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PREFACE

This report is one of a series of six reports prepared to assess the efficacy
of controls under the Montreal Protocol and to identify options for
achieving compliance. The series consists of a Technology Review Panel
Report which provides the overview and integrated statement of findings
and five sector-specific Technical Options Reports as follows:

- Refrigeration, Air Conditioning and Heat Pumps (Dr. Lambert Kuijpers,
Netherlands, Phone 31 40 742030)

- Flexible stet and Rigid Foams, (Ms. Jean Lupinacci, USA/EPA Phone
(202) 475-8468)

- Electronics, Degreasing and Dry Cleaning Solvents (Dr. Stephen
Andersen, USA/EPA Phone (202) 475-9403)

- Aerosols, Sterilants and Miscellancous Uses (Mrs. Ingrid Kikeritz,
Sweden, Phone 46 8 799 1000)

- Halon Fire Extinguishing Agents (Mr. Gary Taylor, Canada, Phone (416)
250-0967)

For further information, contact the Panel Chairman (Mr. Vic Buxton,
Environment Canada, Phone (819) 997-1640), the Co-Chairman (Dr. Stephen
Anderson, USA/EPA at (202) 475-9403), the respective sector report
Chairpersons, or the UNEP Secretariat (Phone +254-2-520711)

This report has been prepared for the reassessment of the Montreal
Protocol in March 1990. A half-year was available to identify the scope of
the paper, designate first, and contributing authors, arrange peer reviews,
and complete the final paper. An attempt was made to include authors
from a large number of countries, and review from as broad a number of
organizations as possible.

This report will require regular updates in order to keep abreast with this
rapidly changing technology. The Montreal Protocol requires a regular

reassessment every four years. This report will need to be updated at least
that often in order to remain current.

This report is submitted on behalf

of the Technology Review Panel,

Dr. Lambert Kuijpers

Chairman Refrigeration, AC, Heat Pump Chapter
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EXECUTIVE SUMMARY

Refrigerant Data

The properties of refrigerants for use in the vapour compression cycle have
been considered. The vast majority of present equipment utilizes the
vapour compression cycle because of its simplicity and good cfficiency. The
dominance of this cycle is not likely to change simply due to the need to
replace CFCs.

A refrigerant must satisfy a set of criteria, including nonflammability and
low toxicity, the need for favourable thermophysical properties, and other,
more practical, considerations. Although many fluids and fluid types have
been used as refrigerants in the past, halocarbons dominate today because
their unique combination of properties best satisfy these sometimes
conflicting requirements.

Because of the success of CFC refrigerants, most of the efforts to develop
replacement refrigerants have focused on a set of hydrogen-containing, but
otherwise similar, compounds. This choice is confirmed by theoretical
studies which indicate that simple molecules of relatively low molecular
weight and with normal boiling points similar to present working fluids are
the ideal refrigerants. These fluids include HFCs-134a, -152a, -125 and -23
and HCFCs-123, -22, -141b, -142b and -124. Mixtures of these fluids are
also good candidates. These fluids are the most likely choices for the
near- to mid-term replacement of CFCs. Although receiving little attention,
HFCs-134, -32 and -143a also deserve conmsideration; and, for applications
where highly flammable fluids can be used, propane, iso-butane, butane and
dimethylether. Additional classes of fluids, such as the fluorinated deriva-
tives of dimethylether, show some promise as refrigerants; such fluids,

however, present many difficulties and would not be available for many
years, if ever.

The thermophysical (i.e., thermodynamic and transport) properties of a fluid
determine its energy efficiency and capacity in refrigeration machinery and
thus thermophysical property data is required to select the best refrigerant
for a particular application. The required thermodynamic properties vary
according to the level of development of a fluid. Only simple parameters
such as normal boiling point and molecular structure are needed to conduct
a coarse screcning among many candidates. The minimum data to estimate
cycle efficiency are: the critical point parameters and vapour pressure;
saturated liquid density; and, ideal gas heat capacity over the temperature
range of interest. Single-phase, pressure-volume-temperature, measurements
and calorimetric information are needed (in addition to the above) to
develop an accurate formulation of the properties; this is the minimum
desired level for equipment design purposes. Much more extensive data is
needed to define a reference fluid which would be the basis for fluid
property models. Transport property information is somewhat lower in
priority than the thermodynamic data. Isolated measurements of thermal
conductivity and viscosity can be used to screen among fluids, but as a
minimum, measurements along the saturation line over a range of
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temperatures are required for equipment design. Similar data are required
for mixtures.

The available property data for the candidate replacement refrigerants are
summarized. Priorities identified in this area are the completion of work
underway to measure the thermodynamic properties of the leading "new"
refrigerants (HFC-134a and HCFC-123); the measurement of transport
properties for HFC-134a, HCFC-123 and HCFC-141b; development of HFC-
134a to the level of a reference fluid; and measurement of at least skeleton
data for the remaining candidate pure fluids and mixtures.

: ic Refri :

For small domestic equipment, good manufacturing processes, exploiting the
potential of recycling, and refining current products and processes are
important aspects. Reductions in CFC emissions, taking into account the

bank of installed equipment, will very much depend on the percentage of
recycling.

Domestic refrigerators and freezers use roughly 1.0% of all controlled CFCs
in the refrigerant loop (roughly another 4.0% is used in the insulation which
is not considered further here). An increase or decrease in the efficiency
of any CFC-12 substitute of even 5% would result in a difference in
electricity demand growth of 200 MW/year. Therefore, efficiency is an

important consideration in finding CFC substitutes for refrigerator and
freezer use.

Different options exist for the replacement of CFC-12 in domestic
equipment:

application of CFC-500 would lead to a 40% ODP reduction, but the
high CFC-12 content of this mixture makes this an unattractive
substitute;

use of NARMs, preferably non-flammable, could result in extremely
low ODP values (between 0 and 0.5). Reliable functioning of many
products has to be investigated, however, as would energy
improvement potential exploited by sophisticated design refinements.
The NARMS could lead to short to mid-term CFC savings;

choosing HFC-134a would result in an ODP of zero but result in
energy consumption increases estimated to be 8-12% initially and
5-10% after optimization of designs (this makes HFC-134a a less
suitable candidate);

applications of flammable refrigerants (such as HFC 152a and DME)
offer prospects for reducing energy consumption if their
"acceptability" problem can be overcome, and accompanying
problems in design and manufacturing solved; but this must be
considered a mid- to long-term option;
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the recently introduced ternary mixture may offer "drop-in"
advantages and better efficiency possibilities if system tests prove
satisfactory and toxicity testing has an acceptable outcome. It
must be considered a mid- to long-term option;

HFC-134 may prove to be an acceptable long-term option but no
testing has been performed so far.

In conclusion, small refrigeration equipment is characterized by the highest
requirement for reliability and energy efficiency. Testing of new substances
will take time. A considerable time period is needed to make the "best"
long-term choice for this type of equipment.

Retail Refri A

Retail systems are assembled on site. Unit capacities range from lower
than 1 kW to several hundred kW. Refrigerants used are CFC-12, HCFC-22,
and CFC-502. Other refrigerants are used only in small amounts and in
special applications.

CFC-12 is used for medium temperature systems only. HCFC-22 is used for

evaporation temperatures down to -35 °C and CFC-502 is used for
temperatures down to -45 °C. CFC-502 is also used in medium temperature
systems, if the same refrigerant for low and medium temperature cooling is
to be used. Small amounts of CFC-13, CFC-503, CFC-14, and Halon-1301
(R13B1) are used for low temperature systems in two or more stage cascade
systems.

It is estimated that about 5 to 6% of the total CFC consumption is used in
retail refrigeration.

There are numerous system designs in the field of retail refrigeration
depending on their use.

Leakages are the most important source of CFC emissions in retail
refrigeration.

As long as HCFC-22 is accepted as a possible alternative, nearly all the
CFC-12, CFC-502, CFC-13 and Halon-1301 consumption in retail
refrigeration could be displaced as far as initial charges for new systems
are concerned. Costs will be about US$15 million worldwide (US$8 million
for the US alone) for savings of about 3% of the total use of CFC-12 and
CFC-502 combined.

The change-over from CFCs in existing systems will only be possible for a
few of the CFC 502-systems (HCFC-22) and for virtually all the few
CFC-13 systems (HFC-23) with costs of about the same magnitude as
required for a new charge.

It may be possible to reduce CFC consumption in retail refrigeration to
about 20% in the near future. These savings would be from the change-



xii

over to HCFC-22, HFC-23, and mixtures in new systems, personnel
education for good practice in service, leak testing and disposal in already
existing systems, improved leakage control.

T Refri .

Currently there are about 1300 refrigerated cargo and container ships,
representing 10,500,000 cu.m. of refrigerated space. Most of these use
HCFC-22, representing a pool of about 2,600 tonnes of HCFC-22.
Maintenance and repairs are set to a high standard, requiring the use of
about 50 tonnes per year. The continuing availability of HCFC-22 is

important, as conversion costs to an alternative (if available) would be very
high.

In addition to cargo refrigeration, there could be as many as 35,000 ships

with "domestic" refrigeration systems, representing a pool of a further 3,500
tonnes of refrigerant.

Refrigerated containers use CFC-12, and there is no suitable alternative in
this very demanding application. The estimated fleet of 300,000 units in
late 1990 holds a pool of 1,650 tonnes of refrigerant. Ongoing maintenance
and manufacturing require 245 tonnes of refrigerant per year, which is
0.06% of 1986 world production. Should CFC-12 be unavailable beginning
1996, it would involve scrapping US$2,000 million worth of equipment, and
would pose formidable problems for manufacturing capacity. Equipment
purchased today has an expected economic lifetime of 15-20 years.

Road vehicles currently use CFC-12, but in the short term some change-
over to CFC-500 or CFC-502 are in hand. Once proven alternatives are
available, further changes will be possible as vehicles have a relatively
short life of 7-12 years. There is a world fleet of about 800,000
refrigerated vehicles (220,000 in the EC) with a pool of 3,500 tonnes of
refrigerant and a maintenance requirement of 800 tonnes per year.
Although the industry is making every effort, reduced CFC use through
improved maintenance and handling procedures is difficult to achieve with
large numbers of small, mobile units.

On a world scale, transport refrigeration is a small but important user of
CFC and HCFC refrigerants which may merit special attention.

Cold Storage/Food Processing

Cold storage covers storage.of food products both above freezing O0C to
+10C and below freezing (-18C to -28C), both for in-processing storage and
for storage and distribution of finished products. Food processing covers
chilling from -3C to +10C and freezing to -18C to -28C.

Most large scale industrial chilling, freezing, and cold storage plants utilize
ammonia. There are, however, certain areas and countries that use CFC-12,
HCFC-22, and CFC-502. Most small scale chilled and cold storage
operations use CFC’s and HCFC’s rather than ammonia. The principal
exception is in Eastern Europe, where ammonia is the primary refrigerant.
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There is a significant portion of very large site-built plants containing
several tonnes of CFC-12 or HCFC-22. These plants have been greatly
improved in recent years regarding the need for recharge. Where these
plants 5 or 10 years ago had an average loss of 10% of the charge per
year, many today report yearly losses down to | or 2%. As these plants
represent a very high investment and are expensive and difficult to rebuild,
additional methods for reducing their charge should be encouraged.

The existing alternatives are:

Ammonia

HCFC-22 and other CFC's where required for operation,
safety or climatic reasons.

Greater use of indirect refrigeration for all refrigerants.

Ammonia is quickly biodegradable and is not harmful to the environment.
It is toxic to humans in concentrations above 100 ppm after eight hours of
exposure. Ammonia is flammable in concentrations of 16 to 25% by volume
in air. Codes, regulations, and laws have been developed to deal with the
toxic and flammable characteristics of ammonia, which if followed, provide a
high degree of safety.

Ammonia is recommended for freezing operations; close-coupled, confined
compressor-cvaporator systems; and frozen goods storages where the
systems are well-managed and not far-flung geographically. Unitized
designs can reduce ammonia charge and risk in many applications.

HCFCs and CFCs should still be used where dense populations, public
buildings, severe earthquake zones, and special climatic situations prevail.
Wherever possible, HCFC-22 should be utilized as it has the least effect on
the ozone layer.

A greater use should be made of indirect systems. These systems can use
either ammonia or HCFC/CFC refrigerants in a close-coupled arrangement
to cool/chill water or a brine solution (glycols, calcium chloride, alcohols,
etc.) in a heat c¢xchanger. Indirect systems will provide for a reduced
refrigerant charge in most applications. Indirect systems are theoretically
less efficient than direct systems due to the extra heat transfer step to
cool the water or brine solution. Practical experience, however, shows that

because of simultaneity many indirect systems have better performance
characteristics than direct systems.

New refrigerants are being developed to provide comparable economic
benefits to ammonia and HCFCs and CFCs without the toxic qualities of
ammonia and the environmental disadvantages of the HCFCs and CFCs.
They can be phased in as appropriate when and if they become available,
and the machinery and accessories are adapted to their characteristics.
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Refrigeration for food processing, chilling, freezing, storage, and
distribution represents a large portion of installed refrigeration tonnage,
and it will increase faster than population growth for both chilled and
frozen products. The existing plants using CFC-12, HCFC-22, and CFC-502
should be allowed to remain but with targets for lower recharge levels.
New installations and major retrofits or modernization should consider the
use of ammonia where acceptable on a safety basis followed by HCFC-22
for medium temperature applications and CFC-502 for freezing applications
(maybe HFC-32 in the long-term). Use of indirect refrigerations and
unitized, factory-built equipment should be encouraged for all refrigerants
to reduce refrigerant charges and to minimize potential for leaks.

{ndiseriai Refsi :

Industrial refrigeration systems include applications within: the chemical,
pharmaceutical, and petrochemical industries; the oil and gas industry; the
metallurgical industry; civil engineering; sports and leisure facilities;
industrial ice making; and, other miscellaneous uses.

All types of refrigerant are used: CFCs; HCFCs; ammonia; and,
hydrocarbons. The controlled refrigerants account for approximately 25% of
the total refrigerant consumption. The global consumption of CFCs is
estimated to be 3500 tonnes per year, of which more than 80% is believed
to be CFC-12. The increase in CFC consumption since 1986 has been
negligible. The usage of HCFC-22 is approximately twice that of CFCs.

First charge of new plants is believed to account for 30% of the annual
consumption. Most of the rest of refrigerant consumption is used for
replenishment after leakages and release during service. A small amount is
also used for leak testing, etc.

Options for reduction of CFC usage in existing plants are refrigerant
conservation, and, to a lesser extent, change-over to alternative
refrigerants. In new plants, alternative refrigerants will replace the CFCs
gradually. Complete phasc-out of regulated refrigerants in new plants is
expected to be possible by 1998. Small quantities of CFCs must be
available until approximately 2015 for service purposes.

Estimates concerning possible consumption reductions, according to a
realistic scenario, appear in Table A. The figures given are relative to CFC
consumption in 1986 (3500 tonnes).

The impact on the local environment is considered negligible. The global
impact includes a calculated 20% reduction in ozone depleting potential
(ODP) of emitted refrigerants (CFCs and HCFC-22) by 1994, increasing to
approximately 50% before 1998. About one third of the reduction is due to
refrigerant reclamation.

The economic impact is estimated to be a 13-14% investment increase in
1994, which amounts to nearly US$35 million. The corresponding figures
for 1998 are 22% and USSS5S million respectively. Maintenance costs for the
stock is supposed to increase by 12.5% (1998), i.e. by US$13 million per
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year. This expense will, to some extent, be compensated for by reduced
leakage and less refrigerant released during service, which is estimated to

represent a value of approximately US$4 million a year at the current price
level.

Calculations indicate that the energy consumption will remain fairly
constant, provided that no significant efficiency improvements in compressor
or plant performances are developed during the period (0% in 1994, +2%
from 1998 on). Accordingly, the impacts on energy costs are not important.

Unrestricted availability of HCFC-22 is an absolute prerequisite for the
results and conclusions presented here. These scenarios imply a 15-20%
increase in the usage of this refrigerant by 1998. Regulations on the use
of HCFC-22 will delay the possible phase-out of CFCs considerably, and
lead to adverse cost and energy effects.

Comfort Air Conditions

The portion of comfort air conditioning equipment which is affected by the
ban on fully halogenated refrigerants is the very large chilled water
systems, which are predominately centrifugal compressor driven. The
problems posed

Table A. Possible reduction in CFC consumption
industrial refrigeration. (Ref. Table 8.2).

Estimated reductions, %

Measure 1994 1998
Retrofitting existing plants to

use alternative refrigerants 2 5
Alternative refrig. in new plants 26 38
Refrigerant conservation 15 32
Total 43 75
Refrigerant reclamation 7 17
Total, incl. reclamation 50 92

and the remedies being considered can be categorized as either existing
equipment or new designs. The former of these poses the more difficult
challenge, particularly in finding a "drop-in" alternative refrigerant which
will require only a recasonable amount of hardware alterations. In fact, it
is likely that some cost in performance (i.c. capacity and/or efficiency
decrease) will occur even after expensive alterations are carried out. New
designs are, of course, possible for new systems. Those presently being
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studied are systems that will employ HCFC-123 and HFC-134a. Also HCFC-

22 systems are being studied for possible expansion into a higher capacity
range than currently used.

CFCs and refrigerants, in general, can be conserved by improving the
equipment handling process throughout. Normal system leakage, servicing,
manufacturing, shipping, and installation procedures can be "tightened up"
and recovery and recycling procedures can also be implemented. It is
estimated that the current CFC usage would be cut in half if such
procedural changes were implemented. New designs for both new and
existing systems would reduce CFC usage another 23%. The remainder

would be phased out gradually by the year 2025 by replacement with non
CFC chillers.

Mobile Air Conditioni

Mobile air conditioning currently utilizes CFC-12 exclusively as the
refrigerant in a vapour-compression refrigeration cycle. The compressor is
engine-driven via a drive belt and associated electromagnetic clutch. The
compressor is mounted on the engine while the remaining system
components are attached to the vehicle chassis, thereby requiring the use
of flexible refrigerant lines to dampen relative engine/chassis movements.
In addition to reliably providing for passenger comfort and driving safety
over a wide range of ambient conditions, the system must not put the

occupants of the vehicle or the public at risk due to exposure to toxic or
flammable materials.

Current annual MAC usage of CFC-12 is estimated to be 120,000 metric tons
or 28% of global CFC-12 production. Original manufacture uses

approximately 29,900 metric tons while 89,700 metric tons are used for
servicing existing vehicles.

Current CFC-12 emissions to the atmosphere result from using CFC-12 as a
leak detection gas, losses during system charging, system leaks, recharging
leaky systems without having to fix the leak, service venting prior to
repairs, vechicle scrapping, and poor handling practices in general.
Emissions from these sources can be minimized or eliminated. Alternate
leak detection gases are available, e.g.,, HCFC-22. Service venting can be
significantly reduced by implementing CFC-12 recycling during service and
vehicle scrappage. Resulting annual savings would be on the order of
28,000 metric tons. Elimination of over-the-counter small service cans of
CFC-12 would minimize the ability of the general public to recharge leaky
systems without repairing them and result in an annual estimated savings of
12,000 metric tons. The practice of MAC system flushing with CFC-11
after component failure can be climinated by the use of as add-on filter
which would contribute to overall CFC savings.

Because there exists no direct "drop-in" replacement for CFC-12 in MAC
systems, conversion to another refrigerant is a very major undertaking.
Presently, the most viable candidate to replace CFC-12 is HFC-134a, a
non-ozone depleting chemical. MAC system changes required for HFC-134a
use are relatively modest since HFC-134a thermodynamic properties are
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similar to those of CFC-12. Given successful lubricant development,
favorable final toxicity test results and adequate global supply, HFC-134a
could be introduced in new vehicles in 1993, Full implementation (a 3-5

year task) will result in a CFC-12 savings of some 29,900 metric tons
annually.

Novel mixtures of refrigerants have been offered as potential replacements
for CFC-12 in original equipment and all have been found to be
unacceptable, generally due to incompatibility with existing and/or available
system materials. Candidates proposed to date for retrofitting existing
systems all require significant system changes and, in many cases, flushing
with CFC-11 to remove the existing lubricant.

The technology of reducing leakage, recycling CFC-12 and full conversion
to HFC-134a in new vehicle manufacture, properly applied, will effect an
annual reduction in CFC-12 usage of approximately 70,000 metric tons
during the course of the next 7-9 years (Table II). The conversion of new
MAC systems to HFC-134a by the mid-late 1990’s will leave only the
existing CFC-12 fleet in need of CFC-12. This need will diminish with time
and can be minimized by timely leak repair, preventative maintenance and
CFC-12 recycling. With conversion to HFC-134a and aging of the existing
CFC-12 fleet, mobile air conditioning could be entirely converted to an
environmentally acceptable refrigerant by the year 2010.

Heat Pumps for Heating Onlv

Heat pumps for heating only, cover heat demands from a few kW up to
several MW, both in the residential and commercial sectors, and in the
industrial sector.

CFC-12 and HCFC-22 are the most commonly used refrigerants. CFC-114 is
used in industrial applications where high temperatures are required.
Roughly it can be stated that HCFC-22 is used for heat delivery

temperatures up to 60 C, CFC-12 for temperatures up to 85 C, and CFC-114
up to 130 C.

The annual consumption of CFCs is estimated to be 800 tonnes, evenly
divided between first charge in new plants and for recharging of the
existing stock.

Conservation is the most promising option to reduce the CFC-consumption
in existing plants. Change-over to alternative, non-regulated refrigerants,
is not believed to occur to a great extent.

Today, no alternatives exist for the CFC-refrigerants in new plants with
standard components, when the heat delivery temperatures exceed the
maximum obtainable, using HCFC-22 or ammonia. Therefore, only a gradual
change-over to non-CFCs in 15% of the new plants is expected to be
possible before 1994. In 1998 it is considered to be possible to use
alternative refrigerants in all new plants.
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The reduction relative to the expected consumption without any remedial

actions to reduce consumption, is expected to be about 25% in 1994 and 80%
in 1998.

The heat pump market is anticipated to increase by 10% annually. This
implies a 45% increase in CFC consumption by 1994, compared to 1986. In
1998 a CFC consumption reduction of about 45% is expected, with reference
to the same year.

The net additional cost for the reduction scenario described is roughly
estimated to be US$42 million in 1994, and US$76 million in 1998.

The energy effect of introducing equipment which does not use CFCs is
considered to be small. In the long-term, more efficient equipment and
system designs will probably be introduced, due to further research and
development. This might also refer to absorption heat pumps.

Heat pumps reduce both energy consumption and emission of greenhouse
gases and other polluting gases from combustion of fossil fuels. Even if
they produce a limited emission of CFCs to the atmosphere, they are
assumed to have a net positive effect on the global and the local
environment.

Refri Reeveli

Refrigerant recycling means a process whereby contaminated used
refrigerant is recovered, recycled, and, possibly, reclaimed, so that the
refrigerant can be recused in air conditioning and refrigeration equipment.
Recycling can be done on-site with portable recycling equipment, while
reclaiming is usually done off-site.  Off-site refrigerant recycling is

performed by CFC manufacturers, independent reclaimers, and individual
service companies.

The air conditioning and refrigeration industries are exploring reusing CFC
refrigerants by issuing standards for acceptable levels of containments in
reclaimed refrigerants. Using the recycled refrigerants which meet these
specifications will not void manufacturer warranties, an important step in
the widespread use of recycling.

Current servicing practices result in unnecessary emissions of CFCs.
Refrigerant is released when manufacturing, repairing, and testing
equipment. These releases of CFCs can be reduced with recycling
equipment and improved practices.

Recharging of leaky systems without proper repair must be eliminated. This
will result in the refrigerant &scaping to the atmosphere in a short period
of time. Elimination of small cans of refrigerant will reduce the ability of
the non-professionals to recharge leaky systems.

Roughly 92 to 99 percent of used refrigerants can be recycled, under proper
recycling practices, and may cost about the same as new refrigerant.
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However, there are very few facilities and portable recycling equipment
available today for recycling refrigerants.




1. INTRODUCTION MONTREAL PROTOCOL REASSESSMENT

Ll G Li tuct;

CFCs are a family of chemical compounds derived from simple hydrocarbons
(methane, ethane, etc.) by substitution of halogen atoms for hydrogen.
They have been known and characterized since the 1890s, when a practical
method for synthesizing them was discovered by chemists under the
guidance of Dr. F. Swarts, a Belgian researcher at the University of
Ghent. In the period thereafter there was little more than academic
interest though, until 1928 when Thomas Midgley singled them out as
working fluids in refrigeration equipment. It was not until the 1950s that
their use as aerosol propellants, refrigerants, blowing agents for foams and
as solvents led to a rapid increase in their production /Atw88/.

In 1974 the famous ozone depletion theory was published by Rowland and
Molina in*which they claimed that CFCs would diffuse into the stratosphere
where they would be broken down by photolysis to release chlorine atoms
which would catalytically destroy ozone. Although the understanding of the
science is still imperfect, there is little doubt that CFCs play an important
role in the Antarctic ozone hole phenomenon and the decline in ozone
observed for the rest of the world.

The other issue which has become increasingly important is the potential of
the CFCs to change the Earth's temperature and to modify the climate.
Increases in concentration would inevitably lead to a global warming, the
so-called "greenhouse-effect".  The main concern is about increases in
carbon dioxide, but other trace gases including CFCs, could add sig-
nificantly to this global warming effect.

For governments, a difficult question has been how to respond to this
global environmental threat, the first one recognized as such. In 1981 the
United Nations Environmental Programme (UNEP) Governing Council passed
a resolution requiring the Executive Director to establish a working group
to draft a "Convention for the Protection of the Ozone Layer". This
"Vienna Convention" was finalized and adopted by a Diplomatic Conference
in Vienna in March 1986. After ratification by 20 signatories it entered
into force in September 1988.

Attempts to develop a CFC Protocol to the Vienna Convention started in
1984, at the initiative of the Swedish Government. Scientific reviews and
economic workshops took place during 1986 and 1987 in order to resolve
differences in the approach to the CFC problem between the EC and the
Toronto Group (USA/Canada/Nordic countries). An extra round of
negotiations was organized in Brussels in June 1987 to prepare a detailed
agreement beforechand on possible control measures.

1.2 Montreal Protocol

This work culminated in September 1987 in the adoption of a CFC protocol
to the "Vienna Convention" during a Diplomatic Conference in Montreal.
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This "Montreal Protocol on Substances which Deplete the Ozone Layer" was
ratified by such a sufficient number of countries during the course of 1988
that it could go into force 1 January 1989. In the Montreal Protocol the
following reduction steps are described.

A freeze in consumption on 1986 level will start on 1 July 1989 relative to
1986 levels. A 20% cut in consumption will become effective from | July
1993. A 50% cut, compared to the 1986 consumption level, will become
effective on 1 July 1998. The Montreal Protocol deals essentially with all
fully halogenated CFCs and halons.

Each regulated substance has been assigned an "Ozone Depletion Potential”
(ODP). The ODPs for each substance are (in brackets):

Group 1 : CFCs 11 (1.0), 12 (1.0), 113 (0.8), 114 (1.0), 115 (0.6)
Group 2 : Halons - 1211 (3.0), 1301 (10.0), 2402 (6.0)

1.3 Reassessment of the Protocol

In accordance with Article 6 of the Montreal Protocol the Parties to the
Protocol shall assess the control measures provided for in the Protocol.
The first assessment is to be made in 1990, on the basis of available
scientific, environmental, technical and economic information. Article 6
provides for the Parties to convene appropriate panels of experts qualified
in the aforementioned fields at least one year before each assessment.

An UNEP Scientific Experts Mecting in October 1988 in The Hague, Nether-
lands, reached agreement on the schedules and processes for undertaking
reviews of the current knowledge of scientific, environmental, technical and
economic matters relative to the implementation of the Protocol. The
above mecting decided that four reports be prepared by four panels.

These reports will be reviewed by an Intergovernmental Multi-Disciplinary
Panel of Legal and Technical Experts, composed of legal and economic
experts, natural and physical scientists, and technology experts. This Panel,
with the assistance of the four panel chairmen, will integrate all the
reports into a single report on the current state of knowledge on scientific,
environmental, technical and economic matters. The Panel will consider the
consolidated report with regard to the likely implications for control
measures provided for in the Protocol, and if considered necessary, will
recommend to the Parties specific amendments to the Protocol. At the
Second Meeting of the Contracting Parties (June 1990), the Parties will
review the assessment, consider the proposed amendments and introduce
them into the Protocol in accordance with the provisions of paragraphs 9
and 10 of Article 2 of the Protocol /UNES88/.

1.4 Technical Options R

The basis for the single Reassessment Report is formed by the four separate
reports prepared by the four panels (i.e., Science, Environment, Technical,
and Economics). One of these panels is the Technology Review Panel,
consisting of a general chairman and five technology chairmen for each of
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the technology areas (e.g., Refrigeration, Air Conditioning, and Heat Pumps).
The Report of the Technology Review Panel, in turn, is developed by the
Review Panel Chairmen. This Report, has to summarize options for
consumption reductions of CFCs and to make recommendations for a certain
strategy. Each of the technology fields, however, is so complex that each
of the chairmen has formed an expert panel which describes all options for
savings in the Technical Options Report.

The Technical Options Report therefore is the real basis for all
recommendations made by the Review Panel and, subsequently, by the
Intergovernmental Panel for the Parties.

In the preparation of Technical Options Report for Refrigeration, Air
Conditioning and Heat Pumps numerous experts have been involved. First
authors of the separate papers were supported by a large number of
reviewing authors from all over the world; this without any financial
support from UNEP or individual governments. An attempt has been made
to include participants from as wide a range of countries as possible.
Reviewing authors originate, for example, from Austria, Brazil, China (PRC),
The Federal Republic of Germany, India, Italy, Japan, New Zealand, Norway,
Sweden, Switzerland, United Kingdom, USA and the USSR.

The work done by the first authors -- for domestic refrigeration (F.
Hallett, L. Kuijpers), retail/commercial refrigeration (U. Hesse, H. Kruse),
transport refrigeration (R. Heap), cold storage (A. Lindborg), comfort air
conditioning (D. Didion, F. Hayes), mobile air conditioning (J. Baker),
industrial refrigeration (H. Haukas), heat pumps (P. Frivik), refrigerant
handling (S. Taylor, T. Statt), and for refrigerant data (M. McLinden), and
the work done by the editor and US coordinator (S. McDonald) -- is greatly
appreciated by the Technology Review Panel.
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2. REFRIGERANTS FOR REFRIGERATION

The economic impact of refrigeration technology throughout the world is
very impressive, and much more significant than generally believed. While
the yearly investment in refrigeration machinery and equipment may
approach US$100 billion, the value of products treated by refrigeration is
perhaps ten times this amount. The total volume of cold stores in the
world comes to about 300 Mm3. This amount of space is sufficient to hold
5% of the yearly total production of foodstuffs. The total amount of the
annual food production which is treated by refrigeration is very difficult to
estimate. Taking into account all retail shops, refrigerated transport means,
domestic appliances etc. it can be stated that between 10 and 25% of the

global annual food production is somewhere in the refrigeration "cold-
chain".

The use of low temperatures constitutes a major means of conservation of
perishable foods during storage and distribution and is widely applied in the
developed countries /Lor87/. In the third world, however, at present the
use of low temperatures is still mainly limited to food for export.

Refrigerated or frozen foods are generally priced high, too high for the
poor in the world at present. There is a pressing need for simple and
inexpensive cooling methods to enable low cost mass production of food,
(e.g. as realized by the vapour compression cycle using the conventional
CFC refrigerants). The future of man, and his food supply in particular,
depends on the availability of sufficient energy and on the availability of
efficient refrigeration methods. However, this must be balanced by a
concern for conservation of the biosphere and the possible occurrence of
the greenhouse-effect. Efficiency, therefore, is one of the most important

aspects. Refrigeration technology will play an important role in these
developments.

Refrigeration technology in the cold-chain implies technology for cold
storage and food processing, for retail and commercial equipment, for
refrigerated transport and for domestic refrigerators and freezers. These
different refrigeration applications are considered separately in this Options
Report in order to make estimates about their part in the consumption of
CFCs. Next industrial processes and heat pumps are considered. Comfort
and automotive air conditioning are characterized by entirely different
boundary conditions but are also described in this Technical Options Report.
This report, therefore, covers the use of CFCs in 8 subsectors, and contains

information on refrigerant handling and the availability and necessity of
refrigerant data.

2.1 Hi ¢ CFCs for Refri .

Yapour compression refrigeration, the application of the reverse Rankine
cycle, dates back to the 1830s when Perkins applied for a patent for such a
machine specifying cther as the refrigerant. Tellier in France designed
systems which used dimethylether in 1867. Thus the ethers were the first
refrigerants used in vapour compression refrigeration systems.
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Vapour compression systems became ubiquitous prior to the availability of
CFCs. The reason for this is simple. Compression systems were originally
driven by steam engines which made coupling to a compressor quite logical.
So by the 1890s, the vapour compression cycle had already largely
supplanted air cycle and/or absorption cycle technology.

CFCs, the chemical compounds derived from simple hydrocarbons by
substitution with halogen atoms, have been known since the 1890s /Atw88/.
A practical method for synthesizing them was discovered by chemists under
the guidance of Dr. F. Swarts, a Belgian research scientist at the
University of Ghent. However, these substances gained little more than
academic interest in the 30 years thercafter.

Vapour compression systems, however, had a continuous growth in all of the
sectors where refrigeration systems were used. From the original steam
engine drive, development resulted in smaller sized compressors, driven by
separate, mostly electric motors. By 1920-30 vapour compression systems
were used in all important areas such as commercial systems, comfort air
conditioning and household refrigeration.

By 1930, seven refrigerants were mostly used: ammonia; carbon dioxide;
methyl-, ethyl-, and methylene-chloride; isobutane; and, sulphur dioxide
/Nag88/. Ammonia was the predominant refrigerant in the industrial and
large power commercial systems; although its thermodynamic and transport
properties were excellent it was not used in the small power applications,
such as household refrigerators. Here mainly sulphur dioxide and isobutane
were used. The use of isobutane in domestic refrigerators can even be
established up to the 1950s, in spite of its flammability aspect. In the

comfort air conditioning sector most of the above-mentioned refrigerants
were used.

All of these refrigerants had some disadvantages. Some were toxic, others
were flammable and others required heavy constructions due to the high
pressure levels at which they had to be operated. Nevertheless, ammonia
and sulphur dioxide proved to be the best refrigerants.

The need for a new refrigerant became apparent in the small household
sector. Not so much the flammability of isobutane, but more the toxicity
of sulphur dioxide, was seen as a major disadvantage in small systems. The
largest company involved in the household sector, Frigidaire Co, had used
sulphur dioxide in their products but a competitive struggle with icebox
manufacturing companies on toxicity led the Frigidaire Co to conclude that
".. the refrigeration industry needs a new refrigerant if they ever expect
to get anywhere" /Mid37/. A research team, headed by Thomas Midgley,
explored the field of fluorinated refrigerants, developed a first family
(HCFC-21) and eventually settled on dichlorodifluoromethane (CFC-12) as
the substance which best meets the criteria for the perfect refrigerant.

Commercial production started in 1931. Soon thereafter processes to
manufacture ethane derived CFCs (113, 114 and 115) were developed. This
was the breakthrough which made the vapour compression cycle the
generally accepted best process in refrigeration. CFCs are vital to the
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modern practice of refrigeration. However, systems using ammonia or
hydrocarbons have enjoyed, and still enjoy acceptance in certain
applications long after CFC based systems became viable alternatives.
However, limited, or even no future availability of CFCs, is of major

concern to refrigeration engineers, since the majority of equipment uses
CFCs.

The CFC fluids developed in the 1930s have benefited the refrigeration
industry in several less obvious but equally significant ways /Atw88/. By
providing a series of fluids covering a range of pressures, the industry
gained new flexibility in adapting hardware and systems to specific
applications. In addition to their non-toxicity, the inertness of CFCs
allowed freedom in the choice of system materials and thereby fostered
design flexibility.  Morcover, the appropriate CFC based refrigeration
systems were reliable and are energy efficient.

The search for more environmentally acceptable refrigerants than CFCs will
have to deal with all the criteria, design rules, materials and efficiencies
originally developed for CFCs. It will depend upon the specific application
area whether either strict saving procedures or fast replacements will yield
the environmentally best result in terms of material usage, reliability and,
last but not least, energy efficiency.

2.2 Usage Patterns of CFCs

CFCs were developed in the 1930s as refrigerants but it was not until the
1950s that their use in various applications areas led to a rapid increase
intheir production. In particular, the use of CFCs as aerosol propellants
sharply increased in the 1960s and so, by 1974, the global production (CMA
reporting countries /CMA88/) of CFCs-11 and -12 was approaching 800,000
metric tonnes per annum. The latter figure does not include the use of
CFCs as a solvent. Fig. 2.1 shows 1986 global consumption of CFCs-11, 12,
113, 114, and 115 by use including refrigeration. Fig. 2.2 shows global
consumption by region of these same CFCs.

In Fig. 2.3, the consumption by application, of CFCs-11 and -12 is given as
a function of time. It can be observed that in the ecarly 1970s, the main
application arecas were refrigerants and acrosol propellants. In 1974, 20% of
CFCs-11 and -12 was used for refrigeration purposes, 65% was used as an
aecrosol propellant. Only 15% of these CFCs was applied in other
application areas in that specific year.

With the publication of CFC-ozone depletion hypothesis in 1974, many
countries implemented measures to reduce the use of these compounds as
aecrosol propellants. The period of 1974 to 1982 was characterized by a
decrease in the of CFCs use as aerosol propellants, in the same period the
usage for soft foams and, especially, in rigid foams was increasing. In 1982
the consumption of CFCs-11 and -12 for refrigeration had increased from
roughly 155,000 to 180,000 metric tonnes, compared to 1974. Due to an
overall decrease in global consumption, the percentage of CFCs-11 and -12
used for refrigeration amounted to 30% by 1982 (see Table 2-1).
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The use of CFCs for soft and rigid foams expanded in the 1980s. This
usage sharply increased from 29% in 1982 to 36% in 1987. The part of
CFCs used in refrigeration, taking into account the CMA reported global
value /CMAB88/, still amounted to 30% in 1987. This analysis does not take
into consideration the use of CFCs for cleaning purposes, and also halons.

Table 2.1 Quantities of CFC-11/12 produced in the period
1983-1987 /CMAS88/ on an annual basis

Year CFC-11 CFC-12
1983 291,731 355,331
1984 312,355 382,107
1985 326,814 376,339
1986 350,148 398,363
1987 382,050 424,726
Estimate
1988 415,000 450,000

For refrigeration (closed cell foam)

Year CFC-11 CFC-12

1983 25,734 ( 97,985) 175,723 (26,188)
1984 23,915 (110,638) 187,524 (30,669)
1985 26,905 (117,343) 185,023 (33,234)
1986 25,886 (129,618) 198,257 (38,076)
1987 27,644 (160,085) 219,063 (59,900)
Estimate

1988 29,500 240,000

Steep increases can be observed in CFC consumption in 1986-87. Whether
this pattern can be extrapolated is uncertain. Nevertheless, it puts pressure
on consumption restrictions in 1989. According to the Montreal Protocol,
1989 consumption cannot exceed that realized in 1986.

In this Technical Options Report most of the consumption figures are
related to 1987 - and sometimes 1986 - consumption. It is impossible to
relate future saving figures to the increase of CFC consumption in the
period 1986-89. Saving percentages are therefore only considered in a
relative sens