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Abstract

This study presents a comparative thermodynamic assessment of four widely used CO2

refrigeration configurations, namely, the basic cycle (BC), internal heat exchanger cycle
(IHEX), mechanical subcooling cycle (MSC), and ejector cooling cycle (ECS), operating
under both subcritical and transcritical conditions. The investigated systems were analyzed
using validated numerical models developed in the Engineering Equation Solver (EES)
under evaporating temperatures ranging from −30 ◦C to +5 ◦C and gas cooler temperatures
ranging from 30 ◦C to 50 ◦C. For each operating condition, the refrigeration cycles were
thermodynamically optimized in order to maximize the coefficient of performance (COP).
The results indicate that an increasing gas cooler temperature significantly reduces the
COP of all investigated systems, whereas an increasing evaporating temperature improves
cycle performance. Among the investigated configurations, the MSC system exhibited the
highest thermodynamic performance improvement, particularly under severe transcritical
operating conditions characterized by high gas cooler temperatures and low evaporating
temperatures. The ECS configuration also provided considerable performance enhance-
ment by reducing throttling-related thermodynamic losses and compressor pressure ratio.
In contrast, the IHEX configuration yielded comparatively moderate but relatively stable
performance improvement with lower system complexity. In addition to the thermody-
namic comparison, a simplified engineering-oriented practical assessment framework
based on a relative cost index (RCI) was introduced to comparatively evaluate implementa-
tion complexity, control requirements, maintenance considerations, and relative investment
burden of the investigated systems. The results indicate that, although the MSC config-
uration provides the highest thermodynamic performance, it is also associated with the
highest implementation complexity and relative investment requirement, whereas the
IHEX configuration offers a simpler and lower-cost alternative with moderate performance
enhancement. The present study provides engineering-oriented comparative guidance re-
garding the thermodynamic performance, practical applicability, and operational suitability
of advanced CO2 refrigeration systems under varying climatic and operational conditions.

Keywords: CO2; refrigeration; transcritical; relative cost index (RCI); mechanical
subcooling; ejector

1. Introduction
Over the past few decades, the widespread use of synthetic refrigerants like hydroflu-

orocarbons (HFCs), hydrochlorofluorocarbons (HCFCs), and chlorofluorocarbons (CFCs)
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in the refrigeration and air conditioning industries has greatly contributed to climate
change and global warming [1]. Hydrofluorocarbons (HFCs) are powerful greenhouse
gases that greatly contribute to climate change, although they do not directly harm the
ozone layer [2]. Increasing environmental regulations and international agreements have
expedited the shift towards environmentally sustainable refrigeration technologies with
low global warming potential (GWP) [3–6]. This transition aims to mitigate environmental
impacts and promote long-term sustainability [7]. This resurgence to its roots is not just
necessary; it is essential for a sustainable future. Therefore, there is an urgent necessity
to identify and implement environmentally friendly alternative refrigerants [1]. Carbon
dioxide (CO2, R744) has emerged as one of the most promising natural refrigerants due
to its negligible ozone depletion potential (ODP = 0), very low global warming potential
(GWP = 1), non-toxicity, non-flammability, and cost-effectiveness [2,3]. It is an attractive
working fluid because it has favorable thermophysical properties, such as high vapor
density, specific heat, latent heat, thermal conductivity, and volumetric cooling capacity,
as well as low liquid viscosity [4–6]. The innovative research by Lorentzen [4,5] revived
the use of CO2 as a practical refrigerant for modern applications, where it can substitute
high-GWP fluids. Subsequent works confirmed its benefits in terms of safety, availability,
and environmental sustainability despite the problems related to high operating pressures
and a relatively low critical temperature of 30.98 ◦C [6,7]. The increasing application of CO2

systems in industrial and commercial refrigeration is due to the development of technology
and environmental regulations [8,9]. Although the market for CO2-based refrigeration
is not yet mainstream, it has grown substantially over the past several decades [8–16].
However, the lack of deep technical knowledge and design expertise still remains a barrier
to further adoption [17].

Several experimental and theoretical studies have examined the performance of CO2

systems under various conditions. Among these, internal heat exchangers, ejectors, ex-
panders, parallel compression, and two-stage compression cycles have demonstrated
notable COP improvements [18]. Wang et al. [19] compared R744 and R134a in heat pump
systems and found that R744 cycles could achieve comparable cooling and higher heating
capacities. Ma et al. [6] summarized the thermodynamic characteristics of basic transcritical
CO2 cycles and emphasized the importance of optimizing the system’s high-side pres-
sure. Subcritical CO2 cycles perform efficiently at moderate ambient conditions, whereas
transcritical operation becomes essential at higher temperatures [20]. The efficiency of tran-
scritical CO2 cycles depends strongly on the gas cooler outlet temperature and high-side
pressure [20,21]. While efficiency decreases with rising ambient temperatures, strategies
such as ejectors, parallel compression, and dedicated mechanical subcooling (DMS) help
CO2 systems remain competitive. Llopis et al. [22] reported the possibilities of enhancing
the energy performance of CO2 transcritical refrigeration systems using an integrated me-
chanical subcooling cycle to reduce the gas cooler outlet temperature. They showed COP
improvements up to 20% and capacity gains up to 28.8%. Llopis et al. [23] experimentally
analyzed a transcritical CO2 plant and confirmed that compressor and expansion device
losses dominate system inefficiency. An experimental supermarket study by Nebot-Andrés
et al. [24] validates that DMS is especially beneficial under high ambient conditions where
baseline CO2 systems otherwise struggle. Mastrowski et al. [25] reported an experimental
study on the effects of heat transfer between the capillary tube or ejector wall and the
ambient environment on the performance of the expansion devices. An experimental
comparison between the standard CO2 expansion valve refrigeration cycle and the ejector
refrigeration cycle was performed by Lucas and Kohler [26]. Compared to the maximal
COP of the expansion valve cycle, COP improvements of the ejector cycle of 17% were
reached in their study. Cecchinato et al. [27] proposed robust control strategies for the
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optimal cycle discharge pressure. Singh et al. [28] emphasized that optimization must
consider both COP and exergy efficiency, particularly under warm ambient temperatures
where system efficiency declines. Nonetheless, the performance of transcritical systems gen-
erally lags behind that of HFC-based systems, motivating numerous studies on efficiency
improvements [20,29–33].

Recent studies (2020–2025) have deepened the understanding of CO2 systems through
advanced experimental and numerical investigations. The application status and the latest
progress of transcritical CO2 refrigeration cycle systems were reviewed and discussed
in the review papers by Ji et al. [34] and Yang et al. [35]. Moreover, extensive reviews,
e.g., Boupda et al. [36] and Song et al. [37], point out the importance of system-level
design and component optimization to overcome the limitation of CO2’s low critical
temperature. Further studies by Khaldi et al. [38], El-barghthi et al. [39] and Ierin et al. [40]
have highlighted the effect of ejector geometry, vortex tubes, and hybrid subsystems on the
performance of the transcritical cycle, which offer promising directions for future studies.

The results indicate that the choice of proper operating conditions and careful system
design are of critical importance for improving the performance of R744 refrigeration
systems. In practice, the refrigeration systems working with CO2 can work in subcritical
and transcritical conditions depending on the cooling demand and ambient temperature.
Therefore, refrigeration configurations must be evaluated over a wide range of operating
conditions to ensure reliable and efficient operation under varying climatic and operat-
ing conditions. To meet this demand, the present work comparatively investigates four
commonly used CO2 refrigeration configurations, namely, the basic cycle (BC), internal
heat exchanger cycle (IHEX), mechanical subcooling cycle (MSC), and ejector cooling cycle
(ECS). Many studies have been carried out on individual enhancement techniques for tran-
scritical CO2 refrigeration systems. Most of the previous studies were investigated based
on a single configuration, limited operating conditions, fixed evaporating temperatures, or
specific application scenarios. Therefore, the relative thermodynamic benefits, operational
applicability, and practical compromises of these arrangements at different evaporating
and gas cooler temperatures are not yet well understood.

The present study does not aim to propose an entirely new refrigeration architecture
but to establish a unified engineering-oriented comparative thermodynamic and practical
assessment framework to evaluate the advanced CO2 refrigeration configurations over a
broad operating range. The MSC and ECS systems were added as more advanced thermo-
dynamic enhancement techniques for more severe transcritical operating conditions. The
BC and IHEX systems were deliberately kept as references and relatively simple config-
urations. The systems under investigation were analyzed for evaporating temperatures
from −30 ◦C to +5 ◦C and gas cooler temperatures from 30 ◦C to 50 ◦C, resulting in forty
different operating cases. The refrigeration cycles were thermodynamically optimized for
each operating condition using the most suitable operating pressures and characteristic
cycle parameters to maximize the coefficient of performance (COP). In addition to the com-
parative thermodynamic analysis, a simplified engineering-oriented practical assessment
framework based on a relative cost index (RCI) was also proposed to comparatively eval-
uate implementation complexity, control requirements, maintenance considerations, and
relative investment burden of the investigated systems. The comparison was performed
using numerical models developed in the Engineering Equation Solver (EES) [41] and
validated by experimental data published in the literature. The results obtained clearly
indicate the relative merits, limitations, and practical applicability of each of the refrigera-
tion configurations and thus provide engineering-oriented guidance for the selection of
appropriate CO2 refrigeration systems in different climatic and operational conditions.

https://doi.org/10.3390/app16136503

https://doi.org/10.3390/app16136503


Appl. Sci. 2026, 16, 6503 4 of 23

2. Materials and Methods
2.1. Evaluated CO2 Refrigeration Cycle Systems

The schematic representation of a basic CO2 refrigeration system and its respective P-h
diagram are given in Figure 1a,b, respectively. For the subcritical conditions, the working
states are the same as the conventional refrigeration cycles. For the transcritical working
conditions, heat rejection in the gas cooler occurs above the critical temperature and critical
pressure of CO2. Therefore, CO2 does not turn into a liquid phase after heat rejection.

Figure 1. Schematic of the basic CO2 refrigeration system: (a) configuration, (b) P-h diagram.

The schematic representation of a refrigeration cycle with an internal heat exchanger
(IHEX) and its respective P-h diagram are given in Figure 2a,b, respectively. The internal
heat exchanger uses the saturated cold vapor from the evaporator to further cool the
exiting fluid from the gas cooler. An integrated internal heat exchanger reduces the inlet
temperature to the throttle valve and makes sure that the entry point to the compressor
is filled with superheated steam. The increased cooling capacity of the evaporator leads
to an increase in COP, but the extra superheating leads to increased work consumption in
the compressor.

Figure 2. Schematic of the CO2 refrigeration system with an internal heat exchanger: (a) configuration,
(b) P-h diagram.
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The third examined system is the one with extra mechanical subcooling (MSC) after
the gas cooler. Schematic of the CO2 refrigeration system with an auxiliary mechanical
refrigeration cycle for the subcooling is shown in Figure 3. The extra system operates with
another refrigerant (R1234yf is used in this study), and it consumes electricity in order
to perform the proper subcooling. The advantages of this configuration, compared to
the subcooling with the heat exchanger of Figure 2, are the greater subcooling rate and
that there is no extra superheating in the compressor inlet. The disadvantage is the extra
need for work in the compressor of the secondary cycle. In this system, it is essential to
optimize both the maximum pressure and the subcooling temperature difference in order
to maximize the system’s coefficient of performance (COP). It is worth stating that greater
subcooling increases not only the cooling capacity but also the work consumption in the
secondary compressor, and these facts create an optimum subcooling value in every case.

Figure 3. Schematic of the CO2 refrigeration system with an auxiliary mechanical refrigeration cycle
for the subcooling: (a) configuration, (b) P-h diagram.

The fourth examined system is the one with an ejector (ECS). A layout diagram of
the CO2 refrigeration system with an ejector (ECS) can be seen in Figure 4a, and the
corresponding P-h diagram can be seen in Figure 4b. In the ejector, the high-pressure fluid
(motive) stream at state 3 is sent through a converging–diverging nozzle and expanded
to the low pressure at state 4. The enthalpy reduces, and the velocity increases. Since the
exit pressures of both motive and suction streams from the nozzles at states 4 and 10 are
the same, this low pressure is used to entrain the suction stream from state 9 to 10. The
suction stream also expands in the suction nozzle from the pressure at states 9 and 10. The
enthalpy of the suction stream reduces, and the suction stream velocity increases. These
two streams mix in the mixing section and become one stream at state 5. Then, it enters
the diffuser, where it is decelerated and compressed to a pressure higher than the initial
pressure of the suction stream and exits from the ejector as a two-phase fluid at state 6; the
result is a pressure increase provided to the low-pressure vapor that is being pumped by
the high-pressure liquid. Ejectors contribute to a higher COP in refrigeration systems. By
efficiently recycling and compressing low-pressure refrigerant, they enable the system to
achieve more cooling output per unit of energy input. In the end, it enhances the overall
performance. Fangtian’s and Yitai’s [42] ejector model is considered in this study.
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Figure 4. Schematic of the CO2 refrigeration system with an ejector: (a) configuration, (b) P-h diagram.

2.2. Mathematical Modeling of CO2 Refrigeration Cycle Systems

This section presents the details of the mathematical model used for the computa-
tions. The following assumptions were made for the thermodynamic analysis of the CO2

refrigeration cycle.

• There are no kinetic and potential energy changes in the cycle and cycle elements,
except ejector modeling.

• Heat transfer and friction losses in the pipes between the basic elements are neglected.
• The state changes in the compressor, expansion valve, internal heat exchanger, and

ejector are adiabatic.
• The liquid–vapor separator in the two-phase ejector cycle has perfect separation

efficiency, and the vapor and liquid at the outlets of the separator are at saturated
conditions.

• The compressor operates with a specified isentropic efficiency.
• All valves operate isenthalpically.
• For the transcritical calculations, the exit pressure of the compressor is optimized for

the maximum COP.

Heat flow rates for each component can be calculated as follows:

.
Qevap,BC =

.
m(h1 − h4) (1)

.
Qevap,IHEX =

.
m(h1 − h6) (2)

.
Qevap,MSC =

.
m(h1 − h5) (3)

.
Qevap,ECS =

.
msuc(h9 − h8) (4)

.
Qcond,BC =

.
m(h2 − h3) (5)

.
Qcond,IHEX =

.
m(h3 − h4) (6)

.
Qcond,MSC =

.
m(h2 − h3) (7)
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.
Qcond,ECS =

.
mmotive(h2 − h3) (8)

.
Qexch,IHEX =

.
m(h4 − h5) =

.
m(h2 − h1) (9)

.
Qexch,MSC =

.
m(h3 − h4) =

.
Qevap,SCS (10)

Pressure ratio, PR, is defined as given in Equation (11), in which Pcomp,in and Pcomp,out

represent the compressor inlet and exit pressures, respectively.

PR =
Pcomp,out

Pcomp,in
(11)

The isentropic efficiency of a compressor is affected by the pressure ratio, and it could
be defined as a function of the pressure ratio as given in Equation (12) [32,43]:

ηi = A − B × PR (12)

where A and B are empirical constants, which are determined by using the experimental
data given in the validation section of the present study as A = 0.93 and B = 0.075. These A
and B values are consistent with the range of values reported in the literature [32,43].

Compressor mechanical efficiency is taken as follows [44]:

ηm = 0.81 (13)

An important parameter used to describe the performance of an ejector is “an entrain-
ment ratio”. It can be defined as follows [26]:

ω =

.
msuc

.
mmotive

(14)

Subcooling, ∆TSC, from the gas cooler outlet temperature in the MSC is defined as [23]:

∆TSC = Tc − T4 (15)

The subcooling ratio, SCR, is defined as follows:

SCR = ∆TSC/(T c − Te) (16)

where Tc and Te represent the gas cooler exit and evaporator temperatures, respectively.
The compressor power and the coefficient of performance (COP) of the refrigeration system
are obtained as:

.
Wcomp,BC =

.
m(h2s − h1)/(ηiηm) (17)

.
Wcomp,IHEX =

.
m(h3s − h2)/(ηiηm) (18)

.
Wcomp,MSC =

.
m(h2s − h1)/(ηiηm) (19)

.
Wcomp,AC =

.
maux(h2s − h1)/(ηiηm) (20)

.
Wcomp,ECS =

.
mmotive(h2s − h1)/(ηiηm) (21)

COPBC =
.

Qevap,BC

/ .
Wcomp,BC (22)
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COPIHEX =
.

Qevap,IHEX

/ .
Wcomp,IHEX (23)

COPMSC =
.

Qevap,MSC

/( .
Wcomp,MSC +

.
Wcomp,AC

)
(24)

COPECS =
.

Qevap,ECS

/ .
Wcomp,ECS (25)

2.3. Validation of the Models

It is essential to evaluate the model against existing research in the literature to verify
the accuracy and reliability of the produced thermodynamic model. The experimental
data from Llopis et al. [23] are utilized and compared with the outcomes of the created
simulation for the BC and MSC models. Table 1 illustrates the comparative results. The
COP deviations range from 0.27% to 5.39%, with a mean of 2.72% and a standard deviation
of 1.7. The observed errors are permissible and demonstrate that the created model can
compute the system’s coefficient of performance (COP) with an accuracy of approximately
3%. The initial eight validation examples pertain to the reference system (∆Tsc = 0 ◦C),
whereas the final eight correspond to the system with mechanical subcooling.

Table 1. Comparisons of the present calculations with the experimental data of Llopis et al. [23].

Te (◦C) Tc (◦C) Pc (kPa) ∆TSC (◦C) COPpresent COPexp [23] Differen. (%) Config.

0 28.36 8280 0 2.563 2.57 0.27 BC

0 33.51 8960 0 2.028 1.93 5.08 BC

0 41.69 10,260 0 1.353 1.32 2.50 BC

−10 27 7760 0 1.937 1.91 1.41 BC

−10 32.79 8250 0 1.510 1.44 4.86 BC

−10 41.09 10,190 0 0.985 0.98 0.49 BC

0 29.71 7860 13.28 2.923 2.85 2.56 MSC

0 34.78 8160 11.55 2.413 2.35 2.68 MSC

0 41.7 9500 8.83 1.760 1.67 5.39 MSC

−10 26.89 7780 10.35 2.117 2.04 3.77 MSC

−10 33.42 7730 12.55 1.757 1.78 1.29 MSC

−10 40.48 10,710 18.21 1.299 1.27 2.28 MSC

In order to verify the present model, experimental data from Lucas et al. [26] is used
for an ejector with a circular cross-section. For the validation, entrainment rate and COP
are compared under the same operating conditions with the experimental study of Lucas
et al. [26]. As can be seen from Table 2, the present study demonstrates very good agreement
with the experimental data. It can be seen that the deviations of the COP range from 0.36%
to 1.92% with a mean value of 1.25%, and the deviations of the ω range from 0% to 3.9%
with a mean value of 0.6%. These deviations are acceptable and indicate that the developed
model can calculate the system COP and ω with a reasonable accuracy of about 1.25% and
1%, respectively.
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Table 2. Comparisons of the present calculations with the experimental data for ECS system.

Te (◦C) Tc (◦C) Pc (kPa) ωexp [26] ωpresent Diff. (%) COPexp [26] COPpresent Diff. (%)

−1 30 7500 0.60 0.60 0 3.02 3.08 1.92

−1 35 8500 0.53 0.53 0 2.38 2.34 1.89

−1 40 9800 0.50 0.50 0 1.88 1.85 1.76

−10 30 7500 0.55 0.56 2.2 2.20 2.21 0.36

−10 35 8500 0.48 0.50 3.9 1.74 1.73 0.63

−10 40 9800 0.47 0.47 0 1.41 1.40 0.92

3. Results and Discussion
3.1. Comparative Thermodynamic Performance Analysis

Given that the critical pressure of carbon dioxide is 7300 kPa, the calculations are
conducted under transcritical operating circumstances for the condenser pressure exceeding
the critical pressure of R744. Figure 5a,b present the variation in basic cycle COP with
the condenser pressure for the different condensation temperatures and the evaporation
temperatures of (a) Te = −20 ◦C and (b) Te = −5 ◦C, respectively. The maximal COP value
is around 1.2 at Tc = 30 ◦C and Pc = 7400 kPa, according to the results in Figure 5a. However,
at Tc = 50 ◦C and Pc = 12,400 kPa, the maximum COP value is approximately 0.4. As the
condensation temperature and pressure in the gas cooler rise, the maximum COP falls. In
contrast, Figure 5b shows that when the evaporator temperature varies, the condensation
pressure values that correspond to the highest COP values for the same condensation
temperatures, as indicated in Figure 5a, are not as variable. The results indicate that the
optimal condensation pressure values for the reference system are mostly affected by the
heat rejection temperature and are marginally influenced by the evaporator temperature.
Similar to the results presented in Figure 5, each system considered in the present study
undergoes testing throughout a range of evaporation temperatures from −30 ◦C to +5 ◦C
in 5 ◦C increments and heat rejection temperatures from 30 ◦C to 50 ◦C, likewise in 5 ◦C
intervals. For each case considered, the condenser pressure was optimized for maximum
performance at each condenser temperature, and it is presented in Table 3. It should be
noted that in all operating conditions discussed in this section, the evaporator cooling load
was assumed to be 10 kW.

Figure 5. Variation in the COP of the basic refrigeration system with the condensation temperature
in the condenser for the different condenser/gas cooler pressures. Evaporation temperatures are
(a) Te = −20 ◦C and (b) Te = −5 ◦C.
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Table 3. Gas cooler/condenser pressures used in the calculations.

BC IHEX MSC ECS

Tc (◦C) Pc (kPa) Pc (kPa) Pc (kPa) Pc (kPa)

30 7400 7400 7400 7400

35 8600 8600 8200 8600

40 9900 9900 9300 9900

45 11,200 11,200 10,000 11,200

50 12,400 12,400 10,900 12,400

Figure 6 shows the variation in the COP of the refrigeration system with the evapora-
tion temperature in the evaporator for the different condenser/gas cooler temperatures.
The evaporation temperature also has a strong effect on the COP for all working conditions.
For a specific gas cooler temperature, the coefficient of performance (COP) consistently
increases as the evaporation temperature rises. This trend can be attributed to a reduction
in the compressor pressure ratio and compression work as the evaporator temperature rises,
which directly improves the thermodynamic efficiency of the cycle. In contrast, increasing
the condenser or gas cooler temperature leads to a noticeable decrease in the COP across
the entire range of evaporating temperatures. The combined effect of evaporating and
gas cooler temperatures highlights the strong sensitivity of transcritical CO2 systems to
operating conditions. The highest COP values were obtained at the evaporator temperature
of 5 ◦C, while the COP values for gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and
50 ◦C were 3.7, 2.6, 1.9, 1.5, and 1.2, respectively. At low evaporating temperatures and
high gas cooler temperatures, the basic cycle exhibits its lowest COP values, emphasizing
the limitations of the reference system under severe operating conditions and motivating
the use of advanced configurations to enhance performance. The observed decrease in
COP with the increasing gas cooler temperature is consistent with the findings reported
by Ma et al. [6] and Ge et al. [20], who demonstrated that transcritical CO2 systems are
highly sensitive to heat rejection conditions because of the low critical temperature of CO2.
Similar thermodynamic trends were also reported by Wang et al. [19], where the increasing
ambient temperature significantly reduced the cycle efficiency due to increased compressor
work and gas cooler irreversibility.

Figure 6. Variation in the COP of the basic refrigeration system with the evaporation temperature in
the evaporator for the different condenser/gas cooler temperatures.
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Figure 7 shows the subcooling (a) and the superheating (b) value variations by using
an internal heat exchanger (IHEX) in the CO2 refrigeration system. It should be noted that
the internal heat exchanger efficiency of 0.75 was used in the calculations. The IHEX results
indicate a temperature decrease of 6 to 18 ◦C in the gas cooler outlet temperature, while
there is a temperature increase of 18 to 60 ◦C in the evaporator outlet temperature. Here, the
specific heat value of the hot fluid side (condenser side) is higher than that of the cold fluid
side (evaporator side), because the pressure of the hot fluid side in the heat exchanger is
higher than that of the cold fluid side. This causes the subcooling degree, ∆TSC, to be lower
than the superheating degree, ∆TSH, which is inversely proportional to the ratio of specific
heats. The highest ∆TSC and ∆TSH values were obtained at the evaporator temperature of
−30 ◦C, while ∆TSC and ∆TSH values for gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C,
45 ◦C, and 50 ◦C were (10.2 and 45), (11.3 and 49), (13.5 and 52.5), (15.7 and 56.2), and
(17.7 and 60), respectively. Subcooling and superheating degrees decrease linearly with
increasing condenser and evaporator temperatures. The lowest ∆TSC and ∆TSH values
were obtained at the evaporator temperature of 5 ◦C, while ∆TSC and ∆TSH values for gas
cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C were (5.9 and 18.7), (7.4 and
22.5), (9.7 and 26.2), (12.2 and 30), and (14.5 and 33.7), respectively.

Figure 7. Variation in the subcooling (a) and the superheating (b) of the IHEX refrigeration system
with the evaporation temperature for the different gas cooler temperatures.

Figure 8a presents the variation in the COP of the CO2 refrigeration system with an
internal heat exchanger (IHEX) as a function of the evaporating temperature for different gas
cooler temperatures. Like the basic cycle, the COP increases with the increasing evaporating
temperature for all levels of gas cooler temperatures. This is mainly associated with a
reduction in the compressor pressure ratio and compression work at higher evaporating
temperatures. The highest COP values were obtained at the evaporator temperature of 5 ◦C,
while the COP values for gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C
were 3.7, 2.7, 2.03, 1.6, and 1.35, respectively. As the temperature of the gas cooler rises,
the COP of the IHEX system decreases at all evaporating temperature ranges. Figure 8b
illustrates the relative improvement in the COP of the IHEX system compared to the basic
cycle. The COP improvement is more significant at low evaporating temperatures, where
the internal heat exchanger effectively recovers thermal energy by subcooling the refrigerant
at the expansion valve inlet while simultaneously superheating the suction vapor. As the
evaporating temperature increases and the gas cooler temperature decreases, the relative
improvement gradually diminishes, indicating that the performance advantage of the IHEX
is strongly dependent on operating conditions. Primarily, the IHEX offers limited but
consistent performance enhancements, making it a straightforward and effective solution
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for improving system efficiency, particularly in low-temperature operating conditions. The
highest COP improvement ratios were obtained at the evaporator temperature of −30 ◦C,
while the COP improvement ratios for gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C,
and 50 ◦C were 2.6%, 5.3%, 7.9%, 11%, and 15%, respectively.

Figure 8. Variation in the COP (a) and the COP improvement (b) of the IHEX refrigeration system
with the evaporation temperature for the different gas cooler temperatures.

The moderate COP improvements obtained with the IHEX configuration are in agree-
ment with the general trends reported in previous studies. Ge et al. [20] and Cecchinato
et al. [27] similarly reported that internal heat exchangers provide limited but stable per-
formance enhancement in transcritical CO2 systems. The relatively modest improvement
is mainly associated with the competing effects of refrigerant subcooling and suction gas
superheating. While subcooling increases the refrigeration effect, excessive superheat-
ing simultaneously increases compressor work, thereby limiting the overall thermody-
namic benefit.

Since the size and capacity of the auxiliary mechanical refrigeration system should
be smaller than the main refrigeration system, the subcooling ratio (SCR given in
Equation (16)) was taken as 0.4 in the calculations. Figure 9 presents the variation in
the subcooling of the CO2 refrigeration system with mechanical subcooling (MSC) as a
function of the evaporating temperature for different gas cooler temperatures. The highest
∆TSC values were obtained at the evaporator temperature of −30 ◦C, while ∆TSC values for
gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C were 24 ◦C, 26 ◦C, 28 ◦C,
30 ◦C, and 32 ◦C, respectively.
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Figure 9. Variation in the subcooling of the MSC refrigeration system with the evaporation tempera-
ture for the different gas cooler temperatures.

Figure 10a illustrates the variation in the COP of the CO2 refrigeration system with
mechanical subcooling (MSC) as a function of the evaporating temperature for different
gas cooler temperatures. Compared to the basic and IHEX configurations, the MSC system
exhibits substantially higher COP values over the entire operating range. For all heat
rejection conditions, the COP increases with the increasing evaporating temperature. The
highest COP values were obtained at the evaporator temperature of 5 ◦C, while the COP
values for gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C were 4.1, 3.0,
2.4, 2.0, and 1.7, respectively. As the gas cooler temperature increases, a reduction in COP
is observed for all evaporating temperatures. Figure 10b shows the corresponding COP
improvement of the MSC system relative to the basic cycle. The COP improvement remains
high across the entire evaporating temperature range and becomes especially pronounced
at higher gas cooler temperatures. The highest COP improvement ratios were obtained at
the evaporator temperature of −30 ◦C, while the COP improvement ratios for gas cooler
temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C were 36.4%, 52.3%, 68.0%, 96.5%, and
128.2%, respectively. This trend highlights the ability of the MSC configuration to sustain
superior performance under severe operating conditions, where conventional transcritical
CO2 systems typically experience substantial efficiency degradation. Overall, the results
highlight that mechanical subcooling is one of the most effective strategies for enhancing the
performance of transcritical CO2 refrigeration systems. The substantial COP improvements
achieved by the MSC system are consistent with the experimental findings reported by
Llopis et al. [22], who observed COP improvements up to approximately 20% in transcritical
CO2 systems with dedicated mechanical subcooling. However, the improvement ratios
obtained in the present study are considerably higher under severe operating conditions.
This difference is mainly attributed to the broader operating range investigated in the
present work, particularly the inclusion of high gas cooler temperatures up to 50 ◦C and
low evaporating temperatures down to −30 ◦C, where the thermodynamic limitations
of the basic transcritical CO2 cycle become more pronounced. Similar trends were also
emphasized by Nebot-Andrés et al. [24], who reported that mechanical subcooling becomes
increasingly beneficial under warm climatic conditions.
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Figure 10. Variation in the COP (a) and the COP improvement (b) of the MSC refrigeration system
with the evaporation temperature for the different gas cooler temperatures.

Figure 11a shows the variation in the COP of the CO2 refrigeration system employing
an ejector cooling system (ECS) as a function of the evaporating temperature for different
gas cooler temperatures. For all heat rejection conditions, the COP increases with the in-
creasing evaporating temperature, following the general trend observed in the other system
configurations. The highest COP values were obtained at the evaporator temperature of
5 ◦C, while the COP values for gas cooler temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and
50 ◦C were 4.0, 2.9, 2.3, 1.8, and 1.5, respectively. The ECS consistently performs better
than the basic cycle across the entire operating range, demonstrating the beneficial effect of
ejector-based expansion on system efficiency. By partially recovering the expansion work
and increasing the suction pressure at the compressor inlet, the ejector effectively reduces
the compressor pressure ratio and associated power consumption. As the temperature
of the gas cooler rises, the COP of the ECS decreases for all evaporating temperatures;
however, this reduction is less pronounced than in the basic and IHEX systems. Figure 11b
presents the relative COP improvement of the ECS compared to the basic refrigeration
system. The highest COP improvement ratios were obtained at the evaporator temperature
of −30 ◦C, while the COP improvement ratios for the gas cooler temperatures of 30 ◦C,
35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C were 36.5%, 46.9%, 60.2%, 76.6%, and 108.6%, respectively.
The COP improvement is more significant at higher gas cooler temperatures and lower
evaporating temperatures, where the performance of the reference cycle is most limited.
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Overall, the results confirm that the ejector cooling system offers a solution for improving
the performance of transcritical CO2 refrigeration systems, especially in applications subject
to high ambient temperatures and low evaporating temperatures. The ejector-based con-
figuration demonstrated considerable performance enhancement under severe operating
conditions, which agrees well with the experimental observations of Lucas and Köhler [26],
who reported COP improvements of approximately 17% for ejector-assisted transcritical
CO2 systems. The higher improvement ratios obtained in the present study are primarily
associated with the broader operating range and the optimization of operating pressures
for each investigated condition. Similar conclusions were also reported by Elbarghthi
et al. [39], who emphasized that ejector systems become increasingly advantageous at high
ambient temperatures because of their capability to recover expansion losses and reduce
the compressor pressure ratio.

Figure 11. Variation in the COP (a) and the COP improvement (b) of the ECS refrigeration system
with the evaporation temperature for the different gas cooler temperatures.

Figure 12 compares the COP of the four investigated CO2 configurations (BC, IHEX,
MSC, and ECS) as a function of the gas cooler temperature for selected evaporating tem-
peratures: (a) −25 ◦C, (b) −15 ◦C, (c) −5 ◦C, and (d) +5 ◦C. Across all investigated cases, a
consistent trend is observed: the COP decreases as the gas cooler temperature increases,
reflecting the sensitivity of transcritical CO2 systems to heat rejection conditions. This
trend is most visible for the basic cycle, confirming that the reference configuration suffers
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substantial performance degradation under warm ambient conditions. At each evaporating
temperature, the advanced configurations offer noticeable improvements in COP compared
to the basic cycle. The IHEX system exhibits modest yet generally consistent enhancements,
whereas the ECS and, in particular, the MSC configuration achieve significantly higher COP
values. The superiority of the MSC system becomes increasingly evident as the gas cooler
temperature rises, indicating that mechanical subcooling is highly effective in mitigating
the adverse effect of elevated heat rejection temperatures. The benefit of the ejector system
is also clearly visible, especially at lower evaporating temperatures, where the compressor
pressure ratio is high, and the pressure lift provided by the ejector becomes more valuable.

Figure 12. Comparisons of the COP for the different gas cooler temperatures with the evaporator
temperatures: (a) Te = −25 ◦C; (b) Te = −15 ◦C; (c) Te = −5 ◦C; and (d) Te = 5 ◦C.

Figure 12 illustrates that system selection has to be tightly coupled to the operating
conditions. The MSC system is the best configuration among all, especially for high am-
bient temperatures, because it always provides the highest COP over the whole range of
operating conditions. Although not better than MSC, the ejector configuration still provides
significant and practical improvement under severe operating conditions, with high heat
rejection and low evaporating temperatures. In general, the comparative trends found
in this study are consistent with the general consensus in the literature that advanced
CO2 refrigeration architectures are becoming more beneficial under severe transcritical
operating conditions. IHEX systems provide relatively modest but economically attrac-
tive improvements, whereas MSC and ECS arrangements provide significantly higher
thermodynamic enhancement by reducing throttling losses and improving cycle pressure
management. Similar comparative observations were noted in the review studies by Ji
et al. [34] and Yang et al. [35], who highlighted the fact that the optimal configuration of
the CO2 cycle is very sensitive to climatic conditions, the complexity of the system, and the
operational demands.
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The results obtained show that the relative advantages of the CO2 refrigeration con-
figurations studied are highly dependent on the operating severity, especially the gas
cooler temperature and the evaporating temperature. The IHEX system shows moderate
and fairly stable improvements with a small increase in complexity. The MSC and ECS
configurations are more advantageous under severe transcritical operating conditions, as
they potentially mitigate thermodynamic losses associated with throttling.

3.2. Second-Law Interpretation of Thermodynamic Trends

The thermodynamic behavior of the studied CO2 refrigeration systems can also be
interpreted from a second-law point of view. In transcritical CO2 refrigeration systems,
thermodynamic irreversibilities are normally large in the throttling process, compressor
work, and heat transfer in the gas cooler. The increase in gas cooler temperature leads to an
increase in entropy generation and thermodynamic losses, which results in the decrease in
the cycle performance.

The MSC configuration enhances the system performance by offering extra refriger-
ant subcooling prior to the expansion process, thus reducing the thermodynamic losses
due to throttling and increasing the effective refrigeration capacity. Likewise, the ECS
configuration partially recovers the expansion work that would otherwise be lost during
the throttling process, contributing to a lower compressor pressure ratio and reduced
thermodynamic irreversibility under transcritical operating conditions.

In contrast, the IHEX configuration, by providing additional subcooling, reduces
throttling-related losses, but the increase in the superheating of the suction gas simulta-
neously increases the compressor work and associated thermodynamic losses. Thus, the
overall performance enhancement of the IHEX system is still relatively moderate.

These observations indicate that the better performance of the MSC and ECS configu-
rations under severe operating conditions can also be attributed to their ability to reduce
the system irreversibilities and improve the effective utilization of the available energy.

3.3. Practical and Economic Considerations

While the thermodynamic performance of the MSC configuration is the best among
the investigated systems, practical implementation issues should also be taken into account.
The improved performance of the MSC system is achieved at the cost of an additional
refrigeration loop, secondary compressor, and auxiliary heat exchanger, which necessarily
increase system complexity, capital cost, maintenance requirements, and control difficulty.
So, the choice of the most suitable refrigeration architecture must not solely be based on
thermodynamic efficiency.

In addition to the thermodynamic comparison, a simplified relative cost assessment
was performed in order to provide a more transparent engineering-oriented evaluation
of the investigated CO2 refrigeration systems. Since a detailed techno-economic analysis
strongly depends on application-specific factors such as the cooling capacity, operating
conditions, equipment manufacturer, installation requirements, and local energy prices, a
simplified relative cost index (RCI), as given in Equation (26), was introduced instead of
the exact investment cost calculations:

RCI = Ccomp + Cctrl + Cmaint (26)

where

• Ccomp: Component-related complexity contribution;
• Cctrl: Control system complexity contribution;
• Cmaint: Maintenance and integration contribution.
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The relative cost index was estimated qualitatively based on the number of additional
components, auxiliary compressor requirements, additional heat exchanger requirements,
control complexity, expected maintenance effort, and practical integration difficulty of each
configuration. The basic cycle (BC) was selected as the reference configuration because
of its simple structure and minimal component requirement. The IHEX configuration
was assigned a relatively low cost increase due to the addition of only an internal heat
exchanger. The ECS configuration was associated with a moderate increase in relative
cost because of the ejector, separator, and more complex pressure control requirements.
The MSC configuration exhibited the highest relative cost index owing to the auxiliary
refrigeration loop, additional compressor, heat exchanger, and increased control complexity.
A comparative cost assessment of the CO2 systems is given in Table 4.

Table 4. Comparative relative cost assessment of the CO2 systems.

System Additional
Equipment

Control
Complexity

Maintenance
Cost

Total Relative
Cost

Normalized
Relative Cost

BC 1 1 1 3 1
IHEX 2 1 1 4 1.33
ECS 3 3 2 8 2.67
MSC 5 4 4 13 4.33

Although the proposed relative cost index does not represent an exact economic analy-
sis, it provides a practical and transparent basis for comparing the relative implementation
complexity and expected investment burden of the investigated refrigeration systems.
The obtained relative cost classifications were subsequently incorporated into Table 5 to
strengthen the comparative engineering assessment of the investigated configurations.

Table 5. Comparative engineering assessment of the CO2 systems.

System
Relative
Thermodynamic
Performance

Relative
System
Complexity

Relative
Investment
Cost

Main
Advantages

Main
Limitations

Recommended
Applications

BC Low Very low Low Simple
structure

Low efficiency
at high ambient
temperatures

Mild climates

IHEX Moderate Low Low Simple retrofit
solution

Limited COP
improvement

Medium
operating
conditions

ECS High Medium Medium
Effective
pressure
recovery

Ejector design
sensitivity

High ambient
applications

MSC Very high High High Highest COP
Additional
compressor and
heat exchanger

Severe
operating
conditions

The IHEX configuration provides modest COP enhancements compared to MSC and
ECS systems but offers significant practical benefits because of its simplicity, low additional
cost, compact structure, and ease of integration into existing systems. Hence, IHEX systems
are likely to be a good solution for retrofit applications and moderate operating conditions.

Significant performance improvements are delivered by the ejector cooling system,
particularly at high gas cooler temperatures and low evaporating temperatures. Ejector
configurations could provide a more balanced trade-off between thermodynamic enhance-
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ment and system complexity than MSC systems, particularly in commercial refrigeration
systems in warm climatic conditions.

The MSC configuration is particularly well suited for harsh operating conditions in
which the efficiency of conventional transcritical CO2 systems is significantly affected by
high ambient temperatures. Hence, although the investment cost of the MSC system is
higher, it may be economically justified to implement it in applications with large cooling
capacities and continuous operation.

A comparative engineering assessment of the CO2 systems is shown in Table 5. Sim-
ilar conclusions about the trade-off between thermodynamic performance and system
complexity were also reported by Boupda et al. [36], who pointed out that advanced CO2

configurations with additional subsystems usually achieve better efficiency at the cost
of higher investment cost and control complexity. Hence, the practical selection of sys-
tems should not only be based on thermodynamic performance but also on the economic
feasibility, maintenance requirements, and operating conditions of a specific application.

3.4. Comparative Discussion and Engineering Implications

The comparison results clearly show that the performance of the transcritical CO2

refrigeration systems is highly dependent on the evaporating temperature and the gas
cooler temperature. All advanced configurations improved the COP over the basic cycle,
but the extent of the improvement was highly dependent on the operating conditions and
system architecture.

In the operating range, the MSC system presented the highest COP values in all
explored configurations. The main reason for this better performance is the significant
reduction in the refrigerant temperature before the expansion valve, which reduces throt-
tling losses and increases the refrigeration effect. This benefit is more significant at
high gas cooler temperatures, where the efficiency of transcritical CO2 systems gener-
ally drops significantly.

The ejector cooling system also offered significant performance advantages, partic-
ularly in extreme operating conditions with low evaporating temperatures and high gas
cooler temperatures. The ejector recovers part of the expansion work and reduces the
compressor pressure ratio, which leads to an increase in the overall cycle efficiency. Ejec-
tor systems might provide a better performance improvement/practical implementation
complexity trade-off than MSC systems.

In contrast, the IHEX configuration resulted in moderate COP improvements. The
internal heat exchanger increases the refrigerant subcooling and refrigeration effect. How-
ever, the associated superheating of the suction gas leads to an increase in the compressor
work. Therefore, the overall thermodynamic benefit is still limited compared to MSC and
ECS systems.

The results also show that there is no single configuration that is optimal for all
applications. Rather, system selection should be driven by climate conditions, operat-
ing temperatures, system capacity, economic considerations, and the level of efficiency
improvements desired.

The present study is limited to steady-state thermodynamic modeling under opti-
mized operating conditions. Dynamic effects, component-level pressure losses, transient
behavior, and detailed economic analysis were not considered and may be investigated in
future studies.

4. Conclusions
The present study provides a comparative thermodynamic analysis of four CO2

refrigeration systems, i.e., basic cycle (BC), internal heat exchanger cycle (IHEX), mechanical
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subcooling cycle (MSC), and ejector cooling cycle (ECS), in both subcritical and transcritical
operations, using validated numerical models. The main findings of the study can be
outlined as follows:

• Increasing gas cooler temperature significantly decreased the COP values of all the in-
vestigated refrigeration configurations, while increasing the evaporating temperature
generally improved the system performance.

• Among the studied systems, the MSC configuration showed the best thermodynamic
performance improvement, especially at harsh operating conditions with high gas
cooler temperatures and low evaporating temperatures.

• The ECS configuration showed a large improvement in performance by partially
recovering the expansion work and reducing the compressor pressure ratio. This
increased the thermodynamic efficiency of the system in transcritical mode.

• The IHEX configuration offered a moderate but relatively stable improvement in COP
with lower system complexity and easier retrofit feasibility.

• The engineering assessment based on the proposed relative cost index (RCI) showed
that MSC has the best thermodynamic performance but also the highest complex-
ity in implementation and relative investment requirements. The IHEX configura-
tion, however, provides a simpler and lower-cost alternative with moderate perfor-
mance improvement.

• The achieved results show that the best choice for the CO2 refrigeration configura-
tion is highly dependent on the climatic conditions, operating requirements, system
complexity, and economic considerations.

• The present work provides engineering-oriented comparative guidance for the ther-
modynamic and practical evaluation of advanced CO2 refrigeration systems under
different environmental and operational conditions.
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Nomenclature
Symbol Description Unit
BC Basic cycle –
COP Coefficient of performance –
ECS Ejector cooling system –
EES Engineering equation solver
GWP Global warming potential
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h Specific enthalpy kJ kg−1

IHEX Internal heat exchanger system –
MSC Mechanical subcooling system –
ODP Ozone depletion potential
.

Q Heat rate W
PR Pressure ratio –
Pe Evaporating pressure kPa
Pc Condenser/gas cooler pressure kPa
RCI Relative cost index –
SCR Subcooling ratio –
Te Evaporating temperature ◦C
Tc Condenser/gas cooler temperature ◦C

.
W Power W
∆TSC Subcooling degree ◦C
∆TSH Superheating degree ◦C
ω Entrainment ratio –
η Efficiency –
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