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Abstract 

Several cooling systems found in facilities on the coast of St. Julian’s were found to 

be making use of chillers whose condensers are cooled with saline water as opposed 

to air. The former practice is advantageous since it results in better chiller 

performance which can be explained through thermodynamic principles. The 

principle of operation of water cooled chillers is to reject heat from the condenser to 

saline groundwater obtained from boreholes through a heat exchanger. The higher 

temperature saline ground water is then rejected to the sea.  

Chillers cooled with saline groundwater are subject to the Borehole Drilling and 

Excavation Works within the Saturated Zone Regulations and to the Protection of 

Groundwater against Pollution and Deterioration Regulations. Under both the Energy 

End-Use Efficiency and Energy Services Regulations and the Promotion of Energy 

from Renewable Sources Regulations, Ground Source Heat Pump systems can 

contribute to the set targets. Chillers configured to have their condensers cooled by 

saline groundwater qualify as Ground Source Heat Pump systems. Heat pumps and 

district heating and cooling are both regarded as adequate means for improving the 

energy performance of buildings under the Energy Performance of Buildings 

Regulations.  

By using the principles of the standard vapour-compression cycle, the system 

Coefficient of Performance of an air cooled chiller system was found to be 4.0 while 

that of a water cooled chiller system was found to be 5.9. This translates into an 

energy saving potential of 63.3 GWh of electricity per year and a total of 55,733 

tonnes of carbon dioxide emissions avoided per year. 63.3 GWh represents 

approximately 2.85% of the generated electricity in Malta per year. 
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1 Introduction 

In recent years, the Maltese Islands have seen an increase in both the number and size 

of industrial, commercial and residential edifices. Such large buildings necessitate 

systems that provide heating and cooling in order to obtain a comfortable temperature 

within. Malta’s hot climate means that more importance is given to cooling rather 

than heating in buildings. Cooling is usually achieved by circulating chilled water 

through the structures (Davidson, 2003). The chilled water is in turn provided by 

chillers. Chillers, which provide cooling in buildings, require an energy input in order 

to provide the necessary commodity of temperature control.  

Chillers are essentially heat pumps operating on a refrigerating cycle. They harvest 

heat from the indoor air thus using it as their heat source. Work must then be done to 

transfer the harvested heat to a heat sink. A lower temperature sink will enable better 

performance of the chiller in cooling the source since the chiller will require less work 

to transfer the heat energy. Heat pumps have reasonably high performance factors 

since they transfer energy rather than convert it (NREL, 2001) (Omer, 2008).  

The conventional heat sink for chillers is ambient air. However, the temperature of air 

is usually high in the summer season and therefore it limits the performance of the 

chiller thus resulting in more energy consumption for a given refrigerating effect. 

With rises in energy costs and increased concern over the by-products of combustion, 

the use of saline water as the heat sink in chillers is becoming a more attractive 

solution.  

Water, with its high heat capacity, shows a delay in temperature change with respect 

to seasons. During summer, water bodies are cooler than the surrounding air and 



Chapter 1 3 

 

 

 

absorb solar radiation which slowly increases their temperature. When winter comes, 

water bodies would have warmed up and slowly start cooling down again until the 

following summer. The temperature of water bodies is thus in ante-phase with the air 

temperature. This phenomenon can be exploited to our advantage in cooling chillers 

in summer.  

Saline water in general exhibits lower temperatures than air in the summer season 

when cooling is necessary. It therefore improves the performance of the chiller and 

reduces its energy needs making it more efficient.  

Additionally, such systems make use of renewable energy since both the ground from 

which the saline water is extracted and water bodies themselves store renewable solar 

energy naturally (Cao, Han, Gu, Zhang, & Hu, 2009) (Omer, 2008). The resource is 

virtually unlimited and can be used in a non-polluting way (Davidson, 2003). 

Moreover, Malta, being a small island state and having high-density development 

along much of its coast where saline water is abundant, might be an ideal site for the 

application of this technology (Chua, Chou, & Yang, 2010).  

1.1 The Research Problem 

The questions that this dissertation will seek to answer are:  

 Are there any systems currently making use of saline water for cooling in 

Malta? How do they work?  

 Do saline water cooled chillers qualify as contributors to any targets set by 

Maltese law? 

 By which Maltese laws are such systems regulated? 
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 How much better will the performance of water cooled systems be when 

compared to air cooled systems?  

 How much energy and greenhouse gas emissions can be avoided if more 

systems making use of saline water are implemented? 

This research will establish whether systems making use of saline water cooling are 

viable in the Maltese Islands. If such systems prove to be viable, environmental 

benefits can result from the reduced emissions as well as cost reductions which arise 

from the decrease in the use of energy. Also, the implementation of similar systems 

could contribute towards reaching targets established by regulations such as the 

Energy Performance of Buildings Regulations (Subsidiary Legislation 513.01, 2012) 

and the Promotion of Energy from Renewable Sources Regulations (Subsidiary 

Legislation 423.19, 2010).  

Answering the questions that make up the research problem will enable the 

acceptance or rejection of the following hypothesis: 

“The use of saline water as the heat sink for chillers results in significant energy 

savings when compared to the use of air as the heat sink for chillers.” 

The ultimate objective is to obtain sensible values for the coefficient of performance 

of the chillers when operating with both sinks. This will enable the quantification of 

the amount of energy that can be saved by using this alternative technology. 

Additionally, the carbon dioxide emissions avoided will also be quantified. 
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The research will unravel in seven chapters: 

 Chapter 1 is an introduction to the research problem and gives a background to 

the study. 

 The relevant aspects of seawater and ground source heat pumps from literature 

are highlighted in Chapter 2 and aspects of thermodynamic principles, types of 

systems, requirements, system components and sustainability, environmental 

and social considerations are explained. 

 Chapter 3 looks into local systems and summarises the visits made together 

with any information obtained. 

 A review of pertinent regulations, their meaning and relevance to chiller 

systems cooled by saline water is presented in Chapter 4. 

 Chapter 5 describes the methodology used to reach the objective of the 

research and the results obtained.  

 The results obtained are discussed in Chapter 6 along with some of the 

difficulties encountered in obtaining the results. 

 Conclusions are drawn in Chapter 7 and some recommendations are given. 
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2 Literature Review 

2.1 The Heat Pump 

Heat flows naturally from regions of higher temperature to regions of lower 

temperature. In a heat engine the natural flow of heat from a higher temperature 

reservoir to a lower temperature reservoir is exploited and thus work is extracted. This 

principle is used in power generation.  

The heat engine can be operated in reverse and in such cases it is called a heat pump. 

In a heat pump, energy is transferred from a lower temperature reservoir to a higher 

temperature reservoir – in order to do this, a work input is required to overcome the 

natural temperature gradient and force heat to flow in the opposite direction. This 

situation is analogous to water being pumped from a reservoir at a lower elevation to 

a reservoir at a higher elevation – work needs to be done against the natural 

gravitational field (Eastop & McConkey, 1993, p. 485).  

 

Figure 2-1 Forward and reversed heat engines – T is the temperature, Q is the 

heat flow and W is the work done (Eastop & McConkey, 1993, p. 89). 

 

The reversed heat engine can be used in one of two ways; to supply heat, in which 

case it is referred to as a heat pump or to remove heat, in which case it is referred to as 
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a refrigerator. When the reversed heat engine is being used as a heat pump, the 

reservoir of interest is the high temperature reservoir since the purpose of the heat 

pump is to heat the high temperature reservoir further. As a result of this the 

parameter of interest is the heat flow Q2 (refer to Figure 2-1). Conversely, when it is 

being used as a refrigerator, the reservoir of interest is the low temperature reservoir 

since the purpose of the refrigerator is to further cool the low temperature reservoir. 

As a result of this the parameter of interest is the heat flow Q1 (refer to Figure 2-1). 

The work required to cause the heat to flow determines the power required by the 

system and constitutes the majority of the running cost (Eastop & McConkey, 1993, 

p. 486). 

Due to the two ways in which a heat pump can be operated, two coefficients of 

performance (COP) are defined depending on the mode of operation:  

For a heat pump (Eastop & McConkey, 1993, p. 487): 

      
  
∑ 

 

2-1 

For a refrigerator (Eastop & McConkey, 1993, p. 486): 

       
  
∑ 

 

2-2 

The main components of a rudimentary heat pump system are shown in Figure 2-2. It 

can be shown that the highest possible efficiency is obtained when heat is supplied at 

a constant temperature and rejected at a lower constant temperature (Eastop & 

McConkey, 1993, p. 125). This is known as the Carnot cycle. All the processes 
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carried out as part of the Carnot cycle are thermodynamically reversible (Stoecker & 

Jones, 1982, p. 188) and thus, the Carnot cycle gives the ideal, theoretical, highest 

possible efficiency; however, in practice, the efficiency achievable is much lower than 

the Carnot efficiency due to irreversibilities and deviations from the ideal cycle made 

for practical reasons (Eastop & McConkey, 1993, p. 125). Despite this, the Carnot 

cycle is still of interest since it can serve as a standard for comparison and since it 

provides a guide to the temperatures between which the cycle should operate for 

maximum effectiveness (Stoecker & Jones, 1982, p. 188). The Carnot cycle is 

independent of the working substance used as long as the refrigerant has a suitable 

wet vapour state (Eastop & McConkey, 1993, pp. 125, 487).  

 

Figure 2-2 Left: Reversed heat engine system operating on the Carnot cycle 

(Eastop & McConkey, 1993, p. 487); Right: Corresponding temperature-entropy 

diagram with refrigerant as the condensing and evaporating fluid (Stoecker & 

Jones, 1982, p. 194). 

 

Referring to Figure 2-2, the refrigerant in the wet vapour state at 1 enters the 

compressor and is compressed reversibly and adiabatically (without heat transfer to or 

from the fluid), that is, isentropically, to state 2. At this point the vapour enters the 

condenser where it condenses and thus releases heat (Q2). The condensation occurs at 

constant temperature and pressure until the refrigerant is completely liquid. The liquid 

refrigerant at state 3 then expands behind the engine piston and does work in the 
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process. The expansion is also isentropic. The low temperature and pressure liquid at 

state 4 enters the evaporator where it is evaporated thanks to the heat supplied (Q1) by 

the cold source. (Eastop & McConkey, 1993, p. 487)  

A secondary working fluid is used to exchange heat with the condenser or evaporator 

(depending on the heat pump mode of operation) and distribute it through pipes 

encircling the entire building; the secondary fluid can be water or any other safe 

substance. This is done in order to avoid hazards from leakage of refrigerants in the 

building (Eastop & McConkey, 1993, p. 499). The cost of the system increases and 

the COP decreases when the secondary fluid is used – furthermore, there is an 

additional cost involved in pumping the secondary fluid (Eastop & McConkey, 1993, 

p. 499). 

From Equations 2-1 and 2-2 and incorporating thermodynamics principles it can be 

shown that (Eastop & McConkey, 1993, pp. 488-489): 

      
  

     
 

2-3 

       
  

     
 

2-4 

               

2-5 

Heat pump performance depends on the temperature of the reservoirs as shown by 

Equations 2-3 and 2-4 – the smaller the temperature difference between the two 

reservoirs, the higher the COP. When the atmosphere is used as the heat source or 



Chapter 2 11 

 

 

 

sink in a heat pump, the system is less effective due to the fluctuations in the 

atmospheric temperature (Eastop & McConkey, 1993, p. 490).  

Seawater or saline groundwater, when used as the heat source or sink, can provide a 

lower, more constant temperature (Eastop & McConkey, 1993, p. 490). This is 

especially true as the depth from which the water is extracted increases. Seawater and 

saline groundwater are colder than the atmosphere in summer and thus make for a 

suitable high temperature reservoir (T2) to be used in a refrigerating cycle as they can 

reduce the temperature difference between the high and low temperature (building at 

T1) reservoirs (refer to Figure 2-1). In summary, seawater and saline groundwater can 

provide a colder high temperature reservoir in summer and thus show great potential 

in improving the COP.  

Heat pumps are becoming increasingly popular in heating and cooling applications 

since: they are capable of recovering heat from certain sources such as seawater (Cao, 

Han, Gu, Zhang, & Hu, 2009) (Chua, Chou, & Yang, 2010) (Mitchell & Spitler, 

2013); they can have high COPs (Chua, Chou, & Yang, 2010) (Cao, Han, Gu, Zhang, 

& Hu, 2009); and they have evolved to become more energy efficient (Chua, Chou, & 

Yang, 2010). Also, when used for space heating and heat generation, heat pumps have 

been shown to produce less greenhouse gases, particularly carbon dioxide (CO2) 

emissions, as well as other environmentally harmful gases such as sulphur dioxide 

(SO2) and nitrogen oxides (NOx) (Chua, Chou, & Yang, 2010) (Omer, 2008). 

2.1.1 The Vapour-Compression Cycle 

Most refrigerators make use of the vapour-compression cycle (Stoecker & Jones, 

1982, p. 187) (Eastop & McConkey, 1993, p. 491). The name of the cycle derives 
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from the fact that a liquefiable vapour is used as the refrigerant in the system (Eastop 

& McConkey, 1993, p. 491).  

The Carnot cycle described in the previous section is an idealised cycle and cannot be 

duplicated due to the irreversibilities that occur in real cycles (Stoecker & Jones, 

1982, p. 193). The vapour-compression cycle is a modification of the Carnot cycle 

that arises from practical considerations (Stoecker & Jones, 1982, pp. 187, 193) 

(Eastop & McConkey, 1993, p. 491).  

2.1.1.1 Replacement of the Expansion Engine by a Throttle Valve 

In the Carnot cycle, expansion takes place isentropically and the work resulting from 

the expansion process is used to aid the compression process; however, the process of 

extracting work from the expansion of a fluid in a mixed liquid and vapour state poses 

difficulties in lubricating the expansion engine and this, together with the cost of the 

expansion engine, make it unfeasible to have an expansion engine given the small 

amount of work that can be produced by the expansion process (Stoecker & Jones, 

1982, p. 195). 

In order to simplify the system, the expansion engine can be replaced by a throttle 

valve (Eastop & McConkey, 1993, p. 491). During a throttling process, the refrigerant 

has its pressure reduced without experiencing changes in its potential and kinetic 

energy (Stoecker & Jones, 1982, p. 195). Additionally there is no transfer of heat and 

thus the enthalpy before and after the throttling device remains the same (Stoecker & 

Jones, 1982, p. 195). The entropy increases due to the fact that the process is highly 

irreversible (Stoecker & Jones, 1982, p. 195). 
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The use of a throttle valve results in a decrease in the refrigerating effect (Eastop & 

McConkey, 1993, p. 491). The resulting cycle appears on a temperature-entropy 

diagram as shown in Figure 2-3. 

 

Figure 2-3 Cycle using a throttle valve (Eastop & McConkey, 1993, p. 491). 

 

2.1.1.2 Condition at the Compressor Inlet 

In the Carnot cycle, the compression process is referred to as being wet since the 

refrigerant is found in both the liquid and vapour phases (Stoecker & Jones, 1982, p. 

193). In practice, it is highly undesirable to have a fluid in a mixed state at the 

compressor inlet due to several reasons (Stoecker & Jones, 1982, p. 194): 

 The valves or cylinder head may become damaged if liquid droplets remain 

trapped in the head of the cylinder when the piston rises. 

 Lubrication of the walls of the cylinder may prove to be difficult or ineffective 

since the liquid refrigerant washes away the lubricant thus increasing wear 

rates in the cylinder.  

It is therefore desirable for the refrigerant to be completely in the vapour state before 

entering the compressor (Stoecker & Jones, 1982, p. 194). This increases the work 

required for compression but protects the compressor from damage and wear 
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(Stoecker & Jones, 1982, p. 195) (Eastop & McConkey, 1993, p. 492). The resulting 

temperature after compression is higher than the condensing temperature meaning that 

the refrigerant is superheated (Stoecker & Jones, 1982, p. 195). The amount of 

superheat should be as small as possible (Eastop & McConkey, 1993, p. 492). 

The superheated condition of the refrigerant upon entry to the condenser means that 

the heat rejection from the condenser cannot occur at a constant temperature (Eastop 

& McConkey, 1993, p. 492). 

The resulting cycle appears on a temperature-entropy diagram as shown in Figure 2-4. 

 

Figure 2-4 Cycle using dry compression (Stoecker & Jones, 1982, p. 194). 

 

2.1.1.3 The Resulting Vapour Compression Cycle 

The resulting vapour-compression cycle appears as in Figure 2-5. The processes 

making up the ideal vapour-compression cycle are (Stoecker & Jones, 1982, pp. 195-

196): 

1-2 Reversible adiabatic compression from saturated vapour to the condenser 

pressure. 

2-3 Reversible heat rejection at constant pressure resulting in desuperheating and 

condensation of the refrigerant. 



Chapter 2 15 

 

 

 

3-4 Irreversible expansion at constant enthalpy from saturated liquid to the evaporator 

pressure.  

4-1 Reversible addition of heat at constant pressure causing evaporation to saturated 

vapour. 

 

Figure 2-5 Standard vapour-compression cycle (Stoecker & Jones, 1982, p. 195). 

 

From the steady-flow energy equation and neglecting changes in kinetic and potential 

energy (Stoecker & Jones, 1982, p. 197): 

          

2-6 

Where h represents the enthalpy, Q represents the heat rejected or absorbed and W 

represents the work done. The subscripts 1 and 2 refer to the part of the cycle being 

analysed.  

Since no heat is transferred in the compression process due to its adiabatic nature the 

term Q is equal to zero and therefore the work of compression in a standard vapour-

compression cycle is given by (Stoecker & Jones, 1982, p. 197): 
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2-7 

The refrigerating effect is the heat transferred in process 4-1 and is given by (Stoecker 

& Jones, 1982, p. 198): 

           

2-8 

The resulting coefficient of performance of a standard vapour-compression cycle is 

therefore equal to (Stoecker & Jones, 1982, p. 198): 

           
     
     

 

2-9 

The standard vapour-compression cycle, despite being closer to real cycles than the 

Carnot cycle still consists of some idealisations. Additionally the actual vapour-

compression cycle departs from the standard vapour-compression cycle both 

intentionally and as a result of phenomena which are unavoidable (Stoecker & Jones, 

1982, p. 202).  

When the refrigerant leaves the condenser it may be subcooled due to the cooling 

medium cooling the refrigerant to a temperature below the saturation temperature 

(Stoecker & Jones, 1982, p. 203). Subcooling is desirable in order to ensure that the 

refrigerant is completely liquid before entering the expansion device (Stoecker & 

Jones, 1982, p. 203). 

In real cycles, there are pressure drops across both the evaporator and condenser due 

to friction losses (Stoecker & Jones, 1982, p. 203). This means that in the actual 

vapour-compression cycle more work will be required at the compressor than in the 
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standard vapour-compression cycle (Stoecker & Jones, 1982, p. 203). The 

compression process is usually also not isentropic (Stoecker & Jones, 1982, p. 203). 

Some superheating usually also occurs in the evaporator to ensure that the refrigerant 

entering the compressor is completely in the vapour state (Stoecker & Jones, 1982, p. 

203). 

2.2 Heat Pump Components 

2.2.1 The Compressor 

The compressor is the core of the vapour-compression system (Stoecker & Jones, 

1982, p. 205). The two factors determining the performance of a compressor are its 

refrigeration capacity and its power requirements (Stoecker & Jones, 1982, p. 207). 

The suction and discharge pressures from the compressor control these two 

parameters of the compressor (Stoecker & Jones, 1982, p. 207).  

There are four main types of compressors; reciprocating, screw, centrifugal and vane 

(Stoecker & Jones, 1982, p. 205). Each type has its virtues and flaws and in time has 

adapted for specific situations and system sizes.  

The reciprocating compressor makes use of a piston or multiple pistons which move 

back and forth in a cylinder (Stoecker & Jones, 1982, p. 205). Suction and discharge 

valves are specifically arranged to produce a pumping action (Stoecker & Jones, 

1982, p. 205). Reciprocating compressors may be hermetic or semihermetic (Stoecker 

& Jones, 1982, p. 206). This type of compressor performs better at part-load operation 

(Stoecker & Jones, 1982, p. 230). 

The other three types of compressors all make use of rotating elements (Stoecker & 

Jones, 1982, p. 205). The screw and vane compressors are positive displacement 
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machines while the centrifugal compressor, as the name implies, utilises centrifugal 

forces to produce a pumping action (Stoecker & Jones, 1982, p. 205).  

Screw compressors are more efficient when operating near full load, have fewer 

moving parts than a reciprocating compressor and have long operating lives (Stoecker 

& Jones, 1982, p. 230). 

Table 2-1 Most commonly used type of compressor for a given refrigeration 

capacity (Stoecker & Jones, 1982, p. 230). 

Refrigeration Capacity Type of Compressor 

Up to 300 kW Reciprocating or vane for domestic applications 

300 kW – 500 kW Screw 

500 kW and above Centrifugal 

  

2.2.2 Condensers and Evaporators 

Condensers and evaporators are essentially heat exchangers (Stoecker & Jones, 1982, 

p. 233). They are very often of the shell-and-tube type or of the finned-coil type and 

can have the refrigerant flowing inside the tubes or outside (Stoecker & Jones, 1982, 

p. 233). The fluid used for cooling the condenser can be either in the liquid phase or 

in the gas phase (Stoecker & Jones, 1982, p. 233). Also, the fluid being cooled by the 

evaporator can be either in the liquid phase or in the gas phase (Stoecker & Jones, 

1982, p. 233). These possible configurations of condensers and evaporators are used 

in order to make it possible to classify them.  

Condensers and evaporators have certain features in common, such as the physical 

principles that dictate the movement of fluid through the shell and over the tubes 

(Stoecker & Jones, 1982, p. 233). However, conditions are very different when 

refrigerant boils and when it condenses (Stoecker & Jones, 1982, p. 233). 
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Two very important parameters of a heat exchanger are its heat transfer coefficient 

and the heat transfer area (Stoecker & Jones, 1982, p. 233). These two parameters, 

when multiplied with the mean temperature difference between the fluids give the rate 

of heat transfer (Stoecker & Jones, 1982, pp. 233, 235).  

Different heat transfer mechanisms operate between one fluid and the outside surface 

of a tube, between the outside and the inside surfaces of a tube and between the inside 

surface of a tube and the second fluid (Stoecker & Jones, 1982, p. 235). Under steady-

state conditions, the rates of heat transfer between these interfaces are all equal 

(Stoecker & Jones, 1982, p. 235). 

2.2.2.1 Shell-and-Tube 

Pressure drops are also important in heat exchangers and occur as the fluid moves 

inside the straight tubes, as it flows through bends and as it enters and exists the heat 

exchanger (Stoecker & Jones, 1982, p. 237). The pressure drop is proportional to the 

square of the flow rate (Stoecker & Jones, 1982, p. 237) and the pressure drop for a 

given flow rate is predictable (Stoecker & Jones, 1982, p. 237). 

Pressure drops also affect the liquid flowing through the shell over tubes (Stoecker & 

Jones, 1982, p. 239). The pressure drops can be accurately predicted at different flow 

rates if the value of the pressure drop is known at one specific flow rate (Stoecker & 

Jones, 1982, p. 239). The heat transfer coefficient of liquid that flows over tubes is 

complicated and can be estimated from empirical correlations (Stoecker & Jones, 

1982, p. 238).  

2.2.2.2 Finned-Coils 

The outside resistance of a tube is said to be the controlling resistance, which means 

that it is the resistance that contributes most to the overall heat transfer coefficient of 
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the heat exchanger (Stoecker & Jones, 1982, p. 239). In order to decrease this 

resistance, the heat transfer area is increased by using fins (Stoecker & Jones, 1982, p. 

239).  

2.2.2.3 Condensers 

The refrigerant changes phase from vapour to liquid as it passes through the 

condenser. In doing so, the refrigerant rejects heat energy to its surroundings. In an 

ideal Carnot cycle, the condensation process occurs at constant pressure and 

temperature.  

The fluid to which the condenser heat is rejected is usually either air or water 

(Stoecker & Jones, 1982, p. 244). The rate of heat transfer in the condenser is related 

to the refrigerating capacity and the evaporation and condensation temperatures 

(Stoecker & Jones, 1982, pp. 244, 245). “The condenser rejects both the energy 

absorbed by the evaporator and the heat of compression added by the compressor” 

(Stoecker & Jones, 1982, p. 245). After some time in operation, the heat transfer 

coefficient of a water cooled condenser will decrease due to fouling caused by the 

water (Stoecker & Jones, 1982, p. 247).  

For condensers, the heat transfer mechanisms are more important than the pressure 

drop that occurs as the refrigerant flows in the tubes.  

2.2.2.4 Evaporators 

The refrigerant enters the evaporator in a mixed state of vapour and liquid. The 

relative amount of vapour to liquid increases as the refrigerant flows through the 

evaporator and evaporates. In the process of evaporation the refrigerant absorbs heat 

from its surroundings. In an ideal Carnot cycle, the evaporation process occurs at 

constant pressure and temperature.  
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The flow to the evaporator is regulated by an expansion device and is usually such 

that the refrigerant vapour is superheated upon leaving the evaporator (Stoecker & 

Jones, 1982, p. 253). This is done in order to ensure that only vapour enters the 

compressor. Any liquid entering the compressor can cause damage to it. Some 

systems make use of devices which separate any liquid which remains in the 

refrigerant stream after the evaporator and send it back to the evaporator (Stoecker & 

Jones, 1982, p. 247).  

If the pressure upon exit from the evaporator is too low, more work will have to be 

done by the compressor in order to increase its pressure (Stoecker & Jones, 1982, pp. 

256, 257). If pressure drop is allowed however, the velocity of the refrigerant can be 

kept high thus resulting in an improvement in the heat transfer coefficient (Stoecker & 

Jones, 1982, pp. 256, 257).  

2.2.3 Expansion Devices 

The purpose of the expansion device is to “reduce the pressure of the liquid 

refrigerant” and “regulate the flow of refrigerant to the evaporator” (Stoecker & 

Jones, 1982, p. 260). Several types of expansion devices exist including the capillary 

tube, the constant-pressure expansion valve, the float valve, and the superheat-

controlled expansion valve (Stoecker & Jones, 1982, p. 260). The most frequently 

used expansion devices are the capillary tube and the superheat controlled expansion 

valve (Stoecker & Jones, 1982, p. 260).  

2.2.3.1 Capillary Tubes 

Capillary tubes are used in systems having a refrigerating capacity up to 10 kW 

(Stoecker & Jones, 1982, p. 260). The capillary tube is usually between 1 m and 6 m 

long and the inside diameter is usually between 0.5 mm and 2 mm (Stoecker & Jones, 
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1982, p. 260). The inside diameter of capillary tubes is too large for capillary action to 

occur therefore the name is a misnomer (Stoecker & Jones, 1982, p. 260).  

Pressure drops occur across capillary tubes because of friction and acceleration of the 

refrigerant (Stoecker & Jones, 1982, p. 260). Flashing of liquid into vapour may also 

occur in a capillary tube (Stoecker & Jones, 1982, p. 260).  

Several combinations of length and inside diameter can be used for a given pressure 

drop and flow rate, however, once the capillary tube is installed, it cannot adjust to 

variations in discharge pressure, suction pressure, or load (Stoecker & Jones, 1982, p. 

260).  

The compressor and expansion device must be able to achieve suitable suction and 

discharge conditions (Stoecker & Jones, 1982, p. 261). The conditions have to be such 

that the amount of refrigerant pumped by the compressor from the evaporator is equal 

to the amount of refrigerant fed to the evaporator by the expansion device (Stoecker & 

Jones, 1982, p. 261). However, the suction pressure fixed by the capillary tube and the 

compressor has to satisfy the heat transfer relationships of the evaporator (Stoecker & 

Jones, 1982, p. 261). If the heat transfer in the evaporator is not suitable, the result is 

said to be an unbalanced condition and the evaporator may end up starved or overfed 

(Stoecker & Jones, 1982, p. 261).  

Capillary tubes have the advantage of being simple, having no moving parts and being 

inexpensive, however they do not adjust when load conditions change, are prone to 

clogging and require the mass of refrigerant charge to be held within close limits 

(Stoecker & Jones, 1982, p. 263). Holding the mass of refrigerant charge within close 

limits means that capillary tubes can only be used in hermetically sealed systems. 

(Stoecker & Jones, 1982, p. 263). 
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2.2.3.2 Constant-Pressure Expansion Valves 

The pressure of the refrigerant as it comes out of the constant-pressure expansion 

valve remains constant and therefore the supply of refrigerant to the evaporator is 

always at a set, constant pressure (Stoecker & Jones, 1982, p. 271). The valve opens 

wider when the evaporator pressure falls below the control point and closes when the 

evaporator pressure rises above the control point (Stoecker & Jones, 1982, pp. 271, 

272).  

Constant-pressure expansion valves are used in units having refrigerating capacity not 

higher than 30 kW (Stoecker & Jones, 1982, p. 272).  

2.2.3.3 Float Valves 

Another type of expansion device is the float valve. The float valve operates by 

keeping the liquid in a vessel or an evaporator at constant level (Stoecker & Jones, 

1982, p. 272). Float valves are controlled by float switches which open when the level 

drops below the control point and close when the level reaches the control point 

(Stoecker & Jones, 1982, p. 272). Balanced conditions are always present between the 

compressor and the float valve (Stoecker & Jones, 1982, p. 272). 

This type of expansion device is used in large air conditioning installations (Stoecker 

& Jones, 1982, p. 273).  

2.2.3.4 Superheat-Controlled Expansion Valves/Thermostatic Expansion Valves 

The amount of superheat the refrigerant has upon leaving the evaporator controls this 

type of valve (Stoecker & Jones, 1982, p. 273). The rate of flow of liquid refrigerant 

is regulated according to the rate of evaporation inside the evaporator (Stoecker & 

Jones, 1982, p. 273).  
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Superheat-controlled expansion valves are most commonly used in moderately sized 

systems (Stoecker & Jones, 1982, p. 273). 

2.2.4 The Refrigerant 

The physical and chemical properties of a refrigerant are important for the 

refrigeration cycle, however, one also needs to take into account the risks associated 

with fire, explosions or poisoning in case leaks occur as well as the environmental 

impact such as ozone depleting potential (Eastop & McConkey, 1993, pp. 522, 523).  

It is desirable for a refrigerant to have the following characteristics (Eastop & 

McConkey, 1993, p. 523): 

 Saturation pressure at the desired low temperature above atmospheric but not 

much higher as leakage would then be harder to prevent and the components 

would need to withstand the higher pressures. 

 A high specific enthalpy of vaporisation at the low temperature so as to be 

able to have lower mass flow rates of refrigerant for a given refrigeration 

capacity. 

 Low specific volume at the suction to the compressor to keep the size of the 

compressor small. 

 Inertness and miscibility with the lubricating oil. 

 Low fire and explosion risks. 

 Non-toxic or at least low toxicity in the amount of time it takes for evacuation 

of personnel. 
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2.2.4.1 Chlorofluorocarbons (CFCs) and Hydrochlorofluorocarbons (HCFCs) 

CFCs and HCFCs both contain atoms of chlorine and therefore when released into the 

environment can cause ozone depletion. CFCs have been phased out and HCFCs are 

in the process of being phased out.  

A very popular CFC was R12. When R12 was invented it was thought to be an ideal 

refrigerant since it has ideal thermodynamic properties, is non-toxic and has zero fire 

and explosion risk (Eastop & McConkey, 1993, p. 524), however, it is very harmful to 

the ozone layer. 

R22 is a very commonly used HCFC. Systems making use of R22 still exist but they 

are being retrofitted with new refrigerants. HCFCs will be phased out completely by 

the year 2030 in developed countries according to the Montreal Protocol (US EPA, 

2012). 

2.2.4.2 Alternative Refrigerants 

R134a and R717 (ammonia) are considered as suitable long-term solutions and can be 

used as alternative refrigerants since they have no chlorine atoms and therefore zero 

ozone depleting potential with respect to R11 (Eastop & McConkey, 1993, p. 527). 

R134a has a greenhouse potential of 0.37 with respect to R11 while ammonia has zero 

greenhouse potential (Eastop & McConkey, 1993, p. 527).  

Ammonia has the disadvantage of being toxic (Eastop & McConkey, 1993, p. 528), 

however, its pungent odour makes leakages easily identifiable. Additionally, risks can 

be reduced by confinement of systems making use of ammonia in well-ventilated 

plant rooms ideally situated at the top of buildings and equipped with detectors and 

warning systems (Eastop & McConkey, 1993, p. 527). Air conditioning systems 
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which make use of ammonia would need to make use of secondary or even tertiary 

coolant systems to confine the risk.  

2.3 Heat Pump Modifications 

Some common variations and improvements over the heat pump described in Section 

2.1 will be discussed in this section.  

2.3.1 Multistage Cycles 

The use of multistage cycles is one of the improvements that can be carried out on a 

heat pump in order to improve the energy efficiency (Chua, Chou, & Yang, 2010). 

The concept of using multiple stages can be applied to both the compression part of 

the cycle and the evaporation part of the cycle (Chua, Chou, & Yang, 2010). For 

multistage compression one may have either compound or cascade systems (Bertsch 

& Groll, 2008). In a compound system, the two (or more) compression stages are in 

series (Chua, Chou, & Yang, 2010) while in a cascade system, there would be two 

single-stage refrigeration systems operated independently and connected by a cascade 

condenser (Bertsch & Groll, 2008). 

A compound two-stage or multi-stage compression system (Friotherm, 2012) (Chua, 

Chou, & Yang, 2010) allows for a smaller compression ratio but higher compression 

efficiency for each stage of compression, greater refrigerating effect, lower discharge 

temperature at the high-stage compressor and greater flexibility (Chen, Li, Sun, & 

Wu, 2008) (Agrawal & Bhattacharyya, 2007). Compression ratios are usually chosen 

to be almost equal in the two stages so as to obtain high COPs (Agrawal & 

Bhattacharyya, 2007). Figure 2-6 (a) and Figure 2-6 (b) show two variations of the 

compound two-stage compression system.  
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Figure 2-6 Schematics of (a) two-stage cycle with intercooler, (b) two-stage cycle 

with closed economizer, (c) cascade cycle, and (d) legend (Bertsch & Groll, 2008). 

 

In a cascade system, such as the one shown in Figure 2-6 (c), the lower system 

produces a refrigerating effect while operating at a lower evaporating temperature 

(Bertsch & Groll, 2008). Through the cascade condenser, the heat rejected by the 

condenser of the lower system is extracted by the evaporator in the higher system 

which therefore operates at a higher evaporating temperature (Chua, Chou, & Yang, 

2010).  
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In a two-stage evaporator heat pump system the physical area available for heat 

transfer is increased over that of a single-stage evaporator heat pump system (Chua, 

Chou, & Yang, 2010). This leads to drastic increases in the performance of the heat 

pump (Chua & Chou, 2005).  

2.3.2 Improving Compressor Performance 

As discussed in Section 2.1, much energy is consumed by the compression stage in a 

heat pump (Eastop & McConkey, 1993, p. 486). Therefore one way of improving the 

energy efficiency of a heat pump is by improving the performance of the compressor 

(Chua, Chou, & Yang, 2010).  

This can be achieved by using a scroll compressor as opposed to a reciprocating 

compressor – the former is approximately 10% more efficient with respect to the 

latter (Chua, Chou, & Yang, 2010) due to three main reasons (Winandy & Lebrun, 

2002): (i) suction and discharge are separate and therefore the suction gas does not 

receive any heat as it goes into the compressor, (ii) compression occurs slowly and 

over 540 degrees rather than 180 degrees of rotation, and (iii) the suction and 

discharge valves are made redundant when scroll compression is introduced and 

therefore can be removed thus reducing pressure losses. Additionally, fewer moving 

parts are found in a scroll compressor making it more reliable and operable in 

sluggish conditions (Chua, Chou, & Yang, 2010).  

Another option is the revolving vane compressor which uses a rotating cylinder that 

moves with the compressing mechanism to cut down on loss of energy from friction 

and leaks (Teh & Ooi, 2009).  

Improvements in compressor performance can also be achieved by keeping the 

compressor temperature low (Chua, Chou, & Yang, 2010). Two ways of doing this 
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are by providing external cooling for the compressor motor and removing heat from 

the compressor so as to make the compression process isothermal (Wang, Hwang, & 

Radermacher, 2008). 

2.3.3 Ejector-Compressor System 

An ejector is used to compress the refrigerant up to a certain state by using low-grade 

thermal energy (Chua, Chou, & Yang, 2010). A gas-liquid separator is then used to 

separate the gas from the liquid (Chua, Chou, & Yang, 2010). Subsequently, the 

higher pressure gas is passed to the compressor and the liquid is passed to the 

evaporator (Chua, Chou, & Yang, 2010). Therefore upon entry to the compressor, the 

gas would already be compressed to a certain degree, meaning that the power 

requirement of the compressor is reduced (Chua, Chou, & Yang, 2010). In certain 

configurations where waste heat is available, the compressor, and therefore its power 

requirement, can be eliminated completely with the compression load undertaken 

entirely by the ejector (Chua, Chou, & Yang, 2010).  

2.4 Some Options for Cooling with Water 

Water for cooling can be obtained from a variety of sources including surface water
1
 

bodies, ground water bodies, inland water bodies and coastal water bodies. 

Malta does not have any significant inland surface water bodies (MEPA, 2005) and 

the freshwater aquifer is under pressure from over abstraction. This only leaves the 

options of using the saline groundwater found under the fresh groundwater lens or 

seawater from coastal water bodies.  

                                                
1
 Surface water consists of any body of water that is exposed to the atmosphere including ponds, lakes, 

oceans, and rivers (Mitchell & Spitler, 2013) 
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8 Appendix A – Baxter Visit (Scerri, 2013) 

Baxter (Malta) Limited produces medical devices in its facilities in Marsa. The 

production of medical devices requires very strict environmental conditions and as 

such the facilities require constant and strict temperature control. This is achieved by 

means of chillers, the condensers of which are cooled by means of freshwater. 

The freshwater used for cooling the condenser passes through a vertical ground loop 

and a cooling tower such that it rejects heat to the ground and to the atmosphere (refer 

to Figure 8-1). The system as such makes use of a closed loop and neither fresh 

groundwater nor saline groundwater are extracted or affected except for their 

temperature. Groundwater is only used as a heat sink and only comes into contact 

with the outer surface of the piping which makes up the vertical ground loop.  

 

Figure 8-1 Schematic diagram of the Baxter system. 

 

Two cooling towers are used to cool the condensers of two 600 kW turbo-core 

chillers. This type of chiller makes use of very efficient compressors in which the 

principle of magnetism is utilised rather than having bearings. Turbo-core chillers are 

not very common in Malta anymore. Another three chillers with approximately 300 



Chapter 8 132 

 

 

 

kW cooling capacity also form part of the system. All chillers make use of refrigerant 

R134a. Typical chiller COP values are around 4. 

Two 11 kW and one 8 kW circulation pumps are used in the system to circulate the 

chilled water around the facilities.  

The 22 boreholes in which the vertical ground loops are found are 150 m deep. No 

water is extracted from these boreholes as they are only used as a means to reach deep 

into the ground and make use of its geothermal properties. Upon passing through the 

vertical ground loops, the temperature of the fresh water drops by around 1°C to 2°C. 

Another 5°C temperature drop is obtained by passing the freshwater through the 

cooling tower. 

The geothermal loop is only used in the summer months (June to September), 

however; the cooling towers are used throughout the year. The use of the geothermal 

loop in winter is not feasible as the energy required to circulate the water through the 

loop becomes higher than the temperature drop achieved. This causes a reduction in 

system efficiency. 

The freshwater that circulates on the condenser side of the system needs to be 

replenished due to evaporative losses that occur in the cooling tower. The freshwater 

is replenished from a freshwater reservoir which is in turn supplied by freshwater 

from a bowser. Rainwater is also collected into the reservoir from some of the roof 

areas of the facility, however, not all roofs drain into the reservoir and since rain falls 

mostly in winter in Malta, the supply from the bowser is required in summer. The 

water reservoir is relatively small when compared with the size of the facilities – in 

winter it overflows with the rainwater collected from only part of the roof area. The 

plant manager had plans for increasing the size of the water reservoir however they 
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have been put aside due to the high cost of the project. The cost of increasing the size 

of the reservoir would be much greater than what the company is currently spending 

to get water bowsers.  

The major problem with obtaining water from bowsers is the hardness of the water. 

Random tests are carried out to monitor this aspect of water quality. Water hardness 

should ideally be low for use in cooling towers since it can cause scale which greatly 

reduces the efficiency of cooling towers. The cooling tower is set to reject water 

whose hardness is higher than a set limit. The hardness of the freshwater will 

inevitably increase as the water goes through several cycles in which evaporation 

occurs and hence the concentration of elements which contribute to hardness (such as 

calcium and magnesium) in the water increases. With this aspect in mind it is 

therefore desirable to replenish the freshwater in the loop with freshwater having as 

low a hardness as possible as otherwise the amount of cycles during which the water 

remains in circulation decreases and the requirement to replenish water increases. 

Freshwater is treated at the cooling towers for legionella.  

8.1 The Drive for Implementation of Water Cooling 

Cooling towers were installed approximately seven years ago. Prior to that all chillers 

were air cooled. However, air cooling was not effective enough in summer and used 

to be supplemented by cooling with water jets on the outside surface of the 

condensers.  

The main drive to implement water cooled systems was for energy savings. Water 

cooling has its drawbacks; in the case of Baxter, sub-contracting water supplies itself 

is somewhat of a hassle since it is not always easy to get a contractor to supply water 

and it may not be easy to find satisfactorily good quality water. Other drawbacks of 
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using water include the corrosion and fouling that it causes. This gives rise to the need 

for more frequent maintenance and cleaning. Cleaning of the condensers is carried out 

every two months and it involves a cycle of cleaning with certain acids and flushing 

with water 

8.2  Heat Recovery and System Upgrade 

Heating is never required for the production zones. The chillers are used in summer to 

provide chilled air to the production zones. In winter only one chiller is operated and 

the facilities also make use of winter free cooling systems which circulate the cold, 

outside air to cool the facilities. 

The cooling system at Baxter is currently being upgraded to include heat recovery. 

The heat rejected by the chillers will start being recovered and used for heating 

offices. When the heating load is greater than what the heat recovery process can 

supply, a heat pump coupled to the ground loop will come into operation.  

Energy savings apart, some of the air conditioning units had to be changed due to the 

fact that they made use of the refrigerant R22 which has to be decommissioned by 

2015. The management saw an opportunity in this and upgraded the system to include 

heat recovery. 

Baxter Malta was awarded the Ambassador’s Award for Environmental Excellence in 

2008. The award, instituted by the US Embassy in Malta, rewards US businesses 

operating in Malta for their environmental efforts.  
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9 Appendix B – Refrigerant Property Tables 

Table 9-1 Saturation temperature table for R134a (ASHRAE, 1988). 

 

°C MPa

Sat. Sat. Sat. Sat. Sat. Sat. Sat.

press. liquid vapor liquid vapor liquid vapor

T  °C p_sat@T v f v g h f h g sf sg

-24 0.11160 0.0007296 0.1728 19.29 232.85 0.0798 0.937

-22 0.12192 0.0007328 0.1590 21.77 234.08 0.0897 0.9351

-20 0.13299 0.0007361 0.1464 24.26 235.31 0.0996 0.9332

-18 0.14483 0.0007395 0.1350 26.77 236.53 0.1094 0.9315

-16 0.15748 0.0007428 0.1247 29.30 237.74 0.1192 0.9298

-12 0.18540 0.0007498 0.1068 34.39 240.15 0.1388 0.9267

-8 0.21704 0.0007569 0.0919 39.54 242.54 0.1583 0.9239

-4 0.25274 0.0007644 0.0794 44.75 244.9 0.1777 0.9213

0 0.29282 0.0007721 0.0689 50.02 247.23 0.197 0.919

4 0.33765 0.0007801 0.0600 55.35 249.53 0.2162 0.9169

8 0.38756 0.0007884 0.0525 60.73 251.8 0.2354 0.915

12 0.44294 0.0007971 0.0460 66.18 254.03 0.2545 0.9132

16 0.50416 0.0008062 0.0405 71.69 256.22 0.2735 0.9116

20 0.57160 0.0008157 0.0358 77.26 258.35 0.2924 0.9102

24 0.64566 0.0008257 0.0317 82.90 260.45 0.3113 0.9089

26 0.68530 0.0008309 0.0298 85.75 261.48 0.3208 0.9082

28 0.72675 0.0008362 0.0281 88.61 262.5 0.3302 0.9076

30 0.77006 0.0008417 0.0265 91.49 263.5 0.3396 0.907

32 0.81528 0.0008473 0.0250 94.39 264.48 0.349 0.9064

34 0.86247 0.0008530 0.0236 97.31 265.45 0.3584 0.9058

36 0.91168 0.0008590 0.0223 100.25 266.4 0.3678 0.9053

38 0.96298 0.0008651 0.0210 103.21 267.33 0.3772 0.9047

40 1.01640 0.0008714 0.0199 106.19 268.24 0.3866 0.9041

42 1.07200 0.0008780 0.0188 109.19 269.14 0.396 0.9035

44 1.12990 0.0008847 0.0177 112.22 270.01 0.4054 0.903

48 1.25260 0.0008989 0.0159 118.35 271.68 0.4243 0.9017

52 1.38510 0.0009142 0.0142 124.58 273.24 0.4432 0.9004

56 1.52780 0.0009308 0.0127 130.93 274.68 0.4622 0.899

60 1.68130 0.0009488 0.0114 137.42 275.99 0.4814 0.8973

Temp.

Saturated R134a -- Temperature Table

Spec. Volume Enthalpy Entropy

m3/kg kJ/kg kJ/kg.K
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Table 9-2 Superheated vapour table for R134a (Bhattacharjee, 2006). 

 

Spec. 

Volume
Enthalpy Entropy

Spec. 

Volume
Enthalpy Entropy

°C  m3
/kg  kJ/kg  kJ/kg.K  m3

/kg  kJ/kg  kJ/kg.K

T v h s v h s

Sat. 0.02918 261.85 0.9080 0.02547 264.15 0.9066

30 0.02979 265.37 0.9197 - - -

40 0.03157 275.93 0.9539 0.02691 273.66 0.9374

50 0.03324 286.35 0.9867 0.02846 284.39 0.9711

60 0.03482 296.69 1.0182 0.02992 294.98 1.0034

70 0.03634 307.01 1.0487 0.03131 305.50 1.0345

80 0.03781 317.35 1.0784 0.03264 316.00 1.0647

90 0.03924 327.74 1.1074 0.03393 326.52 1.0940

100 0.04064 338.19 1.1358 0.03519 337.08 1.1227

110 0.04201 348.71 1.1637 0.03642 347.71 1.1508

120 0.04335 359.33 1.1910 0.03762 358.40 1.1784

130 0.04468 370.04 1.2179 0.03881 369.19 1.2055

140 0.04599 380.86 1.2444 0.03997 380.07 1.2321

150 0.04729 391.79 1.2706 0.04113 391.05 1.2584

160 0.04857 402.82 1.2963 0.04227 402.14 1.2843

p = 0.70 MPa (Tsat = 26.72 °C) p = 0.80 MPa (T sat  = 31.33 °C)

Superheated R134a
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Table 9-3 Saturation temperature table for R22 (DuPont, 2005). 

 

°C kPa

Sat. Sat. Sat. Sat. Sat. Sat. Sat.

press. liquid vapor liquid vapor liquid vapor

T  °C p_sat@T v f v g h f h g sf sg

-10 354.8 0.0008 0.0653 188.4 401.2 0.957 1.766

-9 367.5 0.0008 0.0631 189.6 401.6 0.962 1.764

-8 380.5 0.0008 0.0610 190.7 402.0 0.966 1.763

-7 393.9 0.0008 0.0590 191.9 402.4 0.970 1.761

-6 407.7 0.0008 0.0571 193.0 402.8 0.974 1.760

-5 421.8 0.0008 0.0553 1942.0 403.2 0.979 1.758

-4 436.3 0.0008 0.0535 195.3 403.5 0.983 1.757

-3 451.1 0.0008 0.0518 196.5 403.9 0.987 1.755

-2 466.4 0.0008 0.0502 197.7 404.3 0.992 1.754

-1 482.0 0.0008 0.0486 198.8 404.7 0.996 1.752

0 498.0 0.0008 0.0471 200.0 405.0 1.000 1.751

1 514.4 0.0008 0.0457 201.2 405.4 1.004 1.749

2 531.2 0.0008 0.0442 202.4 405.8 1.008 1.748

3 548.4 0.0008 0.0429 203.5 406.1 1.013 1.746

4 566.1 0.0008 0.0416 204.7 406.5 1.017 1.745

5 584.1 0.0008 0.0403 205.9 406.8 1.021 1.744

6 602.6 0.0008 0.0391 207.1 407.2 1.025 1.742

7 621.5 0.0008 0.0380 208.3 407.5 1.030 1.741

8 640.9 0.0008 0.0368 209.5 407.9 1.034 1.739

9 660.7 0.0008 0.0358 210.7 408.2 1.038 1.738

10 680.9 0.0008 0.0347 211.9 408.6 1.042 1.737

11 701.7 0.0008 0.0337 213.1 408.9 1.046 1.735

12 722.9 0.0008 0.0327 214.3 409.2 1.051 1.734

13 744.5 0.0008 0.0318 215.5 409.5 1.055 1.733

14 766.7 0.0008 0.0309 216.7 409.9 1.059 1.732

15 789.3 0.0008 0.0300 217.9 410.2 1.063 1.730

16 812.4 0.0008 0.0291 219.1 410.5 1.067 1.729

17 836.1 0.0008 0.0283 220.4 410.8 1.071 1.728

18 860.2 0.0008 0.0275 221.6 411.1 1.076 1.726

19 884.8 0.0008 0.0267 222.8 411.4 1.080 1.725

Temp.

Saturated R22 -- Temperature Table

Spec. Volume Enthalpy Entropy

m3/kg kJ/kg kJ/kg.K
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Table 9-3 Saturation Temperature Table for R22 (DuPont, 2005) continued… 

  

°C kPa

Sat. Sat. Sat. Sat. Sat. Sat. Sat.

press. liquid vapor liquid vapor liquid vapor

T  °C p_sat@T v f v g h f h g sf sg

20 910.0 0.0008 0.0260 224.1 411.7 1.084 1.724

21 935.7 0.0008 0.0253 225.3 411.9 1.088 1.722

22 961.9 0.0008 0.0246 226.5 412.2 1.092 1.721

23 988.7 0.0008 0.0239 227.8 412.5 1.096 1.720

24 1016.0 0.0008 0.0232 229.0 412.8 1.100 1.719

25 1044.0 0.0008 0.0226 230.3 413.0 1.105 1.717

26 1072.0 0.0008 0.0220 231.5 413.3 1.109 1.716

27 1101.0 0.0009 0.0214 232.8 413.5 1.113 1.715

28 1131.0 0.0009 0.0208 234.1 413.8 1.117 1.714

29 1161.0 0.0009 0.0203 235.3 414.0 1.121 1.712

30 1192.0 0.0009 0.0197 236.6 414.3 1.125 1.711

31 1223.0 0.0009 0.0192 237.9 414.5 1.129 1.710

32 1255.0 0.0009 0.0187 239.2 414.7 1.133 1.709

33 1288.0 0.0009 0.0182 240.5 414.9 1.138 1.707

34 1321.0 0.0009 0.0177 241.8 415.1 1.142 1.706

35 1355.0 0.0009 0.0172 243.1 415.3 1.146 1.705

36 1389.0 0.0009 0.0168 244.4 415.5 1.150 1.704

37 1424.0 0.0009 0.0164 245.7 415.7 1.154 1.702

36 1460.0 0.0009 0.0159 247.0 415.9 1.158 1.701

39 1497.0 0.0009 0.0155 248.3 416.1 1.162 1.700

40 1534.0 0.0009 0.0151 249.6 416.2 1.166 1.698

41 1571.0 0.0009 0.0147 251.0 416.4 1.171 1.697

42 1610.0 0.0009 0.0143 252.3 416.6 1.175 1.696

43 1649.0 0.0009 0.0140 253.7 416.7 1.179 1.695

44 1689.0 0.0009 0.0136 255.0 416.8 1.183 1.693

45 1729.0 0.0009 0.0133 256.4 417.0 1.187 1.692

46 1770.0 0.0009 0.0129 257.7 417.1 1.191 1.691

47 1812.0 0.0009 0.0126 259.1 417.2 1.196 1.689

48 1855.0 0.0009 0.0123 260.5 417.3 1.200 1.688

49 1899.0 0.0009 0.0119 261.9 417.4 1.204 1.687

Temp.

Saturated R22 -- Temperature Table

Spec. Volume Enthalpy Entropy

m3/kg kJ/kg kJ/kg.K
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Table 9-3 Saturation Temperature Table for R22 (DuPont, 2005) continued… 

  

°C kPa

Sat. Sat. Sat. Sat. Sat. Sat. Sat.

press. liquid vapor liquid vapor liquid vapor

T  °C p_sat@T v f v g h f h g sf sg

50 1943.0 0.0009 0.0116 263.2 417.4 1.208 1.685

51 1988.0 0.0009 0.0113 264.6 417.5 1.212 1.684

52 2033.0 0.0009 0.0110 266.0 417.6 1.216 1.682

53 2080.0 0.0009 0.0108 267.5 417.6 1.221 1.681

54 2127.0 0.0009 0.0105 268.9 417.6 1.225 1.680

55 2175.0 0.0010 0.0102 270.3 417.7 1.229 1.678

56 2224.0 0.0010 0.0100 271.8 417.7 1.233 1.677

57 2274.0 0.0010 0.0097 273.2 417.7 1.238 1.675

56 2324.0 0.0010 0.0094 274.7 417.6 1.242 1.674

59 2375.0 0.0010 0.0092 276.1 417.6 1.246 1.672

Temp.

Saturated R22 -- Temperature Table

Spec. Volume Enthalpy Entropy

m3/kg kJ/kg kJ/kg.K
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Table 9-4 Superheated vapour table for R22 (DuPont, 2005). 

 

 

Spec. 

Volume
Enthalpy Entropy

Spec. 

Volume
Enthalpy Entropy

°C  m3
/kg  kJ/kg  kJ/kg.K  m3

/kg  kJ/kg  kJ/kg.K

T v h s v h s

Sat. 0.0119 417.4 1.687 0.0113 417.5 1.683

50 0.0120 418.4 1.690 - - -

55 0.0126 423.7 1.706 0.0116 421.6 1.696

60 0.0130 428.7 1.721 0.0121 426.9 1.712

65 0.0135 433.6 1.736 0.0126 431.9 1.727

70 0.0139 438.3 1.750 0.0130 436.8 1.741

75 0.0143 442.9 1.763 0.0134 441.5 1.755

80 0.0147 447.5 1.776 0.0138 446.1 1.768

85 0.0151 451.9 1.788 0.0142 450.7 1.781

90 0.0155 456.4 1.801 0.0146 455.2 1.793

95 0.0159 460.8 1.813 0.0149 459.6 1.806

100 0.0162 465.1 1.825 0.0153 464.1 1.817

105 0.0166 469.5 1.836 0.0156 468.5 1.829

110 0.0170 473.8 1.847 0.0160 472.8 1.841

115 0.0173 478.1 1.859 0.0163 477.2 1.852

120 0.0176 482.4 1.870 0.0166 481.5 1.863

125 0.0180 486.7 1.880 0.0170 485.8 1.874

130 0.0183 490.9 1.891 0.0173 490.1 1.885

135 0.0186 495.2 1.902 0.0176 494.4 1.895

140 0.0190 499.5 1.912 0.0179 498.7 1.906

145 0.0193 503.8 1.922 0.0182 503.0 1.916

150 0.0196 508.1 1.932 0.0185 507.3 1.926

155 0.0199 512.3 1.943 0.0188 511.7 1.936

160 0.0202 516.6 1.953 0.0191 516.0 1.946

165 0.0205 520.9 1.962 0.0194 520.3 1.956

170 0.0208 525.2 1.972 0.0197 524.6 1.966

175 0.0211 529.6 1.982 0.0200 529.0 1.976

180 0.0214 533.9 1.991 0.0203 533.3 1.986

185 0.0217 538.2 2.001 0.0206 537.7 1.995

190 0.0220 542.6 2.010 0.0209 542.0 2.005

195 0.0223 546.9 2.020 0.0211 546.6 2.014

200 0.0226 551.3 2.029 0.0214 550.8 2.023

Superheated R22

p = 1.90 MPa (Tsat = 49.03 °C) p = 2.00 MPa (T sat  = 51.27 °C)
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