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Abstract 

 

Classical study of exergy coefficient, as a measure of the quality of the energy, is 

based on the coefficient of performance COP. This is a reliable tool, which is related 

to the thermodynamic second law of efficiency. Some factors such as the evaporator 

and condenser temperature, pressure drop, and environmental conditions, can affect 

the refrigerant behavior inside the thermodynamic cycle. This paper presents the 

behavior of a vapor compression refrigeration simple cycle, taking the Exergy 

Performance Coefficient (EPC) criterion, Coefficient of Performance (COP), and 

exergy destroyed as study method, using different refrigerants such as R-12, R-22, 

R-40, R-134A, and R-410A in the cycle. The refrigerants R-22 and R-40, which are 

highly flammable and explosive combined with air, presented the highest EPC and 

COP performance, therefore these are considered ozone depleting substances. On 

the other hand, the R-410A is not the working fluid with the best performance in 

terms of thermal capacity, although it preserves the ozone layer; thus this refrigerant 

might be used as a new alternative in Vapor Compression Refrigeration (VCR) 

simple cycle. 
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1 Introduction 
 

   A great amount of energy consumption in the world energy matrix is represented 

by refrigeration and air conditioning systems. Using air as working fluid on the 

evaporator and condenser heat exchangers instead of water, due to its absence, 

implies a large different operation temperature between the evaporator and 

condenser line and lower cooling capacity, which finally leads to require higher 

compressor energy. The described phenomena may induce a fault in the compressor 

due to operation during large periods of time under harmful operational conditions 

so that the desired cooling capacity can be reached [1]. In a wide variety of 

industries such as pharmaceutical, chemical, and food, cooling systems are of 

significant application due to the fact that these devices are used for different 

applications which requires large amount energy consumption as water cooling, air 

conditioning, and cold rooms; therefore, it is of utmost importance that VCR 

systems present a good performance in order to avoid unnecessary energy feeding 

to the compressor. So that to study the efficiency in processes and fault detection in 

equipment and devices, the exergy analysis is a great thermodynamic tool, which 

allows us to evaluate and improve the VCR exergy performance [2]. 

 

2 Background 
 

2.1 Thermodynamic analysis for vapor compression refrigeration cycle 
 

   One of the most common area of application in thermodynamics is the 

refrigeration and air conditioning, which conducts the heat transfer from the cooled 

space at lower temperature to a higher temperature environment [3]. The most basic 

refrigeration basic cycle, known as VCR cycle is commonly integrated by a 

condenser, a compressor, an evaporator, and an expansion valve device.  

   The VCR removes heat from the cooled space at low temperature in order to 

decrease or keep the set low temperature inside the cooled space and reject it to the 

hot environment as shown in Figure 1, in this cycle the refrigerant fluid enters as 

saturated vapor to the compressor, therefore increasing its pressure and 

temperature, thus leaving the compressor as superheated vapor with proper thermal 

conditions to reject heat to the environment through the condenser where a pressure 

drop in this device is presented due to roughness and friction of the pipe lines 

without induce subcooling conditions to the refrigerant fluid. Consequently, the 

refrigerant passes through the expansion valve as saturated liquid and leaves it as a 

low pressure mixture with a quality determined by the state point conditions, finally 

the low pressure mixture removes heat from the cooled space in the evaporator until 

it get thermal conditions as a low pressure saturated vapor. 

 



Comparative evaluation of different refrigerants                                                     693 

 

 

 
Figure 1. Operation system of vapor compression refrigeration cycle. 

 

   The energy balance of any steady flow control volume according to [3], is given 

as 

�̇�𝑖𝑛 + �̇�𝑖𝑛 + ∑ �̇�𝜃𝑖𝑛 = �̇�𝑜𝑢𝑡 + �̇�𝑜𝑢𝑡 + ∑ �̇�𝜃𝑜𝑢𝑡 ,                                                (1) 

    

where 

𝜃 = ℎ +
𝑉2

2
+ 𝑔𝑧.                                                                                                   (2) 

 

   Applying the energy balance using (1) for condenser and evaporator, the rate of 

heat flow is determined as equations (3) and (4) respectively. 

 

�̇�𝑐𝑜𝑛𝑑 = �̇�(ℎ2 − ℎ3),                                                                                            (3) 

 

�̇�𝑒𝑣𝑎𝑝 = �̇�(ℎ1 − ℎ4).                                                                                            (4)      

 

   Based on (1), the isentropic duty (�̇�𝑖𝑛,𝑖𝑠𝑒) for the compressor is estimated as in 

equation (5) 

�̇�𝑖𝑛,𝑖𝑠𝑒 = �̇�(ℎ2𝑠 − ℎ1),                                                                                         (5) 

 

   As well for the real duty (�̇�𝑖𝑛,𝑖𝑠𝑒) is estimated as in equation (6) 

 

�̇�𝑖𝑛,𝑟𝑒𝑎𝑙 = �̇�(ℎ2 − ℎ1) =
�̇�(ℎ2𝑠−ℎ1)

𝜂𝑐𝑜𝑚𝑝.𝑖𝑠𝑒
.                                                                     (6) 

 

   From the isentropic duty defined in (5), the compressor electrical power, 

involving the isentropic, electrical, and mechanical efficiencies becomes 

 

�̇�𝑖𝑛,𝑒𝑙𝑒𝑐 =
�̇�(ℎ2𝑠−ℎ1)

𝜂𝑐𝑜𝑚𝑝,𝑖𝑠𝑒𝜂𝑚𝜂𝑒𝑙
,                                                                                        (7) 
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as a function of real thermodynamics state is defined by 

 

�̇�𝑖𝑛,𝑒𝑙𝑒𝑐 =
�̇�(ℎ2−ℎ1)

𝜂𝑚𝜂𝑒𝑙
.                                                                                               (8) 

 

   The thermal performance for the simple VCR cycle is expressed as coefficient of 

performance COP at classical analysis, which is influenced by the heat removed 

from the cooled space and the compressor energy consumption. COP is calculated 

according to the following equation 

 

𝐶𝑂𝑃 =
�̇�𝑒𝑣𝑎𝑝

�̇�𝑖𝑛,𝑒𝑙𝑒𝑐
.                                                                                                       (9) 

 

   Complementary formulation based on second law of thermodynamic, such as the 

exergy analysis, is used to quantify the performance of the VCR cycle. The exergy, 

which decreases while the thermodynamic irreversibility increases, is the highest 

useful work obtained from the thermal cycle at a given state in a specified 

environmental conditions [2]. The specific exergy of a steady flow control volume 

in VCR cycle expressed as [4] 

 

𝜓 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0),                                                                                (10) 

 

   to exergy rate flow terms  

 

�̇� = �̇�[(ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0)].                                                                         (11) 

 

   The exergy analysis provides an important method [5] to calculate the availability 

of energy; otherwise, the general exergy balance can compute the work destroyed 

due to irreversibility as follows 

∑ �̇�𝑖𝑛 − ∑ �̇�𝑜𝑢𝑡 = ∑ �̇�𝑑𝑒𝑠𝑡.                                                                                  (12) 

 

   The general method to analyze the exergy destruction rate for steady flow control 

is expressed as [2] 

 

�̇�𝑑𝑒𝑠𝑡,𝑖 = ∑ [�̇� (1 −
𝑇0

𝑇
)]

𝑖𝑛
−∑ [�̇� (1 −

𝑇0

𝑇
)]

𝑜𝑢𝑡
+ ∑(�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡) + ∑(�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡),            (13) 

 

   where Ẋdest,i is the useful work destroyed by the system, the first and second 

terms on the right hand side ∑[�̇� (1 −
𝑇0

𝑇
)]

𝑖𝑛
−∑ [�̇� (1 −

𝑇0

𝑇
)]

𝑜𝑢𝑡
, represents the 

net exergy supplied through heat transfer to the systems; likewise, the variation by 

work and net exergy from the work fluid is represented by the third and fourth terms 

∑(�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡) + ∑(�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡) respectly.  
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2.2 Exergy destruction rate in system devices. 

 

   From equation (12), the exergy destruction rate for every control volume in a 

VCR cycle can be written as below, 

 

compressor condenser evaporator expansion valve 

�̇�𝑑𝑒𝑠𝑡,𝑐𝑜𝑚𝑝 =

�̇�1 − �̇�2 +

�̇�𝑖𝑛,𝑒𝑙𝑒𝑐,      (14) 

�̇�𝑑𝑒𝑠𝑡,𝑐𝑜𝑛𝑑 = �̇�2 −

�̇�3,           (15) 

 

�̇�𝑑𝑒𝑠𝑡,𝑒𝑣𝑎𝑝 = �̇�4 −

�̇�1 + �̇��̇�𝑒𝑣𝑎𝑝,      

(16) 

�̇�𝑑𝑒𝑠𝑡,𝑒𝑥𝑣𝑎 = �̇�3 −

�̇�4,            (17) 

 

 

   Where thermal exergy rate is related with the heat transfer rate as follows 

 

�̇��̇�𝑒𝑣𝑎𝑝 = �̇�𝑒𝑣𝑎𝑝 [
(𝑇𝑐𝑠−𝑇0)

𝑇𝑐𝑠
].                                                                                    (18) 

 

   The total exergy destruction of the VCR simple cycle is calculated by combining 

and grouping equations from (14) to (17) as 

 

�̇�𝑑𝑒𝑠𝑡,𝑡𝑜𝑡𝑎𝑙 = �̇�𝑑𝑒𝑠𝑡,𝑐𝑜𝑚𝑝 + �̇�𝑑𝑒𝑠𝑡,𝑐𝑜𝑛𝑑 + �̇�𝑑𝑒𝑠𝑡,𝑒𝑣𝑎𝑝 + �̇�𝑑𝑒𝑠𝑡,𝑒𝑥𝑣𝑎.                        (19) 

 

2.3 Exergetic performance coefficient. 

 

   The COP is known as the classical measure of refrigeration unit or heat pump 

thermal efficiency [6]; this study introduces a new criterion named Exergetic 

Performance Coefficient EPC, which provides information about the total exergy 

destructions rate of a VCR cycle, and indicates the magnitude of the output 

exergy rate. The simple notion of exergetic efficiency or second law thermal 

efficiency only relates the ratio of the output and input exergy rates as below [3]. 

 

𝜂𝑋 =
�̇�𝑜𝑢𝑡

�̇�𝑖𝑛
= 1 −

�̇�𝑑𝑒𝑠𝑡

�̇�𝑖𝑛
,                                                                                         (20) 

   where  

�̇�𝑖𝑛 = �̇�𝑖𝑛,𝑒𝑙𝑒𝑐.                                                                                                     (21) 

 

   The output exergy rate of the VCR cycle is associated with exergy loss by heat 

transfer as below. 

�̇�𝑜𝑢𝑡 = �̇��̇�𝑒𝑣𝑎𝑝,                                                                                                     (22)            

 

   therefore, the exergetic efficiency is calculated as 

 

𝜂𝑋 =
�̇�𝑒𝑣𝑎𝑝[

(𝑇𝑐𝑠−𝑇0)

𝑇𝑐𝑠
]

�̇�𝑖𝑛,𝑒𝑙𝑒𝑐
= 𝐶𝑂𝑃 [

(𝑇𝑐𝑠−𝑇0)

𝑇𝑐𝑠
].                                                                  (23) 
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   Based on their definition [2], the EPC is the ratio of output exergy rate to the total 

exergy destroyed as below. 

 

𝐸𝑃𝐶 =
�̇�𝑜𝑢𝑡

�̇�𝑑𝑒𝑠𝑡
=

�̇�𝑜𝑢𝑡

�̇�𝑑𝑒𝑠𝑡,𝑡𝑜𝑡𝑎𝑙
=

�̇�𝑖𝑛

�̇�𝑑𝑒𝑠𝑡,𝑡𝑜𝑡𝑎𝑙
− 1.                                                           (24) 

 

2.4 Exergetic performance coefficients for VCR cycle devices. 

 

  Applying equation (24) to each component, the EPC is defined as [2], 

 

compressor condenser evaporator expansion valve 

𝐸𝑃𝐶𝑐𝑜𝑚𝑝 =
�̇�2

�̇�1−�̇�2+�̇�𝑖𝑛,𝑒𝑙𝑒𝑐
,       

(25) 

𝐸𝑃𝐶𝑐𝑜𝑛𝑑 =
�̇�3

�̇�2−�̇�3
,       

(26) 

 

𝐸𝑃𝐶𝑒𝑣𝑎𝑝 =
�̇�1

�̇�4−�̇�1+�̇��̇�𝑒𝑣𝑎𝑝

,         

(27) 

𝐸𝑃𝐶𝑒𝑥𝑣𝑎 =
�̇�4

�̇�3−�̇�4
.           

(28) 

 

 

3. Results and discussion 
 

   Recently, the refrigerants are widely used for industrial applications, according to 

the required or highly desirable characteristics, as, for instance environmental 

acceptability, chemical stability, materials compatibility, and refrigeration-cycle 

performance [7]. Ignoring some of them, the EPC analysis is performed to evaluate 

the effects of the evaporator and condenser temperature, COP, exergy rate destroy 

to evaporator and condenser temperature, pressure drops and environmental 

temperature for different refrigerants such as R-12, R-22, R-40, R-134A, R-143A 

and R-410A on the VCR simple cycle. Some assumptions were taken for the EPC 

analysis; the VCR cycle devices are on steady state, the kinetic and potential energy 

associated to mechanical energy were neglected, the heat transfer energy loses into 

condenser, evaporator, expansion valve and compressor are omitted, as they are 

considered adiabatic components, the real pressure drops in the pipe nets are 

neglected and, finally, the process on the expansion valve is considered isenthalpic. 

 

3.1 EPC behavior for VCR cycle 

 

   Figure 2a shows the effect of the refrigerants on the EPC criterion for evaporator 

temperatures in a range from 223K to 273K. It can be seen that EPC increases with 

increasing evaporator temperature, but after the evaporator temperature range from 

243K to 253K the EPC decreases for all refrigerants; therefore, keeping the 

temperature above that rank will increase the performance of the VCR system 

regardless which refrigerant is used.  On the other hand, analyzing each refrigerant 

behavior separately, R-40 extremely toxic and flammable; and R-12, harmful for 

the ozone layer; has got the best EPC. The less harmful refrigerant such as the R-

143A presents the lower EPC value. The R-410A, which has zero ozone depletion, 

has an optimal temperature 244 K. Otherwise if condenser temperature gets higher,  
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the EPC will suffer a decrease as shown in Figure 2b; hence, increases this 

temperature won’t increase EPC and it doesn’t have a remarkable mean.  

   Figure 3(a) shows the EPC for the cycle as a function of the COP, where the EPC 

begins to decrease while the COP increases until the optimal operation condition, 

which is around COP=1.54 for all refrigerant studied on this research. Figure 3(a) 

shows R-40 as the best option between these refrigerants, and R-410A is upon of 

R-143A. On the other hand, the EPC in function of the thermal exergy rate on the 

evaporator is shown on Figure 3(b). 

Figure 2. Effect of the refrigerants on the EPC while changing; (a) evaporator 

temperature, and (b) condenser temperature. 

 

   For the R-40, the best performance on EPC and heat exergy rate is obtained on 

0.543 and 66.5 kW respectively, which is 20.6% higher than EPC for the R-410a at 

optimal point. The above results are valid for evaporator temperature ranging from 

223K to 273K. 

 

Figure 3. Variation of EPC for different refrigerants in function of; (a) COP, and 

(b) thermal exergy rate. 
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3.2 Exergy destruction rate of VCR cycle and its components 

 

   Condenser temperature, evaporator temperature, pressure drops, and the 

environmental temperature, have different effects on exergy destruction for each 

refrigerant, for present report, R-410A was chosen as based fluid for case studies. 

As a general remark, the exergy destroyed in compressor is the highest, which 

represents the majority exergy destroyed among components. This phenomenon is 

shows in Figure 4(a); 4(b); 5(a) and 5(b). 

   It is evident a real exergy destruction rate when evaporator temperature goes 

down on, Figure 4(a) the trend keeps equal for the components; However, in the 

expansion valve’s case, the slope proves that present temperature does not impact  

its behavior as strongly as the compressor station; consequently, having lower 

evaporator temperature provides a better performance due to reduction on exergy 

destroy (destruction). On the opposite case, as condenser temperature goes up, 

exergy destruction rate goes higher; therefore, the possible variation on a VCR 

cycle with the last temperature mentioned does not work at positive way, by this 

characteristic slope to increase energy availability losses, according to Figure 4(b) 

dates. 

   Energy loses in pipes used for the trasportation of fluids are esencially due to 

friction, as well as to the sigularities encounteder, this definition is according to [8]. 

When a mass flow goes on closed way, inicially this mass have energy and pressure 

diference between two points, but these points include elements of fluid retention, 

consenquently pressure goes down [9]. The condenser and evaporator include some 

of this elements, which results in pressures drops inside of them. The Figure 5(a) 

represents how this variation of pressures on the mencionated components, only 

evaporator and expansion valve feel that factor significantly; otherwise, the others 

device have not a remarkable slope of the exergy rate destruction. 

   

Figure 4. Destroyed Exergy rate of VCR simple cycle to COP for system 

components. (a) Evaporator temperature; (b) condenser temperature. 
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   The environmental conditions influence on how much exergy could be obtained 

by a source, being their most important features the temperature and pressure. For 

this case, Figure 5(b) presents an idea about the behavior of the exergy destroyed 

on each component when local temperature changes. As a special annotation it is 

valid to say that Figure 9 range is defined from 295K to 318K due to normal 

estimated environmental temperatures operation. The exergy rate destruction shows 

that compressor feels a little increase on this destruction, but with the higher rank; 

while the condenser, with a lower exergy rate destruction, has a tendency to get 

lower when environmental temperature goes up.  

 

3.3  EPC behavior of VCR cycle components 

 

   In order to analyze the behavior of EPC in the components separately, assuming 

the same conditions established before on section 3.2; the EPC criterion shows other 

way to analyze device’s performance. Relating Figure 4 with Figure 6, this result 

shows a decrease on exergy rate destruction and an increase on EPC by components, 

when evaporator temperature goes up; thus when this temperature is higher, an 

optimal point operation due to abode can be defined by this increase.  

   Condenser temperature according to exergy rate destruction has not a remarkable 

value; however, EPC criteria shows a way to make a definition or select an optimal 

operation point due to this factor. The Figure 6(a) provides this information; 

compressor has got a tendency to be increased but with a not notarial slope, and the 

evaporator has a same behavior; therefore, the main attention for this case depend 

on high measure of condenser and expansion valve, where both components show 

a common point, which says that if condenser temperature keeps increasing, 

expansion valve will decrease its EPC and condenser will increase it. 

 

Figure 5. Destroyed Exergy rate of VCR cycle to. (a) drop pressure; (b) 

enviroment temperature. 

 

   The figure 7(a) shows the EPC of the expansion valve as function of the 

mentioned factor, when it is increased represents a gain, but with condenser and  
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evaporator case, it does not happen in the same way, because their behavior 

indicates a little negative slope. 

 

Figure 6. EPC variation of VCR cycle to COP for system components. (a) 

evaporator temperature; (b)condenser temperature. 

 

   For compressor’s case, it has a non-notarial slope, but it exists with a very small 

tendency to go up.  The environmental influence through the temperature is shown 

in Figure 13. The most affected component is the condenser due to its direct 

relation, which function is reject heat to the environment [10]. On the other hand, 

compressor, evaporator and expansion valve have a relation with this temperature 

not easy influent able; however, the evaporator has a notarial tendency to get higher. 

 

Figure7. EPC variation of VCR cycle to COP for system components. (a) drop 

pressure; (b) environment temperature. 

 

4 Conclusions 
 

   For several industrial applications, many refrigerants have been carried out 

according the specific request. R-12, R-22, R-40, R-134A, R-143A and R410A 

were tested on the VCR cycle. The study was focused on EPC criteria as a new way   
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to check the VCR simple cycle and system’s components; in order to relate the 

exergy output to the total exergy destruction rate. The classical study based on COP 

gives an explanation according to the thermal efficiency; but it is only applied to 

the complete refrigeration system, while EPC criteria can be used to study the whole 

VCR cycle and their components too, as performed here. 

   Recently, the studies on refrigerants are focused on their environment effects and 

their use on the refrigeration devices; therefore, new alternatives as R-410A 

provides a guarantee in this skill, but when it is compared to traditional refrigerant 

such as R-22 or R-40, the performance keeps lower even with R-134A, but goes 

better than R-143A. On the other hand, R-40 shows the best EPC value for 

evaporator temperature, COP at maximum conditions and thermal exergy rate; 

however, at condenser temperature R-22 has the best behavior according to the 

factor studied. 

   For R-410A, the exergy destruction is influenced mainly by the evaporator and 

condenser temperature variations on the compressor; while the evaporator provides 

the less exergy destruction rate. Otherwise, the EPC criteria applied on VCR cycle 

system’s components shows that best performance is obtained for the expansion 

valve, condenser, and finally the compressor and evaporator respectly. Finally, the 

pressure drops has not significant effects on the exergy destruction rate; then, the 

drop pressure on the condenser or evaporator has not really importance on EPC 

criterion. 
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