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A mathematical model based on energy and exergy methods is established to ana-
lyze the performance of an auto-cascade refrigeration system at varying composi-
tions of the mixed refrigerants, condensation temperature, evaporation tempera-
ture, and vapor quality at the condenser outlet. Furthermore, grey correlation the-
ory is employed to assess the correlation degrees between refrigerant mass frac-
tions and system performance, enabling the identification of the state that has the 
greatest impact on the output parameters. It has been concluded that while main-
taining a constant mass fraction of R600a, an increase in the mass fraction of 
R1150 (State 1) leads to a higher cooling capacity but a decrease in exergy effi-
ciency. The performance decreases with the increase of the R600a mass fraction 
(State 2) as the R1150 mass fraction is unchanged. When the component of R14 is 
constant while the other two components R600a/R1150 vary (State 3), and the COP 
exists as the optimal value. The mixture of R600a/R1150/R14 with a mass fraction 
of 0.5:0.2:0.3 has better performance at COP of 0.5027 and exergy efficiency of 
29.43% under a condensation temperature of 30 °C. Based on the results of the 
grey correlation degree, the greatest factor in cooling capacity is State 1, while the 
COP and exergy efficiency are primarily controlled by State 3.  
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Introduction 

With the increasing requirement for a low temperature environment in biomedical 

science, rapid freezing, and vaccine preservation, it is urgent to develop ultra low temperature 

refrigerators with temperatures below –90 °C [1]. The traditional single-stage compression re-

frigeration system is limited by the high pressure ratio, high discharge temperature, and low 

efficiency of the compressor and is mostly used to obtain low temperatures between –20 °C and 

–40 °C [2]. Multi-stage compression refrigeration systems with a single medium-temperature 

–––––––––––––– 
* Corresponding author, e-mail: ywl-315@lut.edu.cn 



Ye, W., et al.: Effect on Mixed Refrigerant Composition on Performance of an … 
4308 THERMAL SCIENCE: Year 2024, Vol. 28, No. 5B, pp. 4307-4320 

refrigerant can obtain low temperatures above –40 °C under the limitation of low evaporation 

pressure. So, cascade refrigeration cycles and auto-cascade refrigeration cycles (ACR) have 

been widely used in applications from –80 °C down to cryogenic temperatures [3]. However, 

two or more single-stage circuits are connected in the cascade refrigeration system (CRS), 

which requires two or more compressors, resulting in an increase in the initial investment [4]. 

Compared with traditional multi-stage compression and CRS, the ACR systems can obtain low 

refrigeration temperatures from –40 °C to –160 °C adopting only one compressor and a set of 

zeotropic mixed refrigerants with different compositions [5]. Consequently, the researchers 

have focused their attention on the ACR cycles. 

To improve the performance of the ACR systems, many researchers have investigated 

the complicated cycle analysis of the ACR systems, consisting of cycle configuration improve-

ment [6] optimization of the mixed refrigerant compositions [7], etc. In terms of the optimiza-

tion of the refrigerant compositions, Wang et al. [8] investigated the performance of a single-

stage system operating with two vapor-liquid separators and six binary refrigerants, and the 

results showed that the refrigerants R23/R236fa and R170/R600 with the mol fraction at 0.55 

for R23 and R170 were the best compositions. Sivakumar et al. [9] applied R290/R23/R14 and 

R1270/R170/R14 to perform the performance and the energic analysis, and the results illus-

trated that R290/R23/R14 with the mass fraction of 0.218:0.346:0.436 performed better. Rui 

et al. [10] investigated the performance of the ternary mixture R600a/R23/R14 of an ACR by 

changing the compositional ratio. The results illustrated that the mass fraction of 0.35:0.30:0.35 

was recommended. A modified refrigeration cycle with a Linde-Hampson refrigeration system 

and an ACR system using two refrigerant combinations of R1234yf/R32 and R170/R14/R50 

was carried out by Qin et al. [11]. The results indicated that the exergy efficiency and COP 

were 15.18% and 0.1438, as the R170/R14/R50 composition was 0.52:0.22:0.26. Liu et al. [12] 

proposed a novel ejector-enhanced ACR cycle using R290/R170 with different refrigerant com-

positions and obtained the best mass fraction of R290.  

As described in the cited literature, many researchers have focused on the ACR system 

characteristics of the alternative refrigerants, consisting of R236fa/R23, R290/R170, R600/R170, 

R600a/R170, R744/R290, R600a/R1150 [13], etc. Besides, Liu et al. [14] focused on evaluating 

and analyzing the ACR performance with the refrigerants R600a/R1150/R14 using grey correla-

tion theory and response surface methodology. The interactive influences that had great impacts 

on the performance were illustrated, and the correlation degree between the operating conditions 

and ACR performance was obtained. Ye et al. [15] demonstrated the multi-objective optimization 

of an ultra low temperature CRS through response surface methodology and the desirability ap-

proach, and the optimized parameter combinations of operating parameters were given. However, 

the refrigerant mass fractions were fixed in [14], while the response surface methodology for 

multi-objective optimization in a CRS consisting of a low temperature circuit and a high temper-

ature circuit to identify the optimized results was employed in [15]. In addition, there is no pub-

lished literature to show the impacts of the mass fractions on the ACR performance for ultra low 

temperature refrigerators operating with R600a as the high boiling refrigerant, R1150 as the mid-

dle boiling refrigerant, and R14 as the low boiling refrigerant. Furthermore, it is difficult to find 

literature indicating which state (State 1: the composition of R600a is constant but the initial mass 

fractions of R1150 and R14 vary; State 2: the composition of R1150 keeps constant but the initial 

mass fractions of R600a and R14 change; State 3: the composition of R14 is not changed while 

the initial mass fractions of R600a and R1150 change) has the greatest or least effects on the ACR 

performance. Therefore, it is necessary to find out the relationship between the input and output 

parameters when the mass fractions of R600a, R1150, and R14 are in different states, and evaluate 
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the correlation degree between the three states and the output parameters. Thus, this paper aims 

to conduct the energy and exergy analysis for the three states under different operating conditions 

and find an effective approach to evaluating the correlation degree between the states and the 

ACR performance. The results will provide a theoretical guide for adjusting the mass fraction of 

the refrigerants in the ACR system. Furthermore, we can identify the state that exerts the greatest 

influence on performance by applying the grey correlation theory. This approach facilitates the 

adjustment of the initial mass fraction of refrigerants in subsequent experiments, thereby provid-

ing valuable guidance for future research on the performance improvement of an ultra low tem-

perature refrigeration system. 

Mathematical model 

Selection of the refrigerants 

Generally, the ACR performance is greatly influenced by the characteristics of mixed 

refrigerants. In the coming decades, refrigerants containing HFC will be phased out, favoring 

those with low ODP and GWP. Table 1 summarizes the key properties of the candidate refrig-

erants. Among high-boiling refrigerants, R600a stands out with its zero ODP and low GWP of 

20, rendering it a preferred option for environmentally friendly freezers and refrigerators. In 

comparison to R290, R600a poses a significantly reduced explosion risk and exhibits lower 

flammability. For middle-boiling refrigerants, R1150 is selected for its low ODP, GWP, and 

safety grade of A3. Among low-boiling refrigerants, R14 is preferred due to its low ODP, min-

imal flammability, and lower boiling temperature. Taking into account its application back-

ground, temperature range, and other relevant characteristics, the combination of R600a, 

R1150, and R14 is selected for the ACR system. 

Table 1. Key properties of the refrigerants in ACR systems [14] 

Refrigerant 
Chemical  
formula 

ODP GWP 
Normal boiling  

temperature at one  
atmosphere [K] 

Critical  
temperature 

[K] 

Critical  
pressure 
[KPa] 

R600a C4H10 0 20 261.42 407.81 3.627 

R134a CH2FCF3 0 1300 247.08 374.21 4.059 

R22 CHFCL2 0.055 1700 232.34 369.3 4.99 

R290 CH3CH2CH3 0 ~20 231.04 369.89 4.251 

R744 CO2 0 1 216.59 304.13 7.377 

R23 CHF3 0 12100 191.13 299.29 4.832 

R170 CH3CH3 0 20 184.57 305.32 4.8722 

R1150 CH2 = CH2 0 20 169.38 282.35 5.042 

R14 CF4 0 5700 145.1 227.51 3.75 

R50 CH4 0 24.5 111.67 190.56 4.6 

Cycle and system description 

The schematic diagram of the refrigeration cycle with a vapor-liquid phase separator 

is displayed in fig. 1. In this ACR system, a mixture of R600a/R1150/R14 is utilized. The main 

component with R600a is used in the high temperature loop while the main refrigerant, 
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R1150/R14, is applied in the low temperature loop. This system mainly consists of a compres-

sor with suction at Point 1 and discharging at Point 2, a finned tube condenser, a cascade heat 

exchanger (CHX), two expansion valves (EV), two inner heat exchangers (IHX), and an evap-

orator. The separator is applied to obtain the separation of low-boiling refrigerant. The corre-

sponding p-h diagram of the ACR cycle is shown in fig. 2. Points 1-2: the compression process 

of the mixed refrigerant in the compressor. Points 2-3: the condensation process in the conden-

ser. Points 3-12 and 3-4: the process of separating a mixed refrigerant into liquid rich in high 

boiling point components and gas rich in low boiling point components in a gas-liquid separa-

tor. Points 12-13: the throttling process of a liquid rich in high boiling components in EV-1. 

Points 4-5: the condensation process of gases rich in low boiling components in the CHX. Points 

7-8: the throttling process of a liquid rich in low boiling components in EV-2. Points 8-9: the 

evaporation process of refrigerants rich in low boiling components in the evaporator. Points 

13-11 and 10-11: the mixing process of high boiling and low boiling working fluids. Two in-

ternal heat exchangers, namely IHX-1 and IHX-2, have been integrated into the system to lower 

the inlet temperature of the evaporator. 

Figure 1. Schematic diagram of the ACR system Figure 2. Pressure-enthalpy diagram 

Cycle system modeling 

Based on the working principle of the ACR system and the first law of thermodynam-

ics, the performance is theoretically evaluated. The assumptions are made for the model as: All 

components of the ACR system are assumed to be in a steady state and steady flow process, the 

compression process in the compressor is adiabatic and irreversible, and the expansion pro-

cesses in EV-1 and EV-2 are isenthalpic, all the pressure drops and heat losses in the ACR 

system are neglected, and the exergy analysis takes p0 = 101 kPa and t0 = 25 °C as the standard 

conditions. 

According to the assumptions, the conservation equations of mass and energy are es-

tablished, as listed in tab. 2. 

In tab. 2, the subscript is represents the isentropic process and ηcom can be expressed 

as [16]: 

2
com com

1

0.874 0.0135 0.874 0.0135
p

r
p

     (1) 

The COP of the ACR cycle is described as: 

e

com

Q
COP

W
 (2) 
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Table 2. The conservation equations of the mass and energy 

Components Mass conservation Energy conservation 

Compressor ṁ1 = ṁ2 
2,is 1

com 1 2 1 1

com

( )
h h

W m h h m



  

Condenser ṁ2 = ṁ3 Qc = ṁ2(h2 – h3) 

Evaporator ṁ8 = ṁ9 Qe = ṁ9(h9 – h8) 

Separator ṁ3 = ṁ4 + ṁ12 ṁ3h3 = ṁ4h4 + ṁ12h12 

CHX ṁ4 = ṁ5, ṁ1 = ṁ14 ṁ4(h4 – h5)  = ṁ1(h1 – h14) 

IHX-1 ṁ5 = ṁ6, ṁ10 = ṁ11 h5 – h6 =  h11 – h10 

IHX-2 ṁ6 = ṁ7, ṁ9 = ṁ10 h6 – h7 =  h10 – h9 

EV-1 ṁ12 = ṁ13 h12 = h13 

EV-2 ṁ7 = ṁ8 h7 = h8 

The exergy analysis offers a good method to assess the irreversible loss of each com-

ponent. The exergy destruction rate of each component is shown in tab. 3. In tab. 3, ΔT is set to 

be 5 K.  

Table 3. The exergy destruction rate of the components 

Components Exergy conservation 

Compressor Exd,com = ṁ1T0(s2 – s1) 

Condenser 
0

d,c 2 2 3 0 2 3 c[( ) ( )] 1
c

T
Ex m h h T s s Q

T

 
      

 
 

Evaporator 
0

d,e 8 8 9 0 8 9 e
e

[( ) ( )] 1
T

Ex m h h T s s Q
T T

 
      

  
 

CHX d,CHX 4 4 5 0 4 5 1 14 1 0 14 1[( ) ( )] [( ) ( )]Ex m h h T s s m h h T s s         

IHX-1 d,IHX1 5 5 6 0 5 6 11 10 11 0 10 11[( ) ( )] [( ) ( )]Ex m h h T s s m h h T s s         

IHX-2 d,IHX2 6 6 7 0 6 7 9 9 10 0 9 10[( ) ( )] [( ) ( )]Ex m h h T s s m h h T s s         

EV-1 Exd,ex1 = ṁ12T0(s13 – s12) 

EV-2 Exd,ex2 = ṁ7T0(s8 – s7) 

Therefore, the total exergy destruction rate and exergy efficiency of the ACR system 

are given: 

d d,com d,c d,e d,CHX d,IHX1 d,IHX2 d,exp1 d,exp 2Ex Ex Ex Ex Ex Ex Ex Ex Ex        (3) 

ex
com

1 dEx
n

W
  (4) 
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Operating conditions and solving procedure 

To conduct a parametric analysis on the thermodynamic characteristics of the ACR 

across various working conditions, the operating parameters are presented in tab. 4. As shown 

in tab. 4, the ranges of the six input variables are given, and the other three parameters are set 

as constants. Based on the assumptions in section Cycle system modeling and the operating 

conditions, the thermodynamic model of the ACR is built using HYSYS software. The output 

parameters, such as the refrigerating capacity, Qe, COP, the total exergy destruction rate, Exd, 

and exergy efficiency (ηex), are determined by varying the input parameters. In our calculation, 

the separation process is equilibrious at the specified conditions, and the concentrations of va-

por and liquid obtained from the separator are determined using the properties provided by the 

REFPROP database. 

Table 4. Operating conditions 

Parameter Unit Values/Ranges 

Mass fraction of R600a, ZR600a – 0.4~0.6 

Mass fraction of R1150, ZR1150 – 0.2~0.4 

Mass fraction of R14, ZR14 – 0.1~0.3 

Evaporation temperature, te [°C] –100~–90

Condensation temperature, tc [°C] 26~34 

Vapor quality of the condenser outlet, xc – 0.7~0.8 

Vapor quality of the evaporator outlet, xe – 0.4 

Vapor superheat at the compressor inlet, Δt [°C] 5 

Cold temperature difference of CHX, t5 – t4 [°C] 30 

Grey correlation degree method 

The basic idea of the grey correlation degree is to measure the degree of association 

according to the similarity and trend among the factors, and the size of the similarity degree of 

curves is taken as the weight scale of correlation [17].  

It is assumed that X0 = {ε0(k), k = 1, 2, 3, …, n} represents the reference sequence and 

Xi = {εi(k), k = 1, 2, 3, …, n, i = 1, 2, 3, …, m}represents the comparison sequence. The m and 

n denote the number of targets, and k denotes the time. In this paper, the initial mass fractions 

of R600a, R1150, and R14 are selected as the comparison sequences, and the refrigerating ca-

pacity, Qe, COP, the total exergy destruction rate, Exd, and exergy efficiency, nex, are the com-

parison sequences. Therefore, the degree of grey correlation is given: 

0 0

0 0

min min ( ) ( ) max max ( ) ( )
( )

( ) ( ) max max ( ) ( )

i k i i k i
i

i i k i

x k x k x k x k
k

x k x k x k x k






  


  
(5) 

i i

1

1
( ), 1,2,...,

n

k

k k n
n

 


   (6) 
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Results and discussions 

Performance at varying ZR1150 and ZR14

Figure 3 displays the cooling capacity, Qevap, COP, exergy destruction rate, Exd, and 

exergy efficiency, nex, with respect to the different ZR1150 and ZR14 at five condensation temper-

atures, tc. It is clear from fig. 3 that Exd increases linearly as ZR1150 increases or ZR14 decreases. 

Compared to other parameters, the rate of increase in Qe is relatively small. When tc is 26 °C, 

Qe is increased by 7.8% with the increasing ZR1150. But COP and nex decrease. This is because 

the mass-flow of the low-boiling point refrigerants at state Point 4 increases as ZR1150 increases 

when xc is fixed. In addition, the inlet temperature of the evaporator decreases as ZR1150 varies 

from 0.2 to 0.4 while te and the vapor quality at the evaporator outlet remain constant, causing 

a gradual increase in Qe. The increase in Qe is smaller than the Wcom of the compressor, thus 

COP shows a decreasing trend. Within the given ZR1150, Qe, COP, Exd, and nex vary from 

113.3~121.8 W, 0.3885~0.2355, 211.4~428.1 W, and 24.4%~14.79% as tc is 30 °C. As illus-

trated in fig. 3, the increase in tc has a negative impact on performance. It can be seen that the 

COP, Qe, and nex present a downward trend, while Exd increases as ZR14 remains constant.  

Figure 3. Variations of output parameters with ZR1150 and ZR14 at different tc;  
(a) variations of Qe and COP and (b) variations of Exd and nex  

Figure 4 shows the variations of Qe, COP, Exd, and nex at different ZR1150 and ZR14 at 

the five te. It can be seen that with the increase of ZR1150 (or the decrease of ZR14), Qe and Exd 

increase, but COP and nex decrease. The variation trend of various parameters is consistent with 

that in fig. 3. As te increases from –100 °C to –90 °C, Exd shows a remarkable decrease, while 

the COP, Qe, and Exd increase linearly. The recommended values of COP and nex at a te of –

90 °C are observed for the combination (ZR600a: ZR1150: ZR14 = 0.5:0.2:0.3) as 0.5027 and 

29.43%. This is the reason that the value of the pout is related to the condensation temperature, 

the mass fraction of the refrigerants, and the vapor quality at the condenser outlet, which are set 

to constant values during the simulation. Thus, the pout remains constant as the te varies.  

The vapor quality at the condenser outlet x3 has great effects on the performance of the 

ACR system, and it is also an important parameter in the ACR system. Thus, fig. 5 shows the 

variations of Qe, COP, Exd, and nex with the ZR1150 changing from 0.2 to 0.4 under five vapor 

qualities at the condenser outlet x3. It is found that Qe and Exd monotonically increase with in-

creasing ZR1150. However, COP and nex decrease. As shown in fig. 5, Qe, COP, and nex decrease, 
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Figure 4. Variations of output parameters with ZR1150 and ZR14 at different te;  
(a) Variations of Qe and COP and (b) variations of Exd and nex  

and Exd increases under the different x3. As the xc increases, the refrigerant vapor that enters the 

condensation side of the CHX increases, and the refrigerant vapor is further condensed by two 

IHX. The evaporator inlet vapor quality is increased as the x9 and te are set to 0.4 and –100 °C. 

Although the mass-flow of the evaporator increases, Qe still decreases, fig. 5(c). Moreover, 

when the ZR1150 is 0.4, pout, pin, and rcom are decreased as xc increases, resulting in a reduction of 

Wcom. Due to the faster decrease in the cooling capacity Qe compared to the compressor power 

Wcom. Therefore, the COP shows a decreasing trend. As the ZR1150 is 0.4, within the given xc 

range (0.7~0.8), the COP, Qevap and nex are decreased by 70.7%, 71.43%, and 70.77%, and the 

Exd is increased by 9.95%. 

Figure 5. Variations of output parameters with ZR1150 and ZR14 at different xc;  
(a) variations of Qe and COP and (b) variations of Exd and nex  

Performance at varying ZR600a and ZR14

Figure 6 reveals the effect of the ZR600a and ZR14 at five tc on Qe, COP, Exd, and nex. It 

is found from fig. 6 that as the ZR600a rises (or the ZR14 reduces), Qe, COP, and nex of the ACR 

system indicate a downward trend, and Exd monotonically increases. Actually, as the ZR14 de-

creases or the ZR600a increases, the mass-flow of low boiling point refrigerant decreases as the 
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x3 is set to 0.4, which affects the heat transfer of the CHX. It can be seen from fig. 6(b) that the 

decrease rate of the pin is greater than the pout, resulting in an increase in the rcom, which increases 

more significantly as the ZR600a is larger than 0.5. When the te and xe remain unchanged, Qe 

decreases. Therefore, the increase in the ZR600a results in an increase in the Wcom and Exd, and a 

decrease in the COP and nex. In addition, it is shown that the Exd increases, and the COP, Qe, 

and nex decrease as tc increases. Since the t3 ranges from 26~34 °C, the COP, Qe, and nex are 

decreased by 36.85%~45.54%, 23.09%~31.95%, 4.24%~3.94%, and 36.83%~45.53%, while 

Exd are increased by 30.45%~31.47%. 

Figure 6. Variations of output parameters with ZR600a and ZR14 at different tc;  
(a) variations of Qe and COP and (b) variations of Exd and nex  

Figure 7 shows the variations in the performance of the ACR system with the ZR600a and 

ZR14 at five te. It can be seen from fig. 7 that Qe, COP, and nex reduce linearly with the increment 

of the ZR600a, and Exd rises, and there is a minimum value for t2 when the ZR600a reaches 0.55. The 

results are consistent with the above results shown in fig. 6. As the smaller value of R600a mass 

fraction (0.4), when the te decreases from –90 °C to –100 °C, Qe and COP vary in the ranges of 

137~110.9 W and 0.4266~0.2496, the Exd and nex vary in the ranges of 232~358.6 W, and 

24.94%~16.81%. The zeotropic mixture of R600a/R1150/R14 with a mass fraction of 0.4:0.3:0.3 

obtaining the highest COP (0.4266) at a te of –90 °C with a nex of 24.94% is performing well. 

Figure 7. Variations of output parameters with ZR600a and ZR14 at different te;  
(a) variations of Qe and COP and  (b) variations of  Exd  and nex  
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While the value of the R600a mass fraction is 0.6, within the given range of te, Other output 

parameters, such as Qe, COP, Exd, and nex do not vary obviously. It is noted that the increase of te 

can result in a higher saturation pressure, leading to a reduction of rcom when other parameters 

remain constant. Thus, Wcom is decreased, and the COP and nex are increased.  
Figure 8 reveals the effect of the ZR600a and ZR14 on the performance of the ACR sys-

tem under five x3. As shown in fig. 8, as the ZR600a of the high boiling component increases from 

0.4 to 0.6, the pin, pout, Qe, COP, and nex decrease gradually. However, the decrease in pin grad-

ually slows down, while the decrease in pout gradually accelerates. As the ZR600a is greater than 

0.45, the decrease rate of the pout is larger than that of the pin. Hence, the rcom of the ACR system 

first rises slowly and then increases rapidly, causing an increase in the Wcom, and a decrease in 

the COP. Based on eq. (6), the change trend of the nex is consistent with that of the COP, 

fig. 8(d). Nevertheless, the t2 decreases at first and then increases. It can also be seen that as the 

xc rises, the Qe, COP, pin, pout, and nex illustrate a downward trend, and the Exd increases. As for 

t2 and rcom, different variation trends exist when the mass fractions of R600a are different. As a 

smaller value of ZR600a (0.4), the t2 and rcom decrease with the xc, but as a large value of 0.6, the 

trend of change is the opposite. Since the xc varies from 0.7~0.8, within the given range of 

ZR600a, the Qe, COP, pin, pout, and nex are reduced by 61.03%~91.11%, 59.6%~91.68%, 

16.31%~22.34%, 19.95%~13.88%, and 59.6%~91.68%, while the Exd are increased by 

12.1%~23.23%. However, the discharge temperatures of the compressor are still less than 

120 °C, ensuring the safety of the compressor. 

Figure 8. Variations of output parameters with ZR600a and ZR14 at different xc;  
(a) variations of Qe and COP and  (b) variations of Exd and nex  

Performance at varying ZR600a and ZR1150

Figure 9 indicates the variation trend of the performance of the ACR system with ZR600a 

and ZR1150 at different condensation temperatures. Under the calculation, the ZR14 and the vapor 

qualities at the condenser and evaporator outlets are 0.2, 0.7, and 0.4, respectively. As indicated 

in fig. 9, as the ZR1150 mass fraction increases (or the ZR600a decreases), the t2, pin, pout, and Qe 

increase in the form of a quadratic curve, the rcom and Exd reduce first and then increase, while 

the COP and nex rise as the ZR1150 increases from 0.2~0.25 and then reduce gradually when the 

ZR1150 ranges from 0.25~0.40, meaning that the optimal values for the COP and nex exist. Accord-

ing to a comprehensive comparison and consideration, the value of 0.5 is selected as the optimum 

ZR1150 within the setting range of the condensation temperature tc, and the ZR600a, ZR1150, and ZR14 

are 0.5:0.3:0.2. The corresponding maximum values of COP and nex under the t3 of 26 °C are 
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0.3537 and 22.21%, respectively. In addition, as the condensation temperature increases, the per-

formance of the ACR system shows a downward trend. When the ZR1150 is about 0.2 and the t3 

increases from 26~36 °C, the t2, rcom, Qe, COP, Exd, and nex vary from 88.59~111.7 °C, 

11.97~16.42, 103~67.68 W, 0.3023~0.1595, 271.3~360.1 W, and 18.98%~10.02%, respectively. 

When the ZR1150 reaches 0.4, the t2 and rcom exceed the limited value. Simultaneously, Qe, COP, 

and nex decreased by 23.29%, 37.56%, and 37.57%, respectively. 

Figure 9. Variations of output parameters with ZR600a and ZR1150 at different tc;  
(a) variations of Qe and COP and  (b) variations of Exd and nex  

Figure 10 presents the impact of the ZR600a and ZR1150 on the performance of the ACR 

system at different evaporator temperatures. It can also be seen that the parameters, including 

Qe, increase monotonically with increasing ZR1150. However, when the ZR1150 is about 0.3 and te 
is a larger value of –90 °C, the optimal values of COP, Exd, and nex are 0.382, 255.0 W, and 

22.33%, respectively. Meanwhile, when the ZR1150 is constant, Qe, COP, and nex monotonically 

increase with the growth of te, and the Exd increases. As previously mentioned, the increase of 

te will result in the decrease of rcom, thus Wcom decreases and COP increases, fig. 10(a). As seen 

in figs. 10(a) and 10(b), Qe, COP, and nex are increased by 37.18%, 93.62%, and 68.02% with 

the increase of the te as ZR1150 is 0.2. Nevertheless, Qe, COP, and nex are increased by 23.91%, 

Figure 10. Variations of output parameters with ZR600a and ZR1150 at different te;  

(a) variations of Qe and COP and  (b) variations of Exd and nex  
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78.85%, and 55.27% when the ZR1150 is 0.4, indicating that an increase in evaporation temper-

ature can improve the performance of the ACR system quickly with a small ZR1150. However, 

the performance of the system is influenced by various factors, and the comprehensive consid-

eration of multiple factors should be taken into consideration. 

Figure 11 shows the variations in the ACR performance with the ZR600a and ZR1150 at 

different vapor qualities at the condenser outlet x3. It can be found that Qe increases linearly first, 

then slowly. However, there are optimal values for Exd, COP, and nex when the ZR600a, ZR1150, and 
ZR14 are 0.5, 0.3, and 0.2, respectively. As for the trend of change of the t2, it can be seen that in 

the case of xc = 0.7, It is clearly observed that the increase in the xc has adverse effects on the 

performance of the ACR system. When the ZR1150 is 0.2, the Qe, COP, and nex are decreased by 

97.08%, 97.50%, and 97.43% respectively, within the given range of the xc. But the corresponding 

parameters are reduced by 61.78%, 59.43%, and 59.44% as the ZR1150 is 0.4, indicating that the 

xc has a more significant impact on the ACR performance as a smaller value of the ZR1150.  

Figure 11. Variations of output parameters with ZR600a and ZR1150 at different xc;  
(a) variations of Qe and COP and  (b) variations of Exd and nex  

Analysis of grey correlation degree 

According to the calculation results in figs. 

3-11, the results of the grey correlation degree are 

calculated in fig. 12. In fig. 12, States 1~3 present 

the situation when the ZR600a, ZR1150, and ZR14 re-

main unchanged, respectively, while the other two 

working fluid components change separately. It 

can be found that the degree of grey correlation 

between the three states and Qe and pout are mainly 

determined by State 1, but COP and nex are con-

trolled by State 3.  

Conclusions 

A theoretical model was built to analyze the 

energy and exergy performance of an ACR system 

using R600a/R1150/R14 with different initial 

Figure 12. Grey relational degree and 
order (table) between three states and 

output parameters 
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mass fractions of the refrigerants and operating conditions. The correlation degrees between 

different states and the output parameters were obtained by using the grey correlation theory. 

The following conclusions were made. 

 Under the ZR600a of 0.5, as the ZR1150 was increased from 0.2 to 0.4 (State 1), the cooling 

capacity and total exergy destruction rates increased, and the COP and exergy efficiency 

decreased. The performance increased with the rising evaporation temperature, the decreas-

ing condensation temperature, and the vapor quantity at the condenser outlet. The mixture 

of R600a/R1150/R14 with a mass fraction of 0.5:0.2:0.3 having COP of 0.5027 and 29.43% 

of exergy efficiency under the condensation temperature and evaporation temperature of 

30 °C and –90 °C was recommended. 

 When the ZR1150 was set to be 0.3, with the increasing ZR600a (State 2), the total exergy 

destruction rates increased, but the cooling capacity, COP, and exergy efficiency decreased. 

At an evaporation temperature of –90 °C, a condensation temperature of 30 °C, a vapor 

quantity of the condenser outlet of 0.7, the mixture of R600a/R1150/R14 with a mass frac-

tion of 0.4:0.3:0.3 having cooling capacity of 137.0 W, COP of 0.4266, and 24.94% of 

exergy efficiency was performing well.  

 As the ZR14 was unchanged but the ZR1150 and ZR600a varied (State 3) under different oper-

ating conditions, the highest COP and exergy efficiency were found with the mass fraction 

of 0.5:0.3:0.2 for the mixture of R600a/R1150/R14. What’s more, the effects of the evap-

oration temperature on the ACR performance were more obvious than those of the conden-

sation temperature and the vapor quantity of the condenser outlet.  

 Through the correlation degree analysis between each state (varying ZR600a, ZR1150, and ZR14) 

and the performance evaluating output parameters, the factor that had the greatest impact 

on the cooling capacity was State 1, followed by State 3, while State 2 had the least impact. 

But State 2 had the greatest effect on the pressure ratio, suction pressure of the compressor, 

and total exergy destruction rate, and the exergy efficiency and COP were most affected by 

State 3.  

In summary, the theoretical research findings obtained thus provide a clear roadmap 

for conducting further experimental investigations. Additionally, the utilization of the grey cor-

relation theory could offer advantages for the performance improvement of the ACR system. 

In our future research, the calculation results will be tested and verified under an experimental 

condition. Besides, the analysis of thermodynamic performance, coupled with experimental re-

sults, will enhance the applicability of the gray correlation theory presented in this paper. 

Nomenclature 

Exd – exergy destruction rate, [W] 
h – specific enthalpy, [kJkg–1] 
ṁ – mass-flow rate, [kgs–1] 
n – exergy efficiency, [%] 
p – pressure, [MPa] 
Q – heat load, [W] 
r – pressure ratio 
s – specific entropy, [kJkg–1K–1] 
t/T – temperature, [°C] 
t – temperature difference, [°C] 
W – compressor input power, [W] 
x – vapor quality of two-phase flow, [kgkg–1] 
Z – mass fraction  
 

Greek symbol 

ηcom – isentropic efficiency of the compressor 

Subscripts 

0 – reference state 
1-14 – state points of refrigerant 
com – compressor 
cond/c – air-cooled condenser 
CHX – cascade heat exchanger 
evap/e – evaporator 
ex – expansion valve 
in – inlet 
IHX – internal heat exchanger 
out – outlet 
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