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Abstract 
This paper investigated a cascade refrigeration system using R134a/CO2 refrigerants by the experimental method. The 
refrigerant R744 was used for the low stage cycle and the refrigerant R134a was used for the high stage cycle. The 
experimental data were operated under the same ambient temperature of 330C. In this study, the thermodynamic parameters 
of the cascade refrigeration system have shown in more detail, with the cold room temperature is dropping from 330C to - 
200C. With the low stage CO2 has the condensation temperature of 7.90C and the evaporation temperature of -300C, the 
cooling capacity of the system is 1.62 kW and the coefficient of performance of the system is 1.9. In addition, the theoretical 
results are in good agreement with the experimental results; the errors are less than 10%.  
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1. Introduction 

Currently, the destruction of the ozone (ODP - Ozone Depletion Potential) and global warming (GWP - Global Warming 
Potential) are being focused by the scientists on the world. One of the biggest sources of CO2 (or R744) emissions is in the 
refrigeration: industrial refrigeration, commercial refrigeration, and air conditioners. Therefore, scientists are constantly 
studying new natural refrigerants, new refrigerants to reduce the ozone depletion and the global warming, especially in the 
cascade refrigerant systems. Among refrigerants, CO2 refrigerant is one of the most promising natural refrigerants in the 
future that has the ozone depletion potential of zero (ODP=0) and has the global warming potential of 1 (GWP=1). 
Regarding to the cascade refrigeration cycle using CO2, Jadhav et al. [1] compared and evaluated a cascade cycle with 
different refrigerants. R744 is used in the low temperature cycle whereas R134a, R290, R717 and R404A are used in the 
high temperature cycle. The COP of R744/NH3 is higher than the refrigerants such as R744/R134a, R744/R290 and 
R744/R404A with the same condensation temperature in the high temperature cycle, the evaporation temperature at low 
stage and the condensation temperature in the low temperature cycle. Patel et al. [2] studied the performance optimization of 
the cascade refrigeration system using NH3/CO2 and C3H8/CO2. The results show the refrigerants C3H8/CO2 in 5.33% 
lower cost and 6.42% higher exergy destruction to compare with refrigerants NH3/ CO2. Nasruddin et al. [3] optimized a 
cascade refrigeration system using the refrigerant C3H8 in the high temperature cycle and a mixture of C2H6/CO2 in the low 
temperature cycle. The parameters such as the evaporation temperature, the condensation temperature, the mixture 
temperature C2H6/CO2, the temperature difference in the cascade heat exchanger and the CO2 mass flow rate were chosen 
as the decision variables. The operation temperature and the CO2 mass flow rate were added to create a system optimization 
on economics and thermodynamics. Lee et al. [4] analyzed on the thermodynamic phenomena to optimize the condensation 
temperature of a CO2/NH3 cascade refrigeration system. Results show that the condensation temperature of a cascade 
refrigeration system depends on the evaporation temperature, the condensation temperature and the temperature difference 
in the cascade heat exchanger. The COP system increases when the evaporation temperature increases and the condensation 
temperature decreases and the temperature difference in the cascade heat exchanger increases.  
Getu and Bansal [5] theoretically analyzed a cascade refrigeration system carbon dioxide – ammonia R744/R717 to 
optimize the design and the operation parameters of the system. The results indicate the evaporation temperature increases 
both COP and the mass flow ratio increase. An increase of the temperature difference in the cascade condenser will be 
reduced both COP and the mass flow ratio. Ma et al. [6] presented a cascade refrigeration system CO2/NH3, where 
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evaporator – condenser was used as the cascade heat exchanger. The results shows that when the system COP is maximized, 
the thermal conductance ratios are depended upon the temperature differences of the three heat exchangers and the 
effectiveness factors of the condenser and the evaporator. This study could contribute to the further development and the 
optimal design of CO2/NH3 cascade refrigeration systems. Gholamian et al. [7] advanced an exergy analysis of a Carbon 
Dioxide Ammonia Cascade Refrigeration System. The results of the advanced exergy analysis show that CO2 – throttle 
valve, CO2 - compressor and the cascade heat exchanger are the necessary components for improving while the 
conventional exergy analysis can not provide such recommendations. In addition, the advanced exergy analysis results 
indicate that improvement of the components has the ability to improve the system efficiency for about 42.13%. Bingming 
et al. [8] presented the experimental results of a NH3/CO2 cascade driven by two screw compressors. They evaluated 
experimentally the influence of the temperature difference in the cascade heat exchanger, the condensing temperature in the 
low temperature cycle and the degree of superheat in this heat exchanger. Also, they presented an experimental comparison 
with single-stage and two - stage NH3 systems, concluding that the cascade system is very competitive in low temperature 
applications, especially below 400C.  Dopazo et al. [9] theoretically analyzed of the cascade refrigeration system CO2 – 
NH3 for cooling applications in low temperature. The results of COP increase 70% when the evaporating temperatures of 
CO2 change from -550C to -300C; the results of COP decrease 45% when the condensing temperatures increase 25 to 500C. 
Llopis et al. [10] presented the experimental evaluation of heat exchanger with refrigeration CO2 operating with the 
subcritical state. The study was experimented by a 1.5 kW CO2 semi hermetic compressor, a brazed plate heat exchanger as 
condenser, an evaporator and an internal heat exchanger, an air finned tube gas – cooler and an electronic expansion valves. 
The results show that the heat exchangers do not improve the performance in the subcritical cycle but improve the 
performance if it was used in the cascade refrigeration system. Messineo [11] compared the performance of a HFC two – 
stage system. The results show that the R744-R717 cascade refrigeration system offers good energy, security and 
environment to compare with the R404A two –  stage cycle at the low evaporating temperature (-30°C ÷ -50°C) for 
commercial refrigeration. Song et al. [12, 13] theoretically investigated on the combined and cascade CO2/R134a heat pump 
systems for the space heating. Results shows that the CO2 cycle played the major role in the combined system and the 
R134a cycle played the major role in the cascade system. The system COP comparison shows that the cascade system 
performed better under the low hot water supply temperatures while the combined system performed better under the high 
hot water supply temperatures. The results provide engineers and researchers a guide to choose the most suitable system for 
any particular operating conditions. A conversion of an indirect HFC134a/CO2 cascade refrigeration system for commercial 
applications was experimentally analyzed by Sánchez et al. [14]. The evaporating temperature decreases from 1.9 to 3.5 K 
of the high temperature cycle was measured when using an indirect system. In this study, a variation of the energy 
consumption of the whole system is from 7.6 to 14.0 % when using propylene-glycol/water as the secondary fluids. Kock et 
al. [15] presented the experimental evaluation of a R134a/CO2 cascade refrigeration system using the low evaporation 
temperature in commercial refrigeration applications. The cooling coefficient COP depends on the condensation 
temperature of the low temperature cycle: the cooling coefficient COP increases as the condenser temperature decreases. 
The measured COP is from 1.05 at -40 and 400C to 1.65 at - 30 and 300C. The reduction of COP is 18% when the 
condensing temperature increases 100C and the reduction is 12% for each 50C reduction of the evaporating temperature. 
From literature reviews above, the thermodynamic parameters for the R134a/CO2 cascade refrigeration system did not 
indicate clearly. So, it is important to fulfil a case study for this system. In this study, the cooling capacity of the cascade 
system is around 2 kW, the CO2 evaporation temperature is -30ºC and the cold room temperature is -200C.   

2. Methodology 

2.1 Experimental Setup 

The experimental diagram of the R134a/R744 cascade refrigeration system is shown in Fig.1. In this test loop, the 
refrigerant R134a was used for the high stage cycle and the refrigerant R744 was used for the low stage cycle. In this study, 
the R134a evaporation temperature was changed from 3.6 to 4.7 ºC and the CO2 evaporation temperature was kept at -30ºC. 
The system was designed to operate with the CO2 mass flow rate of 30 kg/h. A picture of this cascade refrigeration system is 
shown in Fig.2. The cascade heat exchanger is the double-pipe type. The time to reach the required temperature (- 200C) is 
about 30 minutes. 
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Fig.1. The experimental cascade refrigeration system R134a/CO2  

(a – R134a compressor, b – R134a condenser, c – R134a throttle valve, d – Cascade heat exchanger (double – pipe type), e – CO2 compressor, f – 
oil separator, g – CO2 throttle valve, h – CO2 evaporator, i - Thermal flow meter). 

 
Fig.2. A picture of the R134a/CO2 cascade refrigeration system  

 
The accuracies and ranges of the testing devices are indicated in Table 1. The equipments used for the experiments are 
listed as follows:  

- Thermocouples, T-types 
- Thermostat, EW – 181 H, made by Ewelly 
- Infrared thermometer, AT 430L2, made by APECH 
- Infrared thermometer, Raynger@ST, made by Raytek 
- Thermal camera, Fluke Ti9, made by Fluke, USA 
- Pressure gauge, made by Pro – Instrument 
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- Pressure sensor, made by SENSYS, Korea 
- Thermal flow meter, made by JUJIE TECH 
- Anemometer, AVM-03, made by Prova 
- Clamp meter, Kyoritsu 2017, made by Kyoritsu. 
 

Table 1. Accuracies and ranges of testing apparatuses 

Testing apparatus Accuracy Range 
Thermocouples ± 0.1 °C 0 ∼100 °C 
Thermal camera 2% -20~250°C 
Infrared thermometer ± 1 °C of reading - 32 ∼ 400 °C 
Pressure gauge ± 1 FS 0∼100 kgf/cm2 
Pressure sensor ± 0.5 FS 0∼100 bar 
Thermal flow meter ± 1 ∼ 2.5 % 0.1 ∼ 120 m/s 
Clamp meter ± 1.5 % rdg 0 ∼ 200 A 
Anemometer ± 3 % 0 ∼ 45 m/s 
 

2.2 Governing equations 

To analyze the thermodynamic parameters of the R134a/CO2 cascade refrigeration system and the coefficient of 
performance (COP) of system, the governing equations for the low stage cycle and the high stage cycle were given below: 

For the low stage CO2 
The heat transfer rate of the evaporator was calculated as:  

Q0(C02) = m1 × (h1 – h4)       (1) 
where m1 is the mass flow rate of the low stage CO2 and h is enthalpy 

The isotropic power input was determined by: 
N (CO2) = m1 × (h2 – h1’)       (2) 

The heat transfer rate of the cascade heat exchanger (the condenser - evaporator) was calculated as: 
QK (CO2) = m1 × (h2 – h3)       (3) 

The coefficient of performance (COP) for the CO2 cycle was quantified by:  
COPCO2 =        (4) 

where N is the isotropic power input and Q is the heat flow rate. 
 

For the high stage R134a 
The heat transfer rate of the evaporator was calculated as:  

Q0(R134a) = QK (CO2)       (5) 
The mass flow rate of the high stage R134a: 

m2 =        (6) 

The isotropic power input was determined by: 
N(R134a) = m2 × (h2 – h1’)      (7) 

The heat transfer rate of the R134a condenser was calculated as: 
QK (R134a) = m2 × (h2 – h3’)      (8) 

The coefficient of performance of the R134a cycle was quantified by:  
COPR134a =        (9) 

Finally, the coefficient of performance of the cascade refrigeration system R134a/CO2: 
COP =       (10) 
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3. Results and Discussion 

The cascade refrigeration system was experimented more times in order to collect the stable data under the ambient 
temperature around 33ºC. The average mass flow rate of CO2 was measured by a thermal flow meter with its value of 27 
kg/h. The experimental results of the low stage CO2 are shown in Table 2. It is observed that the superheat of the cycle is 
10.5 ºC. The superheat is due to the heat transfer area of the evaporator, the mass flow rates of CO2 and air. Based on the 
emperical data, the CO2 cycle is shown in Fig. 3 by using the EES (Engineering Equation Solver) software. It is observed 
that the experimental pressure drop of the cascade heat exchanger for the CO2 side (the condenser) is 0.5 bar. 

Table 2. The experimental results of the low stage CO2  

Points t 
(0C) 

p 
(bar) h (kJ/kg) 

1 -29 14 437 
1’ -18.5 14 449 
2 58.9  43 499 
3 7.9 42.5 221 
4 -30 14 221 

 

 
Fig.3. The p-h diagram for the low stage CO2  

 
Table 3. The experimental results of the high stage R134a 

Points t 
(0C) 

p 
(bar) h (kJ/kg) 

1 3.6 3.3 401 
1’ 10.7 3.3 408 
2 58.8 9.3 443 
3 37.3 9.3 252 
3’ 34.4 9.3 248 
4 4.4 3.4 248 

 

For the high stage R134a, the experimental results are shown in Table 3 and Fig. 4. The temperature difference between 
CO2 and R134a in the cascade heat exchanger is around 4ºC. The experimental results of R134a and CO2 indicate that at a 
saturation pressure, the experimental temperature is different with the value obtained from the theory temperature. The 
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difference is due to the errors in experiment. However, the experimental results are in good agreement with those obtained 
from the theoretical results. For an example in the theory calculation for the CO2 cycle, the evaporation and condensation 
pressures are 14.3 bar and 43.9 bar, respectively; their percentage errors are less than 10%. 

 
Fig.4. The p-h diagram for the high stage R134a 

 
Fig.5. The discharge temperature vs. the condensation temperature of CO2 cycle 

 
This experimental investigation mentioned on the evaporation temperature of the high stage R134a changing from 3.6 to 4.7 
ºC and the constant evaporation temperature of -30ºC in the CO2 cycle. A relationship between the discharge temperature 
and the condensation temperature is shown in Fig. 5. It is observed that the R134a evaporation temperature affects to the 
CO2 condensation temperature and the CO2 discharge temperature. When the R134a evaporation temperature decreases 
from 4.7 to 3.6 ºC, the CO2 condensation temperature decreases from 9.7 to 7.9 ºC and the CO2 discharge temperature 
decreases from 63.8 to 58.9 ºC. The results are in good agreement with the theoretical calculation of the refrigeration system 
(In the theory, the CO2 discharge temperature is 62 ºC).  

The R134a evaporation temperature 
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Fig.6. The cooling capacity vs. the condensation temperature of CO2 cycle 

 

 
Fig.7. The system COP vs. the condensation temperature of CO2 cycle 

 
The figure 6 shows a relationship between the cooling capacity system and the CO2 condensation temperature when 
changing the R134a evaporation temperature. When the CO2 condensation temperature increases from 7.9 to 9.7 ºC (the 
R134a evaporation temperature increases from 3.6 to 4.7 ºC), and the cooling capacity of the cascade refrigeration system 
decreases from 1.624 to 1.599 kW. The results are the same rule with the COP of the cascade refrigeration system, as shown 
in Fig. 7. When the CO2 condensation temperature increases from 7.9 to 9.7 ºC, the COP of the refrigeration system 
decreases from 1.904 to 1.848. The experimental data are essential for studying on the cascade refrigeration system using 
CO2.  
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4. Conclusions 

This study has experimented a cascade refrigeration system using R134a/CO2 refrigerants. The refrigerant R134a was used 
for the high stage cycle and the refrigerant R744 was used for the low stage cycle. The experimental data were operated 
under the same ambient temperature of 330C. For this investigation, the CO2 mass flow rate is 27 kg/h and the cold room 
temperature is dropping from 330C to - 200C.  
The thermodynamic parameters of the cascade refrigeration system have shown in more detail.  
The low stage CO2 has the condensation temperature of 7.90C and the evaporation temperature of -300C. The cooling 
capacity of the system is 1.62 kW and the coefficient of performance of the system is 1.9. 
In addition, the theoretical results are consistent with the experimental results. The results have distributed to add the 
essential experimental data when studying on the cascade refrigeration system using CO2.  
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