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ABSTRACT 

 

This paper mainly deals with the exergy analysis of Four stages cascade refrigeration systems used for low 

temperature applications using ecofriendly refrigerants. The effect of performance parameters (i.e. approaches, 

condenser temperature, and temperature variations in the evaporators) on the thermal performances in terms of 

second law efficiency of the system (exergetic efficiency) and exergy destruction ratio (EDR) and first law 

efficiency (i.e. overall coefficient of performance) have been optimized thermodynamically using of R1234yf and 

R1234ze in the high temperature circuits and mainly thirteen ecofriendly refrigerants in the intermediates 

circuits and ethane It was observed that in the low temperature (between- 80 oC to -88 oC) applications. It was 

observed that the best combination in terms of R1234ze-R134a-R410a-ethane gives better thermal performance 

than using R1234yf-R134a-R410a-ethane. 

 

Keywords: Four stages Cascade Refrigeration, Energy- Exergy Analysis; First and Second Law Analysis; Low 

Temperature Applications. 

 

1.0 Introduction 

 

Low-temperature refrigeration systems are 

typically required in the temperature range from –

30°C to –100°C for applications in food, 

pharmaceutical, chemical, and other industries. At 

such low temperatures, single-stage compression 

systems with reciprocating compressors are generally 

not feasible due to high pressure ratios. A high 

pressure ratio implies high discharge and oil 

temperatures and low volumetric efficiencies and, 

hence, low COP values. Cascade refrigeration 

systems can be used to achieve low temperatures, 

where series of single-stage units are used that are 

thermally coupled through evaporator/condenser 

cascades. Each circuit has a different refrigerant 

suitable for that temperature. The high-temperature 

circuit uses high boiling point refrigerants such as R-

1234ze, and R1234yf and Intermediate circuits 

thirteen ecofriendly refrigerants such as R-134a, 

R123, R125, HFC blends (R-507a),ammonia, 

propane, propylene, hydrocarbons, etc., whereas the 

low-temperature circuit uses low boiling refrigerants 

such as ethane. air, methane etc In a vapour 

compression cascade refrigeration system where low 

pressure vapour in the evaporator stage is compressed 

and then recycled for condensation in the evaporator 

of a previous stage, the improvement of passing the 

low pressure refrigerant’s vapour from an evaporator 

stage through a heat exchanger to heated vapour to 

ambient temperature, compressing said heated 

vapour, removing the compressor work by passing 

said compressed vapour through a evaporator, then 

cooling is by compressed vapour by passing it 

through heat exchanger in heat exchanger at a low 

pressure vapour, and condensing it in the evaporator 

of the next higher temperature cycle of the cascade 

system and recycling the liquid to the low pressure 

evaporator stage. Most of the investigators even did 

not find out the effect of various approaches on the 

system performances on three and four stages cascade 

refrigeration systems and effect of ecofriendly 

refrigerants in the primary intermediate temperature 

circuit and secondary intermediate temperature 

circuit. This paper mainly deals with thermal 

performances in terms of exergy destruction ratio by 

thermodynamically analyzing the use of R1234yf and 

R1234ze in the high temperature circuits and mainly 
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thirteen eco-friendly refrigerants in the intermediates 

circuits and Ethane in the low temperature 

applications. 

 

2.0 Literature Review 

 

Agnew et al [1] examined the performance of 

a three stage cascade refrigeration systems. Arora et 

al [2] analysis of a vapour compression refrigeration 

system with R502, R404A and R507. Bansal P.K [3] 

did thermodynamic analysis of carbon dioxide–

ammonia (R744–R717) cascade refrigeration system. 

Bhattacharyya et al [4] studied the performance of a 

cascade refrigeration–heat pump system based on a 

model incorporating both internal and external 

irreversibility's. Cabell et al [5] Made a simplified 

steady-state modeling of a single stage vapors 

compression plant.. Calm [6] reviewed the progression 

of refrigerants Ecir et al [7] used ten modeling 

techniques within data mining process for the 

prediction of thermo-physical properties of 

refrigerants. 

 Jain et al [10] showed that carbon dioxide is a 

potential low temperature refrigerant. 

Kilicarslan [12] experimental investigation 

and theoretical study of a different type of two-stage 

vapor compression cascade refrigeration system. Lee 

et al [13] studied thermodynamically a cascade 

refrigeration system that uses carbon dioxide and 

ammonia as refrigerants. Monte [14] calculated 

thermodynamic properties of R407C Pearson [16] 

traced the development of the old carbon dioxide 

systems Samant [18] design and development of two 

stage cascade refrigearation system using CO2 as 

LTC refrigerant and Propane as HTC refrigerant. 

Resat S. 

et al [17] exergy based thermo-economic 

optimization of subcooled and superheated vapour 

compression refrigeration cycle. 

Wang et al [18] potential benefits of 

compressor cooling. Syed M. 
[19] comprehensive investigation of 

numerical methods in simulating a steady-state vapor 

compression system. Xudong Wang, [20] Investigated 

potential benefits of compressor cooling Zubair [21] 

evaluated the performance of vapour Compression 

System and experimental investigation and 

theoretical study of a different type of two-stage 

vapor compression cascade refrigeration system. 

Experimental investigation and theoretical 

study of a different type of two-stage vapor 

compression cascade refrigeration system. 

The above investigators did not studies the 

thermodynamic performances in terms of COP and 

exergetic efficiency and system exergy destruction 

ratio (EDR) for very low temperature application 

using ethane in the low temperature circuits and 

R1234ze and R1234yf in higher temperature circuit. 

 

3.0 Description of four Stage Cascade Systems 

 

The following assumptions have been taken 

for analyzing four stages cascade vapour compression 

system for low temperature applications. The cooling 

load is considered to be 35 ―kW‖ Temperature of 

condenser is to be 70oC and temperature of ethane 

evaporator to be -88 oC, The temperature of high 

temperature evaporator to be 30 oC, temperature of 

secondary intermediate cascade evaporator is to be -

50 oC, temperature of primary intermediate cascade 

evaporator is to be -10oC, temperature difference 

between cascade condenser and cascade evaporator is 

10 oC in each stage. 

 

4.0 Results and Discussions 

 

Table-1(a) to 1(h) showing the first law 

efficiency of the four stage cascade refrigeration 

system usingR1234ze and R1234yf in the high 

temperature circuit and R-410a in the secondary 

cascade intermediate temperature circuit which is a 

lower temperature circuit than primary intermediate 

cascade circuit and ethane in the lowest temperature 

circuit with different thirteen ecofriendly refrigerant 

in primary intermediate cascade circuit. It was 

observed that the use of R1234ze in higher 

temperature circuit gives better thermodynamic 

performance than using R1234yf in high temperature 

circuit. 

The best combination of four stage cascade 

is system is to be R1234ze-R123-R410a-ethane and 

R1234ze-R152a-R410a-ethane. 

The R123 refrigerants containing chlorine 

and R152, R600 1nd R290 are also flammable in 

nature can be considered by adopting safety 

measures. R717 in toxic in nature. Therefore 

R1234ze-R134a-R410a- Ethane is most suitable for 

practical application. 
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Table 1(a) : R1234ze in hot fluid circuit, R134a in 

secondary intermediate circuit, R404a in low 

temperature circuit and Different refrigerant in 

primary intermediate circuit 

 

 
 

Table 1(b) : R1234ze in Hot Fluid Circuit, R134a 

in Secondary Intermediate Circuit, R404a in Low 

Temperature Circuit and Different Refrigerant in 

Primary Intermediate Circuit 

 

 

Table 1(c) : R1234yf in Hot Fluid Circuit, R134a 

in Secondary Intermediate Circuit, R404a in Low 

Temperature Circuit and Different Refrigerant in 

Primary Intermediate Circuit 

 

 

 
 

Table 1(d) : R1234yf in Hot Fluid Circuit, R134a 

in Secondary Intermediate Circuit, R404a in Low 

Temperature Circuit and Different Refrigerant in 

Primary Intermediate Circuit 
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Table 1(e) : R1234ze in Hot Fluid Circuit, R134a 

in Primary Intermediate Circuit, R404a in Low 

Temperature Circuit, Different Refrigerant in 

Primary Intermediate Circuit 

 

 
 

Table 1(f) : R1234ze in Hot Fluid Circuit, R134a 

in Primary Intermediate Circuit, R404a in Low 

Temperature Circuit, Different Refrigerant in 

Primary Intermediate Circuit 

 

 

Table 1(g) : R1234yf in Hot Fluid Circuit R134a in 

Primary Intermediate Circuit, R404a in Low 

Temperature Circuit and Different Refrigerant in 

Primary Intermediate Circuit 

 

 
 

Table 1(h) : R1234yf in Hot Fluid Circuit R134a in 

Primary Intermediate Circuit, R404a in Low 

Temperature Circuit and Different Refrigerant in 

Primary Intermediate Circuit 
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Table 2(a) : To 2(L) Sare Showing the Effect Of 

Approaches (Differences in Temperature Between 

Cascade Condenser and Cascade Evaporators in 

the Various Intermediate Temperature Circuits 

and Low Temperature Circuit) on the First Law 

and Second Law Performances on the Four Stage 

Cascade Refrigeration Systems. It was Observed 

that as Approach is Decreasing the System First 

and Second Law Efficiency is Increasing and 

Exergy Destruction Ratio iDecreases 

 

Table 2(a) : R1234ze in High Temperature Circuit 

Effect of Approach-1 

 

 
 

Table 2(b) : R1234ze in High temperature circuit 

Effect of Approach-1 

 

 
 

Table 2(c) : R1234ze in High temperature circuit 

Effect of Approach-2 

 

 

Table 2(d) : R1234ze in High temperature circuit 

Effect of Approach-2 

 

 
 

Table 2(e) : R1234ze in High temperature circuit 

Effect of Approach-3 

 

 
 

Table 2(f) : R1234ze in High temperature circuit 

Effect of Approach-3 

 

 
 

Table 2(g) : R1234yf in High temperature circuit 

Effect of Approach-1 
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Table 2(h) : R1234yf in High temperature circuit 

Effect of Approach-1 

 

 

 

Table 2(i) : R1234yf in High temperature circuit 

Effect of Approach-2 

 

 
 

Table 2(j) : R1234yf in High temperature circuit 

Effect of Approach-2 

 

 
 

Table 2(k) : R1234yf in High temperature circuit 

Effect of Approach-3 

 

 

Table 2(l) : R1234yf in High temperature circuit 

Effect of Approach-3 

 

 
 

Table 3(a) : Performance Variation with 

Condenser Temperature of Four Stage Cascade 

Vapours Compression Refrigeration System Using 

R1234ze in High Temperature Circuit and R404a 

in the Low Temperature Circuit 
 

 
 

Table 3(b) : Performance Variation with 

Condenser Temperature of Four Stage Cascade 

Vapours Compression Refrigeration System Using 

R1234ze in High Temperature Circuit and R404a 

in the Low Temperature Circuit 
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Table 3(c) : Performance Variation with 

Condenser Temperature of Four Stage Cascade 

Vapours Compression Refrigeration System Using 

R1234yf in High Temperature Circuit and R404a 

in the Low Temperature Circuit 

 

 
 

Table 3(d) : Performance Variation with 

Condenser Temperature of Four Stage Cascade 

Vapours Compression Refrigeration System Using 

R1234yf in High Temperature Circuit and R404a 

in the Low Temperature Circuit 

 

 
 

From Tables-3: it was observed that as 

condenser temperature decreases overall COP of 

system (First law efficiency of system) increases and 

System EDR is decreases and also second law 

efficiency (exergetic efficiency) increases. While 

First law efficiency of hot fluid circuit is increases. 

There will not be effect on other circuit first law 

efficiencies. The exergetic efficiency and Overall 

COP of system using R1234ze is higher than using 

R1234yf in the high temperature circuit while system 

EDR increases. As decreasing High temperature 

evaporator temperature, the first law efficiency (i.e. 

overall cop of system) and second law efficiency (i.e. 

exergetic efficiency of whole system) is is increasing 

up to maximum value at the evaporator temperature 

of 25oC and then decreases rapidly. 

As decreasing High temperature evaporator 

temperature the system EDR first decreasing up to 

decreasing evaporator temperature and then further 

constant and then increasing and optimum becomes at 

evaporator temperature at 25oC in both cases using 

R1234yf and R1234ze in the high temperature circuit. 

However Cop of hot fluid circuit is decreases and 

COP of primary intermediate fluid circuit is 

increases. 

 

Table 4(a) : Performance Variation with 

Evaporator Temperature in the High 

Temperature Circuit of Four Stage Cascade 

Vapour Compression Refrigeration System Using 

R1234ze in High Temperature Circuit and R404a 

in the Low Temperature Circuit 
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Table 4(b) : Performance Variation with 

Evaporator Temperature in the High 

Temperature Circuit of Four Stage Cascade 

Vapour Compression Refrigeration System Using 

R1234ze in High Temperature Circuit and R404a 

in the Low Temperature Circuit 

 

 
 

Table 4(c) : Performance Variation with 

Evaporator Temperature in the High 

Temperature Circuit Temperature of Four Stage 

Cascade Vapour Compression Refrigeration 

System Using R1234yf in High Temperature 

Circuit and R404a in the Low Temperature 

Circuit 
 

 

Table 4(d) : Performance Variation with 

Evaporator Temperature in the High 

Temperature Circuit Temperature of Four Stage 

Cascade Vapour Compression Refrigeration 

System Using R1234yf in High Temperature 

Circuit and R404a in the Low Temperature 

Circuit 

 

 
 

As evaporator temperature decreases, the 

first law efficiency ( overall COP) and second law 

efficiency (exergetic efficiency) of the system is 

increases and maximum efficiency is obtained at 

evaporator temperature of -10 oC and also cop of 

primary intermediate temperature circuit is decreases 

and secondary intermediate temperature circuit COP 

is increases. 
 

Tablex 5(a) : Performance Variation with Cascade 

Evaporator Temperature in the Primary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234ze in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 
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Table 5(b) : Performance Variation with Cascade 

Evaporator Temperature in the Primary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234ze in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 
 

Table 5(c) : Performance Variation with Cascade 

Evaporator Temperature in the Primary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 

 

Table 5(d) : Performance Variation with Cascade 

Evaporator Temperature in the Primary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 
 

Table 6(a) : Performance Variation with Cascade 

Evaporator Temperature in the Secondary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234ze in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 
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Table 6(b) : Performance Variation with Cascade 

Evaporator Temperature in the Secondary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 
 

As increasing evaporator temperature overall 

cop is increases while System EDR first decreases 

while second law efficiency is increases. The 

maximum efficiency was obtained at -55 oC and then 

decreases as increasing evaporator temperature. 

Secondary intermediate circuit COP is increases 

while low temperature circuit COP is decreases. 

Table-6(b): 

Performance variation with cascade 

evaporator temperature in the secondary intermediate 

temperature circuit temperature of four stage cascade 

vapour compression refrigeration system using 

R1234yf in High temperature circuit and R404a in the 

low temperature circuit 

 

Table 6(c) : Performance Variation with Cascade 

Evaporator Temperature in the Secondary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 

 

Table 6(d) : Performance Variation with Cascade 

Evaporator Temperature in the Secondary 

Intermediate Temperature Circuit Temperature 

of Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 
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Table 7(a) : Performance Variation with Low 

Temperature Evaporator Temperature in the Of 

Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234ze in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 
 

Table 7(b) : Performance Variation with Low 

Temperature Evaporator Temperature in the Of 

Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234ze in High 

Temperature Circuit and R404a in the Low 

Temperature Circuit 

 

 

Table 7(c) : Performance Variation with Low 

Temperature Evaporator Temperature in the Of 

Our Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit And R404a in the Low 

Temperature Circuit 

 

 
 

Table 7(d) : Performance Variation with Low 

Temperature Evaporator Temperature in the of 

Four Stage Cascade Vapour Compression 

Refrigeration System Using R1234yf in High 

Temperature Circuit And R404a in the Low 

Temperature Circuit 

 

 
 

Table-7(a) to 7(d) are showing the effect of 

low temperature evaporator on the system first and 

second law performances and system exergy 

destruction ratio and various circuit first law 

performances . as low temperature evaporator 

temperature is decreasing , the first law and second 

law efficiencies are increasing and exergy destruction 

ratio is decreasing and high temperature circuit first 

law performances in increasing. 



75 International Journal of Advance Research and Innovation, Vol 2(4), Oct-Dec 2014 

 

References 

 

[1] B. Agnew, et.a., A finite time analysis of a 

cascade refrigeration system using alternative 

refrigerants, Applied Thermal Engineering, 24, 

2004, 2557–2565 

 

[2] Akhilesh Arora et.al, Theoretical analysis of a 

vapour compression refrigeration system with 

R502, R404A and R507A, International 

Journal of Refrigeration, 31, 2008, 1–8 

 

[3] P. K. Bansal, Thermodynamic analysis of an 

R744–R717 cascade refrigeration system, 

international journal of refrigeration 31, 2008, 

45-54. 

 

[4] Souvik Bhattacharyya, Exergy maximization 

of cascade refrigeration cycles and its 

numerical verification for a trans critical CO2-

C3H8 system, International Journal of 

Refrigeration, 30, 2007, 624-632 

 

[5] R. Cabello, Simplified steady-state modelling 

of a single stage vapour compression plant. 

Model development and validation, Applied 

Thermal Engineering, 25, 2005, 1740–1752 

 

[6] James M. Calm, The next generation of 

refrigerants – Historical review, 

considerations, and outlook, International 

Journal of Refrigeration, 31, 2008, 1123-1133. 

 

[7] Ecir Ug˘ur Küçüksille, Data mining techniques 

for thermophysical properties of refrigerants, 

Energy Conversion and Management, 2008 

 

[8] J. Guilpart, Comparision of the performance of 

different ice slurry types depending on the 

application temperature, International Journal 

of Refrigeration, 29, 2006, 781-788 

 

[9] M. Herbert et.al, On the Performance of R22 

and A HfC/HC Refrigerant Mixture over A 

Range of Charge Quantity In A Window Air 

conditioner, Acre-conf, 2009 

 

[10] P. K. Jain, Cascade Systems: Past, Present, and 

Future, 2007 ASHRAE Trans. 113(1), 245-

252(DA-07-027) 

 

[11] Jonathan Winkler, Comprehensive 

investigation of numerical methods in 

simulating a steady-state vapor compression 

system, International Journal of Refrigeration, 

31, 2008, 930-942 

 

[12] A. Kilicarslan, An experimental investigation 

of a different type vapor compression cascade 

refrigeration system, Applied Thermal 

Engineering, 24, 2004 2611–2626 

 

[13] F. De. Monte, Calculation of thermodynamic 

properties of R407C and R410A by the 

Martin–Hou equation of state — part II: 

technical interpretation, International Journal 

of Refrigeration, 25, 2002, 314–329 

 

[14] F. Monte, de Calculation of thermodynamic 

properties of R407C and R410A by the 

Martin–Hou equation of state - part I: 

theoretical development, International Journal 

of Refrigeration, 25, 2002, 306–313. 

 

[15] Mukhopadhyay, CO2–C3H8 cascade 

refrigeration–heat pump system: Heat 

exchanger inventory optimization and its 

numerical verification, international journal of 

refrigeration, 31, 2008, 1207-1213 

 

[16] D. Peter, Refrigeration of the Future for Air 

Conditioning, Air conditioning and 

Refrigeration Journal, 8, 2008, 20-27 

 

[17] Reşat Selbaş, Önder Kızılkan, Arzu Şencan, 

Thermoeconomic optimization of subcooled 

and superheated vapor compression 

refrigeration cycle, Energy, 31, 2006, 2108–

2128. 

 

[18] Samant Maj, Design and Development of two 

stage cascade refrigeration system, Mechanical 

Engineering Deparment, IIT Delhi, 2006 

 

[19] Tzong-Shinge.al, Thermodynamic analysis of 

optimal condensing temperature of cascade-

condenser in CO2/NH3 cascade refrigeration 

systems, International Journal of Refrigeration, 

29, 2006, 1100-1108 

 

[20] Xudong Wang, Yunho Hwang, Reinhard 

Radermacher, Investigation of potential 

benefits of compressor cooling, Applied 

Thermal Engineering, 28, 2008, 1791–1797 



Performance Optimization of Four Stage Cascade Refrigeration Systems using Energy-Exergy Analysis in 

the R1234ze & R1234yf in High Temperature Circuitand Ecofriendly Refrigerants in Intermediate Ciircuits 

and Ethane in the Low Temperature Circuit for Food, Pharmaceutical, Chemical Industries 

76 

 

[21] S. M. Zubair, Performance evaluation of 

Vapour Compression System, International 

Journal of Refrigeration, 22, 1999, 235-243 

 

[22] C. P. Arora, Refrigeration and 

Airconditioning, Second edition, New Delhi: 

Tata McGraw Hill, 2002 

 

 

 


