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Abstract:

With the phase-out of Ozone Depleting Substances, the refrigeration industry had to expend a significant effort in finding and developing the use of non-ODS replacements.  The long-held industry requirements of safety, stability and appropriate thermo-physical properties led to the adoption of HFCs as replacements for CFCs and HCFCs.  With the realisation that HFCs are “Green House Gases” an extensive evaluation of low GWP fluids for refrigeration use has begun. Traditional (pre-CFC) fluids are being reintroduced in spite of their practical draw-backs (generally safety issues), however it is apparent that they will not replace HFCs in all applications. This paper summarises the outcome of the search for fluids belonging to hitherto untried chemical families.

Background: Mechanical (vapour compression based) refrigeration, as a technology, is well over 100 years old. Early refrigerant working fluids included air, carbon dioxide, and several synthetic chemical substances: among them: ethers, ammonia, sulphur dioxide, ethyl chloride.  Air and Carbon dioxide were not suitable for small refrigeration systems. The then used synthetic fluids were all dangerous chemicals being either toxic or flammable or both. The widespread use of  domestic refrigerators occurred as a result of the discovery of safer fluorocarbon (CFC) refrigerant working fluids at the start of the 1930s. Air conditioning became widely used from the middle of the last century and the use of fluorocarbon fluids grew exponentially due to their very favourable properties (safety, stability and performance) for domestic (or public) refrigeration and air conditioning applications. (During the latter half of the last century fluorocarbon fluids also became widely used in emissive applications such as aerosol propellants and general purpose solvents.)

Until the 1980s it was generally thought that the release of volatile CFCs and HCFCs to the atmosphere was inconsequential, that they would simply disappear.  This was proved to be wrong when they (together with bromine containing members of the fluorocarbon family) were proven to have a devastating effect on the stratospheric ozone layer. This led to the adoption of the Montreal Protocol which phases out the production of these ozone depleting substances (ODSs). In the EU complementary legislation (Regulations 3093/94 and 2037/2000) has banned the use of ODSs in most applications, including refrigeration/air conditioning.

The refrigeration industry, working in close co-operation with refrigerant manufacturers during the latter half  of the 1980s and 1990s, developed equipment and systems to use non-ozone depleting hydrofluorocarbon (HFC) working fluids. 

Why fluorocarbons? The carbon – fluorine bond is the strongest known single bond in organic chemistry.This results in many organic fluorine compounds having very favourable properties (low chemical reactivity including non-flammability and low toxicity) for use as fluids for refrigeration applications.  It is now technically feasible to substitute ODSs  with non-ozone depleting HFC fluids in new refrigeration systems for every major application.  

The Rio Summit on Climate Change in 1992  recognised that global warming was a global environmental issue just as the phenomenon of stratospheric ozone depletion, and would need a similar global approach to mitigate its effects. Extensive work by environmental scientists under the aegis of the IPCC has led to a clearer understanding of the climate change issue and its causes. This work resulted in the Kyoto Protocol which sets out to control the emissions of the so called Green House Gases (GHGs).  Unlike the ODSs, GHGs do not belong to one chemical family, but include substances which simply cannot be banned.  The most important GHG (from its impact on climate change) is Carbon Dioxide – While CO2 forms part of the earth’s biosphere life cycle (photosynthesis/animal respiration), its concentration in the atmosphere is increasing as a result of the use of geologically sequestered carbon (coal, oil gas) by mankind for as fuel for energy generation. Methane and Nitrous oxide together with fluorocarbons, perfluorocarbons and Sulphur hexafluoride are also GHGs.  Emissions of these substances (together with Carbon dioxide) are listed in the Kyoto Protocol as requiring collective control.

While HFCs are listed as GHGs under the Kyoto Protocol their predicted contribution to the future overall climate change effect is small. HFCs are forecast to increase to around 2 - 4% of the overall climate forcing impact by 2050.

In spite of HFCs’ small overall impact on climate change there has been significant research effort aimed at finding new chemical substances with negligible global warming impact which could find application as refrigeration working fluids. Some of the pre-fluorocarbon era refrigerant fluids, which have low or insignificant Global Warming Potential (GWPs) have also been evaluated. Among these are Air, Carbon Dioxide, Hydrocarbons and Ammonia. These will be discussed below.

Implications of Global Warming Issues on Refrigeration: The realisation that CO2 is the major contributor to Global Warming and the fact that CO2 emission is a major consequence of energy usage has led to an increased focus on energy efficiency, including that of refrigeration /air conditioning systems. Evaluation of the overall Global Warming impact (often called the Life Cycle Climate Performance (LCCP) of refrigeration/air conditioning systems has shown that, over the lifetime of the system, the CO2 equivalent emissions arising from the energy consumption of the system are generally the dominant factor. However much effort is also being expended on minimising losses (emissions) of refrigerant fluids from systems (even of low GWP working fluids) because an incorrect refrigerant charge level can have a significant negative effect on the system energy efficiency.

Low GWP Refrigeration Working Fluids: 


Air  was one of the first fluids to be used as a refrigerant. It has the obvious advantage of being cheap, readily available and having no direct environmental effect whatsoever. Thus it can be used in an open (total loss) refrigeration cycle. Early air-cycle systems were discontinued because of the difficulties inherent in handling the moisture present in the air. Snow and ice formation were common features of these systems.  In a modern context the air cycle can only be a serious contender for mainstream applications if the cycle expansion energy can be recovered with high efficiency. This is not proving practical, although the air cycle is used in commercial aircraft cabin cooling.


Ammonia has been used for a long time in industrial (including food processing and large scale cold storage) applications. Its toxicity and flammability limit its use in large charges to well managed industrial installations away from the public domain (although it is also used in a niche application in very small absorption refrigerators for use in hotel bedrooms).


Hydrocarbons are very flammable and can present a serious potential safety risk if released in significant quantities. In the 1990s Hydrocarbons have been introduced, principally in Europe, for use in small domestic appliances (refrigerators/freezers). They are in current use in hermetic, low charge (<150g.) refrigerator systems and in some air-conditioning units.  Their hazardous characteristics restrict their use in larger systems to chillers where the refrigeration unit is isolated in a designated machine room.


Carbon dioxide has excellent transport properties (thermal conductivity, viscosity) however it has a relatively low critical temperature. Significant development effort, principally by the auto industry,  has gone into evaluating CO2, using a trans-critical cycle, as a working fluid for comfort cooling. Substantially higher working pressures (in the order of 100 bar) are required for these systems and they have lower energy efficiencies than halocarbon systems (at an equivalent degree of system mechanical development). Liquid CO2  has also been applied as a heat transfer fluid in large industrial refrigeration systems.


NEW Chemistry: Extensive exploratory research has been carried out in the last decade or so with the aim of trying to identify other chemical families which might lead to the “ideal” refrigerant working fluid i.e. one that is safe, both for humans and the environment and has the right range of physical properties to function as an efficient refrigerant working fluid.  

To summarise these “ideal” properties:


The substance has to be volatile in the desired temperature range with a reasonably high (above normal condensing ambient temperatures) critical temperature, and a substantial latent heat of evaporation. This because the reverse Rankine thermodynamic cycle offers the best practically achievable thermodynamic efficiency for a refrigeration system (D.A.Didion et al., J.T.McMullen).


The substance has to be chemically stable (un-reactive in contact with a set of  substances (metals, polymers, lubricating fluids, etc.) which could be used as mechanical components of the refrigeration system) in order to provide long-term system reliability.


It has to be non-ozone depleting, have a low Global Warming Potential, to be non-flammable with low toxicity (acute and chronic). 


Cost is, of course, an important consideration also. 

It became rapidly apparent that compromises have to be made:


There are very few volatile (in the right temperature range) inorganic substances. They (those mentioned above together with sulphur dioxide) have already been used, and in many cases abandoned, as commercial refrigerant working fluids.


Many organic chemical families have chemical bond energies that make them potential GHGs. The actual Global Warming Potential of a substance is a function of its UV absorption wave length and its atmospheric lifetime.  Chemicals with very short  (a few days) atmospheric lifetimes have negligible GWPs, however low atmospheric lifetimes are often associated with high chemical reactivity, toxicity, flammability, and low overall stability.  Figure 1 shows a comparison of GWP and Atmospheric Lifetime for several series of volatile halocarbons.
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Figure 1

Several systematic evaluations (see eg. D.B.Bivens et al.) have been undertaken of  hitherto untried chemical substances including Fluoroethers, Fluorinated amines, Fluoro silanes, fluorinated sulphur compounds.  Many of these substances fell down at the first hurdle – toxicity, many at the second – chemical stability. Of the substances that survived to be evaluated as refrigerant working fluids none has yet been identified as being sufficiently attractive to proceed with further development. This is not unexpected. These substances have fairly complex molecular structures. It has been shown (J.M.Calm et al.) that more complex molecules tend to have a poorer refrigeration performance than substances with a simple molecular structure.

Figure 2 illustrates the results of an exploratory study (D.B.Bivens et al.) of some candidate fluids.  When one takes into account the complex (and consequently costly) chemical processes needed to manufacture such substances it is apparent that the “ideal refrigerant” has yet to be found. HFCs would appear to be irreplaceable from a practical/economic standpoint for many applications.  Their global warming impacts can be mitigated through effective leakage and release control measures.

Figure 2
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Conclusions: No new chemical families have been identified as being potentially attractive as refrigerant working fluids. 

Because of their unique combination of chemical stability, low toxicity and flammability, and favourable thermo-physical properties HFC fluids provide the best balance of properties of all the chemical families evaluated and will be very difficult to replace (as the most cost-effective energy-efficient working fluids in many refrigeration/air conditioning applications) without significant negative overall impact.
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