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ABSTRACT 
Carbon dioxide was among the widely used refrigerants in the infancy of refrigeration around year 1900. Unlike 
ammonia, however, it more or less disappeared when the (Hydro)ChloroFluoroCarbons ((H)CFCs) were 
launched. After being re-introduced as a refrigerant around 1990, CO2 has become an important alternative in 
replacing environmentally harmful refrigerants such as CFCs, HCFCs and HFCs. The development has shown 
potential in several applications both in terms of system efficiency and system cost, thus making it a viable 
alternative for applications not considered feasible earlier. This has been made possible through an enormous 
effort from industry, research institutes and universities. Currently, CO2 is the refrigerant of preference for many 
companies, and commercial products are already available. For some applications there are still challenges to be 
overcome if introduction of CO2 should become successful. The paper gives an overview of the far and near 
historic development of CO2 as refrigerant and discusses future potential and challenges. 

1. HISTORICAL DEVELOPMENT 

 
Carbon dioxide was one of the first substances used as a refrigerant. Alexander Twining proposed 
its use as refrigerant in a British patent from 1850. It became the refrigerant of choice for several 
applications. Among these were marine refrigeration and air-conditioning. However, unlike 
ammonia, it did not survive the introduction of the CFCs and HCFCs. Registration of marine 
refrigeration systems from Lloyds register in London shows a gradual phase-out of CO2 systems in 
use from 1950 until 1960. 
 
Around 1990, when focus was put on the CFC and HCFC refrigerants’ ozone depleting ability, and 
consequently, the Montreal Protocol was implemented to phase them out, CO2 was introduced as 
one of the alternatives (Lorentzen, 1989). Figure 1 shows the CO2 compressor from 1927 used in 
the initial investigations performed in 1988. In competition with the HFCs, CO2 again managed to 
be a refrigerant of choice.  

 
Fig 1.   The CO2 compressor from 1927 that was used during the initial investigations of 

transcritical cycle operation in 1988-89. Piston rod lubrication performed by H. 
Rekstad 
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In the first years after CO2 was reintroduced, mainly two applications were in focus; mobile air 
conditioning, which accounted for almost 60% of the emissions from the refrigeration sector 
(Pettersen and Lorentzen, 1993), and heat pump water heaters, for which transcritical operation 
makes it possible to adapt very well to the gliding temperature heating demand required for tap 
water heating (Nekså, 1992 and Nekså et al., 1998a). However, soon several other applications 
were approached with emphasis on investigating potential use of CO2 as heat transfer fluid (HTF) 
(Rolfsmann, 1999), as refrigerant in a low temperature stage in a cascade (Gebhardt, 2002), or as 
the only refrigerant. The latter will most often require the possibility of transcritical operation under 
certain conditions, such as high ambient temperatures (Nekså et al., 1998b). 
 
Many of the applications investigated were met with considerable scepticism within the scientific 
community. High pressures levels, low theoretical cycle efficiency and need for development of 
new components and systems were common objections to the CO2 technology. Partly the elements 
pointed out may introduce important challenges, but it has been shown that they may be overcome 
with proper adaptation of the systems to the applications investigated. The superior thermo-physical 
properties of CO2 when used as refrigerant and the fact that it is non-flammable and non-toxic are 
often important factors. The higher operating pressures at given temperatures may in fact be an 
advantage since it leads to higher volumetric capacity, thus enabling more compact component and 
system designs. 
 
From being obscure ideas of reintroducing CO2 as working fluid in the 1980s, through investigating 
and developing prototype components and systems for several applications, there is now a 
considerable activity within industry, research organisations and universities. The number of 
publications in more dedicated conferences, such as the IIR Gustav Lorentzen Conferences, general 
conferences as the IIR Congresses and in journals and through patent applications, emphasises this. 
 
Now, when the high GWP HFCs seems to be at the verge of being phased out as well, partly due to 
the focus put on greenhouse gas emissions by the Kyoto Agreement, CO2 may become the preferred 
refrigerant in several new applications. Together with other natural refrigerants, most importantly 
hydrocarbons and ammonia, CO2 should be able to cover most applications of refrigeration, air 
conditioning and heat pumps, and also being an alternative working fluid for Rankine cycles for 
power production from surplus heat.  
 
The paper will through examples from different applications discuss future potential and challenges. 
An important challenge in many potential applications is to obtain competitive energy efficiency for 
operation when the heat sink temperature is high. This will most often mean heat rejection to high 
ambient temperature air. Different measures to overcome this challenge will be discussed and needs 
for research and development pointed out.  

2. FUNDAMENTAL ASPECTS 

 
Fundamental aspects of CO2 used as refrigerant have been discussed in several publications, for 
instance Nekså (2002) and Kim et al. (2004). Compared to conventional refrigerants, the most 
remarkable property of CO2 is the low critical temperature of 31.1oC. Vapour compression systems 
with CO2 operating at normal ambient temperatures thus work close to and even above the critical 
pressure of 73.8 bar. The operation close to the critical point leads to three distinct features of CO2 
systems when used as the only refrigerant: 
 

 Heat is rejected at supercritical pressure when the heat sink temperature is high  
The system will then use a transcritical cycle that operates partly below and partly above the 
critical pressure. The high-side pressure in a transcritical system is determined by refrigerant 
charge and not by saturation pressure. The system design thus must consider the need for 
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controlling the high-side pressure to ensure a high COP and capacity. A refrigerant buffer 
volume is needed in order to enable charge variations, but since no liquid can be stored at the 
supercritical pressure, other options must be found. The most common is to buffer liquid on the 
low pressure side of the system or at intermediate pressure. 
 
 The pressure level in the systems will be relatively high, often between 30 and 120 bar 
The high operating pressure results in a high volumetric capacity. This is leading to smaller 
required cross sectional flow areas in the system and thus also smaller inner volume of the 
system. As a consequence, components should be redesigned to fit the properties of CO2. The 
advantage is that components most often can be designed more compact since e.g. the 
compressor displacement needed for a given capacity compared with HFC-134a is 80-90% 
smaller. Further, compressor pressure ratios are low, thus giving favourable conditions for 
achieving high compressor efficiency. The relatively high operating pressures in evaporators 
and condensers/gascoolers also lead to very efficient heat transfer compared with HFCs, further 
enabling heat exchangers to be of a more compact design. Higher pressures are often associated 
with a higher hazard, but due to smaller volumes of piping and components, the stored 
explosion energy in a CO2 system is not much different from that of a conventional system.  
 
 Large glide in temperature of the refrigerant during heat rejection  
At supercritical or near-critical pressure, all or most of the heat transfer from the refrigerant 
takes place by cooling dense single phase gas. The heat rejecting heat exchanger is therefore 
called a gascooler instead of a condenser. Since heat is transferred as sensible heat, the 
temperature will be gliding according to the actual high pressure. Gliding temperature can be an 
advantage in heat pumps for heating water or air. For other applications care must be taken in 
order to achieve as low refrigerant temperature as possible out of the gascooler. With proper 
heat exchanger design the refrigerant can be cooled to less than or a few degrees above the 
entering coolant (air, water) temperature, and this improves the COP of the systems compared to 
if typical temperature approach assumptions from simple cycle comparison approaches are used.  
It should be noted that provided the gas cooler outlet temperature can be cooled to a sufficiently 
low temperature, the COP will be higher than in a typical HFC system. Internal heat exchange 
to subcool high pressure gas with the compressor suction gas may also improve efficiency, 
especially at high ambient temperatures. 

 
When CO2 is used as a low temperature fluid in cascade systems, for example in combination with 
ammonia, pressure levels in the CO2 stage can be kept to a more conventional level, for example 
below 25 or 40 bar. Then components and tubing commonly used for other refrigerants can be used, 
often without adjustment. CO2 is also commonly used as a heat transfer fluid (HTF) in combination 
with other refrigerants. This results in considerably lower pumping power requirement than for 
brine systems, especially at low temperatures. 
 
Due to the difference in CO2 thermophysical properties and cycle characteristics compared to HFC 
refrigerants, typical system efficiency curves (e.g. cooling COP) shows different trends with the 
heat sink temperature, see Figure 2. CO2 tends to be more efficient at lower ambient temperatures, 
while HFC systems may be slightly more efficient at the highest ambient temperatures. When 
comparing energy efficiency for CO2 systems and alternative technologies, it is therefore essential 
to make a seasonal comparison based on the operating conditions the systems will experience 
during the year. A comparison only at typical rating conditions, e.g. 32 or 40oC, will not give a fair 
comparison with respect to energy consumption over the year. Usually the rating point is given for 
the most severe condition the equipment is likely to experience. The system only will experience 
temperatures around the design point for shorter periods of the year, see Figure 3 (red vertical line 
represents 35oC). It is important to ensure that the required cooling or heating capacity is achieved 
at these conditions. However, this is merely a matter of design.  
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Fig 2  Typical COP vs condenser/gascooler 
inlet temperature of heat sink  
 

Fig 3    Temperature bin curves for a variety of 
hot and moderate temperate cities world-wide 

Operation at the rating point condition will usually not be important for the annual energy 
consumption of the equipment. Life cycle climate performance evaluations (LCCP), is one way to 
address comparison to other alternatives, taking into account indirect emissions due to power 
consumed of the system at varying operating conditions during a year, direct emissions related to 
refrigerant emissions, and emissions related to system production and demolition/scrapping. 
 
For some applications, however, efficiency at high heat sink temperatures needs to be addressed 
more carefully. This may be due to limitations in power supply or due to continuous or long-term 
operation at these conditions. Cycle improvements of different kinds may then be required, such as 
alternative cycle modifications, e.g. parallel compression, or including work recovery during 
expansion. Different options will be discussed in connection with various applications in the 
following section. 

3. APPLICATIONS AND THEIR CHALLENGES 

 
Technology for CO2 as refrigerant has been developed for a range of applications. Concentrating on 
systems with CO2 as the only refrigerant one may range the readiness of technology in the order: 
 

 Already developed and commercialised 
 Heat pump water heaters – domestic, commercial and industrial sized  
 Commercial refrigeration systems, supermarkets   
 Beverage coolers  
 Ice cream chest freezers 
 Water chillers for moderate climates, air conditioning and industrial 
 Transport refrigeration (bus, train) 

 

 Already developed – not yet commercialized 
 Mobile air conditioning systems  

 

 Under development 
 Mobile heat pumps  
 Transport refrigeration systems (containers, truck, marine)  
 Residential heat pumps (space heating and reversible)  
 Vending machines for combined hot and cold beverages  
 Combined heating and cooling of non-residential and residential buildings 
 Heat pumps for space heating and combined space and water heating 
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 Heat pump dryers of residential and commercial size, e.g. laundry applications 
 Rankine power cycles for utilisation of low temperature surplus heat 

 
 Early development 

 Residential air-conditioning systems  
 Water chillers for hot climates, air conditioning and industrial 
 Industrial refrigeration and heat pumps 

 
The list is not meant to give a complete picture, but illustrates that CO2 technology already now has 
become an important alternative. Component availability in different capacity ranges have been 
developed, even though production numbers for some of them still is an issue in order to obtain 
competitive cost with HFC components. Another important barrier for some applications is energy 
efficiency at high heat sink temperatures. The most important barrier may however be the 
scepticism to new technology among both manufacturers and end-users. In the following sub-
sections status and challenges for some important applications are discussed. 

3.1 Heat pump water heaters 

Heat pump water heaters, used for heating tap water typically from 10ºC to 65ºC, is an application 
very well suited for the transcritical CO2 cycle (Nekså, 1998a). After the initial development phase 
in the period 1990-98, successful commercialisation was made in Japan from 2001 with help of 
governmental incentives aiming to move water heating from fossil fuel heating to heat pumps. 
About 1.7 million units were installed between 2001 and 2008. The aim is to install 5.2 million 
units within 2010, which would reduce CO2 emissions in Japan with about 2.9 Mt-CO2/year, 
corresponding to about 5% of Norway’s CO2 emissions. A significant improvement of the systems 
has taken place since market introduction in 2001, to make the efficiency even higher (Hashimoto, 
2006). The improvements have been done both on components, such as compressors and heat 
exchangers, as well as introducing ejectors for energy recovery. Currently, seasonal performance 
factors are above 4. Systems both for residential, commercial and industrial use are now also 
introduced in Europe by several manufacturers. With the increasing importance of tap water heating 
due to less heating demand in low energy buildings, this technology should have great prospects. 

3.2 Mobile air conditioning and heat pumps 

Mobile air conditioning was among the first applications addressed when CO2 was reintroduced. 
Systems using CO2 as refrigerant have readily been developed by several OEMs. Equal or superior 
performance compared to HFC-134a systems has been demonstrated, even for small cars operating 
in hot climates (Hafner and Nekså, 2007). The constrained nature of the application both regarding 
system weight and volume makes it possible to utilise the good thermophysical properties of CO2 to 
make compact and light-weight systems with high energy efficiency. 
 
The phase-out of HFC-134a in EU in this application for all new car models from 2011 will require 
a shift of refrigerant. CO2 and HFC-1234yf seems to be the most realistic alternatives. The 
hydrofluorocarbon HFC-1234yf has a low GWP, but is a new and unknown chemical. Unavoidable 
emissions will cause known and potentially unknown negative impacts to the local and global 
environment due to the decomposition products formed, see e.g. Kajihara et al. (2010). Technically, 
CO2 technology is already developed; it is now more a policy decision to decide on a technological 
shift to CO2 or to choose a third generation halocarbon with unknown future consequences. What 
also makes it complicated is that a common world-wide refrigerant choice would be preferable. 
 
CO2 is also a very good alternative refrigerant for future vehicle heat pumps. This will be an 
important application for fuel efficient cars with less excess heat available and hybrid or electrical 
cars with little or no waste heat available for heating during the cold season, especially for moderate 
and colder climates. CO2 systems perform very well for such heat pumps as demonstrated e.g. by 
Mager et al. (2002). 
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3.3 Commercial refrigeration 

Commercial refrigeration systems for supermarkets was an application for which parts of the 
scientific community saw small chances for all-CO2 systems, or even use of CO2 at all. As late as 
year 2000, an Informatory Note was issued, only mentioning potential use of CO2 in cascade or as a 
heat transfer fluid (HTF) (IIR, 2000). Now, several system manufacturers and supermarket chains 
have decided to make all-CO2 systems their preferred choice for future installations. 
 
CO2 is an important refrigerant alternative to HCFCs and HFCs in commercial refrigeration systems 
since it is the application area within the refrigeration sector with the largest refrigerant greenhouse 
gas (GHG) emissions. Developments for using CO2 as HTF, in cascade systems or for all-CO2 
systems took place in parallel, starting in the 1990s. It was also used for retrofitting in Sweden, 
where several supermarkets around 1995 were converted from HCFC-22 by using CO2 as HTF in 
the old display cabinets (Rolfsmann, 1999).  
 
Some of the major commercial refrigeration manufacturers and contractors have introduced direct 
expansion systems using CO2 as the only refrigerant with a transcritical/subcritical cycle depending 
on ambient temperature, supplying both low- and medium-temperature refrigeration. More than 200 
supermarkets have been built in Europe with this kind of system design, from Italy in the south to 
Norway in the north, with a cooling capacity range of 50 to 1200 kW. Energy consumption and cost 
are reported to be within the range of today’s direct expansion (DX) R-404A systems and indirect 
system designs. A recent review article by Tassou et al. (2010) also points to CO2 based systems, as 
the only refrigerant or in cascade, as a probable dominant technology in the future.  
 
Berg (2009) reports initial cost on parity for larger systems, while systems for smaller supermarkets 
tend to be 10-20% more expensive. Comparison of energy consumption for six different 
supermarkets in Norway (about 1500m2 each) with heat recovery (three with R-404A systems and 
three with CO2 systems) showed all lower energy consumption for the CO2 based systems. A life-
time assessment was therefore always lower in cost for the CO2 option.  
 
In moderate climates, the possibility to do heat recovery will always be important. Due to the 
refrigeration load from the display cabinets in the supermarket, the period for heat demand is 
considerable. CO2 systems have important advantages since it is possible to supply large parts of the 
heat required very efficiently. It will also be possible to make direct heat exchange between CO2 
and the air heating system, enabling a cost efficient concept. 
 
High ambient temperature operation is the most challenging. Girotto et al. (2004) and Girotto 
(2007) showed that low temperature refrigeration systems compete well with R-404A DX, but at 
medium temperature, the CO2 system suffered in efficiency. Based on the experimentally funded 
assumptions in these references, COP curves for R-404A and CO2 are shown as full lines in Figure 
4. At 30ºC ambient temperature, the COP is about 10% lower for the CO2 system. Different options 
exist for improving this situation. The two upper curves represent the options of utilising parallel 
compression from an intermediate pressure receiver (orange dotted curve with triangles) and 
utilising an expander to intermediate pressure which operates a parallel compression stage (dotted 
black line with cross). Isentropic efficiency of the compressor and expander is assumed 60%. 
 
An interesting observation is that the introduction of an expander does not increase the COP 
compared to parallel compression, even though it opens for compression of some of the flash gas 
without work input. This has two main reasons. The cycle is restricted to a relatively high 
intermediate pressure, since all the flash gas needs to be recompressed by the work extracted by the 
expander. The second reason is that the optimum high pressure for the cycle is relatively high, since 
the expander needs a quite large pressure difference to extract work.  
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Fig. 4 Comparison of system COP for medium temperature refrigeration. Full lines 
represent simulations based on measured data. Dotted lines represent simulations 
made for an extended temperature range and for different improvement possibilities. 

 
The difference between the expander cycle and the parallel compression cycle decreases with 
increasing ambient temperature. This is because the optimum intermediate and high pressure level 
for the parallel compression cycle increases with increasing ambient temperature, and approaches 
the optimum pressures for the expander cycle.  
 
The results show that the efficiency gap observed at higher ambient temperatures for a medium 
temperature application may be closed. Parallel compression is possible to implement already with 
existing components. Another possibility is to utilise evaporative cooling at heat rejection. This 
would of course benefit both CO2 and R-404A, but the relative gain would be higher for CO2. 
Further results on these options and other cycle options are reported in Girotto and Minetto (2008). 
 
Also in the light commercial sector, including stand-alone equipment such as bottle coolers and 
vending machines, some of the major companies have introduced CO2 technology. Several 
thousands of units have been installed in pre-commercial deployment tests, with an expected 
number of 85,000 by the end of 2009 (Azar, 2009). In the application of hot and cold vending 
machines, being important especially in Japan, CO2 also give important advantages when both the 
hot and cold side of the cycle can be utilised (Jakobsen, 2006 and Tsuchiya, 2006). 

3.4 Residential air conditioning and heating 

Reversible air-to-air heat pumps with CO2 as refrigerant have been investigated by industry and 
research institutions. Since this is the application with the highest production numbers, alternatives 
to HFCs in this application would be of great interest. Jacobsen et al. (2006 and 2007) made 
experimental and theoretical evaluation of a prototype CO2 reversible split type system at 
conditions representative for Athens and Oslo and comparing it with highly efficient HFC 410A 
systems on the market,.  The CO2 system competed very well in heat pump mode for both hot and 
moderate climates. The seasonal cooling performance was competitive in air conditioning mode, 
but COP at the highest ambient temperatures, above 30ºC, were poorer. Figure 5 displays the results 
found by Jacobsen et al. (2006), extrapolated to an ambient temperature of 45ºC by simulations, and 
with different improvement possibilities implemented. The CO2 system with assumed improved 
compressor efficiency to 65% (actual 54%) and intercooling is represented by the upper full light 
green curve. It outperforms the HFC-410A reference units at ambient temperatures below 30ºC. At 
the highest ambient temperature with test results, 36ºC, the CO2 system is 29% and 5% lower in 
COP respectively compared to reference unit 1 and 2. 

9th IIR Gustav Lorentzen Conference 2010 - natural refrigerants – real alternatives, Sydney, April 12-14, 2010 



                   

 

1

2

3

4

5

6

7

8

20 25 30 35 40 45

Ambient temperature [C]

C
O

P

Reference unit 1 Manufacturer data CO2 intercooling tested

Reference unit 1 tested CO2 intercooling test recalc w. 65 % eff

Reference unit 2 Manufacturer data CO2 intercooling extrapolated

CO2 baseline tested CO2 Ejector IHX 2

CO2 baseline test recalc w. 65 % eff CO2 Expander eta=0,6

CO2 baseline extrapolated CO2 Expander eta=0,6 HP comp  
Fig. 5 Comparison of system COP in Athens climate for a CO2 prototype system with two 

HFC-410 reference units at varying ambient temperatures. Simulations based on the 
experimental data to higher ambient temperatures and by implementing cycle 
improvements are presented 

 
The upper dashed turquoise line represents the CO2 system if a second stage compression is driven 
by an expander with assumed efficiency 60% and the dashed blue line a system with an ejector with 
an efficiency based on experimental experience. At 36ºC ambient the COP of the CO2 system is 
increased with 26% and 7% respectively, corresponding to COP values 6% and 21% lower than the 
best reference unit tested, but higher than the reference unit 2. This shows that it should be possible 
to reach the same efficiency level as high efficiency HFC-410A units even at the highest ambient 
temperatures. However, component and cycle improvements are required, and perhaps equally 
challenging, within an acceptable cost level. 

3.5 Transport refrigeration 

CO2 HVAC systems are viable alternatives to HFC-systems in the public and goods transport 
sector. Sonnekalb et al. (2009) show an innovative roof concept for bus air conditioning with 
flexible and time saving mounting in order to reduce life cycle costs. The CO2 prototype has proved 
its high efficiency for more than 6,000 operating hours since 1996. In addition to the unit for AC 
operations, an air-to-air heat pump for a concept-bus was presented. Rindsfüsser (2008) shows 
similar concepts for both city buses and coaches. 
 
Hafner and Christensen (2010) describe the opportunity for use of CO2 as refrigerant in air 
conditioning systems for public trains. Today, 75% of the air conditioning systems in trains use 
HFC-134a as refrigerant. The CO2 system shall provide cooling in the summer and heating in the 
winter.  Radial piston compressors, which are extremely compact solutions for applying CO2, have 
been trialed in the first trains and are certified for use on railways. 
 
Container and transport refrigeration is a demanding application field; however, CO2 is a 
sustainable alternative to HFC refrigerants in this area, where compactness and reliability is 
extremely important. 

3.6 Industrial refrigeration, air conditioning and heat pumps 

CO2 has become an important refrigerant within industrial refrigeration for use in a low temperature 
stage of cascade systems, with ammonia in the upper stage. For low temperature refrigeration this 
combination can both increase efficiency and also reduce the investment cost. It is also an important 
option in order to reduce ammonia charges, where this may be an issue. Cold storage and ice rink 
systems are example applications. 
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Transcritical CO2 systems have also been proposed by Visser (2007) for applications where there is 
a combined high demand for hot water and cooling, e.g. in meat processing plants, and for office air 
conditioning primarily. Concepts for district heating systems have also been proposed by several. 
These are large capacity systems. Heat pump systems with capacity up to 4 MW are now offered in 
the market utilising screw compressors. 

4. COMPONENTS 

There has been a tremendous development of components for CO2 during the latest years. To give a 
full overview this is therefore not possible in the limited space available. Rather some elements are 
focused in more detail, and others more on a comment basis, with focus to components enabling 
transcritical CO2 systems. 

4.1 Ejector 

Replacing the throttling valve by an ejector to recover some kinetic energy from the expansion 
process is not a new concept. The ejector cycle was invented by Gay (1931). Kornhauser (1990) 
showed a theoretical improvement of up to 21% in the COP by using an ejector instead of a 
throttling valve in a CFC-12 refrigeration cycle. However, only 3.8% COP improvement was 
measured by Menegay and Kornhauser (1996). 
 
Applying an ejector in a CO2 transcritical system has the potential of larger COP improvements due 
to the higher relative throttling loss. The main advantages of using an ejector in a CO2 system are: 

 Reduction of the evaporator inlet vapour fraction, which improve the heat transfer in the 
evaporator and the refrigerant distribution in parallel flow heat exchangers;  

 Reduction of compressor work, due an increase in suction pressure of the compressor and 
thereby reducing the compression ratio, and increased refrigeration efficiency by recovering 
parts of the expansion losses. 

 Possibility to perform evaporation at two different temperature levels, in principle replacing 
one compressor stage 

 
Transcritical CO2 ejector cycles have been analysed theoretically and experimentally for some 
years. The test result by Ozaki et al. (2004) illustrates that using an ejector in car air-conditioning 
can give approximately 20% COP improvement. Simulation and experimental results by Elbel and 
Hrnjak (2004, 2006) reveals that the use of an ejector in CO2 transcritical systems yields 
approximately 10% higher COP and 8% improvement in cooling capacity. Results from both 
authors are reported for high ambient conditions.  
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Fig. 6 a) Prototype ejector from SINTEF designed for detailed investigation of ejector 

elements. b) Ejector cycle (red) versus ordinary CO2 cycle (blue) with heat rejection at 
45°C ambient temperature 
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Still development related to efficiency of the different ejector elements and methods for 
implementation in systems at varying operating conditions is needed. Figure 6a shows a newly 
developed prototype for detailed investigation of ejector elements. Figure 6b illustrates in a p-h 
diagram operation at 45ºC ambient temperature and equal capacity for a cycle with an ejector 
implemented (red) and an ordinary CO2 cycle (blue).  
 
Applying an ejector in a transcritical CO2 system is a promising method to increase the system 
efficiency at high ambient conditions. Its simplicity in construction, no moving parts comparing to 
e.g. expanders, low cost and reasonable efficiency, make it closer to practical implementation than 
many other alternatives for cycle improvement, and are implemented in heat pumps on the market.   

4.2 Expander 

Several expander concepts for CO2 have been investigated and developed, e.g. piston, rotary vane, 
scroll and turbo, but so far none of them seem to have been commercialised. This is an important 
future task since cost efficient concepts could improve system efficiency in general for many 
applications, but maybe more important enable commercialisation within applications which today 
are not able to compete in efficiency at certain conditions, e.g. high heat-sink applications. In many 
applications the use of CO2 as refrigerant introduces relatively high expansion losses. The potential 
work recovery will, therefore, often be larger than for other refrigerants. 

4.3 Heat exchangers 

Highly efficient heat exchangers can be realized due to the unique properties of CO2 as working 
fluid. Very favourable heat transfer coefficients may be achieved at the same time as the high 
volumetric capacity enables very small cross sectional flow areas. However, challenges do exist. 
Phenomena such as dry out at high evaporation temperatures and high vapour qualities, 
maldistribution in manifolds and lubricant effects, still needs to be handle. Having investigated and 
understood these phenomena and the basic properties of CO2, has enabled development of a variety 
of efficient and compact heat exchanger types, e.g. tube-in-fin, multi-port extruded tube, plate-in-
shell, shell-and-tube and plate heat exchangers. 
 

Refrigerant 
 Outlet                            Inlet 

Row 3            Row 2           Row 1  
 
 
 
 
 
 
 
Figure 7 Temperature profile (tube wall temperature, qualitative) in a segment of a 3-

row heat exchanger with split fins (left) and two different types of MPE 
compact heat exchangers (right) (Hafner, 2003) 

Due to the relatively high temperature glide of CO2 during supercritical heat rejection, special 
attention must be paid to design of compact gascoolers to avoid heat conduction in fins between hot 
and cold parts of the heat exchanger. Heat conduction may reduce efficiency of the system 
considerably. In compact heat exchangers, split fins should be applied to minimise exergy losses of 
the process, see Figure 7 (left). Two MPE heat exchangers concepts are illustrated on the right. 

4.4 Compressor 

The thermophysical properties of CO2 in some aspects give very good possibilities for efficient 
compression. Typically, compression ratios are low, the temperature drop for a given pressure drop 
is low and required swept volumes and flow areas are small. On the other hand, pressure 

Air flow 
direction 

MPE-tube 
 
Split-fin 

Single-pass serp-
entine 5-row HX 

Single-row 3 pass 
parallel flow HX 
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differences, temperature differences and bearing loads encountered may be very high, giving 
challenges especially for some types of compressors.  
 
Just after CO2 was reintroduced, mainly piston type compressors were focused. There was also 
raised doubt about the possibility to develop for instance scroll compressors for high pressure CO2 
compression. Now, more or less all types of compressors have been developed and commercialised, 
and the capacity range covers smaller capacity applications, like bottle coolers, to high capacity heat 
pumps. The variety of types is biggest in the small capacity range, while piston compressors 
dominate in the medium to large capacity. The introduction of screw compressors enables to cover 
the high capacity range, while custom made turbo compressors can cover the highest capacities. 
Some mid-sized compressors available are illustrated in Figure 8. 
 

 
Figure 8 Some commercially available compressors in the mid-capacity range 
 
Still there are capacity gaps in the range of compressors available, and for many of the compressors 
further improvement in efficiency would be preferable. A future task could be to develop efficient 
oil-free compressor concepts. This would enable full utilisation of the favourable heat transfer 
capabilities of pure CO2 and would also enable simplification of the system layout. 

5. CONCLUSION 

A tremendous development of CO2 technology has taken place since the revival of the refrigerant 
around 1990. The development has led to efficient CO2 systems that have been introduced in the 
market, but also inspired developments for other technologies. Ongoing development in several 
applications and in development of components and novel system designs are expected to enable 
commercialisation in several applications in the near future. Challenges exists in achieving energy 
efficiency and competitive system cost in some application areas. However, looking at the results 
achieved in the development so far and the considerable research and development effort ongoing, 
it is expected that the challenges may be overcome for many new applications. The focus on 
reducing GHG emissions and environmental aspects as such is also expected to further encourage 
increased use of natural refrigerants in general and CO2 in particular. 
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