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Abstract  

Since January 1, 1996, the production of CFCs is forbidden in the developed countries, 
and for the HCFCs a phase-out schedule until 2030 - in the EU until 2015 - exists. In 
some countries even more rigid phase-out schedules have been decided, the EU will 
phase out R-134a for automotive air conditioning, Denmark and Austria want to phase 
out HFCs due to their global warming potential. But what are the alternatives and what 
is their impact on the climate change? The alternatives are the old refrigerants, 
substances like ammonia, the hydrocarbons, water and CO2. The selection criteria for 
refrigerants have to cover efficiency, safety, and environmental acceptability. The 
environment expressed by  the TEWI, i.e. refrigerant losses during lifetime and CO2 
emissions caused by the production of the drive energy become very important: In 
this context efficiency gets the highest priority, and efficiency, as can be 
demonstrated, is mainly the result of the right refrigerant, technology development 
and the correct integration of units into systems. 
 

1 Introduction 
The refrigerants (working fluids) up to the 1930s were ammonia, carbon dioxide and 
other fluids, most commonly toxic and/or flammable; later on the “safety refrigerants” 
(chlorofluorocarbons, CFCs, and hydrochlorofluorocarbons, HCFCs) quickly occupied 
the market, and the old refrigerants disappeared from the market. The only exception 
was ammonia, it was and still is in use mainly for large applications. This situation 
remained so, until at the Vienna Convention of 1986 and the Agreement of Montreal 
1997 the future production of CFCs was limited and in the end essentially banned, for 
reasons of destroying the stratospheric ozone layer. A few years later (Kopenhagen, 
1992) also an agreement for limiting the HCFCs was concluded, a phase-out schedule 
until 2030 - in the EU until 2015 – already exists. The first choice of replacement fluids 
were HFCs (chlorine-free hydrofluorocarbons) and their mixtures - R-134a, R-404A 
and R-507, R-407C and R-410A. However, whereas these have no ODP (ozon 
depletion potential), they have a large GWP (global warming potential) (Fig. 1). 
 
There is, therefore, a tendency in some, mostly European, countries to switch again 
to the old so called “natural” working fluids, containing neither chlorine nor fluorine 
and with a negligible GWP like ammonia (R-717), the hydrocarbons propane (R-290) 
and isobutane (R-600a), water (R-718) and during the last years CO2 (R-744). 
Ammonia and the hydrocarbons do not match the requirements of a "safety" refri-
gerant caused by toxicity and/or flammability; water and CO2 keep these standards.  
 
The problem of this development are politicians and environmentalists, who always 
concentrate only on one simple figure. Firstly they concentrated on the ODP, they 
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started to forbid all substances even with a small potential to deplete the ozone layer. 
Now their effort is concentrated on substances with a GWP, and again they forget 
that there is an interaction between the properties of a substance, which may 
contribute to global warming in the case of leakages, and the efficiency of the cycle, 
where this substance is utilised, the integration of this cycle into a system, the control 
strategy used and the drive energy, which is necessary for the operation, which also 
causes the emission of greenhouse gases into the atmosphere. One possibility is to 
take the TEWI (Total Equivalent Warming Impact), the summed up value of direct 
refrigerant losses and indirect losses caused by providing the drive energy. But this 
seems to be too complicated. 
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Fig. 1: ODP versus GWP of some CFCs, HCFCs and HFCs 

 

2 Applications of Heat Pumping Technologies 
The general term heat pumping technologies is used for processes in which the natural 
heat flow from a higher to a lower temperature level is reversed by adding high value 
energy, i.e. exergy. The main applications are refrigeration and air conditioning, where 
useful “cold” is produced. The term heat pump is used for a unit producing useful heat. 
In Japan and in the USA reversible air conditioning units are called heat pumps. 
Chillers are always called chillers, even if they are used as heat pump chillers 
producing also useful heat. In Europe the term heat pump is used for heating-only 
units. The heat sources are outside air or exhaust air from ventilation systems, ground 
and ground water, combined with hydronic heat distribution systems (Halozan, 2002). 
 
Taking different applications of heat pumping technologies several items have to be 
taken into consideration like drive energy, design of the unit, integration into a system 
and control strategy: 
 

·  The drive energy of heat pumps is most commonly electricity, and for the future 
improved power generation systems based on renewable and fossil fuels have 
to be taken into consideration. The power plant efficiency is up to 58 % for gas-
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fired combined-cycle power plants available on the market; with oil as fuel 
similar values are possible. The primary energy ratio is highest for direct power 
generation from renewable sources such as hydro or wind (Gilli and Halozan, 
2001).  

·  The second item is the efficiency of the unit, which is most commonly 
expressed by the COP, the coefficient of performance. This COP depends on 
the refrigerant selected and on the components used like the compressor, the 
size and the design of condenser and evaporator, the flow sheet – single stage, 
two stage, economiser or cascade – and the internal cycle control. The choice 
of the refrigerant is most commonly a compromise between efficiency and cost, 
smaller equipment using a high-pressure working fluid can reduce the cost, a 
working fluid with low discharge temperatures can avoid a two-stage system.  

·  The third item is the integration of  a unit into a system, and again the choice of 
the refrigerant may have a large influence on this integration. The most efficient 
way of heat absorption/heat dissipation is direct evaporation/direct 
condensation; the alternative are secondary loop systems. Secondary loop 
systems require an additional temperature lift to transport heat to the evaporator 
and from the condenser, and most commonly they require circulation pumps 
with additional power consumption. However, the unit itself can be designed as 
a compact unit and the refrigerant content can be minimised. Additionally, if 
heat absorption/heat dissipation happens in spaces with public access, the 
working fluid has to be a safety refrigerant, flammable and/or toxic fluids cannot 
be used. But there are lot of applications, where the secondary loop system 
already exists, for example hydronic heating systems or cold water based air 
conditioning systems. 

·  The fourth item is the real operation of the system combined with the control 
strategy selected, and the operation of the system shows not only full-load, but 
mainly part-load: many systems loose a lot of efficiency if operated in part-load, 
and taking this part-load operation one will get the SPF, the seasonal 
performance factor, which includes the cold/heat output, the drive energy at the 
different operating conditions, and the parasitic energy consumers like fans and 
circulation pumps. This is the value which has to be taken into account when 
specifying the TEWI; such a figure is too complicated for a politician and for an 
environmentalist. But this figure is the basis for the selection of the right 
refrigerant (Halozan 2002).   

 

3 Ammonia 
Not even the CFCs have been able to replace the old refrigerant ammonia (R-717) 
completely: in large refrigeration systems ammonia has always been the first choice, 
because it is an excellent refrigerant, it is cheap compared with the HFCs, and it is 
environmentally benign. But there are some disadvantages: ammonia is toxic, and its 
characteristic smell, which acts as a warning signal, may cause panic (Halozan 
2005). The technology used for ammonia is different from the technology used in 
systems with fluorocarbons: Copper is not compatible with ammonia. This means, 
that hermetic compressors are not yet available, one has to use steel or aluminium, 
and steel has to be welded, aluminium welded or soldered, but soldering aluminium 
is difficult, especially in the case of small diameters. The problem of ammonia units 
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is the combination of all these differences. For large systems this is not a serious 
problem, open reciprocating or screw compressors can be used; centrifugal 
compressors are not yet available due to the properties of ammonia (Fig. 2).   

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2: Open Compressors for ammonia 
 

The real problem are medium sized and small applications, where ammonia is in 
competition with direct evaporation/condensation systems. Nevertheless, ammonia 
has an increasing share in new equipment, developments are going on to develop 
small and medium sized hermetic compressors (Fig. 3).  

 
 
 

 
 
 
 
 
 

Fig. 3: Hermetic Scroll Compressor for Ammonia (Mayekawa) 
 

Other developments are to reduce the refrigerant charge of the systems. The one 
change was from flooded evaporation to dry evaporation, the second was in the case 
of small systems the change from non-soluble oil to a soluble oil. Combined with flat-
plate heat exchangers the refrigerant charge has been reduced significantly (0.1 to 
0.05 kg/kW heating capacity). Ammonia is also used for air conditioning in 
combination with hydronic distribution systems. Chillers and heat pump chillers are 
built as compact units with a casing, where all safety features are installed; roof 
installation is very common. Another application are heat pumps with two-stage 
compression with 60-bar compressors for district heating systems; such systems have 
been built and are operated mainly in the Nordic Countries. The heat sources are 
treated sewage water, ground and sea water or industrial waste heat (Halozan, 2005). 
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4 Propane 
Only a few changes have to be made to adapt an R-22 unit for the operation with 
propane, the change of the expansion device and the change of the lubricant; to 
improve the performance of the unit an internal heat exchanger should be added. In 
contrast to units using R-22 it improves both the capacity and the COP significantly 
without dangerous discharge gas temperatures. Furthermore, the condensing 
temperature can be increased from 57°C of a R-22 unit to 65°C of the propane unit. 
The only problem of R-290 is flammability: regulations often prevent the utilization of 
this environmentally acceptable and highly efficient refrigerant.  
 

5 Carbon Dioxide  
For CO2,a high-pressure fluid (Fig. 4), there are already some and there will be in the 
near future several applications, which are superior to present solutions with respect to 
the environment and also with respect to efficiency (Rieberer 1998). Presently CO2 is 
being used as heat carrier in commercial secondary loop systems, especially in low-
temperature applications, where both the sensible and the latent heat of CO2 are being 
utilised. But with CO2 it is also possible to realise direct evaporation systems by using it 
as refrigerant in the low-temperature stage of a refrigeration cascade. 
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Fig. 4: Temperature/Entropy Diagram of CO2 with a sub- and a trans-critical cycle 
 
For applications with condensing temperatures exceeding 30°C the trans-critical cycle 
has to be used. This cycle is characterised by evaporation taking place in the sub-
critical region, whereas heat rejection takes place in the super-critical region. This 
means a heat rejection characteristic similar to the Joule-Brayton cycle. Promising 
applications for this cycle are vending machines, once-through water heaters, air 
heating and exhaust air heat recovery systems and drying as well as dehumidification 
processes, another application is automotive air conditioning.  
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6 Water 
Water has been and is being used successfully in MVR systems; but nowadays it is 
also used for chillers where the water is both refrigerant and heat carrier. Due to the 
low volumetric cooling capacity centrifugals have to be used, and the smallest capacity 
presently realised in prototype installations is about 800 kW (Fig. 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Chiller with Water as Refrigerant (ILK Dresden) 

7 Conclusions 
Heat pumping technologies, i.e. refrigeration, air conditioning and heat pumps, have 
undergone and are undergoing several changes in working fluids and design. 
However, the efficiency today is generally better than before these changes and keeps 
rising. Thus, not only the environmental effects of the working fluids are being reduced, 
but also the effects of power plants producing the drive energy for the heat pumps – 
due to higher SPFs, higher power plant efficiencies, and an energy sources mix with 
lower CO2 emissions. Therefore, the TEWI (Total Equivalent Warming Impact) is 
reduced significantly. Phasing out HFCs is not so much a problem of technology, it is a 
problem of efficiency. Applications will remain where "safety" refrigerants, i.e. non-toxic 
and non-flammable fluids, have to be used also in the future. But the natural 
refrigerants such as ammonia, propane, CO2 and some others will get an increasing 
share. The question of environmental acceptability seems to be solved. The main 
point, however, is efficiency, and the energy requirement has to be minimized. 
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