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Abstract  
 

In this study, a cascade refrigeration system comprising gas and vapor compression cycles operating at ultra-low 

temperature was designed. In the thermodynamic analyses, R744, R404A, and R410A refrigerants in the high 

temperature cycle (HTC), and R1150, R170, and R23 in the low temperature cycle (LTC) were used. Thermodynamic 

analyses were carried out using the Engineering Equation Solver package program. Outputs considered were: system 

performance(COP), compression ratio, mass flow ratio and HTC cascade outlet temperature. Results show that, at 

different LTC condenser temperature values, R404A/R23 has the highest COP value, in the LTC, R23 has the highest 

compression ratio, while R1150 has the lowest one, in the HTC, R404A has the highest compression ratio, while R744 

has the lowest one, the performance of the system increased with the decrease of the mass flow ratio. 

  

Keywords: Ultra-low temperature; COP; cascade refrigeration; thermodynamic analyses; gas cycle; vapor 

compression cycle 

 

1. Introduction  

In refrigeration systems, energy consumption and the 

negative impact of the refrigerants on the environment are 

critical issues that need to be addressed. Refrigeration 

systems represent almost 17% of the global electrical energy 

consumption [1]. Considering that the available energy 

resources worldwide are limited and gradually decreasing, in 

the last 50 years, the improvement of refrigeration systems 

has become increasingly important. Moreover, 

environmental consciousness requires the evaluation of 

refrigerants in terms of ozone layer depletion (ODP) and 

global warming potential (GWP). The European 

Commission has introduced restrictions by approving the F-

gas regulation for refrigerants [2]. The F-gas regulation 

restricts the implementation of hydrofluorocarbon (HFC) 

refrigerants based on their high GWP value. Since 2020, 

refrigerants having a GWP value of higher than 2500 have 

been generally restricted by F-gas regulation. However, 

these restrictions do not apply to military equipment and 

systems that function at temperatures below −50 °C [3]. 

Refrigeration systems vary based on the application area 

and the required ambient temperature [4]–[9]. In applications 

such as in the petroleum, medical, or food industries, as well 

as for air conditioning systems, the ambient temperatures 

vary between −150 °C and 5 °C.  Vapor compression 

refrigeration cycles have been widely used in refrigeration 

systems for many years [10]. When using single-stage vapor 

compression systems, low temperatures are difficult to 

obtain because of the system elements restriction. In 

addition, due to the low coefficient of performance (COP), 

single-stage vapor compression systems are not 

economically viable because of their high energy 

consumption. In industrial applications, the lowest ambient 

temperature that is possible to obtain is approximately −40 

°C when using single-stage vapor compression systems [11].  

Cascade refrigeration systems operating with two or more 

cycles provide ultra-low temperatures and a high COP. They 

comprise independent cycles that allow the use of different 

operating designs and refrigerants [12]–[18]. This studies on 

cascade refrigeration systems are aimed at increasing the 

COP. To achieve this, there are two different possible 

working areas: the use of alternative cycles and the use of an 

alternative refrigerant or refrigerant mixtures. 

There are mainly four different cascade refrigeration 

system designs in the literature for the use of alternative 

cycles. These designs are two-stage vapor compression 

cascade refrigeration system (CCRS), vapor compression 

and absorption cascade refrigeration system (CACRS), two-

stage absorption cascade refrigeration system (CARS), and 

auto-cascade refrigeration system (ACRS)[19].  

The studies conducted on the CCRS have mostly used the 

R717 / R744 refrigerant pair [20]–[27]. These studies have 

shown that high COP is obtained when using the R744 

refrigerant in the low-temperature cycle (LTC) and the R717 

refrigerant in the high-temperature cycle (HTC). In addition 

to these two refrigerants, thermodynamic analyses for 

hydrocarbon and HFC group refrigerants in the HTC, such 

as, R1270 [15], [28], [29], R600 [4], R290 [15], [29], [30], 

and R404A [29], [31], [32], and in the LTC, such as R41 

[33], R170 [28], [34], R1150 [28], R23 [31], and N2O 

[28],[35] have already been conducted. 

In all studies, pure refrigerants were used. Research has 

also been conducted using an ejector as an innovative design 

for two-stage vapor compression cycles for increasing the 

COP [5], [36]–[39]. 
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Two-stage CARSs are systems in which NH3/H2O and 

LiBr/H2O pairs are used to obtain low temperatures down to 

−40 °C [19]. The use of LiBr is not suitable at ultra-low 

temperatures because it crystallizes. The use of CARS is 

preferred to reduce energy consumption. Limited research 

has been conducted on CARS because of their low COP. 

Researches are available in the literature for LiBr, LiCl, NH3, 

and H2O refrigerants [40]–[42]. Although low ambient 

temperatures are obtained using two-stage vapor 

compression cascade refrigeration systems, they are 

ineffective because they consume large amounts of electrical 

energy. In this case, CARS in the HTC and CCRS in the LTC 

are used. Previous studies analyzed CARS using LiBr, NH3, 

and H2O refrigerants [42] and CCRS using R1234yf, 

R1234ze, CO2, NH3, R410A, and R134a [42]–[48]. The 

operation and maintenance of cascade refrigeration system is 

high. Therefore, in recent years, Auto-cascade refrigerant 

system with mixed refrigerants driven by single compressor 

that has lower capital cost are widely used. There have been 

many researches to improve system performance(COP) in 

ACRS, including optimization of system parameters, 

selection  of refrigerant and efficient cycle modification 

[49]–[56].  

When analyzing the refrigeration cycles used in cascade 

refrigeration systems, the primary aim is to reach the desired 

ambient temperature with an effective COP. In this study, a 

cascade refrigeration system operating at ultra-low 

temperature using gas (high temperature) and vapor 

compression (low temperature) refrigeration cycles is 

designed, which has not yet been discussed in previous 

studies. The gas refrigeration cycle in cascade systems has 

never been investigated before. In all cases, the refrigerant is 

in a single phase state in the gas cycle. The gas refrigeration 

cycle in cascade systems has never been investigated before. 

In all cases, the refrigerant is in a single phase state in the gas 

cycle. The objectives of the study are to make a new system 

design contribution to the literature in terms of the refrigerant 

cycles used and the reduction of net energy consumption 

with the energy produced by the expansion element in the 

gas cycle. In the designed system, thermodynamic analyses 

were performed using R410A, R404A, and R744 refrigerants 

in the HTC and R23, R1150, and R170 refrigerants in the 

LTC. For the different refrigerant couples, coefficient of 

performances, compression ratio and mass flow ratio were 

investigated in the new designed system. 

 

2. Material and Method  

2.1 System Design 

Figure 1 illustrates the cascade refrigeration system 

wherein the designed gas and vapor compression cycles 

work together. Gas refrigeration cycle in the HTC and vapor 

compression refrigeration cycle in the LTC are used. These 

two cycles are connected via a cascade heat exchanger. 

In the LTC, the saturated vapor phase refrigerant (# 4) at 

the evaporator outlet enters the cascade heat exchanger by 

increasing its temperature and pressure with the LTC 

compressor (# 1). In the cascade heat exchanger, heat is 

transferred from the LTC to the HTC at constant pressure, 

and the refrigerant enters the expansion valve (# 2) as a 

saturated liquid, expanding at constant enthalpy and entering 

the evaporator as a saturated liquid–vapor mixture (# 3). In 

the HTC, the pressure and temperature of the refrigerant at 

the cascade heat exchanger outlet (# 8) is increased by the 

HTC compressor, and the refrigerant enters the cooler (# 5). 

In the HTC gas cooler, the refrigerant, whose temperature 

decreases with the release of heat at constant pressure (# 6), 

enters the cascade heat exchanger, and its pressure and 

temperature are reduced by the expander element (# 7). 

There is a two-phase flow in the LTC and a single-phase flow 

in the HTC. 

 
Figure 1. Schematic of cascade refrigeration system. 

 

2.2 Modeling and Thermodynamic Analysis of the 

Cascade Refrigeration Cycle 

In the theoretical analyses of the designed system in 

terms of energy, the following assumptions have been made: 

 All components are assumed to be in steady-state and 

steady-flow process; 

 The potential and kinetic energy changes are negligible; 

 Pressure losses in fittings and heat exchangers are 

negligible; 

 In the LTC, the evaporator outlet is considered to be 

saturated vapor (# 4) and the condenser outlet is 

considered to be saturated liquid (# 2); 

 The isentropic efficiency for both compressors and 

expander was fixed as 80%; based on recommended 

values by [40]; 

 The expansion valves are isenthalpic devices; 

 The evaporator working pressure is higher than the 

atmospheric pressure; 

 In the thermodynamic analysis, the refrigeration capacity 

of the system is 1 kW, the LTC evaporator temperature 

is −80 °C (T4) and HTC expander outlet temperature is -

42 oC (T7); 

 LTC condenser temperature is in intervals of 1 °C 

ranging from -35 oC to -30 oC (T2), HTC cascade heat 

exchanger outlet temperature is changed according to 

getting the best COP (T8), HTC gas cooler outlet 

temperature 20 oC (T6). 

According to the balance of mass and energy, the 

thermodynamic analyzes of system are carried out for 

steady-state process.  Energy analyzes are made for all 

system elements based on Equations (1) and (2). As a result 

of energy analyzes, the equations of the system elements are 

given in the below. 

 

Mass balance; 

 ∑ �̇�𝑔 = ∑ �̇�ç                          (1) 

 

Energy balance; 

∑ �̇�𝑛𝑒𝑡 + ∑ 𝑊𝑛𝑒𝑡 + ∑ �̇�(ℎ𝑔 − ℎç) =0            (2) 
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Table 1. Properties of refrigerant fluid. 

Cycle Refrigerant Boiling Point, oC 
Critical  

Temperature, oC 

Critical  

Pressure, bar 
GWP 

HTC 

R744 (HC) -78.464 30.978 73.77 1  

R404A (HFC) -46.5 72 37.29 3260 

R410A (HFC) -51.5 71.8 49.01 2088 

LTC 

R23 (HFC) -81.87 26.29 48.32 14800 

R170 (HC) -88.584 32.172 48.72 6 

R1150 (HC) -103.77 9.2 50.41 4 

 

Energy balance across the evaporator is given by: 

 

�̇�𝑒𝑣𝑎𝑝 = �̇�𝐿𝑇𝐶 . (ℎ4 − ℎ3)              (3) 

 

The isentropic efficiency for LTC compressor is given by: 

 

 𝜂𝐶_𝐿𝑇𝐶 =
ℎ1𝑠−ℎ4

ℎ1−ℎ4
               (4) 

 

The power input to the LTC compressor is given by: 

 

�̇�𝐿𝑇𝐶 = �̇�𝐿𝑇𝐶 . (ℎ1 − ℎ4)               (5) 

 

The energy balance across the cascade heat exchanger is 

given by: 

 

�̇�𝐿𝑇𝐶 . (ℎ1 − ℎ2) = �̇�𝐻𝑇𝐶 . (ℎ8 − ℎ7)             (6) 

 

The isentropic efficiency for HTC compressor is given by: 

 

𝜂𝐶_𝐻𝑇𝐶 =
ℎ5𝑠−ℎ8

ℎ5−ℎ8
               (7) 

 

The power input to the HTC compressor is given by:  

 

�̇�𝐻𝑇𝐶 = �̇�𝐻𝑇𝐶 . (ℎ5 − ℎ8)              (8) 

 

The energy balance across the gas cooler is given by: 

 

�̇�𝑔𝑎𝑠 = �̇�𝐻𝑇𝐶 . (ℎ6 − ℎ5)             (9) 

 

The isentropic efficiency for expander is given by: 

 

𝜂𝐸𝑋𝑃 =
ℎ6−ℎ7

ℎ6𝑠−ℎ7
             (10) 

 

The power output to the expander is given by:  

 

�̇�𝐸𝑋𝑃 = �̇�𝐻𝑇𝐶 . (ℎ6 − ℎ7)            (11) 

 

The COP of the system, which is the main parameter to 

be calculated for the energy analysis, is obtained using 

Equation 12. Here, �̇�𝑒𝑣𝑎𝑝 is the evaporator refrigeration 

capacity in the LTC, �̇�𝐿𝑇𝐶 is the compressor power in the 

LTC, �̇�𝐻𝑇𝐶 is the compressor power in the HTC, �̇�𝐸𝑋𝑃 is the 

power generated during expansion in the HTC. 

 

𝐶𝑂𝑃𝑠𝑦𝑠𝑡𝑒𝑚 =
 �̇�𝑒𝑣𝑎𝑝

�̇�𝐿𝑇𝐶+�̇�𝐻𝑇𝐶−�̇�𝐸𝑋𝑃
         (12)                                                                                                                

 

The COP was calculated using the Engineering Equation 

Solver (EES) package program using the energy 

equations[58]. EES provides many built-in mathematical 

and thermophysical property functions useful for 

engineering calculations. Many researchers used the EES for 

thermodynamic modeling of refrigeration systems [12], [20], 

[21], [25], [43], [59]–[63]. In the thermodynamic analysis, 

R744, R404A, and R410A refrigerants in the high 

temperature cycle (HTC), and R1150, R170, and R23 in the 

low temperature cycle (LTC) were used. In the selection of 

refrigerants, R23, R1150 and R170 were selected when their 

boiling point temperatures were considered in order to 

provide -80oC refrigerant temperature in the low temperature 

cycle. Refrigerants selections in the high temperature cycle 

are environmentally friendly and widely used, so R744. 

Since R404A and R410A are widely used, it has also been 

observed that the boiling temperature decreases to -42 oC at 

1 atm pressure. Otherwise, a situation below atmospheric 

pressure is not be desired in the system.  The thermodynamic 

properties of the refrigerants used from the library in the 

EES.  The main properties of the selected refrigerants are 

presented in Table 1. 

 

3. Results and Discussion 

Under the assumptions, thermodynamic analyses were 

conducted for refrigerant couples in the cascade refrigeration 

system. COPs of refrigerant couples, compression ratio of 

compressors and net energy consumption values of system 

were determined. According to these parameters, the best 

refrigerant couple among them selected.  

Figure 2 shows the change in the COPs of refrigerant 

couples with respect to the LTC condenser temperature. In 

this figure, LTC evaporator, HTC gas cooler outlet and HTC 

expander outlet temperature are kept constant at -80 oC, 20 o 

and -42oC, respectively. At different LTC condenser 

temperature values, HTC cascade heat exchanger outlet 

temperature has been determined to maximize system 

performance (COP). COPs for refrigerant couples increases 

with increasing LTC condenser temperature as shown in 

Figure 2. In the determined LTC condenser temperature 

range, R404A/R23 has the highest COP value, while 

R744/R170 has the lowest one. R404A/R1150 can be 

considered as an alternative for R404A/R23 because the 

COP of R404A/R1150 is very close that of R404A/R23. 

Figure 3a shows the change in the compression ratio of 

refrigerant in LTC with respect to the LTC condenser 

temperature. In this figure, HTC compression ratio is kept 

constant at 3.6 for R744 in HTC. Among the different fluids 

in the low temperature cycle, R23 has the highest 

compression ratio, while R1150 has the lowest one. Figure 

3b shows the compression ratio of HTC refrigerants. In this 

figure, HTC expander outlet and gas cooler outlet 

temperature are kept at constant at -42oC and 20oC, 

respectively. Therefore, compression ratio of HTC is 
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constant for all LTC refrigerants. Among the different fluids 

in the HTC, R404A has the highest compression ratio, while 

R744 has the lowest one. 

 

 
Figure 2. COPs of refrigerant couples as a function of LTC 

condenser temperature. 

 

The relation between HTC cascade heat exchanger and 

LTC compressor outlet temperatures is presented in Table 2, 

Table 3 and Table 4 for all refrigerant couples. Increasing the 

LTC compressor outlet temperature allows the HTC cascade 

heat exchanger outlet temperature to increase. As the HTC 

cascade heat exchanger outlet temperature increases, the 

mass flow ratio decreases between LTC and HTC. The 

performance of the system increased with the decrease of the 

mass flow ratio. Because, energy consumption value of the 

compressor in the high temperature cycle has decreased. 

 

 

Figure 3. Compression ratio a) LTC refrigerants b) HTC 

refrigerants. 

Table 2.  Relation between HTC cascade heat exchanger outlet and LTC compressor outlet temperature for R1150 in LTC. 

Refrigerant  

Couples 

LTC Condenser 

Temperature 

HTC Cascade  

Heat Ex.  

Outlet  

Temperature 

LTC Compressor  

Outlet  

Temperature 

Mass Flow  

Ratio  

(LTC/HTC) 

COP 

R744/R1150 -30 -3 32,65 13,94 0,3969 

R404A/R1150 -30 -3 32,65 14,09 0,4974 

R410A/R1150 -30 -4 32,65 14,55 0,4609 

R744/R1150 -31 -5 30,66 14,75 0,3894 

R404A/R1150 -31 -6 30,66 15,38 0,4825 

R410A/R1150 -31 -6 30,66 15,40 0,4532 

R744/R1150 -32 -8 28,65 15,93 0,3743 

R404A/R1150 -32 -9 28,65 16,65 0,464 

R410A/R1150 -32 -9 28,65 16,66 0,437 

R744/R1150 -33 -11 26,63 17,31 0,3571 

R404A/R1150 -33 -11 26,63 18,12 0,4538 

R410A/R1150 -33 -12 26,63 18,74 0,4183 

R744/R1150 -34 -13 24,61 18,93 0,3459 

R404A/R1150 -34 -14 24,61 19,96 0,4304 

R410A/R1150 -34 -16 24,61 21,38 0,3886 

R744/R1150 -35 -16 22,57 20,93 0,3253 

R404A/R1150 -35 -16 22,57 21,48 0,4165 

R410A/R1150 -35 -18 22,57 22,93 0,3736 
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Table 3.  Relation between HTC cascade heat exchanger outlet and LTC compressor outlet temperature for R170 in LTC. 

Refrigerant  

Couples 

LTC Condenser 

Temperature 

HTC Cascade  

Heat Ex.  

Outlet  

Temperature 

LTC Compressor  

Outlet  

Temperature 

Mass Flow  

Ratio  

(LTC/HTC) 

COP 

R744/R170 -30 -8 22,29 17.50 0,3763 

R404A/R170 -30 -9 22,29 18,30 0,4667 

R410A/R170 -30 -8 22,29 17,77 0,4471 

R744/R170 -31 -10 20,53 18,44 0,3659 

R404A/R170 -31 -12 20,53 19,96 0,4474 

R410A/R170 -31 -12 20,53 19,97 0,4202 

R744/R170 -32 -13 18,76 20,20 0,347 

R404A/R170 -32 -14 18,76 21,27 0,4318 

R410A/R170 -32 -16 18,76 22,79 0,3899 

R744/R170 -33 -15 16,98 22,28 0,3344 

R404A/R170 -33 -15 16,98 22,67 0,4271 

R410A/R170 -33 -18 16,98 25,36 0,3743 

R744/R170 -34 -17 15,19 23,89 0,3205 

R404A/R170 -34 -17 15,19 24,29 0,4117 

R410A/R170 -34 -19 15,19 26,25 0,3678 

R744/R170 -35 -19 13,38 25,75 0,3055 

R404A/R170 -35 -20 13,38 27,36 0,3833 

R410A/R170 -35 -20 13,38 27,21 0,3608 

 

Table 4.  Relation between HTC cascade heat exchanger outlet and LTC compressor outlet temperature for R23 in LTC. 

Refrigerant  

Couples 

LTC Condenser 

Temperature 

HTC Cascade  

Heat Ex.  

Outlet  

Temperature 

LTC Compressor  

Outlet  

Temperature 

Mass Flow  

Ratio  

(LTC/HTC) 

COP 

R744/R23 -30 -4 36,45 7,84 0,399 

R404A/R23 -30 -4 36,45 7,92 0,5033 

R410A/R23 -30 -4 36,45 7,97 0,4722 

R744/R23 -31 -6 34,42 8,24 0,3913 

R404A/R23 -31 -6 34,42 8,34 0,4939 

R410A/R23 -31 -7 34,42 8,60 0,4564 

R744/R23 -32 -9 32,39 9,07 0,3748 

R404A/R23 -32 -9 32,39 9,21 0,4743 

R410A/R23 -32 -9 32,39 9,21 0,4465 

R744/R23 -33 -11 30,35 9,58 0,3642 

R404A/R23 -33 -12 30,35 10,04 0,4547 

R410A/R23 -33 -11 30,35 9,72 0,4354 

R744/R23 -34 -14 28,29 10,71 0,344 

R404A/R23 -34 -14 28,29 10,91 0,4387 

R410A/R23 -34 -17 28,29 12,14 0,3861 

R744/R23 -35 -16 26,22 11,44 0,3308 

R404A/R23 -35 -16 26,22 11,64 0,424 

R410A/R23 -35 -19 26,22 13,07 0,3696 

 

4. Conclusions 

In this study, a new cascade system was designed for a 

refrigeration system operating at ultra-low temperatures, 

consisting of two cycles, namely HTC by gas and LTC by 

vapor compression. Thermodynamic analysis of the system 

in terms of the energy performance was performed. In order 

to determine the best refrigerant couples in terms of the COP, 

R1150, R170, and R23 refrigerants in the LTC and R404A, 

R410A, and R744 refrigerants in the HTC were analyzed. 

LTC condenser temperature was considered as a variable 

parameter in the system. HTC cascade heat exchanger inlet 

temperature is constant and the outlet temperature is changed 

in each condition. The primary results of the study are listed 

below: 

 Among the different refrigerants analyzed, the R404A / 

R23 refrigerant couple has the best result in terms of the 

COP while R744/R170 has the lowest one.  (Figure 2): 

 R23 has high vapor density and low condensing pressure 

at design temperatures in the LTC. These properties 

reduce the compressor energy consumption in the LTC. 

The high temperature value at the compressor outlet 

increases the HTC outlet temperature in the cascade heat 

exchanger. Increasing the enthalpy difference between 

the inlet and outlet of the HTC cascade heat exchanger 

reduces the mass flow rate. The decrease in HTC mass 

flow rate increases the system performance by reducing 

HTC net energy consumption. Among the refrigerants 

(R744, R410A), R404A has the highest vapor density at 

operating conditions in HTC. In this case, the HTC 

compressor has the lowest specific volume at its inlet, 

thereby increasing the system performance by reducing 

energy consumption. 

 R744 has low vapor density at design temperature. In this 

case, the high specific volume at the compressor inlet 

increases the energy consumption value. The vapor 

density of R170 is low at design temperature. Again, this 

situation increases the energy consumption value due to 

the high specific volume of compressor inlet. In addition, 

when compared to other refrigerants at the compressor 

outlet in the low-temperature cycle, the low-temperature 

value reduces the outlet temperature in the high-

temperature cycle cascade heat exchanger. The decrease 

in the HTC cascade heat exchanger outlet temperature 

increased the HTC mass flow rate. For this reason, HTC 

net energy consumption value increased and decreased 

the system performance. 

 Compression ratios of refrigerants vary according to the 

lower and upper pressure values at operating 
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temperatures. Among the operating temperatures for the 

low temperature cycle, the upper and lower pressure ratio 

is highest for R23 and lowest for R1150. For high 

temperature cycle, between -42oC and 20oC, the upper 

and lower pressure ratio is the highest for R404A and the 

lowest for R744. 

 With the increase of LTC condenser temperature, system 

performance (COP) values increased for all refrigerant 

couples. 

 As the HTC cascade heat exchanger outlet temperature 

increases, the mass flow ratio decreases between LTC 

and HTC and the performance of the system increased. It 

is an important parameter for the best value of system 

performance (COP). 

 The higher the mass flow ratio between the gas and vapor 

compression cycles, the lower the temperature difference 

between the HTC cascade heat exchanger inlet and 

outlet. In this case, the high mass flow rate on the gas 

cycle increases the energy consumption and has a 

negative effect on the system performance (COP). 

 The energy consumption value of the HTC compressor is 

more effective than the energy consumption of the LTC 

compressor in determining the system performance. 

It is seen that the system performance (COP) values are 

not at a satisfactory level according to the results in the 

literature. It is necessary to take into account the negative 

situations that arise as a result of using gas and vapor 

compression cycles together. In the study, a novel design 

idea has contributed to the literature in terms of cascade 

systems designs. In future studies, the results of the 

thermodynamic analysis of the design will give an idea to the 

researchers. Before making this design experimentally, it has 

been determined that theoretical studies should be carried out 

in order to eliminate the problems that cause the system 

performance to be low in thermodynamic analyzes. 

 

Nomenclature 

�̇� Mass flow rate (kg/s) 

h  Enthalpy (kJ/kg) 

Ẇ  Energy consumption (kW) 

�̇�  Heat rate (kW) 

 

Greek Letters 

η  Isentropic efficiency (-) 

 

Subscriptions  
gas   gas cooler 

EXP  expander 

evap  evaporator 

 

Abbreviations  

LTC  Low temperature cycle 

HTC High temperature cycle 

COP  Coefficient of performance 

EES  Engineering Equation Solver 

ODP  Ozone layer depletion 

GWP  Global warming potential 

HFC  Hydrofluorocarbon 

CCRS  Two-stage vapor compression cascade refrigeration 

system 

CACRS  Vapor compression and absorption cascade 

refrigeration system 

CARS  Two-stage absorption cascade refrigeration system 

ACRS  Auto-cascade refrigeration system 
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