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Abstract: To optimize the performance of the transcritical CO2 two-stage compression refrigeration
system, the energy analysis and the exergy analysis are conducted. It is found that higher COP, lower
compression power, and less exergy destruction can be achieved when the auxiliary gas cooler is
applied. Moreover, the discharge temperature of the compound compressor (HPS) can be reduced
by decreasing the temperature at the outlet of the auxiliary gas cooler (Tagc,out). When the Tagc,out

is reduced from 30 to 12 ◦C, the discharge temperature of the compound compressor (HPS) can be
decreased by 13.83 ◦C. Furthermore, the COP and the exergy efficiency can be raised by enhancing
the intermediate pressure. Based on these results, the optimizations of system design and system
operation are put forward. The application of the auxiliary gas cooler can improve the performance
of the transcritical CO2 two-stage compression refrigeration system. Operators can decrease the
discharge temperature of the compound compressor (HPS) by reducing the Tagc,out, and increase the
COP and the exergy efficiency by enhancing the intermediate pressure.

Keywords: energy analysis; exergy analysis; coefficient of performance; exergy efficiency; auxiliary
gas cooler; intermediate pressure

1. Instruction

Over the past decades, the greenhouse effect has appeared, and the utilization of
artificial refrigerants is one of the main reasons for this [1–3]. Thus, many policies im-
pose strict limits on the requirements for refrigerants, such as the EU F-Gas Regulation
and Montreal Protocol [4–6]. To replace artificial refrigerants gradually, more and more
natural refrigerants are used [7]. CO2 is the most promising natural refrigerant whose
global warming potential (GWP) and ozone depletion potential (ODP) are 1 and 0, respec-
tively [8,9]. Besides the excellent thermophysical properties, there are some advantages
of CO2, such as being nontoxic, environmentally friendly, nonflammable, easily available,
and inexpensive [10]. In terms of the CO2 refrigerant, the critical temperature is low, and
the critical pressure is high [11]. The energy efficiency of the transcritical CO2 refrigera-
tion cycle is higher than that of the traditional refrigeration cycles with other refrigerants,
such as R134a [12]. Compared to the transcritical CO2 one-stage compression refrigeration
cycle, the transcritical CO2 two-stage compression refrigeration cycle can reduce the dis-
charge temperature, enhance the volumetric efficiency, and avoid the severe leaking [13].
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Bellos et al. [14] examined the transcritical CO2 one-stage compression refrigeration cy-
cle and the transcritical CO2 two-stage compression refrigeration cycle. For Tc = 50 ◦C
and Te = −35 ◦C, the maximum COP of the transcritical CO2 two-stage compression refrig-
eration cycle is 121.76% higher than that of the transcritical CO2 one-stage compression
refrigeration cycle. Moreover, the CO2 refrigerant is also widely applied in the cascade
refrigeration system. According to the research of Bellos et al. [15], the R152a/CO2 cascade
refrigeration system could obtain the maximum mean yearly COP (2.381) for Te = −35 ◦C.

Several researchers have investigated the performance of transcritical CO2 two-stage
compression refrigeration systems by energy analysis and exergy analysis. Coefficient of
performance (COP) is the most important parameter in the energy analysis [16]. Exergy
efficiency and exergy destruction are the main parameters in the exergy analysis [17].
Luca et al. [18] investigated five various CO2 compression refrigeration systems when
the Te was 4, −10, and −30 ◦C. It was discovered that COP of the single-throttling,
double-compression cycle was the best. Zhang et al. [19] researched a transcritical CO2
refrigeration cycle including the double-compression flash intercooler. Compared to the
refrigeration system without flash intercooler, the COP of the refrigeration system with
a double-compression flash intercooler could be improved by 12.16%. Bruno et al. [20]
studied the variable-speed CO2 refrigeration system. When compressor speeds were 45,
60, and 75 Hz, the concentric tube internal heat exchanger could improve COP by 12.9%,
16.9%, and 17.2%, respectively. Moreover, when the flash gas bypass cycle was used, the
COP could be improved, resulting in 15.5%, 18.4%, and 18.1%, respectively. Liu et al. [21]
investigated the transcritical CO2 two-stage compression refrigeration system. It was
discovered that higher COP could be obtained from the transcritical CO2 two-stage com-
pression refrigeration system with high-pressure mechanical subcooling system. The COP
of this refrigeration system could be improved by 17.47% more that of the system without
a high-pressure mechanical subcooling system. Liu et al. [22] proposed a transcritical
CO2 two-stage compression refrigeration cycle with dual evaporators and one ejector.
COP and exergy efficiency of this refrigeration cycle were increased by 19.6% and 15.9%
more than that of the conventional refrigeration cycle without any ejector, respectively.
Paride [23] investigated the transcritical R744 supermarket refrigeration system. The im-
provement of utilizing overfed evaporators and parallel compressor in the transcritical CO2
two-stage compression refrigeration system was proposed. Total irreversibilities and total
unavoidable irreversibilities of two refrigeration systems were analyzed by exergy analysis.
It was found that the improvement caused total irreversibilities and total unavoidable
irreversibilities to decrease by 25.69 kW and 0.52 kW, respectively.

Despite rich studies on the improvement of the transcritical CO2 two-stage compres-
sion refrigeration system, the performance impacts of the auxiliary gas cooler in the LPS
and the intermediate pressure on this refrigeration system have not been investigated.
In this paper, the performance comparison analysis of the transcritical CO2 two-stage
compression refrigeration system with an auxiliary gas cooler (RSF1) and the transcritical
CO2 two-stage compression refrigeration system without any auxiliary gas cooler (RSF2)
is conducted; the performance impacts of intermediate pressure on the transcritical CO2
two-stage compression refrigeration system are also investigated. The objective is to obtain
the optimizations of system design and system operation for the transcritical CO2 two-stage
compression refrigeration system.

2. Descriptions of the Refrigeration System Model

The refrigeration system model studied in this paper is a transcritical CO2 two-stage
compression refrigeration system, which is used in the refrigerated container measuring
1.2× 1.2× 1.2 m. The basic parameter values are shown in Table 1. RSF1 and RSF2 are two
studied refrigeration system forms. These two forms are shown in Figure 1a,c, respectively.
The pressure–enthalpy diagrams of RSF1 and RSF2 are displayed in Figure 1b,d, respectively.
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Table 1. Basic parameter values of the refrigeration system.

Parameters Value Unit

Qcooling 1.23 kW
Te −23 ◦C

Superheating in evaporator 3 ◦C
Desuperheating in gas cooler 3 ◦C
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(b) pressure–enthalpy diagram (RSF1), (c) schematic (RSF2), (d) pressure–enthalpy diagram (RSF2).

2.1. RSF1

There are eight main components used in the RSF1. These components include the
LPS compressor, the HPS compressor, the auxiliary gas cooler, the gas cooler, the intercooler,
the electronic expansion valve 1, the electronic expansion valve 2, and the evaporator.

In Figure 1b, all processes are as follows:
1→2: The compression process in the LPS compressor.
2→2′: The gas cooling process in the auxiliary gas cooler.
3→4: The compression process in the HPS compressor.
4→5: The cooling process of the supercritical CO2 and the desuperheating process in

the gas cooler.
5→6: The throttling process in the electronic expansion valve 1.
6→7: The heat exchange process in the intercooler (the thermal energy of low-

temperature CO2 is enhanced).
2′ + 7→3: The mixing process between high-temperature CO2 and low-temperature

CO2.
5→8: The heat exchange process in the intercooler (the thermal energy of low-

temperature CO2 is decreased).
8→9: The throttling process in the electronic expansion valve 2.
9→1: The evaporation process and the superheating process in the evaporator.
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2.2. RSF2

If the auxiliary gas cooler is removed, the refrigeration system will be turned to the
RSF2. There are only seven main components, which are the LPS compressor, the HPS
compressor, the gas cooler, the intercooler, the electronic expansion valve 1, the electronic
expansion valve 2, and the evaporator.

The state point 2′ is the only one canceled in Figure 1b. The process (2 + 7→3) becomes
the mixing process between high-temperature CO2 and low-temperature CO2. The other
processes remain unchanged.

3. Thermodynamic Model

In order to establish and simplify the thermodynamic model of the refrigeration
system model, the following assumptions have been made based on the first law of
thermodynamics and the second law of thermodynamics [16,24–26]:

(1) All processes in RSF1 and RSF2 are assumed steady-state.
(2) The reference state condition of the refrigerant is both T0 = 25 ◦C and P0 = 1 atm [24].
(3) The exergy destruction in the pipes is neglected.
(4) The kinetic effects and the potential energy effects are assumed negligible in steady

flow, and there is no chemical reaction.
(5) In all components and pipes, there is neither pressure drop, nor heat loss.
(6) Both compression processes in the LPS compressor and the HPS compressor are

adiabatic.
(7) Both expansion processes in electronic expansion valve 1 and electronic expansion

valve 2 are adiabatic and isenthalpic.
(8) The electricity consumption of the condenser and evaporator fans is not considered.
(9) The electrical consumption of gas cooler and auxiliary gas cooler are neglected.
(10) All parameters are obtained from NIST 9.1 software.

3.1. Energy Analysis

Based on the first law of thermodynamics, the performance of transcritical CO2 two-
stage compression refrigeration system can be examined by COP. The formula for COP is
as follows:

COP =
Qcooling

Wcomp,tot
(1)

where COP is the coefficient of performance; Qcooling is the total cooling load, kW; Wcomp,tot
is the total compression power, kW.

The Qcooling includes the envelope cooling load, the heat leakage cooling load, the
radiant cooling load, the cooling load of equipment, and the cooling load of cargo. The
detailed calculation processes for Qcooling have been recorded in the references [27–31].

In order to enlarge the areas for stacking chilled food, the compound compressor is
chosen, which can replace the roles of both LPS compressor and HPS compressor with
smaller size than using two compressors.

The formulas for Wcomp,tot are as follows:

q = h1 − h9 (2)

mLPS =
Qcooling

q
(3)

mHPS = mLPS
h7 − h8

h7 − h5
(4)

Wcomp,LPS = mLPS(h2 − h1) (5)

Wcomp,HPS = mHPS(h4 − h3) (6)

Wcomp,tot = Wcomp,LPS + Wcomp,HPS (7)
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where h1, h2, h3, h4, h5, h7, h8, and h9 are the specific enthalpy of CO2 at the state point 1, 2,
3, 4, 5, 7, 8, and 9, respectively, kJ/kg; mLPS and mHPS are the mass flow rate in the LPS
and HPS, kg/s; Qcooling is the total cooling load, kW; q is the cooling capacity per mass,
kJ/kg; Wcomp,LPS and Wcomp,HPS are the compression power of the LPS compressor and the
HPS compressor, kW; Wcomp,tot is the total compression power, kW.

The isentropic efficiency of compressor is calculated by Formula (8) [16]. The values
of the enthalpy of the state point 2 and the state point 4 can be calculated by Formula (9).

ηcomp = 0.874− 0.0135Rp (8)

hcomp,out,act = hcomp,in +
hcomp,out,theo − hcomp,in

ηcomp
(9)

where hcomp,in is the specific enthalpy of CO2 at the inlet of the compressor, kJ/kg; hcomp,out,act
is the actual specific enthalpy of CO2 at the outlet of the compressor, kJ/kg; hcomp,out,theo
is the theory specific enthalpy of CO2 at the outlet of the compressor, kJ/kg; Rp is the
compression ratio; ηcomp is the isentropic efficiency.

The CO2 from the LPS compressor and the CO2 from the intercooler are mixed at the
state point 3, so the h3 should be acquired by the thermal balance equation. Moreover,
owing to the difference between RSF1 and RSF2, the formulas of the h3 are different.
Formula (11) is used for the RSF1, and Formula (12) is used for the RSF2.

m∆ = mHPS −mLPS (10)

mHPS · h3 = mLPS · h2′ + m∆ · h7 (11)

mHPS · h3 = mLPS · h2 + m∆ · h7 (12)

where h2, h2′ , h3, and h7 are the specific enthalpy of CO2 at the state point 2, 2′, 3, and 7,
respectively, kJ/kg; mLPS and mHPS are the mass flow rate in the LPS and HPS, kg/s; m∆ is
the mass flow rate difference between the LPS and HPS, kg/s.

3.2. Exergy Analysis

The exergy analysis is the method to analyze the energy conversion ability of the
refrigeration system. The exergy is defined as the obtained maximum possible reversible
work during the course of bringing the system into equilibrium with the environment [25].
On the basis of the second law of thermodynamics, the exergy balance equation can be
expressed as follows:

Edest = min · ei,in −mout · ei,out +

[
Qex

(
1− T0

Tb

)]
in
−
[

Qex

(
1− T0

Tb

)]
out

+ Win −Wout (13)

where Edest is the exergy destruction, kW; ei,in and ei,out are the specific exergy of CO2
at the inlet and the outlet, kJ/kg; min and mout are the mass flow rate of CO2 at the inlet
and the outlet, kg/s; Qex is the heat exchange, kW; T0 is the temperature of CO2 at the
reference state condition, K; Tb is the temperature of the heat transfer boundary, K; Win and
Wout are the inlet power and the outlet power, kW.

The ei is the specific exergy. The formula for ei is as follows:

ei = (hi − T0si) − (h0 − T0s0) (14)

where ei is the specific exergy of CO2, kJ/kg; h0 is the specific enthalpy of CO2 at the
reference state condition, kJ/kg; hi is the specific enthalpy of CO2 at the state point, kJ/kg;
s0 is the specific entropy of CO2 at the reference state condition, kJ/(kg·K); si is the specific
entropy of CO2 at the state point, kJ/(kg·K); T0 is the temperature of CO2 at the reference
state condition, K.



Energies 2021, 14, 5578 6 of 17

Besides the Edest, the exergy efficiency is also an important parameter used to evaluate
the energy conversion of the refrigeration system. The formula for the exergy efficiency is
as follows:

ηexergy = 1−
Edest,tot

Wcomp
(15)

where ηexergy is the exergy efficiency; Edest,tot is the total exergy destruction, kW; Wcomp is
the compression power, kW.

The formulas for the compressor exergy destruction of RSF1 and RSF2 are different.
The formulas are written as follows:

Edest,comp,RSF1 = Edest,comp,LPS + Edest,comp,HPS (16)

Edest,comp,LPS = mLPS(e1 − e2) + Wcomp,LPS (17)

Edest,comp,HPS = mHPS(e3 − e4) + Wcomp,HPS (18)

Edest,comp,RSF2 = mLPS · e1 + m∆ · e7 −mHPS · e4 + Wcomp,tot (19)

where Edest,comp,RSF1 and Edest,comp,RSF2 are the compressor exergy destruction in RSF1 and
RSF2, kW; Edest,comp,LPS and Edest,comp,HPS are the compressor exergy destruction in the LPS
and the HPS, kW; e1, e2, e3, e4, and e7 are the specific exergy of CO2 at the state point 1, 2, 3,
4, and 7, respectively, kJ/kg; mLPS and mHPS are the mass flow rate in the LPS and HPS,
kg/s; Wcomp,LPS and Wcomp,HPS are the compression power of the LPS compressor and the
HPS compressor, kW; Wcomp,tot is the total compression power, kW.

As for the RSF1, the exergy destruction of the auxiliary gas cooler cannot be ignored. It
is necessary to calculate the compressor exergy destruction by calculating Edest,comp,LPS and
Edest,comp,HPS separately, which are Formulas (16)–(18). As for the RSF2, the compressor
exergy destruction should be calculated by Formula (19) [26].

The exergy destruction of the intercooler can be calculated as follows:

Edest,inter = mHPS(e5 − e8) + m∆(e6 − e7) (20)

where Edest,inter is the exergy destruction of the intercooler, kW; e5, e6, e7, and e8 are the
specific exergy of CO2 at the state point 5, 6, 7, and 8, respectively, kJ/kg; mHPS is the
mass flow rate in the HPS, kg/s; m∆ is the mass flow rate difference between the LPS and
HPS, kg/s.

The exergy destruction of electronic expansion valves can be calculated as follows:

Edest,eev1 = m∆(h5 − h6) (21)

Edest,eev2 = mHPS(h8 − h9) (22)

where Edest,eev1 and Edest,eev2 are the exergy destruction of electronic expansion valve 1 and
electronic expansion valve 2, kW; h5, h6, h8, and h9 are the specific enthalpy of CO2 at the
state point 5, 6, 8, and 9, respectively, kJ/kg; mHPS is the mass flow rate in the HPS, kg/s;
m∆ is the mass flow rate difference between the LPS and HPS, kg/s.

The exergy destruction of the gas cooler can be calculated as follows:

Edest,gc = mHPS(e4 − e5) − Qex, gc

(
1− T0

Tb.gc

)
(23)

where Edest,gc is the exergy destruction of the gas cooler, kW; e4 and e5 are the specific
exergy of CO2 at the state point 4 and 5, kJ/kg; mHPS is the mass flow rate in the HPS, kg/s;
Qex, gc is the heat exchange of gas cooler, kW; T0 is the temperature of CO2 at the reference
state condition, K; Tb.gc is the temperature of the heat transfer boundary of gas cooler, K.
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The exergy destruction of the evaporator can be calculated as follows:

Edest,evap = mLPS(e9 − e1) + Qex, evap

(
1− T0

Tb.evap

)
(24)

where Edest,evap is the exergy destruction of the evaporator, kW; e1 and e9 are the specific
exergy of CO2 at the state point 1 and 9, kJ/kg; mLPS is the mass flow rate in the LPS,
kg/s; Qex, evap is the heat exchange of evaporator, kW; T0 is the temperature of CO2 at
the reference state condition, K; Tb.gc is the temperature of the heat transfer boundary of
evaporator, K.

The exergy destruction of the auxiliary gas cooler can be calculated as follows:

Edest,agc = mLPS(e2 − e2′) − Qex, agc

(
1− T0

Tb.agc

)
(25)

where Edest,agc is the exergy destruction of the auxiliary gas cooler, kW; e2 and e2′ are the
specific exergy of CO2 at the state point 2 and 2′, kJ/kg; mLPS is the mass flow rate in the
LPS, kg/s; Qex, agc is the heat exchange of auxiliary gas cooler, kW; T0 is the temperature
of CO2 at the reference state condition, K; Tb.gc is the temperature of the heat transfer
boundary of auxiliary gas cooler, K.

In Formulas (23)–(25), Tb is the temperature of the heat transfer boundary. Tb.gc, Tb.evap,
and Tb.ac are various. The ambient temperature is chosen as the Tb.gc. The internal tempera-
ture of the refrigerated container is chosen as the Tb.evap. The intermediate temperature is
chosen as the Tb.agc [32]. The formulas for heat exchanges in each component are written
as follows:

Qex, agc = mLPS(h2 − h2′) (26)

Qex, gc = mHPS(h4 − h5) (27)

Qex, evap = mLPS(h1 − h9) (28)

where Qex, agc, Qex, gc, and Qex, evap are the heat exchange of auxiliary gas cooler, gas cooler,
and evaporator, respectively, kW; h1, h2, h2′ , h4, h5, and h9 are the specific enthalpy of CO2
at the state point 1, 2, 2′, 4, 5, and 9, respectively, kJ/kg; mLPS and mHPS are the mass flow
rate in the LPS and HPS, kg/s.

4. Results and Discussion
4.1. Performance Impacts of Different Tgc,out and Pgc,out on Transcritical CO2 Two-Stage
Compression Refrigeration Systems

In the recent research, the effect of different Tes on various refrigeration systems is the
research focus, but the research about Tc is few, especially in the transcritical CO2 two-stage
compression refrigeration system. With regards to RSF1 and RSF2, the Te is −23 ◦C. The
effects of both different Tgc,out and Pgc,out on RSF1 and RSF2 is one of the research contents.

In the initial study, five selected Tgc,outs are 33, 35, 37, 39, and 41 ◦C; five selected
Pgc,outs are 8.9, 9.1, 9.3, 9.5, and 9.7 MPa. The variation of COP in RSF1 and RSF2 are shown
in Figures 2a and 3a, respectively. COP declines with the increase of Tgc,out. Three trends of
COP can be divided with the increasing Pgc,out:
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(1) The COP enhances with the decrease of Pgc,out (33 and 35 ◦C).
(2) The COP raises first, then decreases with the increase of Pgc,out (37 ◦C).
(3) The COP increases with the increase of Pgc,out (39 and 41 ◦C).
Based on Formula (1), the reason for this phenomenon is the change of the total

compression power. The mass flow rates in each pipe change with the variation of Tgc,out
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and Pgc,out, which can impact the total compression power. When the total cooling load is
fixed at 1.23 kW, if the total compression power is smaller, the COP is larger. As shown in
Figures 2b and 3b, the total compression power in RSF1 and RSF2 has a matching trend
with Figures 2a and 3a, respectively.

According to the trend of COP, when the Pgc,out is less than 37 ◦C, the value of COP
is larger. In this range, to decrease both Tgc,out and Pgc,out can enhance the value of COP.
However, the range of Tgc,out and Pgc,out is limited because the CO2 is in the transcritical
condition; Tgc,out and Pgc,out cannot be dropped below 31.1 ◦C and 7.38 MPa, which are
critical temperature and critical pressure [33].

The total exergy destruction in RSF1 and RSF2 are shown in Figures 2c and 3c, respec-
tively. The total exergy destruction increases with the increase of Tgc,out. When the Tgc,out is
33 and 35 ◦C, the total exergy destruction decreases with the increase of Pgc,out. However,
the total exergy destruction increases with the increase of Pgc,out when the Tgc,out is 39 and
41 ◦C. If the Tgc,out is 37 ◦C, the total exergy destruction decreases first, then increases.

The change of Pgc,out can influence parameters of CO2 at the state point 2′, 3, 4, 5,
6, 7, and 8. Both enthalpies and entropies are impacted. The variation trends of total
compression power and total exergy destruction are similar, so it is hard to analyze by
only these two parameters. The exergy efficiency can be calculated by Formula (15), which
can be used to analyze the energy conversion ability of refrigeration systems clearly. The
exergy efficiency of RSF1 and RSF2 is showed in Figures 2d and 3d, respectively. With
the increase of Tgc,out, the exergy efficiency in RSF1 and RSF2 decreases. However, when
the Pgc,out increases, the trends of them are different. As for the RSF1, there is a maximum
exergy efficiency when Tgc,out is 33, 35, and 37 ◦C, which are 49.97%, 49.18%, and 47.52%,
respectively. When Tgc,out is 39 and 41 ◦C, the exergy efficiency enhances with the increase
of Pgc,out. As for the RSF2, the exergy efficiency decreases with the increase of Pgc,out in all
Tgc,out. The higher exergy efficiency means the energy conversion ability of the refrigeration
system is better [34]. Combining both COP and exergy efficiency, it is possible to find out
the best operation condition of the refrigeration systems. The best operation conditions of
RSF1 and RSF2 with design accuracy (temperature accuracy to the single digit, pressure
accurate to the first decimal point) are as follows:

(1) The optimal operation condition of the RSF1
In terms of COP, lower Tgc,out should be selected, but it cannot be dropped below

31.1 ◦C, so the Tgc,out is identified as 32 ◦C. According to the abovementioned analysis, the
maximum exergy efficiency occurs at Pgc,out = 9.1 or 9.3 MPa, so it is necessary to calculate
the parameters when the Pgc,out is 9.2 MPa.

As shown in Figure 2a,d, the trends of COP and exergy efficiency when the Tgc,out is
32 ◦C are the same as those when the Tgc,outs are 33 and 35 ◦C. When the Tgc,out is 32 ◦C,
COP increases with the decrease of Pgc,out. The largest exergy efficiency (50.10%) occurs
when the Pgc,out is 9.2 MPa.

Based on the energy saving requirements, the energy conversion ability is the main selec-
tion standard, so the optimal operation condition of RSF1 is obtained at both Tgc,out = 32 ◦C
and Pgc,out = 9.2 MPa (ηexergy =50.10%, COP = 2.301).

(2) The optimal operation condition of the RSF2
Based on the variation of RSF1, a conjecture is put forward that the maximum exergy

efficiency still exists in the RSF2, but the range of the extreme point changes. It is observable
from Table 2 that when the Pgc,out is 8.0 MPa, the exergy efficiency (53.15%) is maximum.
Therefore, the optimal operation condition of RSF2 is obtained at both Tgc,out = 32 ◦C and
Pgc,out = 8.0 MPa (ηexergy =53.15%, COP = 2.233).



Energies 2021, 14, 5578 10 of 17

Table 2. Parameter values studied in the RSF2 when the Tgc,out is 32 ◦C.

Pgc,out(MPa) COP Exergy
Efficiency

Total Exergy
Destruction

(kW)

Total
Compression
Power (kW)

7.4 1.275 32.39% 0.652 0.965
7.7 2.215 52.75% 0.262 0.555
7.9 2.232 53.13% 0.2582 0.5510
8.0 2.233 53.15% 0.2580 0.5508
8.1 2.227 53.02% 0.259 0.552
8.3 2.205 52.55% 0.265 0.558
8.6 2.167 51.72% 0.274 0.568

The model can be validated by the data from reference [14]. As shown in Table 3,
for Tgc,out = 35 ◦C, Te = −23 ◦C, and Pgc,out = 9.1 MPa, the values of COP of RSF2 and the
refrigeration system in reference [14] are 1.986 and 1.959, respectively. The deviation is
1.38% which is acceptable. Moreover, in terms of the refrigeration system in [14], if the Te
and the Pgc,out are fixed, the COP increases with the decrease of Tgc,out. This trend is the
same as that of RSF2.

Table 3. Values of COP of RSF2 and reference [14] for Tgc,out = 35 ◦C, Te = −23 ◦C and
Pgc,out = 9.1 MPa.

Parameter RSF2 Reference [14] Deviation (%)

COP 1.986 1.959 1.38%

4.2. Performance Impacts of the Auxiliary Gas Cooler on Transcritical CO2 Two-Stage
Compression Refrigeration Systems

As for traditional transcritical CO2 two-stage compression refrigeration systems, the
auxiliary gas cooler is not in use. In this research, the impact of the auxiliary gas cooler on
the transcritical CO2 two-stage compression refrigeration system is studied.

The variation trends of COP, exergy efficiency, total exergy destruction, and total
compression power in RSF1 and RSF2 are shown in Figures 2 and 3. The variation trends of
COP, total exergy destruction, and total compression power are similar in RSF1 and RSF2.
In the same operation conditions, it is discovered that higher COP, lower total compression
power, and less exergy destruction can be obtained in the RSF1.

The temperature of 32 ◦C is the Tgc,out of the optimal operation condition of RSF1 and
RSF2, but the Pgc,outs of the optimal operation conditions in RSF1 and RSF2 are different.
As for RSF1, the maximum exergy efficiency appears when the Pgc,out is 9.2 MPa. As for
RSF2, the maximum exergy efficiency appears when the Pgc,out is 8.0 MPa. Viewing the
difference of exergy efficiency and COP between the best operation conditions of RSF1 and
RSF2, the exergy efficiency of RSF2 is 3.05% higher than that of RSF1, but the COP of RSF2
is 0.068 lower than that of RSF1.

As for the RSF1, the design standard (T3 = T7 + 5 ◦C) [35] can be obeyed by adjusting
the auxiliary gas cooler. However, the CO2 of the state point 3 depends on the natural mix
between the CO2 of state points 2 and 7 in the RSF2. Figure 4 describes the temperature
difference between T3 and T7 (TD3–7) in the RSF2. It is noticed that TD3–7 increases with
the increase of Pgc,out and decreases with the increase of Tgc,out. Furthermore, the minimum
TD3–7 is 8.29 ◦C which is still higher than the design required TD3–7. The maximum
TD3–7 is 23.10 ◦C. Based on Formula (9), the higher the T3 is, the higher the discharge
temperature of the compound compressor (HPS) will be. Higher discharge temperature
can cause higher possibility of lubricant oil carbonization in the compressor [36]. The
application of auxiliary gas cooler can conquer this problem well.
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T4 is the discharge temperature of the compound compressor (HPS). Figure 5a de-
scribes the trend of T4 in RSF1. When the Pgc,out is fixed, T4 is also fixed, but when the
Tgc,out is fixed, T4 enhances with the increase of Pgc,out. Figure 5b describes the trend of T4
in RSF2. When the Tgc,out is fixed, T4 enhances with the increase of Pgc,out. When the Pgc,out
is fixed, T4 decreases with the increase of Tgc,out. Moreover, T4 is much larger in RSF2. The
maximum T4 of RSF2 is 104.48 ◦C, while the maximum T4 of RSF1 is 81.44 ◦C, and the
difference between them is up to 23.04 ◦C. Lower the discharge temperature can decrease
the possibility of the lubricant oil carbonization in the compressor, which can ensure the
compressor is well lubricated for a long time and improve the reliability of the refrigeration
system [36]. Therefore, the utilization of the auxiliary gas cooler is beneficial to reduce T4.
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The variation of the performance of RSF1 with different Tagc,out is also necessary
to study. The Tagc,out in the optimal operation condition is 13.88 ◦C, so there are five
temperatures chosen as the initial studied Tagc,out, which are 12, 13, 14, 15, and 16 ◦C. As
shown in Figure 6, the COP decreases with the increase of Tagc,out, but exergy efficiency
increases with the increase of Tagc,out. The trends of COP and exergy efficiency are opposite.
When the Tagc,out changes from 12 to 16 ◦C, COP changes by 0.039 (from 2.320 to 2.281)
and exergy efficiency changes by 0.04% (from 50.08% to 50.12%). Moreover, based on
the above studies, the Tagc,out = 20, 25, and 30 ◦C are also studied. The values of COP
and exergy efficiency with Tagc,out = 20, 25, and 30 ◦C are shown in Table 4. When the
Tagc,out changes from 16 to 20 ◦C, COP changes by 0.038 and exergy efficiency changes
by 0.08%. When the Tagc,out changes from 20 to 25 ◦C, COP changes by 0.041 and exergy
efficiency changes by 0.13%. When the Tagc,out changes from 25 to 30 ◦C, COP changes by
0.037 and exergy efficiency changes by 0.15%. It is noted that Tagc,out has a small effect on
COP and exergy efficiency. Based on Formulas (9) and (11), higher Tagc,out can increase
the discharge temperature of the compound compressor (HPS), which will cause higher
possibility of the lubricant oil carbonization in the compressor [36]. The Tagc,out is usually
determined according to design requirements. Moreover, the discharge temperature of
the compound compressor (HPS) can be declined by decreasing Tagc,out. For Tagc,out = 12
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and 30 ◦C, the discharge temperatures of the compound compressor (HPS) are 76.45 and
90.28 ◦C, respectively. The temperature difference is 13.83 ◦C.

Energies 2021, 14, 5578 12 of 17 
 

 

 

Figure 6. The influence on the RSF1 with different 𝑇𝑎𝑔𝑐,𝑜𝑢𝑡. 

Table 4. COP and exergy efficiency of the RSF1 with different 𝑇𝑎𝑔𝑐,𝑜𝑢𝑡. 

𝑻𝒂𝒈𝒄,𝒐𝒖𝒕 COP Exergy Efficiency 

20 2.243 50.20% 

25 2.202 50.33% 

30 2.165 50.48% 

4.3. Performance Optimization of the Transcritical CO2 Two-Stage Compression Refrigeration 

System during Ambient Temperature Changes 

Many refrigerated containers are used in maritime transportation. In different mari-

time areas, ambient temperatures are various. The maximum ambient temperatures of 

different maritime areas are shown in Table 5. The 𝑇𝑐 equals the sum of 𝑇𝑔𝑐,𝑜𝑢𝑡 and su-

percooling, which should be higher than the ambient temperature. If refrigerated contain-

ers need to be transported across several maritime areas, the 𝑇𝑐 must meet the require-

ment of the highest ambient temperature. However, the performance of the refrigeration 

system may not be the best in this situation. It is inconvenient to adjust the gas cooler one 

by one when the ambient temperature changes. In this paper, a method is proposed to 

solve the problem by adjusting the intermediate pressure. 

The RSF1 is the investigated refrigeration system. The 𝑃𝑔𝑐,𝑜𝑢𝑡 is assumed as 9.2 MPa. 

The intermediate pressure equals the geometric mean of the condensation pressure and 

the evaporation pressure. When the 𝑃𝑔𝑐,𝑜𝑢𝑡 is 9.2 MPa, the intermediate pressure is 4.062 

MPa. Consequently, there are six pressures chosen as the studied intermediate pressures, 

which are 3.9, 4.0, 4.1, 4.2, 4.3, and 4.4 MPa. 

Table 5. Maximum ambient temperatures of different maritime areas. 

Maritime Areas/Design  

Parameter 

Maximum Ambient  

Temperature 
Sources of the Data 

Design parameter 40 ℃ Reference [27] 

Bohai Sea 32 ℃ Standard Q/HS 3008-2016 

East China Sea 32 ℃ Standard Q/HS 3008-2016 

Yellow Sea 32 ℃ Standard Q/HS 3008-2016 

South China Sea 35 ℃ Standard Q/HS 3008-2016 

Northwest Pacific Ocean 33.44 ℃ Official website of ECMWF 

South Atlantic Ocean 31.15 ℃ Official website of ECMWF 

Northwest Atlantic Ocean 30.93 ℃ Official website of ECMWF 

Indian Ocean 32.50 ℃ Official website of ECMWF 

Figure 6. The influence on the RSF1 with different Tagc,out.

Table 4. COP and exergy efficiency of the RSF1 with different Tagc,out.

Tagc,out COP Exergy Efficiency

20 2.243 50.20%
25 2.202 50.33%
30 2.165 50.48%

4.3. Performance Optimization of the Transcritical CO2 Two-Stage Compression Refrigeration
System during Ambient Temperature Changes

Many refrigerated containers are used in maritime transportation. In different mar-
itime areas, ambient temperatures are various. The maximum ambient temperatures of
different maritime areas are shown in Table 5. The Tc equals the sum of Tgc,out and super-
cooling, which should be higher than the ambient temperature. If refrigerated containers
need to be transported across several maritime areas, the Tc must meet the requirement of
the highest ambient temperature. However, the performance of the refrigeration system
may not be the best in this situation. It is inconvenient to adjust the gas cooler one by one
when the ambient temperature changes. In this paper, a method is proposed to solve the
problem by adjusting the intermediate pressure.

Table 5. Maximum ambient temperatures of different maritime areas.

Maritime Areas/Design
Parameter

Maximum Ambient
Temperature Sources of the Data

Design parameter 40 ◦C Reference [27]
Bohai Sea 32 ◦C Standard Q/HS 3008-2016

East China Sea 32 ◦C Standard Q/HS 3008-2016
Yellow Sea 32 ◦C Standard Q/HS 3008-2016

South China Sea 35 ◦C Standard Q/HS 3008-2016
Northwest Pacific Ocean 33.44 ◦C Official website of ECMWF

South Atlantic Ocean 31.15 ◦C Official website of ECMWF
Northwest Atlantic Ocean 30.93 ◦C Official website of ECMWF

Indian Ocean 32.50 ◦C Official website of ECMWF

The RSF1 is the investigated refrigeration system. The Pgc,out is assumed as 9.2 MPa.
The intermediate pressure equals the geometric mean of the condensation pressure and the
evaporation pressure. When the Pgc,out is 9.2 MPa, the intermediate pressure is 4.062 MPa.
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Consequently, there are six pressures chosen as the studied intermediate pressures, which
are 3.9, 4.0, 4.1, 4.2, 4.3, and 4.4 MPa.

As shown in Figure 7a, when the Tgc,out is fixed at 32 ◦C, COP enhances with the
increase of intermediate pressure. As shown in Figure 7b, when the Tgc,out is fixed at 32 ◦C,
the exergy efficiency enhances with the increase of intermediate pressure. It can be noted
that if the intermediate pressure increases, the performance of the refrigeration system will
be raised.
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Figure 7. The influence of the adjustment of the intermediate pressure on the RSF1: (a) COP, (b) exergy efficiency,
(c) discharge temperature of the compound compressor (LPS).

The curves in Figure 7a are fitted as Function (29). The growth rates of COP can be
seen in Table 6, which are 0.1679, 0.1740, 0.1865, 0.1990, 0.2098, and 0.2089.

Table 6. Growth rate of COP and exergy efficiency in different Tgc,out.

Tgc,out(◦C) Growth Rate of COP
[a1]

Growth Rate of Exergy
Effi-ciency

[a2]

32 0.1679 2.84%
33 0.1740 2.95%
35 0.1865 3.25%
37 0.1990 3.56%
39 0.2098 3.90%
41 0.2089 4.09%

It is noted that when the Tgc,out increases, the growth rate of COP is raised, except that
the growth rate of COP41◦C is lower than that of COP39◦C. However, the difference between
COP41◦C and COP39◦C is only 0.0003, which can be ignored. The curves in Figure 7b are
fitted as Function (30). The growth rates of exergy efficiency can be seen in Table 6 which
are 2.84%, 2.95%, 3.25%, 3.56%, 3.90%, and 4.09%. When the Tgc,out increases, the growth
rate of exergy efficiency is raised. When the Pgc,out is fixed at 9.2 MPa, both COP and exergy
efficiency decrease with the increase of Tgc,out. In the operation conditions with fixed Pgc,out
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and higher Tgc,out, to enhance the intermediate pressure can cause larger values of both
COP and exergy efficiency.

COP = a1Pintermediate + b1 (29)

ηexergy = a2Pintermediate + b2 (30)

where COP is the coefficient of performance; Pintermediate is the intermediate pressure, MPa;
ηexergy is the exergy efficiency; a1 and a2 are the growth rate of COP and exergy efficiency,
MPa−1; b1 and b2 are constants.

T2 is the discharge temperature of the compound compressor (LPS). From Figure 7c,
we can see that T2 increases with the increase of intermediate pressure. The curves in
Figure 7c are fitted as functions (Function (31)). If the intermediate pressure enhances 0.1
MPa, T2 will raise 2.04 ◦C. Higher discharge temperature can cause higher possibility of
the lubricant oil carbonization in the compressor [36]. To ensure the compressor being
well lubricated for a long time and improve the reliability of the refrigeration system, the
adjustment range of intermediate pressure should take the lubricant oil into account.

T2 = 20.357Pintermediate − 40.446 (31)

where T2 is the discharge temperature of the compound compressor (LPS), ◦C; Pintermediate
is the intermediate pressure, MPa; the unit of 20.357 is ◦C/MPa; the unit of 40.446 is ◦C.

5. Conclusions

Based on the first law of thermodynamics and the second law of thermodynamics,
the thermodynamic model of the transcritical CO2 two-stage compression refrigeration
system is established. Based on energy analysis and exergy analysis, the optimizations of
system design and system operation are put forward. From the above analysis, detailed
conclusions can be drawn as below:

(1) For the RSF1 with Te =−23 ◦C, the optimal operation condition of RSF1 is obtained
at both Tgc,out = 32 ◦C and Pgc,out = 9.2 MPa. The exergy efficiency and the COP of the
optimal operation condition of RSF1 are 50.10% and 2.301, respectively. For the RSF2 with
Te =−23 ◦C, the optimal operation condition of RSF2 is obtained at both Tgc,out = 32 ◦C and
Pgc,out = 8.0 MPa. The exergy efficiency and the COP of the optimal operation condition of
RSF2 are 53.15% and 2.233, respectively.

(2) In terms of the optimal operation conditions of RSF1 and RSF2, the exergy effi-
ciency of the RSF2 is 3.05% higher than that of RSF1, but the COP of RSF2 is 0.068 lower
than that of RSF1. Furthermore, in the same operation conditions, higher COP, lower
compression power, and less exergy destruction can be achieved in the RSF1. Therefore, it
is necessary to use the auxiliary gas cooler in the transcritical CO2 two-stage compression
refrigeration system.

(3) The COP decreases with the increase of Tagc,out, but the exergy efficiency increases
with the increase of Tagc,out. The difference between COP12 ◦C and COP30 ◦C is 0.155. The
difference between ηexergy,12 ◦C and ηexergy,30 ◦C is 0.4%, which is minimal. Moreover, the
discharge temperature of the compound compressor (HPS) can be decreased with the
decrease of Tagc,out. When Tagc,out is reduced from 30 to 12 ◦C, the discharge temperature of
the compound compressor (HPS) can be decreased by 13.83 ◦C. In the RSF1, the adjustment
of Tagc,out can be used to control the discharge temperature of the compound compressor
(HPS). Operators can reduce the discharge temperature of the compound compressor (HPS)
by decreasing the Tagc,out.

(4) For the RSF1 with Te = −23 ◦C and Tgc,out = 32, 33, 35, 37, 39 and 41 ◦C, both
COP and exergy efficiency can enhance with the increase of intermediate pressure from
3.9 MPa to 4.4 MPa. For each 0.1 MPa increase in intermediate pressure, the COPs rise
0.1679, 0.1740, 0.1865, 0.1990, 0.2098, and 0.2089 when the Tgc,out is 32, 33, 35, 37, 39, and
41 ◦C, respectively. For each 0.1 MPa increase in intermediate pressure, the values of exergy
efficiency rise 2.84%, 2.95%, 3.25%, 3.56%, 3.90%, and 4.09% when the Tgc,out is 32, 33, 35,
37, 39, and 41 ◦C, respectively. The adjustment of the intermediate pressure is important
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to control the performance of the transcritical CO2 two-stage compression refrigeration
system. Operators can increase the COP and the exergy efficiency by enhancing the
intermediate pressure.
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Nomenclature

COP coefficient of performance
Edest exergy destruction (kW)
e specific exergy (kJ/kg)
h specific enthalpy (kJ/kg)
m mass flow rate (kg/s)
P pressure (atm, MPa)
Pgc,out pressure at the outlet of gas cooler
Qcooling total cooling load (kW)
Qex heat exchange (kW)
q cooling capacity per mass (kJ/kg)
Rp compression ratio
RSF1 transcritical CO2 two-stage compression refrigeration

system with an auxiliary gas cooler
RSF2 transcritical CO2 two-stage compression refrigeration

system without any auxiliary gas cooler
s specific entropy (kJ/(kg·K))
T temperature (◦C, K)
Tagc,out temperature at the outlet of auxiliary gas cooler
Tc condensation temperature (◦C)
Te evaporation temperature (◦C)
Tgc,out temperature at the outlet of gas cooler
Wcomp compression power (kW)
W power (kW)
ηcomp isentropic efficiency of compressor
ηexergy exergy efficiency

Subscripts
1, 2, 2′, 3, 4, 5, 6, 7, 8, 9 state point
0 reference state condition
act actual
agc auxiliary gas cooler
b boundary
eev1 electronic expansion valve 1
eev2 electronic expansion valve 2
evap evaporator
gc gas cooler
HPS high-pressure stage
i any state point
in Inlet
inter intercooler
LPS low-pressure stage
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out outlet
theo theory
tot total
∆ difference
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