone depletion potential and global warming
potential. Most countries are reducing emissions from electricity generation and so
reducing the impact of indirect energy production related emissions. 

The Global Warming Potentials in Table 1 come from or are consistent with IPCC
(2001) and Johnson and Derwent (1996). Table 1 also includes molecular mass because
low molecular mass improves heat transfer. Refrigerants with similar boiling points
and molecular mass may be substituted for each other in existing equipment sometimes
without modification. Hydrocarbons range in boiling point from -88.8 to 36.1°C so
they or their mixtures are capable of replacing any of the fluorocarbons. Use of mix-
tures as replacements gives better matching. Replacement of fluorocarbons by hydro-
carbons in some large centrifugal chillers has been predicted to reduce electricity con-
sumption by 5% mainly due to improved heat transfer (Maclaine-cross 2002, Tadros
et al. 2006a, Tadros et al. 2006b). 
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Table 1: Environmental impacts, molecular mass, normal boiling point and maximum laminar
burning velocities in air of some refrigerants for air conditioning with large water chillers



LLeeaakk  mmiinniimmiizzaattiioonn

Refrigerant charging or recovery is the most likely time for a major release. The charg-
ing technician should monitor mass of refrigerant added, evaporator and condenser
pressure with his hand on the charging shutoff valve. All the hydrocarbon refrigerants
in Table 1 are from their molecular masses heavier than air (except ethane). At least
two flammable gas detectors (AS 61779.1:2000, AS 61779.4:2000) should be used
per plantroom and should be far from the vent and each other (AS 61779.6:2000)
and trigger at 20% of the lower flammability limit. They will normally be fixed to a
wall more than 300 mm above the floor to protect from accidental damage and less
than 600 mm to ensure detection of refrigerant vapour. When a chiller is operating
the compressor can greatly increase the leakage rate and water pumps might transfer
refrigerant outside the chiller plantroom. Either flammable gas detector should shut-
down the chiller then electrically isolate all compartment equipment except emergency
lighting. The access fire door to the chiller plantroom should be to a space clear of
flammable materials with access restricted to qualified persons. The door should freely
open outwards but its catch should be designed for overpressure above 2 kPa. 

MMiixxttuurree  ddiilluuttiioonn

For above ground plantrooms, natural ventilation is available even if a refrigerant
release coincides with an electric power failure. The screened louvres in Section 8
should be split between the top and bottom of the outside wall or extend from floor
to ceiling to allow maximum height difference for natural convection. For below
ground plantrooms, we recommend charge be limited to less than 1 kg because of the
absence of failsafe mixture dilution. 
In the event of a major refrigerant release the plume from the bottom of the louvers
will be flammable. Mixing of the plume with air outside the plantroom should not be
obstructed. Outside traffic and ignition sources should not approach the louvers closer
than the plantroom floor to ceiling height. Refrigerant pressure relief valves on the
chiller should connect to steel pipes which discharge outside the building upwards
and 3 m clear of ignition sources, persons or property. 

IIggnniittiioonn  pprreevveennttiioonn

The electrical system of the chiller plantroom should be suitable for the explosive
atmosphere created by a refrigerant release (AS 2381:1999). In particular utility sockets

explosive limit and Section 7 minimises the possibility of ignition. If ignition does
occur Section 8 ensures overpressure does not damage building or equipment or injure
people. Section 10 recommends emergency procedures which are often neglected.

RReeffrriiggeerraanntt  hhaannddlliinngg

The handling equipment must be designed for the refrigerant containers used. Under
no circumstances should the chiller plantroom be used as a storage room. Refrigerant
storage on site outside the chiller plantroom should comply with AS 1596:2002 or
AS 1940:1993 as appropriate. The natural ventilation ensures the plantroom will be
close to ambient. When the minimum design ambient temperature is less than 5 K
above the refrigerant boiling point (Table 1) a major release might occur and some 
refrigerant remain as liquid for a substantial period of time. Refrigerant liquid must
not leak out of the plantroom and down stormwater drains. 
For refrigerants with such boiling points the chiller plantroom floor should be design-
ed as a catch basin capable of holding more than twice the refrigerant charge as liquid
(Figure 1). A typical depth is 100mm. The floor should slope towards an extraction
point where an explosion proof pump can remove first any water and then any refrig-
erant liquid to containers outside the plantroom. 
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Figure 1: Schematic elevation of plantroom with catch basin



Runes (1972) assumes uniform radial flame velocity from the ignition point giving
Afm equal or lower than Equation 3. Swift and Epstein (1987) and NFPA 68 (2002)
use the internal surface area which is always greater than Equation 3. 

Damage to buildings
The main hazard from overpressure inside a building is flying glass from the windows
and broken chunks of the building cladding which may also fall onto the street. Harris
(1983) detailed some typical failure pressures of structural building elements due to
overpressure from gas deflagrations; these values are outlined in Table 2. He also lis-
ted a range of failure pressures for a number of structural elements used in normal
buildings, or industrial structures, subject to accidental gas combustion. 

Example vent area calculation
Consider a chiller containing 1 Mg of R1270 and occupying a 3.3 m by 8 m by 10 m
plantroom. The overpressure safety factor is 2 and the weakest wall element have a
maximum overpressure rating of 2 kPa and the screened louvres to atmosphere have a
pressure drop coefficient Ktot=5. 
AS/NZS 1677.2:1998 Clause 4.7.2(b) recommends a projected open vent area of 4.4
m2. For reactant density ρr=1.2 kg/m3 and for burning velocity vr=0.512 m/s (Table 1)
Equation 1 gives:

From Equation 3 the projected open vent area: 

This is 62% of the area of a side wall. 

STRUCTURAL ELEMENT

Glass windows

Room doors

Light partition walls

50 mm thick breeze block walls 

Unrestrained brick walls

FAILURE PRESSURE (Pa)

2000 – 7000

2000 – 3000

2000 – 5000

4000 – 5000

7000 – 15000

Table 2: Failure pressure of structural building elements (Harris 1983)

should permit plug removal only if the socket is isolated. All emergency procedure
signs should include “No Smoking”. 

OOvveerrpprreessssuurree  aanndd  vveennttiinngg

Combustion waves may be either deflagrations (flames) or detonations. Detonations
are destructive but for a plantroom filled with flammable gas mixture require special
ignition such as high explosives (Bjerketvedt et al. 1997). “Gas explosion” is a general
word that does not have a specific scientific meaning. Delbridge et al. (2003) in the
Macquarie Dictionary defined the word explosion as “a violent expansion or bursting
with noise, as of gunpowder or a boiler”. For gas release and combustion with air it is
more accurate and clearer to use gas deflagrations, since the resultant velocities will be
subsonic. “Gas detonation” can only be used if a supersonic wave exists (shock wave).
A detonation wave should not be confused with a detonation inside an internal com-
bustion engine. In brief, for an accidental hydrocarbon air mixture combustion the
possibilities are flash fire or deflagration which will result in an overpressure. 
The analytical expression to calculate the optimum vent area inside enclosed plant-
rooms in its final form can be written as follows: 

The analytical expression can predict the maximum overpressure if the vent area is
known. By rearranging Equation 1, the maximum over pressure can be calculated as
follows:

For empty plantrooms with vents which are screened louvers Ktot=5 is possible with
a good design (Tadros et al. 2004). The vent area expression will be tested in Section
9 against the more accurate and more sophisticated CFD studies. 
Afm depends on obstructions, room shape and the position of jets, vents and igni-
tion sources. A partition with opening can create a flame jet increasing Afm but the
obstruction from typical chillers and pipes has only a small effect on Afm. Consider a
rectangular L1 L2 L3 plantroom with no fans, registers or partitions L1 < L2 and vents
along just the L1 L2 wall (Figure 1). An ignition source on the axis perpendicular to
the vent close to the opposite wall will give the largest Af and
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EEmmeerrggeennccyy  pprroocceedduurreess

People panic in an emergency. Clear emergency procedure signs inside the chiller
plantroom and outside the access door are necessary. If a major release occurs during
charging the technician should shut all charging valves and leave the plantroom. If
ignition follows the technician should just leave the plantroom immediately. Water
sprinklers for fire protection should be installed in the chiller plantroom. 

CCoonncclluuddiinngg  rreemmaarrkkss

This paper shows that plantrooms for chillers with large hydrocarbon charges can be
designed and used safely through proper refrigerant handling, leak minimization,
mixture dilution, ignition prevention and overpressure venting. This minimizes the
consequences of any release or ignition. Major new recommendations were given,
such as: a fire and vapour proof wall to separate the chiller or chillers and boilers from
other plantroom components, and, if the minimum design ambient temperature is
less than 5 K above the refrigerant boiling point, the compartment floor should form
a basin to hold twice the volume of refrigerant liquid (Section 5). 
Overpressure venting theories and various standards (AS-1677.2 1998, NFPA-68
2002) were reviewed, inconsistency resolved and disagreements and limitations were
identified. The vent area expression is also an effective method for predicting the

Figure 2: Comparison between the computed maximum overpressure from the analytical
model against CFD results

For an enclosure capable of resisting 2 kPa overpressure NFPA 68 (2002) recom-
mends a closed vent area Av of 88.7 m2. The outside wall area is only 3.3   8 = 26.4 m2

so satisfying NFPA 68 (2002) would require at least three walls be vented. 

The effect of obstacles on the maximum overpressure
To understand the effect of obstacles on overpressure resulting from a deflagration
wave, there are two factors involved here; the flame velocity and the flame frontal area.
The magnitude of acceleration effect resulting from turbulence depends on the inten-
sity and scale of turbulence. Also, while the flame front passes across the obstacles, it
deforms and its total area increases. In addition a jet effect caused by flame velocity
increased due to reduced flow area. In summary, the maximum overpressure increases
through increasing the blockage ratio and also depends on the blockage’s geometry.
(Note: for a detailed literature review and sensitivity studies for this effect, please refer
to the first author PhD thesis (Tadros 2008)). 

CCoommppaarriissoonn  wwiitthh  tthhee  eexxiissttiinngg  ssttaannddaarrddss  aanndd  CCFFDD  ssttuuddiieess

Table 3 outlines a comparison of the vent area required to safely vent hot gases. The
results were calculated using the recommended formula from NFPA-68 (2002) and
the Australian Standard (AS-1677.2 1998) against results from the simplest form of
Equation 1. The comparison in Table 3 illustrates the contradiction which exists in
the current standards with regard to estimating the minimum vent area. It also shows
the ability of the simple analytical vent area expression to predict the minimum vent
area. 

Comparisons between CFD modelling and the vent area expression were in good
agreement. The model used inside FLUENT was shown to be an accurate technique
for the prediction of a complex premixed combustion. The maximum overpressure
calculated from the CFD study was within 14% of the calculated value from the ana-
lytical vent area expression. Figure 2 shows comparisons between the predicted ana-
lytical and CFD results for the maximum overpressure inside a plantroom. This agree-
ment is particularly significant because correction factors were not used. The results
discussed in this section showed that the overpressure can be small and unlikely to cause
significant damage to the plantroom or a building. 
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Table 3: Vent area comparison

+

EQUATION 1

20.3 m 2

SOURCE

Vent Area

AS-1677.2 (1998)

Clause 4.7.2 (b)

4.4 m 2

NFPA-68

(2002)

88.7 m 2
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maximum overpressure as is proved in Table 3. The maximum overpressure calculated
from the CFD study was within 14% of the calculated value from the vent area
expression (Figure 2). All of the above mentioned measures, combined with emergency
procedures, will ensure a safe hydrocarbon refrigerant plantroom. 
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NNoommeennccllaattuurree

Af flame front area (m2) 
Av projected vent area (m2) 
Ktot vent static pressure drop coefficient (dim.) 
L chiller plantroom dimension L1 < L2 (m) 
v gas velocities relative to flame front (m/s) 
ρ gas density (kg/m3) 
ΔP peak overpressure (Pa)

Subscripts
m maximum 
p products 
r reactants
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