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Abstract—The present work deals with thermodynamic analysis of cascade refrigeration system for low temperature range -50 oC to -85 
oC. First comparison is done regarding COP by using nitrous oxide in low temperature circuit and different fluids such as R717, R290, 
R1290, R134a and an azeotropic mixture R507A in high temperature circuit as refrigerants. In this study thermodynamic analysis of N2O-
NH3 cascade refrigeration system is done, to optimize the design and operating parameters of the system for fixed temperature difference 
in the cascade heat exchanger. The design and operating parameters include condenser, evaporator, subcooling and superheating 
temperatures in the, HTC and LTC. At the end, three useful correlations that yield the optimal condensing temperature in cascade heat 
exchanger, the associated maximum COP, and optimum mass flow rate ratio are presented. 

Index Terms—Natural Refrigerant, Cascade System, Nitrous Oxide, Ammonia   

——————————      —————————— 

1 INTRODUCTION                                                                     

 ANY industrial applications like food storage, liquefac-
tion of petroleum vapour, manufacturing of dry ice and 
storage of blood etc., required low temperature refrige-

ration in the temperature range from -30 oC to -100 oC. So for 
in this temperature range refrigeration not possible by single 
stage vapour compression system, multistage compression 
systems is other option but it is not efficient due to limitations 
of refrigerants and some other factor. These limitations can be 
overcome by using cascade systems which employ more than 
one refrigerant. A refrigeration system in which series of sin-
gle stage units are thermally coupled through cascade heat 
exchanger is known as cascade refrigeration system. In cas-
cade system each cycle has a different refrigerant, the lower 
temperature units progressively using lower boiling point 
refrigerants. There have been many analytical and experimen-
tal studies done so far on the performance analysis of the cas-
cade system and most of them are on R744/R717 refrigerants 
pair [1-6]. 

Triple point of Carbon dioxide is -56.56 oC so evaporation 
below this temperature is not possible by using CO2. Further 
low temperature can be achieved by the natural fluid N2O 
which has a triple point (-90.82 oC) and NBP (-88.47 oC) [7]. 
Another advantage with N2O is that it is five times lower tox-
icity than CO2. However its GWP is significantly higher than 
CO2, it still falls under the low GWP category that is currently 
considered to have an upper limit of 300 [8]. 

For refrigeration below -50 oC, a theoretical investigation re-
ported on cascade refrigeration systems by Kruse and Russ-
mann (2006) using N2O as refrigerant in LTC and various nat-
ural refrigerants in HTC. Bhattacharyya et al. (2009) reported a 
thermodynamics analysis of Cascade system with carbon dio-
xide in HTC as transcritical cycle and nitrous oxide in LTC for 
simultaneous heating and cooling applications. Other tran-
scritical cascade system with R290-R744 and R1270-R744 are 
also available in literature [10, 11]. 

The present study argues that if heating load is not required 

use of transcritical cascade system is not justified due to high 
working pressure, temperature and cost. In this work thermo-
dynamic analysis of the cascade system for low temperature 
range -50 oC to -85 oC is presented. 

 
Fig. 1. Schematic diagram of a N2O-NH3 cascade refrigeration system 

2. SYSTEM DESCRIPTION 
A schematic diagram of a two-stage cascade system 

for refrigeration is shown in Fig. 1. This system comprises two 
separate circuits: the high temperature circuit (HTC) using 
NH3 and low temperature circuit (LTC) using N2O as a refri-
gerant, which are thermally coupled by cascade heat exchang-
er. In cascade heat exchanger, ammonia evaporates and nitr-
ous oxide condenses by transferring their heat to each other. 
The corresponding T–s diagram for the cascade refrigeration 
system is shown in Fig. 2.  
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Fig. 2. T-s diagram of a N2O-NH3 cascade refrigeration system 

3. THERMODYNAMIC ANALYSIS 
The thermodynamic analysis of N2O-NH3 cascade refrigera-

tion system performed based on the following assumptions: 
• Compression process is adiabatic with an isentropic effi-

ciency of 0.70; 
• The expansion process is isenthalpic; 
• Negligible heat losses or gains in the pipe lines or system 

components; 
• Negligible changes in kinetic and potential energy; 
• Temperature difference in the cascade heat exchanger is 5 

oC. 
The thermo-physical properties of N2O and NH3 specified in 

this work were calculating using a software package called 
engineering equation solver (EES) [12]. 

The cycle modelled by applying steady flow energy equation 
and mass balance equation for each individual process of the 
cycle. The equations for the different components of the cas-
cade refrigeration system are given in the Table 1. 

TABLE 1 
MASS AND ENERGY BALANCE FOR THE CASCADE SYSTEM 

 
The COP of the system can be express as: 

 

4. RESULTS AND DISCUSSION 
The results of the present analysis have been given in the fol-

lowing sections. 
4.1 Selection of high temperature circuit refrigerant 

Five refrigerants are chosen namely: R717, R290, R1270, 
R134a and R507A for HTC of cascade system. Among these 
refrigerants, first three are natural refrigerants and rest two 
are the synthetic refrigerants. These refrigerants are compared 
at evaporator temperature of -80 oC and condenser tempera-
ture 40 oC. COP of the cascade system with different refrige-
rant in HTC is compared at different coupling temperature 
(TCT) i.e. condensing temperature of N2O in cascade heat ex-
changer, for different degree of subcooling and superheating. 

 
Fig. 3. Variation of COP with coupling temperature for a subcooling of 0 K 
and superheating of 0 K 

Variation of COP with coupling temperature for 0 degree 
subcooling and superheating in both cycle (HTC and LTC) has 
been shown in Fig. 3. It is observed from the figure that the 
COP of the system with ammonia (R717) is the highest among 
all the refrigerants and with R507A, it is lowest. For rest three 
refrigerants COP lies in between, performance with R290, 
R1290 is nearly similar, which is slightly low than  R134a. 

 
Fig.4. Variation of COP with coupling temperature for subcooling of 0 K 
and superheating of 20 K in both circuits 

Variation in COP with 0 degree subcooling and 20 
degree superheating is shown in Fig. 4. Performance of the 
system is still higher for ammonia followed by R134a but for 
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coupling temperature above -15 oC, the performance of the 
system is almost same for both refrigerants. With 20 degree of 
superheating, performance of all refrigerants except R507A, 
decreases as compared to 0 degree superheating. However, 
R507A still has lowest performance in cascade system. 

 
Fig. 5. Variation of COP with coupling temperature for a subcooling of 10 K 
and superheating of 0 K 

 

 
Fig.6. Variation of COP with coupling temperature for a subcooling of 10 K 
and superheating of 10 K 

Fig.5 shows that subcooling in both the circuit has in-
creasing effect on COP of the cascade system for all refrige-
rants. For this set of condition, performance of system is high-
est for ammonia and lowest for R507A. Fig. 6 shows the varia-
tion of COP with coupling temperature for 10 degree subcool-
ing and 10 degree superheating. For given operating condi-
tion, performance of cascade system is highest for R134a fol-
lowed by R717, R1270, R290, R507A. 

From the above discussion, it can be concluded that, 
performance of cascade system with R507A in HTC is worse, 
while R717 and R134a have excellent performance. Hydrocar-
bons (Propane and Propylene) performed similarly in the cas-
cade system and the performance of hydrocarbons based sys-
tem is near about to R134a. However, the hydrocarbons are 
flammable and R134a has very high value of GWP (1300), 
while ammonia has zero ODP and zero GWP. Therefore am-
monia is selected for further analysis in HTC with N2O in LTC 
of a cascade refrigeration system. Ammonia has excellent 

thermodynamic properties, and high heat transfer coefficients. 
However ammonia is toxic in nature, but this risk is somewhat 
mitigated by its pungent smell, even at lower concentrations (5 
ppm) it is self-alarming in the event of a leak [13].  

4.2 N2O-NH3 Cascade System 
The analysis for the N2O-NH3 cascade refrigeration 

system is done at various operating conditions such as coupl-
ing temperature, various degree of subcooling /superheating, 
evaporating, and condensing temperature. 

 
Fig. 7.Variation of COP with coupling temperature 

Fig. 7 shows variation of COP with coupling temperature at 
different degree of subcooling and superheating at TC=40 oC 
and TE= -80 oC. It is observed from the figure that system per-
formance first increases with coupling temperature; attains 
maximum value and after that it decreases. Therefore, for giv-
en operating condition COP is maximum at a particular coupl-
ing temperature which is known as optimum coupling tem-
perature. Fig. 7 also shows the effect of degree of subcooling 
and superheating on the performance of cascade system. As 
the degree of subcooling increases, the optimum coupling 
temperature (for maximum COP) shifts rightward. The degree 
of superheating has negligible effect on the optimum coupling 
temperature. 

Fig. 8 shows the variation of maximum COP (at optimum 
coupling temperature) of the system with condenser tempera-
ture for various degrees of subcooling and superheating at 
fixed evaporator temperature of -80 oC. As the condenser tem-
perature increases, the pressure ratio in HTC increases which 
results in increase of optimum coupling temperature so the 
pressure ratio in both cycles increases hence the maximum 
COP of the system decreases for fixed evaporator temperature.  
With increases in degree of subcooling the maximum COP of 
the system increases, however increase in degree of superheat-
ing the maximum COP of the system decreases, with respect 
to 0 degree of subcooling and 0 degree of superheating. 

Fig. 9 shows the variation in maximum COP of the system 
with evaporator temperature for various degree of subcooling 
and superheating at fixed condenser temperature of 40 oC. As 
the evaporator temperature increases, the pressure ratio in 
LTC decreases which results in increase of optimum coupling 
temperature so pressure ratio in both cycle decreases hence 
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the maximum COP of the system increases for fixed condens-
ing temperature. With increases in degree of subcooling the 
maximum COP of the system increases, however increase in 
degree of superheating the maximum COP of the system de-
creases, with respect to 0 degree of subcooling and 0 degree of 
superheating.  

 
Fig. 8. Variation of maximum COP with condenser temperature 

 
Fig. 9. Variation in maximum COP with evaporator temperature 

 
Fig. 10. Variation in optimum mass flow rate with condenser temperature 

Fig. 10 shows the variation in optimum mass flow rate ratio 
with condensing temperature. The mass flow rate ratio at op-
timum coupling temperature (or maximum COP) is known as 

optimum mass flow rate ratio. It is an important design para-
meter. It becomes more important for this system because 
ammonia is toxic in nature. As the condenser temperature in-
creases, the optimum mass flow rate ratio increases for fixed 
evaporator temperature -80 0C. Fig. 11 shows the variation in 
optimum mass flow rate ratio with evaporator temperature. 
As the evaporator temperature increases, the optimum mass 
flow rate ratio decreases for fixed condenser temperature 40 
oC. 

 
Fig. 11. Variation in optimum mass flow rate ratio with evaporator tempera-
ture 

It can be observed from Fig. 10 and Fig. 11 that the 
optimum mass flow rate ratio increases with increase in de-
gree of superheating however degree of subcooling has neg-
ligible effect. 
4.3 Optimization 
To establish a correlation for optimum conditions, a large da-
tabase has been generated by cyclic simulation for fixed tem-
perature difference in cascade heat exchanger and compressor 
isentropic efficiency of 70 % for a range of evaporation tem-
peratures from –55 oC to -85 oC and condenser from 25 oC to 45 
oC. Performing a regression analysis on the data, the following 
relations have been established to predict estimates of the op-
timum design parameter.  

 
TABLE 2 

REGRESSION COEFFICIENT 

 
5. CONCLUSION 
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In this study, thermodynamic analysis of cascade refrigera-
tion system is presented at -80  oC evaporating temperature 
and 40 oC condensing temperature by using nitrous oxide in 
low temperature circuit (LTC) and different fluids such as 
R717, R290, R1290, R134a and an azeotropic mixture R507A in 
high temperature circuit (HTC) as refrigerants. This analysis 
lead to a result that performance of ammonia in HTC with 
nitrous oxide in LTC is best whereas the azeotropic mixture 
R507A perform worse.  
 The analysis of N2O-NH3 cascade system is concluded that 
the subcooling in both cycles is always desirable, since it in-
creases COP of the system and does not affect the mass flow 
ratio considerably. Superheating has adverse effect on COP 
and increase the mass flow ration thus it is undesirable. To 
optimize the COP, a regression analysis has been developed 
that could be useful to refrigeration engineers for setting op-
timum thermodynamic parameters of nitrous oxide–ammonia 
cascade system. 

 
Nomenclature: 
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