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CO2  Compressors and equipment,

Use and availability

Mr. Casini ,  Dorin

1. Introduction

CO2 has during the last 10 years gained renewed interest as a refrigerant due to the environmental disadvantages the chemically produced refrigerants have with respect to ozone depletion and global warming.

Competitive energy efficiency has been shown in many applications, which is of course crucial, but also benefits by using CO2 as refrigerant have been focused on. Important advantages for CO2 compared to other natural refrigerants are non-flammability and non-toxicity. This makes it a very interesting alternative with respect to safety in applications where leakage may be exposed to people, for instance within commercial refrigeration and residential- and mobile air conditioning. 

The mean operating pressures for CO2 systems for such applications, when CO2 is used as the primary refrigerant, will be higher than for the traditional systems, typically 35-70 bar, due to transcritical operation of the process. This gives special challenges in component development for CO2, with the compressor as one of the most important ones.

This paper intend to give a short panoramic view on the state of the art technology with respect to CO2 system components development and their availability today from different manufacturers. However it is of course difficult or impossible to be complete, since there are a lot of manufacturers working on this at the moment.

A large part of this paper is concentrating on compressors.  One reason for this is the obvious fact that the compressor is unanimously considered the most critical component of a refrigeration system and certainly the most complex to deal with when making technology changes like substituting HFC with CO2.  

2. Compressors

Several open-type reciprocating CO2-compressors have been developed during the last 10 years. The high pressures in the crankcase, maximum 80 bar at standstill, make a semi-hermetic design preferable, thus avoiding the shaft seal. The compressor development by Officine Mario Dorin is the first on semi-hermetic compressors. Lately, some hermetic compressors for CO2 have also been presented, see section Errore. L'origine riferimento non è stata trovata..

2.1 The Dorin CO2 Compressors development

2.1.1 The Dorin Compressor Serie

The new CO2 compressor range under development consists of reciprocating compressors for systems operating in a transcritical or near-critical vapour compression cycle. This means maximum operating pressures up to 150 bar on the high side of the system, which is well beyond the pressure rating of standard refrigeration compressors today. All the compressors are two-cylinder designs based on three different body sizes. The capacity variation within the same body is obtained by keeping the cylinder bores constant and varying the stroke.  In the largest body type an oil pump could provide lubrication. 

The design is made for suction gas cooling of the motor. However, cooling may also be provided using the oil as cooling medium, by cooling the oil in an external oil cooler.

The main reason for such a solution is to avoid the high discharge temperatures that can occur using suction gas cooling. In addition it gives an advantage with respect to efficiency. Arrangements are also done to make it possible to use water cooling of the motor and the cylinder top.

A compressor range with swept volumes 0.5-10.7 m3/  are concentrated on, see 
Table 1
. The capacity range will of course depend on the system design used and on the operating conditions. 

Table 1 Dorin series range of CO2-compressors
	TRANSCRITICAL SINGLE STAGE

	Serie
	Mod.
	Cyl.
	Bore
	 
	Str.
	 - 
	Rpm 50 Hz
	Cc
	mc/h 50 Hz
	mc/h 60 Hz
	Motor HP
	Motor Kw
	Suct. BSP
	 - 
	Disc. BSP

	100
	TCS 103 H
	2
	18
	 
	6
	 - 
	2900
	3,1
	0,5
	0,6
	1,01
	0,75
	1/2
	 - 
	1/4

	
	TCS 105 H
	2
	18
	
	9
	 - 
	2900
	4,6
	0,8
	1,0
	1,62
	1,20
	1/2
	 - 
	1/4

	
	TCS 106 H
	2
	18
	
	12
	 - 
	2900
	6,1
	1,1
	1,3
	2,03
	1,50
	1/2
	 - 
	1/4

	
	TCS 108 H
	2
	18
	
	15
	 - 
	2900
	7,6
	1,3
	1,6
	3,11
	2,30
	1/2
	 - 
	1/4

	
	TCS 110 H
	2
	18
	
	19
	 - 
	2900
	9,7
	1,7
	2,0
	3,11
	2,30
	1/2
	 - 
	1/4

	
	TCS 111 H
	2
	18
	 
	23
	 - 
	2900
	11,7
	2,0
	2,4
	3,38
	2,50
	1/2
	 - 
	1/4

	200
	TCS 214 H
	2
	22
	
	18
	 - 
	2900
	13,7
	2,4
	2,9
	4,59
	3,40
	3/4
	 - 
	1/2

	
	TCS 220 H
	2
	22
	
	26
	 - 
	2900
	19,8
	3,4
	4,1
	6,08
	4,50
	3/4
	 - 
	1/2

	
	TCS 224 H
	2
	22
	 
	34
	 - 
	2900
	25,8
	4,5
	5,4
	8,51
	6,30
	3/4
	 - 
	1/2

	300
	TCS 329 H
	2
	34
	
	16
	 - 
	2900
	29,1
	5,1
	6,1
	10,8
	8,0
	1
	 - 
	3/4

	
	TCS 340 H
	2
	34
	
	22
	 - 
	2900
	39,9
	7,0
	8,3
	13,5
	10,0
	1
	 - 
	3/4

	
	TCS 351 H
	2
	34
	
	28
	 - 
	2900
	50,8
	8,8
	10,6
	16,2
	12,0
	1
	 - 
	3/4

	
	TCS 362 H
	2
	34
	 
	34
	 - 
	2900
	61,7
	10,7
	12,9
	20,1
	14,9
	1
	 - 
	3/4

	TRANSCRITICAL TWO STAGE

	Serie
	Mod.
	Cyl.
	Bore 1
	Bore 2
	Str. 1
	Str. 2
	Rpm 50 Hz
	Cc
	mc/h 50 Hz
	mc/h 60 Hz
	Motor HP
	Motor Kw
	Suct. BSP
	Inter. BSP
	Disc. BSP

	100
	TCD 104 L
	1
	28
	18
	6
	6
	2900
	3,7
	0,6
	0,8
	1,01
	0,75
	1/2
	¼
	1/4

	
	TCD 105 L
	1
	28
	18
	9
	9
	2900
	5,5
	1,0
	1,2
	1,62
	1,20
	1/2
	¼
	1/4

	
	TCD 107 L
	1
	28
	18
	12
	12
	2900
	7,4
	1,3
	1,5
	1,62
	1,20
	1/2
	¼
	1/4

	
	TCD 107 L
	1
	28
	18
	15
	15
	2900
	9,2
	1,6
	1,9
	2,03
	1,50
	1/2
	¼
	1/4

	
	TCD 107 L
	1
	28
	18
	19
	19
	2900
	11,7
	2,0
	2,4
	3,11
	2,30
	1/2
	¼
	1/4

	
	TCD 109 L
	1
	28
	18
	23
	23
	2900
	14,2
	2,5
	3,0
	3,38
	2,50
	1/2
	¼
	1/4

	200
	TCD 216 L
	1
	34
	22
	18
	18
	2900
	16,3
	2,8
	3,4
	3,92
	2,90
	1/2
	½
	1/2

	
	TCD 224 L
	1
	34
	22
	26
	26
	2900
	23,6
	4,1
	4,9
	5,54
	4,10
	1/2
	½
	1/2

	
	TCD 228 L
	1
	34
	22
	34
	34
	2900
	30,9
	5,4
	6,4
	7,56
	5,60
	1/2
	½
	1/2

	300
	TCD 334 L
	1
	52
	34
	16
	16
	2900
	34,0
	5,9
	7,1
	8,0
	5,9
	3/4
	½
	1/2

	
	TCD 347 L
	1
	52
	34
	22
	22
	2900
	46,7
	8,1
	9,8
	10,8
	8,0
	3/4
	½
	1/2

	
	TCD 360 L
	1
	52
	34
	28
	28
	2900
	59,5
	10,3
	12,4
	13,5
	10,0
	1
	¾
	3/4

	
	TCD 372 L
	1
	52
	34
	34
	34
	2900
	72,2
	12,6
	15,1
	16,2
	12,0
	1
	¾
	3/4


2.1.2 Design Issues

Compression of CO2 in this area demand rather different characteristics compared to standard compressors. The design criteria at some points will therefore differ quite much from the common compressors due to the different operating conditions compared to a compressor operating in a traditionally sub-critical process. Some giving extra challenges, other giving new possibilities. Issues concentrated on at the moment are discussed below.

Today, semi-hermetic compressors run almost exclusively at 1450 rpm (50Hz) using 4 poles motors. For the CO2 compressors developed, operation at 2900/3500 rpm (50/60Hz) is possible since the noise and vibration characteristics are very good, mainly due to low amount of refrigerant displaced compared to the high compressor mass and wall thickness’. This means doubling the theoretical displacement for the same compressor size and leads to a very favourable cost over capacity ratio.

CO2 has a volumetric capacity which is 5-10 times higher than the commonly used refrigerants, thus, reducing the necessary swept volume in the same order, but it also has a 5 to 10 times higher pressure difference across the piston.  Indeed, a small bore helps to limit the force on the connecting rods, but it also means less space available for transferring the resulting forces and in the end it leads to much higher specific loads on the moving parts. Finding good solutions to avoid wear in the piston pin bearing has shown to be most challenging.

The solubility of CO2 in lubricants is in general high at the actual crank case pressures, resulting in highly reduced viscosity and possible foaming problems. In combination with the high mechanical stresses and the effects to be considered by the lubricant circulating in the system, it is a challenging task both for the lubricant manufacturers and in compressor designer to find the right solutions. Oil carry-over has shown to be another issue in the suction gas cooled version

Relatively high pressure-drops may be accepted in the valves of a CO2 compressor and it has been shown that very low losses can be achieved. Fatigue problems due to high impact velocities when compressing a relatively dense gas must however be considered.

Even though a CO2 compressor operates at low pressure-ratios, very high pressure-differences occur. Proper internal sealing will be therefore another issue.

High pressure-fluctuations in the plenum chambers have also required different design considerations.  A new valve plate for high-speed operation will be designed and is under testing.

2.2 Other compressors development
2.2.1
High Pressure Compressors

The company Bock has developed a high-pressure, open-type compressor for transport applications. 

Until recently, Fagerli (1997) was the only study of hermetic compressors for CO2. Lately, Tadano et al (2000) reports development of a two-stage hermetic rolling piston compressor for small capacities from the company Sanyo.

 Saikawa et al (2000) reports of development of a semi-hermetic scroll compressor produced by the company Denso, which originally serves a heat pump water heater with 4.5 kW heat output.

A twin screw compressor for air conditioning systems in the range of 100 kW is reported to be developed by the company Mayekawa/Mycom (Jarn October 1999).

Several compressors have also been developed for mobile air conditioning applications and numerous developments of prototype compressors of various types exist.

2.1.3 Compressors for cascade systems

CO2 compressors for low-pressure cascade-stage are or will be available from several producers. The references Rolfsman (1999) and Renz (1999) gives a description of compressors from York Refrigeration and Bitzer, respectively.

3. Heat exchangers

The good heat transfer characteristics of CO2, even in the supercritical region, see Bredesen, Aflekt et al. (1997), Pettersen et al (2000a) and Pettersen et al (2000b), combined with the high volumetric capacity, can be utilised in developing compact and efficient heat exchangers, Bredesen, Hafner et al. (1997).

Ordinary tube-in-fin designs can be made also for the high pressures required for CO2. In general smaller tube diameters and longer circuits should be chosen for CO2 due to the good heat transfer, the high volumetric capacity and the small temperature losses associated with a given pressure drop. If comparing an evaporator tube for CO2 and one for R134a with equal capacity, length and temperature loss, both with a saturated outlet of 0oC, and assuming that the inner diameter of the R134a tube is 12 mm, it gives a corresponding diameter for the CO2 tube of 5.7 mm. This as an illustration, more than stating that this is the optimal tube diameter. With this reduction in tube diameter, comparable wall thickness’ with the one for R134a can be used, even though the pressure rating of the CO2 tubes must be much higher. The weight of the CO2 tube will then be considerably lower than for the R134a tube.

 Pettersen, J., Hafner, A. et al (1998) describes some of the progress in the area of designing compact and lightweight heat exchangers adapted to CO2. Recent “parallel-flow” heat exchanger designs use extruded micro-channel tubes with 0.8 mm port diameter, and header designs optimized for size and mass reduction, see Figure 1.

[image: image2.emf]
Figure 1: Section of compact heat exchanger for CO2 based on extruded micro-channel heat transfer tubes, folded fins, and a “double-barrel” high-pressure manifold design (Pettersen, J., Hafner, A. et al., 1998)
4. Valves

Several companies have developed valves for CO2. Danfoss (2000) reports availability of valves for prototyping of CO2 systems. Currently, three valves are concentrated on:

· Electronic modulating coil valve, electronically adjustable flow resistance, variable application. Depending on the system design, this valve may be used for any purpose, for example as a back-pressure valve in the system design most commonly adapted so far, using a low pressure receiver.

· Mechanical thermostatic valve, keeps the superheat at the outlet of an evaporator at a set value

· Mechanical automatic valve, keeps the pressure at the valve outlet at a set value

Egelhof has also developed valves for CO2, and other companies, like Saginomiya, are developing valves.

5. Other components

The most important components, compressors, heat exchangers and throttling valves, have been covered in the previous sections. Several other in-line components will of course have to be available in commercialisation of systems on a broad scale. It is reason to believe that these components will be available when systems are being launched onto the market, which may be done in a short time perspective.

It may be stated that all kind of high-pressure components are available from applications in the process industry. However, the cost of these components tends to be high. Components produced for refrigeration and heat pump systems are developed and it is no reason why these components should be more costly than components for alternative refrigerants, if produced in sufficient numbers. The higher rating-pressures required should be compensated for by the reduced component sizes necessary, due to the high volumetric capacity CO2 offers. 

6. possibilities for CO2
Comparing CO2 to other refrigerants in a pure traditional “theoretical ideal cycle” manner makes CO2 to come out with very poor energy efficiency. However, in a real system it is several practical differences that make it competitive in many applications.

To talk about one refrigerant as better regarding energy efficiency than the other is actually wrong in itself. Theoretically you can achieve the theoretical maximum energy efficiency with any refrigerant if the system is adapted to the refrigerant and the application. In practice, however, economical constraints limit these possibilities. 

Since CO2 has rather different characteristics than the commonly used refrigerants today, it is very important to adapt the systems to this particular refrigerant and also to take the differences into account when doing theoretical comparisons. Some common mistakes often done in such comparisons are:

· To assume an equal cold end temperature approach in the gascooler of a CO2 system as for the condenser of a conventional fluid systems. 

The transferred heat are given by Q = ( k((t(dA. If a comparison is made, for example by assuming equal heat exchanger areas and equal k-values, this will give a much smaller temperature approach for CO2, which is important in order to achieve a high COP. This has been verified experimentally.

· Under-prediction of the isentropic efficiency of the compressor.

Due to compression in the near critical area, which implies low pressure ratios and low influence of pressure drop in the valves, it may be shown theoretically and it has been verified that higher compressor isentropic efficiency may be achieved.  A comparison is not done in this paper, but exists for instance on car air-conditioning compressors, where about 10-15%-points higher efficiencies where found.

· Not to utilise the special characteristics of the refrigerant when designing the system layout.

The gliding temperature at heat rejection can very often be utilised, for example to achieve useful heat at high temperatures, by designing the heat exchanger in a counter-flow manner.

CO2 may in many applications be used in direct expansion systems where the alternative refrigerants have to use an indirect, due to flammability, toxicity or due to contamination of the refrigerant. 

These are only two examples meant to illustrate different possibilities which are unique for CO2. 

· Assumption of equally efficient heat exchangers.

Heat exchangers may often be designed more efficient for CO2 due to very good heat transfer characteristics for CO2, both in the supercritical area and in two-phase heat exchange. 

Possibilities for smaller tube dimensions may also make it possible to achieve larger air-side surface in air heat exchangers, for which this side often are the limiting regarding resistance.

Due to less influence of pressure drop on the loss of temperature in the evaporators, less losses in temperature difference is achieved compared to other refrigerants.

· Comparisons are often done at design temperature conditions.

For refrigeration and air-conditioning systems this is often at very high ambient temperatures, where CO2 may have the relatively worst possibilities to compete. On an annual basis these conditions are most often of minor importance regarding seasonal performance, as long as the required capacity are satisfied. 

There is a large surplus of CO2 available in the world today as a by-product from different industrial processes. This is for instance used for carbonising beverages and may also be used as a refrigerant. The net global warming potential from eventual emissions are zero. In high emission applications like mobile air conditioning, commercial refrigeration and marine applications this may be very important in calculation of the total global warming contribution (TEWI). In mobile air conditioning it may be 30% and upwards, depending on the climate zone the car is running in, see Yin et al (1999). However, equal or better energy efficiency are of course always the aim in designing new alternative systems.

In many applications CO2 systems with single-stage compression has shown to be competitive with the state of the art systems with other refrigerants. In some applications two-stage compression will however be favoured due to operational constraints, for instance for reducing the discharge temperature, or in order to achieve higher efficiencies. Earlier in this paper it was illustrated that a large gain in efficiency can be achieved at low temperature applications using a two-stage compressor with external sub-cooling, see section Errore. L'origine riferimento non è stata trovata.. One may imagine that extra heat exchanger area is needed, but actually less heat exchanger area may be the result due to a higher COP resulting from heat rejection at intermediate pressure rather than at high pressure. By making the desuperheater as an integral part of an heat exchanger also for acting as a gascooler, the heat exchanger area may in total be smaller than for a system rejecting all the heat at high-pressure. 

A possibility of increasing the efficiency of the process further is by sub-cooling of the high-pressure gas/liquid before throttling, by means of heat exchange with gas throttled to intermediate pressure, see Figure 2 from Lorentzen (1993). 

As an example, the COP can be increased by 30% and the volumetric capacity by about 40% at an evaporation temperature of –35oC and an ambient temperature of 30oC. By controlling the mass flow to intermediate pressure this can also be used as a means of capacity control, however with a certain loss in efficiency.
[image: image3.wmf]
Figure 2: Two-stage system with throttling to intermediate pressure
Another way to improve the efficiency would be to use an expander. Several developments on this are ongoing. Some of them are described in Driver et al (1999), Heyl et al (2000) and Heidelck et al (2000).

7. Applications

The applications with relatively large emissions like transport refrigeration (including mobile air conditioning), commercial refrigeration and marine refrigeration are obviously very interesting applications for CO2 as replacements for HFC’s. In these applications other natural refrigerants most often have problems to be accepted without extra precautions because they are inflammable, toxic or prove a low energy efficiency. In many of these applications, very good results have been achieved, see for instance Walter (1999), Hafner et al (1998), Nekså et al (1998), Jakobsen et al (1998), and market introduction are evaluated in some of them.

Another favourable group of applications is the one where the characteristics of the CO2 cycle can be utilised beneficially regarding energy efficiency. One of these is heat pump water heaters, where very high efficiencies have been shown, see for instance Zakeri et al (2000), Mukaiyama et al (2000) and Saikawa et al (2000). Market introduction of such units is believed to come within year 2000.

CO2 are also evaluated as an alternative for HFC’s in several applications not fulfilling the two criteria mentioned above for reasons as:

· Utilising other beneficial aspects of CO2 as a refrigerant, for instance the possibilities for reducing the component sizes due to the high volumetric capacity or the possibility to do heat recovery at high temperature in combined systems.

· Companies with a strong environmental policy want to find alternatives to HFC’s as refrigerants.

As long as the systems satisfy the requirements to energy efficiency, cost and safety, CO2 should be an alternative as good as anyone else, also in such applications. 

For more information on the status of CO2 development in different applications, see Nekså (2000a).

8. Conclusions

During the last years all the main components for making systems with CO2 as refrigerant have become available from various component manufacturers. The hearts of the systems, the compressors, are now available in pre-series versions of most types, open, semi-hermetic and hermetic, reciprocating, scroll, rolling piston and screw, and sizes corresponding to refrigerating capacities from below 1 kW and up to over 100 kW. 

Results from measurements on the pre-series semi-hermetic compressors from the company Dorin has been reported here. Although several possibilities for improvement have been identified, the measurements show that very good efficiencies can be achieved already. Operation at 2900 rpm has shown to be feasible in semi-hermetic CO2 compressors. This will give a favourable cost to capacity ratio and also a reduced weight of the compressor.

CO2 can been considered as an alternative refrigerant for most applications due to its non-flammability, non-toxicity and since emissions to the environment is not harmful. Important is also the low price of CO2 and the high availability world-wide.

In various applications it shows superior energy efficiency compared to other alternatives.  With systems designed and operated on the premises of the refrigerant and by utilising the, in many ways beneficial, thermodynamic properties of CO2, it has been shown superior energy efficiency in applications where a first simple theoretical calculation would go in favour of other alternatives.

CO2 gives in general higher average working pressures than many of the alternatives. This has, however, the benefit of typically 5-10 times higher volumetric capacity, resulting in much smaller flow areas in the system. Thus, smaller diameter tubing and components can be used. Very often this can lead to systems with less weight, less volume and gives also in many applications reduced system costs.

The use of CO2 as refrigerant has been commercialised in some applications and pilot/demonstration systems exists for many others. All the ongoing projects world-wide and the results achieved so far should indicate a good prospective for the use of CO2 as refrigerant in the future.
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