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Abstract: Low temperature cold chain is the top priority of logistics development at this stage. CO2 

(carbon dioxide) refrigeration system is widely used. However, the low efficiency of CO2 refrigera-

tion system is the biggest obstacle to its development. In this research work, a novel trans-critical 

CO2 refrigeration cycle with ejector for cryogenic storage is proposed. The energy and traditional 

exergy model of the system are established, and the advanced exergy model is established based 

on the traditional exergy model, and the actual performance of the system is analyzed. The results 

show that the exergy destruction of each component of the ejector is the largest in the system, and 

the optimization potential is the highest in both traditional and advanced exergy models. After 

studying the influence of main parameters in the system cycle on the system performance and per-

formance, it is found that there is an optimum intermediate pressure and gas cooler pressure in 

the system to maximize the system performance and efficiency. According to the influence of the 

change of system parameters on the system, it is found that the outlet temperature of gas cooler 

has the greatest influence on the optimization of ejector. 
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1. Introduction 

In recent years, environmental problems caused by ozone depletion and green-

house effect have become the focus of attention[1, 2]. Natural gas CO2 has been discovered 

as a refrigerant in the refrigeration industry. Ozone depletion potential (ODP) is 0 and 

global warming potential (GWP) is 1, which are ideal refrigerants for sustainable devel-

opment and have attracted more and more attention and research interest from all coun-

tries in the world[3]. The lower critical temperature of CO2 is 31.1℃ and the critical pres-

sure is up to 7.38MPa. Therefore, most CO2 refrigeration cycles are conducted in the 

transcritical region [4-6]. These characteristics result in a high pressure ratio of the com-

pressor in the refrigeration cycle, and an increase in pressure drop during throttling re-

sults in an increase in throttling losses, resulting in a lower efficiency of the CO2 refriger-

ation system than other systems using freon refrigerants[7]. To improve the performance 

coefficient of R744 transcritical refrigeration/heat pump cycle, a new approach is pro-

posed. Researchers have done a lot of research and summarized the following methods 

to improve system circulation performance: replacing throttle valve with expander or 

ejector, two-stage compression, mechanical supercooling, thermoelectric supercooling, 

swirl tube, parallel compression. 

 



 

 

Introducing ejectors into the transcritical CO2 refrigeration system instead of the 

throttle valve in the conventional cycle can improve system efficiency, improve the suc-

tion pressure of the compressor and regulate the flow relationship in the cycle[8]. Based 

on basic ejector circulating system, Zhang et al. [1] reviewed a large number of literature 

and summarized the improvement of CO2 system performance by the use of ejector. The 

utility model has the advantages of simple structure and low cost and has broad applica-

tion prospects in transcritical CO2 refrigeration system. Song et al. [9] introduced and 

studied the model of two-phase flow ejector in an all-round way, and introduced the 

main problems of zero-one-dimensional model and three-dimensional model in the 

simulation of two-phase flow ejector, clarified the development status and existing prob-

lems of existing models, and considered that lack of clear understanding of complex 

thermodynamic mechanism of ejector was the biggest obstacle to its promotion. Santini 

et al. [10] used ejectors instead of expansion valves in the transcritical CO2 vapor com-

pression refrigeration cycle and considered that there was a strong correlation between 

COP and entrainment ratio (μ). Eskandari et al. [8] introduced a new type of transcritical 

CO2 double injection refrigeration cycle. After the system was modeled, the cycle per-

formance and exergy performance were compared with the conventional cycle by using 

EES (Engineering Equation Solver). It was found that the performance of the new cycle 

introduced after adjusting the different system parameters is 20-80% higher than that of 

the conventional cycle[11]. Nebot et al. [12] sought a high performance refrigeration system 

to optimize the performance of the system in actual operation. The experiments validat-

ed the existence of the optimum intermediate pressure and the optimum pressure of the 

gas cooler in the novel transcritical CO2 refrigeration system. Liu et al. [13] analyzed a 

new transcritical CO2 with double evaporator injection refrigeration cycle, analyzed the 

energy and exergy of the system, and compared it with the conventional system. It was 

found that the COP and exergy efficiency of the system is increased by 19.6% and 15.9% 

respectively under the set operating conditions. 

Making use of the second law of thermodynamics, the analysis of refrigeration sys-

tem is helpful to determine the most destructive position in the system, and to analyze 

the size of equipment exergy destruction in the system, to improve the system. Sun[14] 

and Liu[15] analyzed a large number of CO2 transcritical refrigeration systems and found 

that the ejector most of exergy destruction in the refrigeration cycle. Dahmani et al. [16] 

studied the ejector refrigeration system, they found that more than half of the destruc-

tion in the ejector refrigeration system using R134a occurred in the ejector. Elbarghthi et 

al. [17] tested and analyzed the CO2 transcritical ejector refrigeration system, evaluated 

the system parameters under different operating conditions, such as gas cooler pressure, 

outlet temperature of gas cooler, evaporation temperature and receiver. The experiment 

shows that with the increase of gas cooler pressure, the exergy destruction of the system 

gradually increases. It is also considered that in ejector-enhanced refrigeration systems, 

exergy analysis should be widely used to determine improvements made by ejector ad-

dition. 

2. System description and assumptions 

The schematic diagram and pressure enthalpy diagram of the transcritical CO2 re-

frigeration system studied in this paper are shown in Figures 1(a) and (b). The refrigera-

tion system replaces the conventional high-pressure side throttle valve with an ejector, 

which consists of a main nozzle, an injection chamber, a mixing chamber and a diffuser. 

In addition, it is composed of high-pressure compressor (HPC), gas cooler (GC), inter-

cooler (ITC), internal heat exchanger (ITE), two-phase ejector (EJE), evaporator (EVA), 

low-pressure expansion valve (EV1), medium-pressure expansion valve (EV2) and low-

pressure compressor (LPC). 

The working cycle of the refrigerant in this cycle is as follows: the refrigerant high-

pressure compressor in saturated vapor (state 1) coming from the intercooler, the com-

pressed superheated vapor with high temperature and pressure (state 2) is cooled by the 



 

 

gas cooler with constant pressure heat exchange (state 3) for heat exchange in the form 

of sensible heat. The refrigerant from the gas cooler exchanges heats twice by the inter-

nal heat exchanger for further supercooling (state 4). The supercooled refrigerant is 

sucked in by the main nozzle of the ejector. After depressurization by the nozzle, it is 

mixed with the medium-temperature medium-pressure refrigerant compressed by the 

low-pressure stage compressor introduced from the ejector chamber of the ejector. The 

two streams of fluid exchange momentum and energy in the mixing chamber of the ejec-

tor and are finally ejected in a two-phase flow state after pressurization by the diffuser 

(state 5). The refrigerant entering the intercooler exchanges heat with the refrigerant 

throttled by the medium-pressure throttle valve (state 11). The refrigerant in the mixed 

saturated vapor state in the intercooler is compressed by the high-pressure compressor. 

At the same time, the saturated refrigerant in the intercooler (state 6) is throttled by the 

low-pressure stage throttle valve (state 7) and enters the evaporator. After heat exchange 

through the evaporator (state 8), it enters the ITE for heat exchange again (state 9). Re-

frigerant enters the low-pressure compressor after heat exchange between the ITE and 

the high-pressure side fluid (state 10). One part of the compressed medium-temperature 

and medium-pressure refrigerant is mixed with the main body after being introduced by 

the ejector chamber and the other part enters the intercooler after being throttled by the 

medium-pressure throttle valve. 

 

 

 

(a) (b) 

 

Figure 1. (a) Schematic diagram of transcritical CO2 refrigeration system; (b) Pressure enthalpy diagram of transcritical 

CO2 refrigeration system.  

In order to simplify the simulation model, the following assumptions are made for 

the system: 

(1) The compressor adopts adiabatic nonisentropic compression process, and the 

compression efficiency is obtained from the literature[18]. 

(2) The working efficiency of the main flow nozzle, suction chamber, mixing cham-

ber and diffuser of the ejector is constant. The mixing section in the ejector carries out 

fluid mixing at constant pressure. 

(3) The evaporator load at the low-pressure side of the system is calculated accord-

ing to the previous calculation. Calculate the flow with 14.4kW. The system operates 

under the atmospheric conditions of T0 = 25 ℃ and P0 = 101.325kpa as the reference state. 

(4) The system operates stably. Ignore the external heat loss caused by the medium 

pressure drop of connecting pipe, intercooler, gas cooler, evaporator and internal heat 

exchanger. 



 

 

(5) The refrigerant flowing from the intercooler and evaporator is saturated. 

(6) The temperatures of the liquid water at the inlet and outlet of the gas cooler re-

main fixed, T12=26 ℃, T13=61 ℃. Also, the air temperatures at the inlet and outlet of the 

evaporator are fixed at T14=-25 ℃ and T15=-30 ℃. 

(7) The kinetic energy of the fluid passing through the inlet and outlet of the ejector 

is ignored. 

3. Energy and conventional energy analysis 

3.1. Energy model 

Based on the above assumptions, the system model is modeled, and the basic equa-

tions can be obtained from the perspective of mass, momentum and energy conserva-

tion: 

For HPC and LPC: 
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Among them, the compressor coefficient is obtained from the literature[18], which is 

specifically expressed as a function of the pressure relationship before and after the 

compressor. 

For Cooling capacity of evaporator: 
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High and low pressure refrigerant flow ratio: 
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The ejection ratio of the ejector is expressed by formula (8), and the detailed deriva-

tion process is shown in references[19]. 

For internal heat exchanger: 
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3.2. Conventional exergy analysis model 

Exergy is the maximum useful work a system can delivered from a specified state 

to the state of its environment in theory. In order to evaluate the unavoidable exergy de-

struction of components in the system, further exergy analysis was carried out. The ratio 

exergy of refrigerants at each point of state can be defined as [20]: 

    0 0 0j j j
E m e m h h T s s        
& & &  (12) 

where subscript j represents the exergy state points 1-15 in Figure 1, and 0 represents the 

reference state point of the system (T0 and P0). The reference state is generally set to the 

ambient temperature, the specific enthalpy and specific Entropy of refrigerant at = 

298.15K and = 101.325kPa. 

The concept of exergy is defined by “fuel-products” and calculated by fuel exergy 

and product exergy as follows [21]: 
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Exergy can be further divided into thermal exergy and mechanical exergy, ex-

pressed as [22]: 
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where the subscript k represents the k-th component in the system, which can be ex-

pressed as high-pressure compressor (HPC), gas cooler (GC), internal exchanger (ITE), 

ejector (EJE), expansion valve1 (EV1), evaporator (EVA), low-pressure compressor 

(LPC), expansion valve2 (EV2). The exergy of product (�̇�𝑃,𝑘) represents the desired result 

of the component, The exergy of fuel (�̇�𝐹,𝑘) contains all exergy of the component. 

The exergy balance in the system is [23]: 

 
, , , ,F tot P tot D k L totE E E E  & & & &  (0) 

where �̇�𝐹,𝑡𝑜𝑡 and �̇�𝑃,𝑡𝑜𝑡 are fuel exergy and product exergy in the system. �̇�𝐿,𝑡𝑜𝑡 is the ex-

ergy that can no longer be used in the system, which is only considered at the overall 

level of the system. and the specific calculation formula of exergy destruction of each 

component is listed in Table 1。 

 

Table 1. The exergy destruction calculation equation in each component. 

Components ,F kE&  (kW) 
,P kE&  (kW) 
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In the conventional exergy modelling, two parameters are defined to evaluate the com-

ponent and system performance [24]: 
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where 𝜂𝑘 and  𝜂𝑒𝑥 are the exergy efficiency of the k-th component and overall system, 

and 𝛿𝑘 and 𝛿𝑒𝑥 are the exergy destruction efficiency of the k-th component and overall 

system respectively. 

3.3. Advance exergy analysis model 

The size and location of irreversible loss in the system can be determined by con-

ventional exergy analysis. However, there is no clear explanation on the deeper source 

of each component exergy destruction in the system [25, 26]. Advance exergy analysis 

overcomes the shortcomings of conventional exergy analysis, explains the relationship 

between various components in the system, evaluates the actual optimization potential 

of each component from another perspective, and has a deeper understanding of the 

improvement of system performance [27]. The exergy destruction of components is divid-

ed into avoidable/unavoidable and endogenous/exogenous parts [28].  

Considering the economic and technical limitations of reducing exergy destruction, �̇�𝐷,𝑘 can be divided into avoidable and unavoidable parts. Based on the relationship be-

tween various components in the system, �̇�𝐷,𝑘  can be divided into endoge-

nous/exogenous parts [24]. 
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where �̇�𝐷,𝑘𝑈𝑁 and  �̇�𝐷,𝑘𝐴𝑉  are unavoidable destruction due to technical limitations and avoid-

able exergy destruction, respectively. Therefore, more attention should be paid to the 

reduction of �̇�𝐷,𝑘𝐴𝑉  in the system. �̇�𝐷,𝑘𝐸𝑁 is related to the efficiency of the component itself 

and is endogenous. �̇�𝐷,𝑘𝐸𝑋  is caused by the irreversibility of other components of the sys-

tem or the operation of the system and is external. 
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where (�̇�𝐷,𝑘�̇�𝑃,𝑘)𝑈𝑁
 is an inevitable factor in the refrigeration system, and this parameter is 

obtained under inevitable conditions [29]. 

The two segmentation methods are combined, that is, the relationship between 

components and the inevitable factors of the system can be considered [15]. 
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where �̇�𝐷,𝑘𝑈𝑁,𝐸𝑁is the unavoidable exergy destruction of components in the system due to 

technical limitations,�̇�𝐷,𝑘𝑈𝑁,𝐸𝑋 is an unavoidable exogenous part due to the technical limi-

tations of other parts of the system except this part, �̇�𝐷,𝑘𝐴𝑉,𝐸𝑁 can be improved by increas-

ing the efficiency of components, which is an avoidable endogenous part, �̇�𝐷,𝐾𝐴𝑉,𝐸𝑋can be 

reduced by improving the efficiency of the system or other components, which is an 

avoidable exogenous part [15]. 

3.4. Simulation analysis model 

Considering the source of exergy destruction in the system, it is necessary to ana-

lyze the main components of the system. The exergy destruction caused by temperature 

difference transmission in the heat exchanger is expressed as 𝛥𝑇𝐺𝐶  and 𝛥𝑇𝐸𝑉𝐴. There are 

nozzle, mixing chamber and diffuser in the ejector, and there are many kinds of exergy 

destruction. The exergy destruction of this part is expressed by 𝜂𝑛, 𝜂𝑚, 𝜂𝑚 and 𝜂𝑑 param-

eters. Exergy destruction in the compressor is represented by 𝜂𝐿𝑃𝐶 and 𝜂𝐻𝑃𝐶.The actual 

cycle, ideal cycle, mixed cycle and unavoidable cycle are established according to the 

Table 2., and the above parameters are calculated according to the established model. 

Figure 2. shows the calculation flow chart of energy analysis, conventional and ad-

vanced exergy analysis. In this study, EES (Engineering equation solver) is used to write 

the program language of the model, and the physical parameters of the working fluid 

used by the standard IIR database of the international refrigeration society. Table 3 and 

table 4 show the thermodynamic data of working fluid when the cycle operates under 

actual and unavoidable conditions respectively. 

Table 2. Parameters used in the real, ideal and unavoidable conditions. 

Component  Parameter Real condition Ideal condition Unavoidable condition 

Gas cooler (GC) 𝛥𝑇𝐺𝐶 8.00℃ 0 0.50℃ 

Evaporator (EVA) 𝛥𝑇𝐸𝑉𝐴 2.00℃ 0 0.50℃ 

HP compressor (HPC) 𝜂𝐿𝑃𝐶 0.84 1 0.95 

LP compressor (LPC) 𝜂𝐻𝑃𝐶 0.84 1 0.95 

Ejector (EJE) 𝜂𝑛 0.75 𝐸𝐷,𝐸𝐽𝐸 = 0 0.8 



 

 

Table 3. State point parameters of system cycle under real conditions. 

state Fluid m/(kg/s) T/℃ P/MPa h/(kJ/kg) s/(kJ/(kg·K)) 

1 CO2 0.1607 9 4.4 423.8 1.791 

2 CO2 0.1607 68 9.3 456.3 1.806 

3 CO2 0.1607 35 9.3 295.1 1.302 

4 CO2 0.1607 30 9.3 274.6 1.235 

5 CO2 0.1928 9 4.4 325.2 1.441 

6 CO2 0.0676 9 4.4 223.2 1.08 

7 CO2 0.0676 -35 1.2 223.2 1.129 

8 CO2 0.0676 -35 1.2 436.2 2.023 

9 CO2 0.0676 14 1.2 484.9 2.21 

10 CO2 0.0676 131 4.6 577.8 2.246 

11 CO2 0.0351 130 4.4 577.8 2.254 

12 Water 0.177 26 0.1 109.1 0.381 

13 Water 0.177 61 0.1 255.4 0.844 

14 Air 2.86 -25 0.1 248.1 6.675 

15 Air 2.86 -30 0.1 243.1 6.655 

0 Air - 25 0.1 298.4 6.86 𝐶𝑂𝑃:1.252, 𝑊𝐻𝑃𝐶 :6.281kW, 𝑊𝐿𝑃𝐶:5.222kW, 𝑄𝑒:14.4kW, 𝑅𝑚𝑓:0.42 

 

 

Table 4. State point parameters of system cycle under unavoidable conditions. 

state Fluid m/(kg/s) T/℃ P/MPa h/(kJ/kg) s/(kJ/(kg·K)) 

1 CO2 0.1571 9 4.4 423.8 1.791 

2 CO2 0.1571 67 9.3 452.7 1.806 

3 CO2 0.1571 35 9.3 295.1 1.302 

4 CO2 0.1571 30 9.3 274.6 1.235 

5 CO2 0.1885 9 4.4 323.9 1.441 

6 CO2 0.0675 9 4.4 223.2 1.08 

7 CO2 0.0675 -33.5 1.2 223.2 1.129 

8 CO2 0.0675 -33.5 1.2 436.4 2.023 

9 CO2 0.0675 13.5 1.2 484.1 2.21 

10 CO2 0.0675 127 4.6 570.2 2.246 

11 CO2 0.0361 123 4.4 570.2 2.254 

12 Water 0.169 26 0.1 109.1 0.381 

13 Water 0.169 61 0.1 255.4 0.844 

14 Air 2.88 -27.5 0.1 245.6 6.669 

15 Air 2.88 -32.5 0.1 240.6 6.649 

0 Air - 25 0.1 298.4 6.86 𝐶𝑂𝑃:1.391,𝑊𝐻𝑃𝐶 :4.47kW, 𝑊𝐿𝑃𝐶:5.54kW, 𝑄𝑒:14.4kW, 𝑅𝑚𝑓:0.44 

 𝜂𝑚 0.90 0.95 

 𝜂𝑑 0.90 0.95 

Expansion valve1 (EV1) - Isenthalpic  Isenthalpic Isenthalpic 

Expansion valve2 (EV2) - Isenthalpic Isenthalpic Isenthalpic 

     



 

 

 

Figure 2. Flowchart of the simulation procedure with energy, conventional and advanced analyses. 

3.4. Modelling validation 

 

The model is verified by energy analysis and conventional exergy analysis. Com-

paring the COP of energy analysis with the data in Eskandari's article[8], it can be found 

from the figure 2 that the change trend of the system with the gas cooler pressure is very 

consistent with that of [8].  
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The parameters of the preset initial state points in the system are shown in Table 5. 

The calculation program is written by EES (Engineering equation solver). The calcula-

tion standard obtains the thermodynamic properties of the refrigerant by calling the 

standard IIR database of the international refrigeration society. On this basis, the model 

is verified with the data, and the verification results are shown in Figure 3. The trend of 

this model is similar to that of the reference literature. 

  

Table 5. Parameters and assumptions of the system for 

base case. 

Figure 3. The assumed parameters are compared 

with the simulation results and Eskandari [8]. 

Parameters Present work Eskandari [8] 

 

𝜂𝑛 0.75 0.8 𝜂𝑠 0.9 0.9 𝜂𝑚 0.9 0.9 𝑃𝑒/MPa 3.96 3.96 𝑃𝑔𝑐/MPa 10.0 10.0 𝑃𝑖/MPa 5.3 5.3 𝑇𝑔𝑐/℃ 40 40 𝛥𝑇𝑟/℃ 5 5 

 

4. Results and discussion 

According to the Figure 2., the energy, conventional exergy and advanced exergy of 

the system are simulated by EES, and its exergy performance is evaluated. Table 6 and 

Figure 4 list the data under the conventional exergy analysis of the system cycle and the 

respective proportion of exergy of each component. It can be found that the system ex-

ergy efficiency of the low-pressure compressor is the highest (𝜂𝐿𝑃𝐶=88.35%), and its exer-

gy destruction is 0.732kW, accounting for 11.91% of the total exergy destruction 

(𝛿𝐿𝑃𝐶=11.91%). And the part with the largest exergy destruction in the system is the ejec-

tor, which brings exergy destruction of 1.348kW to the system (𝛿𝐸𝐽𝐸= 21.93%). According 

to the results of conventional exergy analysis, the system should put the improvement of 

ejector in the first place, followed by the expansion valve 1(𝛿𝐸𝑉1=15.98%), after is the 

evaporator ( 𝛿𝐸𝑉𝐴 =14.28%), LP-compressor ( 𝛿𝐿𝑃𝐶 =11.91%), high-pressure compressor 

(𝛿𝐻𝑃𝐶=11.61%), intercooler (𝛿𝐼𝑇𝐶=9.42%), internal heat exchanger (𝛿𝐼𝑇𝐸=6.2%), gas cooler 

(𝛿𝐺𝐶=5.11%) and expansion valve 2 (𝛿𝐸𝑉2=2.68%). At this time, the total exergy efficiency 

of the system is 23.94%. 

Table 7. and Figure 5. display the results of advanced exergy analysis and the pro-

portion of each component's exergy, the advanced exergy analysis gives more detailed 

insights of the operating characteristics with avoidable/unavoidable and endoge-

nous/exogenous parts [30]. Figures signify that: (1) Advanced exergy analysis divides ex-

ergy destruction into endogenous and exogenous parts suggests that the system have 

larger �̇�𝐷,𝑘𝐸𝑁 than �̇�𝐷,𝑘𝐸𝑋  with most components in the system, which indicates that it is main-

ly caused by the component itself. The value of �̇�𝐷,𝐸𝑉𝐴𝐸𝑋  is exactly the same as that of �̇�𝐷,𝐸𝑉𝐴, 

because the evaporator is used to maintain the refrigeration capacity of a fixed system, 

and its exergy output is fixed, which is independent of other components and complete-

ly caused by its own irreversibility [29],which is also reflected in the article [31], and besides 

the gas cooler, the �̇�𝐷,𝑘𝐸𝑁 in the system is always greater than the �̇�𝐷,𝑘𝐸𝑋  , this shows that the 

gas cooler needs to be optimized through the improvement of other components; (2) 

Advanced exergy analysis divides exergy destruction into unavoidable and avoidable 

parts indicates that the system have larger �̇�𝐷,𝑘𝑈𝑁 than �̇�𝐷,𝑘𝐴𝑉  with most components in the 

system, while the LPC and HPC have the opposite behaviors; (3) Combining the two 

spitting approaches demonstrates that the system the compressor is dominated by �̇�𝐷,𝑘𝐴𝑉,𝐸𝑁 

and �̇�𝐷,𝑘𝐴𝑉,𝐸𝑋, which its optimization potential is great. It can be optimized from the com-

ponents themselves, but also by improving other components. The gas cooler has large 

proportion of �̇�𝐷,𝐺𝐶𝑈𝑁,𝐸𝑁 and �̇�𝐷,𝐺𝐶𝑈𝑁,𝐸𝑋, so it does not have much optimization potential. Due to 



 

 

its own limitations(�̇�𝐷,𝐸𝑉𝐴𝑈𝑁,𝐸𝑁), the exergy destruction of evaporator cannot be reduced by 

other methods. There is a negative value in the exergy destruction value of expansion 

valve and ejector in the component (�̇�𝐷,𝐸𝑉1𝑈𝑁,𝐸𝑁, �̇�𝐷,𝐸𝐽𝐸𝑈𝑁,𝐸𝑁), that is, other components have a pos-

itive effect on the component, and this part will increase when the efficiency of other 

remaining components is improved. Focus on �̇�𝐷,𝑘𝐴𝑉,𝐸𝑁 and �̇�𝐷,𝑘𝐴𝑉,𝐸𝑋 (Column 9 and 10 of Ta-

ble 7.), which represents the improvement that can be achieved by the component itself 

and the improvement impact of other components on the component, and can be used to 

guide system enhancement [31]. Among them, �̇�𝐷,𝑘𝐴𝑉,𝐸𝑁is the factor to improve its own com-

ponents, and the mutual factors between components are too complex. Generally, only 

this factor is considered when considering the improvement of system performance. The 

optimization of components is sorted according to the value, and the results are as fol-

lows: ejector (34.35%), HP-compressor (31.37%), LP-compressor (14.5%), evaporator 

(8.53%), expansion valve 2 (5.98%), intercooler (2.53%),expansion valve 1 (2.0%), gas 

cooler (0.51%), internal heat exchanger (0.23%). It can be seen that the optimization po-

tential of ejector is second only to compressor. 

According to the results of conventional and advanced exergy analysis in Table 8, 

there are obvious differences in the optimization sequence of system components. The 

difference between the two is that conventional exergy methods focus on the total exer-

gy destruction of components, while advanced exergy analysis considers components 

themselves, the relationship between other components in the system, and economic 

and technical limitations [32]. 

 

 

 

 

 

 

 

 

Table 7. Results of advanced exergy analysis. 

Component �̇�𝐷,𝑘  
Splitting the exergy destruction Combined two splitting approaches �̇�𝐷,𝑘𝐸𝑁 �̇�𝐷,𝑘𝐸𝑋  �̇�𝐷,𝑘𝐴𝑉  �̇�𝐷,𝑘𝑈𝑁 �̇�𝐷,𝑘𝑈𝑁,𝐸𝑁 �̇�𝐷,𝑘𝑈𝑁,𝐸𝑋 �̇�𝐷,𝑘𝐴𝑉,𝐸𝑁 �̇�𝐷,𝑘𝐴𝑉,𝐸𝑋 

LPC 0.7321 0.6846 0.0475 0.2039 0.5282 0.4856  0.0426  0.1990  0.0049  

HPC 0.7136 0.6017 0.1119 0.5105 0.2031 0.1713  0.0319  0.4304  0.0800  

GC 0.3139 0.3079 0.006 0.011 0.3029 0.3008  0.0021  0.0071  0.0039  

EJE 1 1.3488 1.161 0.1878 0.477 0.8718 0.6897  0.1820  0.4713  0.0058  

EV 1 0.9824 0.9432 0.0392 0.0604 0.922 0.9157  0.0063  0.0275  0.0329  

EV 2 0.1647 0.1861 -0.021 0.0005 0.1642 0.1041  0.0601  0.0820  -0.082 

ITC 0.579 0.408 0.171 0.109 0.47 0.3733  0.0967  0.0347  0.0743  

ITE 0.3811 0.0896 0.2915 0.0061 0.3749 0.0864  0.2885  0.0032  0.0030  

EVA 0.8781 0.8781 0 0.1171 0.761 0.7610  0.0000  0.1171  0 

Total 6.0937 5.2602 0.8335 1.4955 4.5982 3.888  0.7102  1.3722 0.1233 

 

 

 

Table 6. Results of conventional exergy analysis. 

Equipment �̇�𝐹,𝑘 (kW) �̇�𝑃,𝑘 (kW) �̇�𝐷,𝑘 (kW) �̇�𝐿 (kW) 𝜂𝑘/% 𝛿𝑘/% 

LPC 6.281 5.549 0.7321 - 88.35  11.91  

HPC 5.222 4.509 0.7136 - 86.35  11.61  

GC 1.775 1.461 0.3139 - 82.31  5.11  

EJE 1 1.757 0.4089 1.348 - 23.27  21.93  

EV 1 5.09 4.108 0.9824 - 80.71  15.98  

EV 2 0.7637 0.5991 0.1647 - 78.45  2.68  

ITC 0.8945 0.3155 0.579 - 35.27  9.42  

ITE 0.4628 0.08167 0.3811 - 17.65  6.20  

EVA 3.632 2.754 0.8781 - 75.83  14.28  

TES - - - - - - 

Total 11.503 2.754 6.0929 2.6561 23.94 100 

ex  52.97% 

  



 

 

 

 
Figure 4. Proportion diagram of exergy destruction of each component. 

 

 

 

Figure 5.  Advance exergy analysis of exergy destruction of each component. 

 

Table 8. Improvement priority of component based on conventional and advanced exergy analyses. 

Precedence Conventional exergy analysis (�̇�𝐷,𝑘) Advance exergy analysis (�̇�𝐷,𝑘𝐴𝑉,𝐸𝑁) 

1 Ejector Ejector 

2 Expansion valve 1 HP-compressor 
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3 Evaporator LP-compressor 

4 LP-compressor Evaporator 

5 HP-compressor Expansion valve 2 

6 Intercooler Intercooler 

7 Internal heat exchanger Expansion valve 1 

8 Gas cooler Gas cooler 

9 Expansion valve 2 Internal heat exchanger 

5. Results and discussion 

In order to observe the exergy destruction characteristics of various components 

and evaluate the performance of the system, it is very important to observe the changes 

of the system under different working conditions. In this section, the key parameters of 

Pe, Tgc and Pgc of heat exchangers are changed as input, and Pi, a very important parame-

ter in two-stage compression, is also adjusted as input. In addition, COP is an important 

parameter that can be intuitively expressed in energy analysis. 𝜂𝑒𝑥  and 𝐸𝐷,𝑡𝑜𝑡 represent 

the overall exergy characteristics of the system, 𝐸𝐷,𝑘 represents the conventional exergy 

level, �̇�𝐷,𝑘𝐸𝑁 and  �̇�𝐷,𝑘𝐸𝑋   are represent the endogenous or exogenous exergy destruction of a 

system component, �̇�𝐷,𝑘𝐴𝑉  is the avoidable of the total avoidable exergy destruction of the 

component, while �̇�𝐷,𝑘𝐴𝑉,𝐸𝑁 is the endogenous exergy destruction of the component, which 

is an important parameter in advanced exergy. Therefore, the above four parameters 

represent the level of advanced exergy. Finally, while discussing one variable, the pa-

rameters of other variables are fixed and set to the corresponding conditions under actu-

al conditions (column 3 of Table 5.).CO2 is used as refrigerant in this system, The operat-

ing conditions are locally adjusted according to the basic working conditions in Table 2: 

the evaporation pressure (Pe) of the evaporator is in the range of 1.2MPa ~ 2.0MPa; the 

working pressure range of intermediate pressure(Pi) is 2.0-5.0MPa; the outlet tempera-

ture (Tgc) and pressure of the gas cooler (Pgc) in the range of 30 ~ 40 ℃ and 9.0 ~ 12.0MPa; 

the refrigerant at the outlet of the evaporator is saturated; after the refrigerant from the 

gas cooler flows through the internal heat exchanger, the superheat is 5℃, and the en-

thalpy of the refrigerant flowing from the evaporator into the internal heat exchanger is 

calculated from the relationship between energy and mass. According to the above 

working conditions, the effects of Pgc, Tgc, Pi and Pe on system performance and perfor-

mance are analyzed. 

5.1. Effect of gas cooler pressure on system energy and exergy analysis results 



 

 

 
(a) 

 
(b) 

Figure 6. (a) Influence of system energy and conventional exergy with Pgc. (b). Effect of the Pgc difference in the 

gas cooler with advanced exergy 

The Pgc has a great influence on the performance of a two-stage compression refrig-

eration system with transcritical CO2. Therefore, from the energy and conventional exer-

gy analysis of Figure 6(a), the COP, total exergy destruction and exergy efficiency of the 

system change with Pgc. This figure shows the changes of system performance and exer-

gy performance, including the middle pressure and evaporation pressure of the system. 

And gas cooler outlet temperature remains unchanged (Pi=4.4MPa, Pe=1.2MPa, Tgc=35℃

). It can be found that there is a Pgc of 9.75 MPa. Under this Pgc, the system has a maxi-

mum COP of 1.256 under this range. From the exergy efficiency curve, it can be seen that 

the rise rate of exergy efficiency is the lowest at this pressure, and after that, keep the 

rate rising steadily. The total exergy destruction of the system and the exergy destruc-

tion of gas cooler components increase with the change of gas cooler pressure. From the 

cumulative change of exergy destruction of system components when Pgc changes, with 

the increase of Pgc, no matter the increase or decrease of exergy destruction of other 

components of the system, the exergy destruction of gas cooler components will in-

crease. And it can be observed that the exergy destruction of ejector components in-

creases, which is due to the increase of Pgc and the increase of various states of working 

medium at the mainstream inlet of ejector, resulting in the increase of exergy destruction 

of this component, and the exergy destruction of other components remains basically 

1.0

1.1

1.2

1.3

 COP     ED,tot

 ex     ED,GC

C
O
P

Pgc（MPa）

9 10 11 12
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

E
D
,
G
C
 
,
E
D
,
t
o
t
（
kW

）

0.20

0.24

0.28

0.32

η
e
x

9 9.333 9.667 10 10.33 10.67 11 11.33 11.67 12
0

1

2

3

4

5

6

7

8

9

E
D
,
k
(
k
W
)

Pgc(MPa)

 EV2  LPC  EVA  EV1  HPC
 ITC  EJE  ITE  GC

9 9.33 9.67 10 10.33 10.67 11 11.33 11.67 12

0.0

0.2

0.4

0.6

0.8

1.0

1.2

E EXD，GC

E AVD，GC
E END，GC

E AV,END，GC

E
 
E
N D，
GC
 
,
E
 
E
X D，
GC
 
,
E
 
A
V D，
GC
 
,
E
 
A
V
,
E
N

D，
GC
 
(
k
W
)

Pgc(MPa)

        

        



 

 

stable. From the advanced exergy analysis of Figure 6(b), it can be seen that the endoge-

nous exergy destruction of components increases rapidly compared with the exogenous 

exergy destruction (�̇�𝐷,𝐺𝐶𝐸𝑁  and �̇�𝐷,𝐺𝐶𝐸𝑋  increase by 0.2kW and 0.06kW respectively for every 

1MPa increase of Pgc). At 12MPa, �̇�𝐷,𝐺𝐶𝐸𝑁  accounts for 92.4% of the exergy destruction of the 

whole components’ exergy destruction, and accounts for a larger proportion in the exer-

gy destruction of components with the increase of Pgc. Exogenous exergy destruction 

was basically maintained at a low level. This is because the pressure rise of the gas cool-

er directly affects the parameters of the inlet and outlet of the gas cooler, which has little 

impact with other parts. Both �̇�𝐷,𝐺𝐶𝐴𝑉  and �̇�𝐷,𝐺𝐶𝐴𝑉,𝐸𝑁 increase with the increase of Pgc, but the 

increase is relatively slow (0.1066kW and 0.055kW per 1MPa respectively), and they ac-

count for less of the overall exergy destruction, which means that the optimization de-

gree of this part is low. 

5.2. Energy and exergy analysis results of the system at gas cooler outlet temperature 

 

 

 
 

(a) 

 
(b) 

Figure 7. (a). Influence of system energy and conventional exergy with Tgc. (b). Effect of the Tgc difference in the gas 
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cooler with advanced exergy.  

The Tgc is directly related to the cooling effect of the gas cooler, directly reflects the 

cooling capacity of the gas cooler components, and has a great impact on the front and 

rear components of the gas cooler, especially on the ejector components. Therefore, this 

section discusses the influence of the Tgc 30-39℃ on the system performance and exergy 

performance of Figure 7(a). The Pe, Pi and Pgc remain unchanged (Pi = 4.4MPa, Pe = 

1.2MPa, Pgc = 9.3MPa). The figure shows that with the increase of the Tgc, the COP of the 

system is obviously in a downward trend. This is because the increase of the Tgc means 

that the cooling capacity of the gas cooler decreases, and the high-temperature and high-

pressure refrigerant cannot be cooled, resulting in higher working conditions of the fol-

lowing components, and the 𝐸𝐷,𝑡𝑜𝑡 of the system also increases straight up. The figure 

shows the accumulation change diagram of each component exergy destruction of the 

system with the change of Tgc at 30-39℃. It can be observed from the figure that with the 

increase of the Tgc, the total exergy destruction of the system always increases gradually. 

At the same time, the 𝐸𝐷,𝐸𝐽𝐸 increases sharply, and the proportion in the 𝐸𝐷,𝑡𝑜𝑡 also in-

creases. This is because with the increase of the Tgc, the state parameters of the main flow 

inlet refrigerant of the ejector are at a high state point. At the same time, according to the 

equation (9), with the increase of its enthalpy, the enthalpy of the refrigerant injected 

from the ejector also increases, that is, the gaseous state of the refrigerant in the two-

phase flow increases, the liquid state decreases, and the refrigerant to the low-pressure 

stage also decreases. To achieve the preset refrigeration effect, it is necessary to improve 

the overall mass flow to ensure the refrigeration effect of the evaporator, and the overall 

exergy destruction of the system also increases. From the advanced exergy analysis of 

Figure 7(b), the 𝐸𝐷,𝐺𝐶 also increases with the increase of Tgc, and most of the increase 

comes from the �̇�𝐷,𝐺𝐶𝐸𝑁 , and the �̇�𝐷,𝐺𝐶𝐸𝑋   remains basically unchanged with the increase of Tgc, 

because the outlet temperature of gas cooler directly affects the system components, Tgc 

becomes the main variable, causing changes in other components. Therefore, it can be 

seen from the figure that only the �̇�𝐷,𝐺𝐶𝐸𝑁  increases with the increase of Tgc, and  �̇�𝐷,𝑘𝐴𝑉  and �̇�𝐷,𝐺𝐶𝐴𝑉,𝐸𝑁 in components tend to decrease with the increase of Tgc, but the overall exergy de-

struction is small and the optimization potential is low.  

5.3. Analysis results of influence of evaporator pressure on system energy and exergy 
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(b) 

Figure 8. (a). Influence of system energy and conventional exergy with Pe. (b). Effect of the Pe difference 

in the evaporator with advanced exergy 

 

 

The Pe represents the lowest temperature that the refrigeration system can reach. 

Changing Pe changes all components in the low-pressure area of the system and can 

have a significant impact on the system. This section discusses the influence of Pe on sys-

tem performance and exergy performance under the pressure of 1.2-2.0 MPa and exergy 

destruction of various parts of evaporator components, in which the Pi, Pgc and Tgc of the 

system remain unchanged (Pi = 4.4MPa, Pgc = 9.3MPa, Tgc = 35 ℃). The Figure 8(a) shows 

that with the increase of Pe, the COP of the system increases linearly, which is common 

in all refrigeration systems; The total exergy destruction of the system is reduced be-

cause the overall increase of the pressure in the low-pressure area of the system leads to 

the reduction of the exergy destruction of all working parts, and it can be predicted that 

the change of Pe has little impact on all parts in the high-pressure area. This figure shows 

the cumulative exergy destruction of each component of the system with the change of 

Pe. With the increase of Pe, ejector components still account for the main part of the total 

exergy destruction of the system. The exergy destruction of ejector components decreas-

es gradually, but the proportion of total exergy destruction of the system increases 

slightly. This is because with the increase of Pe, the mass flow of the low-pressure stage 

increases slightly, and the mass flow of the ejector increases slightly to achieve the pre-

designed refrigeration load. From the exergy destruction of the evaporator, it can be 

found that the change value is not obvious, because the rise of Pe only affects the enthal-

py value of the evaporator outlet (the evaporator outlet is saturated), and the exergy de-

struction of components is slightly reduced. However, this change can be seen more 

clearly from the advanced exergy of Figure 8(b). With the increase of Pe, �̇�𝐷,𝐸𝑉𝐴𝐸𝑋  is always 

0, and the change of component exergy destruction is completely represented by �̇�𝐷,𝐸𝑉𝐴𝐸𝑁 , 

which indicates that the exergy of evaporator is completely endogenous. Therefore, 

there is no difference between �̇�𝐷,𝐸𝑉𝐴𝐴𝑉  and �̇�𝐷,𝐸𝑉𝐴𝐴𝑉,𝐸𝑁, that is, the two curves coincide com-

pletely.  

5.4. Analysis results of the effect of intermediate pressure on the energy and exergy of the system 
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Figure 9. (a). Influence of system energy and conventional exergy with Pi. (b). Effect of the Pi difference in the LP-

compressor with advanced exergy. 

Intermediate pressure is the characteristic of two-stage compression refrigeration 

system. There is always an optimal Pi value in two-stage compression to maximize sys-

tem performance and affect the inlet-outlet pressure ratio of low-pressure and high-

pressure compressors. Therefore, Pi value is a key parameter affecting system perfor-

mance. This section discusses the impact of Pi on system performance and exergy per-

formance under the change of 3.0-5.0MPa in Figure 9(a), including the impact of keeping 

the Pgc, Pe and Tgc of the system unchanged (Pgc = 9.3MPa, Pe = 1.2MPa, Tgc = 35℃) on sys-

tem performance and exergy performance and each exergy destruction of LPC under 

advanced exergy analysis. This figure shows the system performance as Pi increases. It 

can be found that with the increase of Pi, the total exergy destruction of the system de-

creases linearly. Under this pressure, when the Pi of the system is 3.0MPa, the COP of 

the system reaches the maximum value of 1.316. This figure shows that when the system 

pressure changes at the intermediate pressure, this pressure is the peak of the system 

performance under two-stage compression. The figure shows the cumulative exergy de-

struction of each component. It can be seen from the figure that with the increase of Pi, 

the total exergy destruction of the system decreases linearly, and the exergy destruction 

of the intercooler in the system decreases rapidly after occupying the main part of the to-
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tal exergy destruction. The intercooler is mainly due to the high enthalpy at the outlet of 

the intercooler due to the low Pi, and the low enthalpy of the refrigerant from the low-

pressure compressor and ejector. The exergy destruction of ejector components decreas-

es because Pi is directly related to the outlet pressure of ejector. With the increase of Pi, 

the state of refrigerant from low-pressure compressor increases, resulting in the decrease 

of exergy enthalpy. It can also be seen from the performance of exergy destruction of 

LPC in advanced exergy analysis of Figure 9(b) that �̇�𝐷,𝐿𝑃𝐶𝐸𝑁  , �̇�𝐷,𝐿𝑃𝐶𝐸𝑋  ,�̇�𝐷,𝐿𝑃𝐶𝐴𝑉  and �̇�𝐷,𝐿𝑃𝐶𝐴𝑉,𝐸𝑁 all 

maintain an upward trend, Its �̇�𝐷,𝐿𝑃𝐶𝐴𝑉  always accounts for a high proportion with the in-

crease of Pi, which shows that the low-pressure compressor has a certain optimization 

potential. In addition, the increase of Pi also changes the flow ratio of high and low pres-

sure section, resulting in the exergy destruction of gas cooler and other components, 

maintaining a stable downward trend. 

6. Conclusions 

In the work of this paper, the energy, conventional exergy system model and ad-

vanced exergy system model of supercritical CO2 refrigeration system with ejector are 

established, the cycle performance and two kinds of exergy failure of the system are cal-

culated, and the exergy failure characteristics of various components in the system are 

analyzed and compared. At the same time, through two analysis methods, the im-

provement potential and order of system components are determined respectively. Fi-

nally, the main parameters in the system are analyzed to determine the impact of the 

main parameters on the system performance and the exergy performance of each com-

ponent. It is observed that the main parameters have a great impact on those compo-

nents. The main research results of this paper are summarized as follows: 

(1) According to the established energy and two exergy analysis models, the system 

has great optimization and improvement potential. According to the operating parame-

ters of the system model established in this paper under the basic conditions and the re-

sults of conventional exergy analysis, the main optimization objects of the system are 

ejector, expansion valve 1 and evaporator, accounting for 22.13%, 16.12% and 14.41% of 

the total exergy destruction respectively. At this time, the exergy efficiency of the system 

is 23.94% and the COP of the system is 1.252. According to the analysis of advanced ex-

ergy, the improvement of system components should focus on ejector and high and low 

pressure compressor. 

(2) The results of advanced exergy analysis model show that the endogenous exer-

gy of each component in the system is always greater than the exogenous exergy, and 

the overall endogenous exergy destruction accounts for 86.32% of the total exergy de-

struction, which indicates that the exergy destruction of the system is mainly related to 

the component itself, and the interdependence with other components is low. In addi-

tion, after calculation, it is found that in the advanced exergy analysis, the ejector and 

high-pressure ejector account for the main part of the exergy destruction that can be 

avoided (66.03%). 

(3) According to the established energy and two exergy analysis models, the main 

parameters in the system cycle are changed in a certain range to observe the influence of 

these parameters on the system performance and the exergy performance of various 

components of the system. Among them, the two parameters of gas cooler pressure and 

intermediate pressure have a great impact on the system. Both of them have an optimal 

value, which can maximize the performance of the system. 

(4) It is considered that the exergy destruction of the compressor is the highest in 

the exergy optimization system, and the exergy destruction can be avoided in the exergy 

optimization of the compressor. 

 

 

 

 



 

 

Abbreviations    

Symbols   Subscripts   

CO2 Carbon dioxide o  Out of ejector 

ex  Specific exergy (kJ kg-1) D  Exergy destructions 

E  Exergy flow rate (kW) h  High pressure side fluid 

EES  Engineering equation solver l  Low pressure side fluid 

h  Specific enthalpy (kJ kg-1) mf  Refrigerant mass flow 

m  Mass flow rate (kg s-1) d  diffuser 

P  Pressure (MPa) r  Superheat 

W  Compressor work (kW) ex  Exergy 
Q  Refrigerating capacity (kW) i  Intermediate 

s  Entropy (kJ kg-1 K-1) F  Fuel  

T  Temperature (K) P  Production  

T  Temperature difference (K) j  exergy carrier positions 

LPC  Low pressure compressor const  Constant  

HPC  High pressure compressor UN  Unavoidable  

GC  Gas cooler AV  Avoidable  

EVA  Evaporator L  loss 

EJE  Ejector EN  Endogenous   

1EV  Low pressure expansion valve  EX  Exogenous  

2EV  Medium pressure expansion 

valve  

k  kth component 

ITC  Intercooler m  Mixing chamber 

ITE  Internal heat exchanger  n  Nozzle 

  s  Suction chamber 
 Greek symbols  is  Isentropic 

tot  Total 
  Efficiency  0  Reference condition 

w  Entrainment ratio 1 11  Location 

  Rate of exergy destruction Gen  Entropy production 
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