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A B S T R A C T   

A new position of an internal heat exchanger within the thermodynamic cycle is proposed to improve the per
formance of CO2 refrigeration systems in warm climates, specifically in supermarket applications. The proposed 
configuration uses the saturated vapor from the liquid receiver to recover the heat that is rejected by a subcooler 
positioned after the gas cooler. This system results in a reduced evaporator superheat. This configuration is 
compared with a reference system. 

The experimental study is conducted on a CO2 laboratory cooling system reproducing a commercial plant. The 
cooling capacity of the system is 30 kW. The water inlet temperature in the gas cooler (hot source) varies from 15 
◦C to 35 ◦C, while the mono-ethylene glycol outlet temperature of the evaporator (cold source) is fixed at -8 ◦C. 
The setup is validated through an energy balance. 

Using a subcooler in this new position improves the coefficient of performance by 10.2 % under transcritical 
conditions and 6.3 % under subcritical conditions when compared with the reference system.   

1. Introduction 

Nowadays, an accelerated climate change is observed, which is 
caused by several human activities such as agriculture, transportation, 
electricity production and land use. These activities increase greenhouse 
gas emissions (IPCC, 2023). One part of additional greenhouse gasses 
emissions is due to the use of certain refrigerants used in heating and 
cooling sectors. 

In order to mitigate the environmental impact, the F-gas regulation 
was introduced in the European Union in 2006 following the Kyoto 
Protocol, with the aim of restricting the use of hydrofluorocarbon (HFC) 
refrigerants. The F-gas 2014 regulation specifically prohibits, since 
January 1, 2022, the use of HFC refrigerants with Global Warming Po
tentials (GWPs) exceeding 150 in new commercial refrigeration systems. 
This regulation and the changes made in the latest version (F-gas 2023) 
have fostered the exploration and adoption of natural refrigerants such 
as CO2, water, air, ammonia, ethyl ethers, propane, and others as 

alternatives. 
The European refrigeration community is looking for climate- 

friendly and lower energy-consuming alternative refrigerants. The CO2 
becomes a good candidate because it has zero ozone depletion potential, 
has a very low global warming potential, is non-flammable and 
nontoxic. However, its performances in warm climate conditions should 
be improved to reduce the energy consumption and to be more energy 
efficiently attractive. 

Different alternatives have been proposed in the literature to in
crease the CO2 cooling systems performance. Some of them consist in 
adding some equipment in the cycle, for example, an internal heat 
exchanger in different positions (Karampour and Sawalha, 2014; S. S. 
Liu et al., 2021; Llopis et al., 2018; Rigola et al., 2010; Sánchez et al., 
2014; Yu et al., 2019a), a mechanical subcooling (X. S. Liu et al., 2021; 
Llopis et al., 2018, R. 2016; Nebot-andrés et al., 2022a), a mechanical 
subcooling with an ejector (Dai et al., 2023), a parallel compressor 
(Chesi et al., 2014; Sacasas et al., 2022), an expander (Ma et al., 2013; 
Yang et al., 2005; Yu et al., 2019b), an ejector (Deng et al., 2007; 
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Fangtian and Yitai, 2011; Ksayer and Clodic, 2006; Li and Groll, 2005; 
Liu et al., 2012; Nakagawa et al., 2010), an ejector with an internal heat 
exchanger (Elbel and Hrnjak, 2004; M. Masafumi Nakagawa et al., 2011; 
Masafumi M. Nakagawa et al., 2011; Xu et al., 2011; Zhang et al., 2013), 
or a multi-ejector (Elbarghthi et al., 2021; Hafner et al., 2014; Haida 
et al., 2020; X. S. Liu et al., 2021; Pardiñas et al., 2023, 2022; Singh 
et al., 2021, 2020). Another proposed approach involves operating 
under reduced superheat conditions. This reduces the temperature dif
ference between the two fluids in the evaporator and increases the heat 
transfer coefficients. Consequently, this leads to an improved evaporator 
efficiency (Minetto et al., 2014; Singh et al., 2020). 

However, working with reduced superheat conditions implies adding 
equipment to prevent any evaporator outlet liquid from reaching the 
compressors. To manage this problem, diverse solutions have been 
proposed like adding a single-phase ejector (Gullo et al., 2017; Haida 
et al., 2020; Minetto et al., 2014; Singh et al., 2020), a pump (Gullo 
et al., 2016) or a two-level evaporation (Cavalleri et al., 2019; Paolo 
2016). However, these solutions require an extra control system. 

Using mechanical subcooling alone or in combination with an ejector 
makes the system more complex and requires an additional system using 
refrigerant fluid, or the addition of a parallel compressor (Nebot-Andrés 
et al., 2022b), which increases installation costs. 

Ejector solutions seem like a very good idea to improve COP, espe
cially the use of a two-phase ejector or multi-ejector technology. But 
these are complex technologies that not all maintenance personnel are 
familiar with. These technologies also require a more complex control of 
the installation to keep it stable, without many oscillations that can 
degrade the performance of the machine. 

Therefore, adding an internal heat exchanger is an interesting solu
tion of which effective operation does not demand specialized knowl
edge or additional control. Different positions of the internal heat 
exchanger in the thermodynamic cycle have been studied as previously 
mentioned. Most of them are experimental analyses with low cooling 
capacity (< 10 kW) (Aprea and Maiorino, 2008; Cabello et al., 2008; 
Kim et al., 2017, 2005; Rigola et al., 2010; Sánchez et al., 2014; Tao 
et al., 2010), those of high cooling capacity are two-stage cycles (Kar
ampour and Sawalha, 2014; S. S. Liu et al., 2021; Sawalha et al., 2015). 
To the best of our knowledge, there is no experimental study, whether 
for low or high cooling capacity, that uses an internal heat exchanger 
located at the outlet of the gas cooler and using the saturated vapor 
leaving the intermediate liquid receiver, along with a reduced 
superheat. 

The main objective of this article is to contribute to the literature 
with a new position of the internal heat exchanger using a reduced su
perheat condition in a transcritical CO2 single-stage system. The per
formance of this system is evaluated against a reference system at 
different ambient temperatures in an experimental setup. The ambient 
temperatures are simulated with a water loop. 

The article is divided into two parts. The first part describes the 30 
kW cooling capacity test facility, its components and the uncertainties of 
the measurements. The second part corresponds to the experimental 
setup validation and the results for both CO2 refrigeration systems: the 
reference system and the proposed system. Finally, the conclusions are 
presented. 

2. Experimental setup 

Fig. 1 and Fig. 2 show the schema and the photo of the transcritical 
CO2 test facility composed by three main closed circuits: water circuit 
(green), mono-ethylene glycol (MEG) circuit (pink) and refrigerant 
system (CO2). The first loop (water circuit) is used to absorb the heat 
rejected by the gas cooler and simulate different ambient temperatures. 
The second loop (MEG circuit) is used to simulate the cooling capacity 
demand, it uses an electrical resistance for this purpose. Finally, the 
refrigeration CO2 system is composed by three reciprocating compres
sors (CP), a gas cooler (GC), an oil separator (OS), an oil receiver (OR), 
an internal heat exchanger used as subcooler (SC), a liquid receiver (LR), 
an evaporator (HX), a high pressure valve (HPV), a flash gas valve (FGV) 
and an expansion valve (EV). The oil separator is used to separate the 
refrigerant from the oil used in the compressors’ lubrication. By the use 
of by-passes, two arrangements are possible in this CO2 test facility as 
will be explained in Section 2.3.1 (reference system) and Section 2.3.2 
(subcooling system). The valves 1 and 2 of Fig. 1 are used to switch 
between the operation modes of the installation. When valve number 1 
is open and valve number 2 is closed, the subcooler is used. When valve 
number 2 is open, and valve number 1 is closed the reference system is 
used. The three different pressure levels are represented in red, orange 
and blue for the high, medium and low pressure respectively. 

The gas cooler and evaporator are brazed plate heat exchangers. 
Their geometries are presented in Table 1. The subcooler is a tube and 
shell heat exchanger, its heat transfer area is 0.2309 m2 with 10 tubes of 
8 mm and 10 mm for inner and outer diameters respectively. 

The three compressors installed in the test facility are semi-hermetic 
four cylinders compressors from Dorin, two of them are equipped with 

Nomenclature 

Abbreviations 
COP Coefficient of performance 
CP Compressor 
EV Expansion valve 
FGV Flash gas valve 
GC Gas cooler 
GWP Global warming potential 
HP High pressure (bar) 
HPV High pressure valve 
HX Evaporator 
LP Low pressure (bar) 
LR Liquid receiver 
MEG Mono-ethylene glycol 
MP Medium pressure (bar) 
N.A Not available 
OR Oil receiver 
OS Oil separator 
PI Proportional-integral 

REF Reference system 
RTD Resistance temperature detectors 
SC Subcooler 

Subscripts 
out Outlet 
In Inlet 

Symbols 
cp Specific heat capacity (J/g K) 
h Specific enthalpy (kJ/kg) 
ṁ˙ Mass flow rate (kg/s) 
P Pressure (bar) 
Pevap electric Electrical resistance power (kW) 
Pelec Compressor electric power (kW) 
Q˙

evap Cooling capacity (kW) 
Q˙

GC Heat capacity (kW) 
T Temperature ( ◦C) 
U2

c Combined uncertainty 
u(xi) Uncertainty  
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an inverter drive. 
The expansion valves are CCMT4 valves from Danfoss. 

2.1. Regulation system 

There are five proportional-integral (PI) regulation systems installed 
in the test facility to control the evaporation pressure, the superheat, the 
liquid receiver pressure, the optimal high pressure and the desired gas 
cooler inlet water temperature. 

The evaporation pressure or low pressure is controlled by the three 
main compressors installed in the machine. These compressors operate 
in a rotating manner to ensure equal usage over time. 

The control of the compressors’ power to reach a specific low pres
sure is influenced by three factors: the number of compressors activated, 

the compressors’ motor speed and a neutral zone. Compressor speed is 
controlled by two inverters installed on two of three compressors. The 
neutral zone, often referred to as the "dead band," constitutes a range 
around the setpoint where there is no variation in power demand, 
thereby upholding system stability. For optimal stability, the dead band 
is set at 0.5 bar. 

The superheat and the liquid receiver pressure are controlled by the 
two Danfoss CCMT4 motorized valves: EV for the superheat value and 
FGV for the liquid receiver pressure. 

The high-pressure control represents a big challenge in all CO2 
transcritical machines because of its thermodynamic properties, mainly 
its critical temperature and the high temperature variation due related 
to small pressure changes. 

CO2 systems have two fundamental operational states: the subcritical 
and the transcritical regimes. 

To ensure a smooth transition from the subcritical to the transcritical 
regime, a transition zone must be defined. This transition zone plays an 
important role in the high-pressure control strategy. In this paper, the 
transition zone is delimited by pressures ranging from 61 bar to 83 bar, 
corresponding to CO2 outlet temperatures from the gas cooler within the 
interval of 20 ◦C to 31 ◦C. 

This approach ensures the correct system operation at all water inlet 
temperatures. Fig. 3 shows the three main operating regimes for CO2: 
the subcritical regime (high-pressure below 61 bar), the transition zone 
(high-pressure between 61 bar and 83 bar), and the transcritical regime 
(high-pressure above 83 bar). 

The high pressure of the system is variable to achieve a good per
formance. It uses polynomial equations based on the CO2 outlet tem
perature from the gas cooler (Tout CO2 GC). The CO2 outlet temperature is 
the result of the heat transfer in the gas cooler, hence temperature os
cillations can be observed with small pressure changes. To maintain a 
stable operating condition, faster control is required. Consequently, an 
advanced control is used instead of the conventional industry PI control 
for the high pressure control. This advanced control was previously 
developed by EDF (Électricité de France) (Ballot-Miguet et al., 2016; 
Changenet et al., 2008; Fallahsohi et al., 2010a, 2010b). 

The specific polynomial equations for each operational mode are 

Fig. 1. Transcritical CO2 test facility. Water loop (green), MEG loop (pink) and 
CO2 circuit with the three pressure levels highlighted, red, orange and blue for 
the high, the medium and the low pressure respectively. The yellow lines 
represent the oil supply to the compressors. T and P are temperature and 
pressure sensors. M represents a motorized valve and the dotted lines represent 
the control system. The green numbers will be useful in Fig. 4. 

Fig. 2. Test facility.  

Table 1 
Brazed plate for gas cooler and evaporator heat exchangers.  

Parameter Gas cooler Evaporator 

Volume by channel (L) 0.095 0.18 
N◦ plates 90 60 
Width (m) 0.05 0.092 
Length (m) 0.466 0.519 
Heat transfer area (m2) 4.49 6.5  
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presented in Table 2. They are the result of a linear regression of the 
limits established for the transcritical zone and the maximum high 
pressure (104 bar). 

2.2. Instrumentation 

The three main loops are fully instrumented with flowmeters, tem
perature and pressure sensors (Table 3). The main sensor locations are 
shown in Fig. 1. 

The expanded uncertainty of each sensor presented in Table 3 con
siders all the measuring chain, which means the sensor and the automate 
errors. The expanded uncertainty takes a factor of 2 that corresponds to 
a confidence interval of 95%. 

When a calculation includes several variables, for example the 
calculation of the coefficient of performance, a combined standard un
certainty (U2

c ) should be calculated (Eq. (1)). The method is based on 
first-order Taylor series, and it is referred to as the law of propagation of 
uncertainty (Taylor, Barry N and Kuyatt, 1994). 

U2
c (y) =

∑n

i=1

(
∂f
∂xi

)2

u2(xi) (1)  

where u(xi) is the uncertainty of each variable. 
To compute uncertainties related to thermodynamic properties like 

enthalpy and heat capacity, the approach established by Moffat et al. 
(Moffat, 1982) has been adopted. This methodology primarily involves 
numerically determining the uncertainty associated with a function by 
considering the individual contributions to uncertainty from each vari
able involved in the measured function (see Eqs. (2), (3) and (4)). 

u(h) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂h
∂T

× ΔT
)

2 +

(
∂h
∂P

× ΔP
)2

√

(2)  

∂h
∂T

=
h(T + u(T)) − h(T − u(T))

2u(T)
(3)  

∂h
∂P

=
h(P + u(P)) − h(P − u(P))

2u(P)
(4) 

u(h) is the uncertainty of enthalpy, T is the temperature, P is the 

pressure, u(T) and u(P) are the uncertainties of temperature and pres
sure respectively. 

2.3. CO2 refrigeration systems 

2.3.1. Reference system 
Fig. 4 shows the simplified diagram and the thermodynamic cycle of 

the reference system in an enthalpy-pressure diagram. The CO2 vapor 
coming out from the compressors is cooled in the gas cooler (GC), and it 
is expanded through the high-pressure valve (HPV) from high-pressure 
to medium-pressure. The two-phase fluid resulting from the throttling 
process enters the intermediate liquid receiver (LR). The vapor is 
expanded by the flash gas valve (FGV) to reduce its pressure from me
dium to low (evaporation) pressure. The liquid is expanded through the 
expansion valve and passes through the evaporator (HX). The flash gas 
valve and evaporator outlet fluids are mixed before reaching the com
pressors inlet. 

Reducing the evaporator superheat in this system is not feasible due 
to the associated risk of compressor damage from excess liquid. 

This system is considered as already improved because of the 
following reasons:  

• It is provided with an intermediate liquid receiver on a medium- 
pressure level which allows to reduce the evaporator inlet vapor 
quality. Furthermore, it allows separate controls of optimum high 
pressure (point 3, Fig. 4) and superheat control (point 10, Fig. 4).  

• It works with optimal high pressure (Section 2.1). In transcritical 
conditions the high pressure set value changes as a function of the 
gas cooler outlet CO2 temperature to obtain the maximum COP. In 
subcritical conditions, the system seeks to maintain 2 ◦C subcooling 
at the exit of the gas cooler.  

• A moderate evaporator superheat is used, 8 ◦C, which is lower than 
usually used in the commercial applications.  

• The system is equipped with two inverter drives that regulate the 
compressors’ frequencies to maintain the desired evaporator sec
ondary fluid outlet temperature. 

2.3.2. Internal heat exchanger (subcooling) system 
The second system involves the addition of an internal heat 

exchanger to the reference system (Fig. 5(a)). It is located at the outlet of 
the gas cooler (high pressure side) and at the vapor outlet of the liquid 
receiver (medium-pressure side). Unlike the conventional application of 
internal heat exchangers suggested in the literature (Aprea and Maior
ino, 2008; S. S. Liu et al., 2021; Nebot-Andrés, 2022; Rigola et al., 2010; 
Sánchez et al., 2014), this system uses saturated vapor from the liquid 
receiver to recover the heat rejected by the subcooler, rather than the 
fluid leaving the evaporator. 

This system is used with an evaporator superheat of 8 ◦C (like the 

Fig. 3. Three operating regimes for CO2.  

Table 2 
High pressure control.  

Conditions Equations 

Subcritical (Tout CO2 GC < 20 ◦C) HP (bar) = Tout CO2 GC × 1.21 +

34.89 
Transition (Tout CO2 GC > 20 ◦C and < 31 

◦C) 
HP (bar) = Tout CO2 GC × 2.1 + 17.2 

Transcritical (Tout CO2 GC > 31 ◦C) HP (bar) = Tout CO2 GC × 2.5 + 4.5  

Table 3 
Sensor information.  

Sensor Brand Model Class Range Uncertainty 

Pressure (HP) (bar) Carel SPKT00D8C0 – 0; 150 ± 0.85 
Pressure (MP) (bar) Danfoss AKS 32 – − 1; 59 ± 0.31 
Pressure (LP) (bar) Carel SPKT00G1C0 – 0; 60 ± 0.25 
Temperature RTD 

(MEG) ( ◦C) 
TCSA PT100 1/10 N.A ± 0.070 

Temperature RTD 
(CO2) ( ◦C) 

Danfoss PT1000 
AKS11 

B 10; 
140 

± 0.71 

Temperature RTD 
(CO2) ( ◦C) 

TCSA PT1000 B − 20; 
10 

± 0.37 

Temperature RTD 
(water) (◦C) 

TCSA PT100 1/10 N.A ± 0.073 

Flowmeter (kg/s) Krohne OPTIMASS – Max 
0.3 

±0.0011 

Wattmeter (kW) Diris N.A N.A N.A ± 0.10 

N.A = Not available. 
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reference system) and with a reduced evaporator superheat of 1.8 ◦C 
(flooded evaporator). 

Flooded conditions can be used with this configuration without 
risking compressor damage, as the superheated vapor at the flash gas 
valve outlet (point 11) is utilized to evaporate the excess liquid from the 
evaporator. 

The main advantage to use a subcooler in this position is to reduce 
the total mass flow rate for a given cooling capacity. Additionally, when 
flooded conditions are used, the evaporator pressure is increased which 
reduces compressor power consumption. 

It is important to know that the heat transferred in the subcooler is 
influenced by subcooler dimensions. In the tested conditions with the 
given subcooler dimensions, no excess liquid was observed at the 
compressor inlet when a reduced superheat was used. However, this 
configuration should be carefully evaluated in other machines to 
appropriately size the subcooler depending on the application. 

2.4. Experimental conditions 

The experimental results are obtained under the following 
conditions: 

The water inlet temperatures in the gas cooler vary between 15 ◦C 
and 35 ◦C using the control system showed in Fig. 1. The water mass 
flow rate is kept constant at 2.1 kg/s. 

The mono-ethylene glycol (MEG) temperature at the evaporator 
outlet and its mass flow rate are fixed at -8 ◦C and 2.3 kg/s respectively 
to keep constant the 30 kW cooling capacity. The cooling demand is 
provided by an electrical resistance that heats the MEG fluid. 

The high pressure set value is established according to polynomial 
functions of the CO2 outlet temperature of the gas cooler described in 
Section 2.1. 

The receiver pressure is fixed at 38 bar as it will be explained in 
Section 2.5. 

In the subcooling system, the superheat is tested at 1.8 ◦C and 8 ◦C, 
whereas in the reference system, it is fixed at 8 ◦C. The presence of the 
subcooler allows to reduce the superheat in the system without the risk 
of liquid droplets entering the compressors thanks to advantages 
mentioned in Section 2.3.2. 

The data are collected every 10 s during 50 min after the stationary 
conditions are reached. In order to reduce the error and ensure the data 
reliability, the values used are the average results of at least five repe
titions of each experiment for both configurations. 

The COP calculated in this article is the ratio between the power 
provided by the electrical resistance (Pevap electric) and the compressors 
electrical consumption (Pelec) as shown in Eq. (5). 

COP =
Pevap electric

Pelec
(5)  

2.5. Variation of medium and high pressures 

The impact of gas cooler pressure (high-pressure) and liquid receiver 
pressure (medium-pressure) on the system performance was studied. 
These two factors were tested independently. For a water inlet tem
perature to the gas cooler of 25 ◦C, the gas cooler pressure ranged from 
70 to 77 bar while maintaining a constant medium pressure of 38 bar. 
Subsequently, the medium pressure varied from 32 to 44 bar with a 

Fig. 4. Reference system.  

Fig. 5. Subcooling system.  
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constant high pressure of 74 bar. Similarly, for a water inlet temperature 
to the gas cooler of 30 ◦C, the pressure variation in the gas cooler 
oscillated between 77 and 87 bar with a constant medium pressure of 38 
bar, and the medium pressure between 32 and 44 bar with a constant 
high pressure of 84 bar. 

Fig. 6 depicts the variation of the COP versus the two pressures. 
Medium-pressure had no significant impact on the system performance, 
while high-pressure had a visible impact. In this last case, an optimal 
value is observed. It was therefore decided to work with a constant 
medium-pressure of 38 bar. It was also decided to work with a variable 
high pressure in order to operate in optimum conditions. 

The results obtained for optimal high-pressure values are valid for 
both systems: refence and subcooling system. 

3. Results 

3.1. Experimental validation 

The setup was validated with energy balance calculation (Table 4) 
for each of the following components (the gas cooler, the evaporator, the 
internal heat exchanger in the subcooling system) as well as for the 
entire system. 

The mean expanded uncertainty, calculated using the combined 
uncertainty method, for water heat transferred is 0.64 kW, while for CO2 
in the gas cooler it is 1.48 kW. It is 0.59 kW for MEG heat transferred, 
0.15 kW for the electrical resistance and 1.65 kW for the CO2 in the 
evaporator. In the subcooler, the mean expanded uncertainty for the 
high-pressure CO2 is 1.01 kW, and it is 0.16 kW for the CO2 at medium 
pressure. 

The maximum difference between energy balances, for a water inlet 
temperature between 15 ◦C and 35 ◦C, was 0.07 kW in the gas cooler, it 
was 0.52 kW in the evaporator, it was 0.08 kW in the subcooler and it 
was 1.41 kW for the global energy balance. 

As there is no significant difference, less than 1.77 %, between the 
three measures of the cooling capacity in the evaporator, it was decided 
to take the measurements of the electrical resistance power for the 
calculation of the COP (Eq. (5)) since they are more accurate. 

3.2. Thermodynamic analysis 

3.2.1. Heat transferred in the subcooler 
Fig. 7 shows the temperature difference between the inlet and outlet 

of the subcooler at the high-pressure side (red dots) and the medium- 
pressure side (blue dots). Fig. 8 shows the mass flow through the sub
cooler for the high-pressure side (red dots) and the medium-pressure 
side (blue dots). Fig. 9 shows the heat transferred in the subcooler at 
different water inlet temperatures. For the sake of clarity, only four error 
bars are showed in the figure. 

It is observed in Fig. 7 that the temperature difference, between inlet 
and outlet of the subcooler, increases more rapidly on the medium- 

pressure side than on the high-pressure side with the gas cooler water 
inlet temperature. These phenomena could be explained as follows. 

The vapor quality (point 5 in Fig. 5) increases with increasing gas 
cooler water inlet temperature, leading to a higher mass flow rate 
through the flash gas valve. The heat transferred is then increased 
(Fig. 9) with the water inlet temperature. 

Fig. 6. Comparison of the influence of high and medium pressures on COP for two different conditions (gascooler water inlet temperature of 25 and 30 ◦C).  

Table 4 
Energy balance equations.  

Component Energy balance 

Gas cooler Qwater GC = QCO2 GC 

mwater cpwater ΔTwater GC = mCO2 ΔhCO2 GC 

Evaporator QMEG evap = QCO2 evap = Pevap electric 

mMEG cpMEG ΔTMEG evap = mCO2 ΔhCO2 evap = Pevap electric 

Subcooling QCO2 SC HP = QCO2 SC MP 

mCO2 ΔhCO2 SC HP = mCO2 ΔhCO2 SC MP 

Global energy balance Qevap + Pelec = QGC  

Fig. 7. Temperature difference in the subcooler for the high-pressure side (red 
dots) and the medium-pressure side (blue dots). 

Fig. 8. Mass flow rate through the subcooler for the high-pressure side (red 
dots) and the medium-pressure side (blue dots). 
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The heat absorbed by the vapor coming from the receiver (point 6 to 
7 in Fig. 5) equals the heat rejected by the fluid coming from the gas 
cooler (point 3 to 4 in Fig. 5). However, the mass flow rate and the state 
of the fluid on each side of the subcooler differ (Fig. 8). The total mass 
flow rate passes through the high-pressure side of the internal heat 
exchanger, while only a part of the total mass flow rate passes through 
the medium-pressure side (the total mass flow is the flow passing 
through the compressors). 

The fluid exiting the gas cooler is in a liquid state or in a supercritical 
state (which has a liquid-like behavior) while the fluid coming out from 
the receiver is in a saturated vapor state. The specific heat capacity of the 
vapor is lower than the liquid one. Consequently, the vapor presents 
rapid temperature increases with only a small amount of added heat, 
unlike the liquid, which can absorb more heat with minimal tempera
ture change. This explains the two behaviors observed in Fig. 7. 

To sum up, the high-pressure side of the subcooler handles a larger 
total mass flow rate than the medium-pressure side of the subcooler, and 
it has a higher specific heat capacity. This results in less temperature 
difference for a given heat transferred. 

3.2.2. Impact of the subcooler on the total and evaporator mass flow rates 
Fig. 10 shows the mass flow rates through the evaporator (crosses) 

and the total mass flow rates (dots). The three represented systems are: 

- the reference system (superheat of 8 ◦C; black), 
- the subcooling system using a reduced superheat (red), 
- the subcooling system using a superheat of 8 ◦C (blue). 

For the sake of clarity, only four error bars are showed in the figure, 
but they are representative of the uncertainties of all the experimental 
results. 

Three phenomena can be observed: 

• The mass flow rate through the evaporator (crosses) remains con
stant whatever the gas cooler water inlet temperature, but the total 
mass flow rate in the system (dots) increases with the water inlet 
temperature.  

• The total mass flow rates of the subcooling system with a superheat 
of 8 ◦C (blue dots), are lower than the reference system ones (black 
dots). The difference in total mass flow rates between these two 
systems is greater at high water inlet temperatures than at low water 
inlet temperatures.  

• The total mass flow rates of the subcooling system with a reduced 
evaporator superheat (red dots) are higher than the reference system 
ones (black dots), except for water inlet temperatures above 30 ◦C. 

These three phenomena could be explained as follows, respectively: 

• The first observation occurs for two reasons. Firstly, the cooling ca
pacity of the system remains constant, as explained in Section 2.4, 
with the increase of the water inlet temperature, hence the evapo
rator mass flow rate for a given system. Secondly, as the water inlet 
temperature increases, the vapor quality at the liquid receiver (point 
5 in Fig. 7) increases. Consequently, the mass flow rate through the 
flash gas valve increases with water inlet temperature. To keep the 
cooling capacity constant (30 kW), the total mass flow rate must be 
increased with the inlet water temperature.  

• The addition of a subcooler reduces the liquid receiver (LR) inlet 
vapor quality (point 5, Fig. 5(b)), compared to the reference system. 
Consequently, this reduction in vapor quality decreases the mass 
flow rate at the flash gas valve (FGV). This explains that the blue dots 
are under the black dots. 

The mass flow rate reduction in the flash gas valve also depends on 
the heat transferred in the subcooler. The heat transferred increases 
with the water inlet temperature. It means a further reduction in 
mass flow rate at the flash gas valve at high inlet water temperature. 

Given that the mass flow rate in the evaporator remains constant, 
any reduction in the mass flow rate at the flash gas valve directly 
decreases the total mass flow rate. For that reason, the difference in 
total mass flow rates between subcooling and reference systems is 
greater at high water inlet temperatures than at low water inlet 
temperatures.  

• The reduction of the flash gas mass flow rate with the subcooler has 
been explained before. Furthermore, to reduce the evaporator su
perheat, a higher mass flow rate through the evaporator is required 
(red crosses). The total mass flow rate is affected by the reduction of 
the mass flow rate at the flash gas valve and the increase of the mass 
flow rate at the evaporator. 

At low water inlet temperatures, the reduction of flash gas mass 
flow rate is low, then the total mass flow rate difference is mainly 
influenced by the increase of the mass flow rate in the evaporator. 
This explains that the red dots are above the black dots at low water 
inlet temperatures. 

At high water inlet temperatures, the reduction of flash gas mass 
flow rate is high, such that with our experimental setup, it is 
observed that the total mass flow rate becomes lower than the 
reference system. 

3.2.3. Coefficient of performance 
Fig. 11 shows the coefficient of performance for the reference system 

with a superheat of 8 ◦C (blue dots), the subcooling system with a su
perheat of 8 ◦C (blue dots) and the subcooling system with a reduced 
superheat of 1.8 ◦C (red dots). Some uncertainties bars are depicted. 

A COP enhancement is observed using a subcooler system at the 
same evaporator superheat of 8 ◦C (blue dots are above black dots), it is 
explained by the reduction of the total mass flow rate in the system for 
the same needs, same cooling capacity and same MEG temperatures. 
This mass flow rate reduction results in a compressor power reduction. 

Fig. 9. Heat transferred in the subcooler at different water inlet temperatures.  

Fig. 10. Evaporator mass flow rate and total mass flow rate for subcooling and 
reference systems. The evaporator superheat corresponding to each configura
tion is shown in the figure. 
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Furthermore, using a subcooling system with a reduced superheat is 
more interesting than one with a high superheat, because it also in
creases the evaporator low-pressure. Reducing the superheat without 
risking compressor damage is possible thanks to the benefits offered by a 
subcooler. 

Fig. 12 shows the COP enhancement for four different gas cooler 
water inlet temperatures for the subcooling system compared with the 
reference system using a superheat of 1.8 and 8 ◦C. It is observed that the 
COP enhancement is more significant at higher water inlet temperatures 
than at lower temperatures. This finding aligns with existing literature, 
but not in all cases. (Aprea and Maiorino, 2008) show the contrary: the 
greater COP enhancement using an internal heat exchanger is achiev
able at lower secondary fluid temperatures in the gas cooler. It is 
because the internal heat exchanger has a different thermal influence 
depending on its geometry and its position in the cycle. 

Different arrangements have been described in the literature which 
use internal heat exchangers to improve the efficiency of the system. 
However, all these systems result in a considerable superheat at the 
compressor inlet, which degrades the efficiency of the compressor. 

The solution proposed in this article has the advantage that the low- 
pressure fluid coming from the subcooler is cooled by the fluid leaving 
the evaporator before entering the compressor. 

(Sánchez et al., 2014) evaluated the classic position of the internal 
heat exchanger (IHX) for a single stage system, IHX between the gas 
cooler and the evaporator outlet, and they found a COP enhancement of 
1.1% for 25 ◦C, and 10.7% for 35 ◦C. (Torrella et al., 2011) reported an 
enhancement around 6% at 31 ◦C and around 8% at 34 ◦C, for the same 
IHX position. (Aprea and Maiorino, 2008) reported a COP enhancement 
of 10.3% at 30 ◦C and 7.1% at 35 ◦C, for the same classic position. 
(Karampour and Sawalha, 2014) tested nine different positions of the 

internal heat exchanger and they do not find a significant improvement 
of the COP, less than 2%. Finally, (S. X. Liu et al., 2021) tested three 
different configurations using an internal heat exchanger and they found 
COP changes between − 3.75% and +6.48% for ambient temperatures 
between -5 ◦C to 40 ◦C. At 30 ◦C the highest COP enhancement that they 
found was around 2% and at 35 ◦C was around 3%. The proposed system 
does not always present higher COP improvements compared to other 
systems, but in many cases it does. This finding encourages further 
research of this new position for the internal heat exchanger in CO2 
refrigeration systems. 

4. Conclusions 

A new arrangement of CO2 refrigeration systems is proposed to 
improve the performances for supermarket applications. It consists in 
using an internal heat exchanger placed at the outlet of the gas cooler 
and using the saturated vapor leaving the liquid receiver, along with a 
reduced superheat. An experimental study has been carried out 
comparing the performances between a subcooling system and a refer
ence system in steady state conditions. 

The experimental study has been performed in a 30 kW cooling ca
pacity CO2 refrigeration prototype. The water inlet temperature in the 
gas cooler (hot sink) varied between 15 ◦C and 35 ◦C. The mono- 
ethylene glycol outlet temperature (cold source) from the evaporator 
was fixed at -8 ◦C. 

The subcooling system, in combination with a reduced evaporator 
superheat, showed a coefficient of performance (COP) improvement of 
10.2 % under transcritical conditions and 6.3 % under subcritical con
ditions compared to the reference system. However, when using a sub
cooling system with a high evaporator superheat, the enhancement was 
reduced to 6.7% and 2 % for the same conditions, respectively. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This work was supported by the electricity of France (EDF) (projet 
number P125P). 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.ijrefrig.2024.03.010. 

Appendix. Experimental results 

The uncertainty of the data considers the Type A and Type B un
certainties. The results in Table 5 have a confidence level of 95%, a 
coverage factor of 2 is considered. 

Where T_in_GC is the water inlet gas cooler temperature, HP is the 
high pressure, MP is the receiver pressure, LP is the low pressure, 
MEG_in_HX is the MEG inlet evaporator temperature, MEG_out_HX is the 
MEG outlet evaporator temperature, MEG_m is the MEG mass flow rate, 
CO2_out_HX is the CO2 outlet evaporator temperature, CO2_in_CP is the 
CO2 compressor inlet temperature, CO2_out_CP is the CO2 compressor 
outlet temperature, CO2_out_GC is the CO2 gas cooler outlet tempera
ture, Pelec is the electric power and Pevap is the cooling capacity. 

Fig. 11. COP for the reference system and the subcooling system at superheat 
of 1.8 and 8 ◦C. Cooling capacity: 30 kW. 

Fig. 12. COP enhancement between the subcooling system and the refer
ence system. 
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Table 5 
Experimental results of the subcooling and reference systems.  

Conf T_in_GC ( ◦C) 
(± 0.073) 

HP (bar) 
(± 0.85) 

LP (bar) 
(± 0.25) 

MEG_in_HX ( ◦C) 
(± 0.070) 

MEG_out_HX ( ◦C) 
(± 0.070) 

MEG_m (kg/s) 
(± 0.015) 

CO2_out_HX ( ◦C) 
(± 0.37) 

Superheat ( ◦C) 
(± 0.37) 

CO2_in_CP ( ◦C) 
(± 0.37) 

CO2_out_CP ( ◦C) 
(± 0.71) 

CO2_out_GC ( ◦C) 
(± 0.71) 

Pelec (kW) 
(± 0.10) 

Qevap (kW) 
(± 0.10) 

COP (-) 
(± 0.016) u(xi)

SC 15.1 60.81 25.9 − 4.85 − 8.6 2.24 − 8.98 1.79 − 9.65 62.47 20.06 9.4 29.54 3.15 
SC 16.1 62.16 25.92 − 4.78 − 8.53 2.24 − 8.91 1.84 − 9.46 64.42 20.7 9.75 29.6 3.04 
SC 17.1 63.46 25.94 − 4.79 − 8.54 2.24 − 8.92 1.81 − 9.32 66.59 21.33 10.09 29.52 2.93 
SC 18.1 64.61 25.96 − 4.78 − 8.52 2.23 − 8.92 1.79 − 9.19 68.8 21.89 10.39 29.4 2.83 
SC 19.1 65.91 25.94 − 4.79 − 8.54 2.24 − 8.95 1.78 − 9.16 70.49 22.51 10.8 29.55 2.74 
SC 20.11 67.28 25.97 − 4.76 − 8.5 2.24 − 8.91 1.78 − 8.95 72.58 23.16 11.17 29.53 2.64 
SC 21.1 68.67 26.01 − 4.73 − 8.47 2.24 − 8.88 1.76 − 8.75 74.79 23.81 11.57 29.56 2.56 
SC 22.1 70.04 26.04 − 4.72 − 8.46 2.24 − 8.86 1.74 − 8.62 76.82 24.48 11.95 29.52 2.47 
SC 23.11 71.48 26.07 − 4.65 − 8.4 2.24 − 8.8 1.77 − 8.36 78.89 25.16 12.37 29.58 2.39 
SC 24.11 72.96 26.1 − 4.62 − 8.37 2.25 − 8.77 1.75 − 8.13 81 25.86 12.8 29.58 2.31 
SC 25.1 74.38 26.09 − 4.59 − 8.33 2.26 − 8.78 1.75 − 7.91 83.7 26.52 13.3 29.62 2.23 
SC 26.09 76.19 26.09 − 4.6 − 8.36 2.26 − 8.76 1.77 − 7.47 86.73 27.38 13.94 29.7 2.13 
SC 27.1 78.12 26.14 − 4.53 − 8.27 2.26 − 8.69 1.77 − 7.22 89.05 28.32 14.46 29.59 2.05 
SC 28.09 80.19 26.17 − 4.52 − 8.26 2.25 − 8.64 1.78 − 7.06 91.63 29.29 15.08 29.55 1.96 
SC 29.09 82.21 26.21 − 4.43 − 8.17 2.26 − 8.55 1.82 − 6.7 94.32 30.25 15.73 29.6 1.88 
SC 30.09 84.08 26.27 − 4.35 − 8.09 2.26 − 8.5 1.78 − 6.37 96.9 31.2 16.38 29.63 1.81 
SC 31.09 86.43 26.32 − 4.32 − 8.06 2.26 − 8.43 1.79 − 6.14 99.87 32.15 17.1 29.64 1.74 
SC 32.09 88.8 26.39 − 4.28 − 8.01 2.26 − 8.39 1.74 − 5.88 102.92 33.08 17.84 29.62 1.66 
SC 33.09 91.11 26.46 − 4.19 − 7.89 2.26 − 8.3 1.74 − 5.69 105.55 34.02 18.49 29.49 1.6 
SC 34.08 93.51 26.49 − 4.21 − 7.91 2.26 − 8.29 1.71 − 5.56 108.62 34.98 19.32 29.45 1.53 
SC 35.06 95.94 26.5 − 4.19 − 7.9 2.25 − 8.25 1.73 − 5.42 111.91 35.95 20.26 29.44 1.46 
SC 15.1 60.56 25.06 − 4.64 − 8.39 2.24 − 4.03 7.9 0.23 78.02 19.93 9.8 29.6 3.02 
SC 16.09 61.86 25.08 − 4.63 − 8.39 2.24 − 4.01 7.89 0.3 80.12 20.56 10.15 29.62 2.92 
SC 17.1 63.24 25.1 − 4.61 − 8.36 2.24 − 3.98 7.89 0.4 82.14 21.2 10.48 29.57 2.82 
SC 18.09 64.59 25.13 − 4.58 − 8.33 2.24 − 3.93 7.9 0.52 84.16 21.85 10.85 29.6 2.73 
SC 18.98 65.64 24.98 − 4.66 − 8.46 2.26 − 4.25 7.8 − 0.92 89.46 22.36 11.54 30.01 2.6 
SC 20.12 67.05 24.87 − 4.68 − 8.5 2.28 − 4.38 7.81 − 2.28 86.14 23.02 11.97 30.32 2.54 
SC 21.11 68.53 25.01 − 4.61 − 8.4 2.26 − 4.17 7.82 − 1.2 88.66 23.73 12.21 30.06 2.46 
SC 22.11 69.96 25.06 − 4.57 − 8.36 2.27 − 4.12 7.82 − 1.08 90.65 24.4 12.62 30.07 2.38 
SC 23.12 71.34 25.1 − 4.54 − 8.34 2.27 − 4.09 7.78 − 0.96 92.63 25.1 13.05 30.12 2.31 
SC 24.11 72.86 25.13 − 4.5 − 8.29 2.27 − 4.04 7.8 − 0.81 94.65 25.78 13.43 30.05 2.24 
SC 25.11 74.16 25.06 − 4.41 − 8.19 2.28 − 4.14 7.79 − 1.66 96.29 26.39 14 30.14 2.16 
SC 26.1 76.04 25.12 − 4.33 − 8.1 2.28 − 4.01 7.84 − 0.97 99.15 27.29 14.51 30 2.07 
SC 27.09 77.79 25.09 − 4.33 − 8.07 2.29 − 4.05 7.84 − 1.74 100.63 28.14 15.01 29.9 1.99 
SC 28.08 79.82 25.18 − 4.32 − 8.06 2.29 − 3.93 7.84 − 1.3 103.63 29.09 15.55 29.79 1.92 
SC 29.08 81.86 25.25 − 4.26 − 7.98 2.29 − 3.87 7.8 − 0.93 106.58 30.05 16.17 29.71 1.84 
SC 30.09 83.72 25.31 − 4.09 − 7.82 2.3 − 3.78 7.8 − 0.84 108.78 31.04 16.92 29.83 1.76 
SC 31.08 86.07 25.39 − 4.09 − 7.8 2.29 − 3.68 7.8 − 0.4 112.31 31.98 17.58 29.72 1.69 
SC 32.08 88.64 25.46 − 3.96 − 7.63 2.28 − 3.51 7.86 0.76 116.36 32.99 18.1 29.45 1.63 
SC 33.1 91.29 25.59 − 3.97 − 7.67 2.26 − 3.42 7.78 − 0.86 120.96 34.08 18.91 29.44 1.56 
SC 34.1 93.64 25.6 − 3.86 − 7.55 2.26 − 3.33 7.86 − 0.71 124.16 35.03 19.77 29.45 1.49 
SC 35.09 95.69 25.08 − 4.13 − 7.87 2.29 − 4.1 7.86 − 0.12 126.45 21.57 35.83 29.9 1.41 
REF 15.1 60.75 24.79 − 5.01 − 8.78 2.23 − 4.52 7.78 − 6.64 71.26 20.02 9.97 29.53 2.96 
REF 16.09 62.1 24.82 − 4.97 − 8.74 2.23 − 4.46 7.81 − 6.72 72.91 20.65 10.33 29.57 2.86 
REF 17.1 63.4 24.84 − 4.96 − 8.73 2.23 − 4.46 7.77 − 6.81 74.76 21.29 10.68 29.51 2.77 
REF 18.1 64.79 24.88 − 4.96 − 8.72 2.23 − 4.42 7.76 − 7.54 75.98 21.96 11.08 29.52 2.67 
REF 19.09 66.15 24.9 − 4.92 − 8.68 2.23 − 4.38 7.77 − 7.73 77.46 22.61 11.44 29.49 2.58 
REF 20.11 67.09 24.78 − 5.09 − 8.85 2.26 − 4.53 7.79 − 7.38 79.84 23.04 11.83 29.72 2.51 
REF 21.1 68.93 24.96 − 4.88 − 8.64 2.23 − 4.33 7.74 − 7.94 81.02 23.94 12.24 29.49 2.41 
REF 22.1 69.98 24.89 − 4.98 − 8.73 2.26 − 4.42 7.75 − 7.67 83.14 24.44 12.62 29.63 2.35 
REF 23.1 71.73 25 − 4.78 − 8.51 2.23 − 4.23 7.78 − 7.96 84.47 25.29 13.02 29.4 2.26 
REF 24.1 72.9 24.96 − 4.89 − 8.64 2.26 − 4.31 7.76 − 7.78 86.48 25.81 13.43 29.58 2.2 
REF 25.04 73.98 24.96 − 4.56 − 8.23 2.29 − 4.28 7.78 − 6.61 90 26.29 13.92 29.27 2.11 
REF 26.07 75.92 25.01 − 4.5 − 8.22 2.29 − 4.16 7.84 − 5.77 90.69 27.22 14.49 29.62 2.04 

(continued on next page) 
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Table 5 (continued ) 

Conf T_in_GC ( ◦C) 
(± 0.073) 

HP (bar) 
(± 0.85) 

LP (bar) 
(± 0.25) 

MEG_in_HX ( ◦C) 
(± 0.070) 

MEG_out_HX ( ◦C) 
(± 0.070) 

MEG_m (kg/s) 
(± 0.015) 

CO2_out_HX ( ◦C) 
(± 0.37) 

Superheat ( ◦C) 
(± 0.37) 

CO2_in_CP ( ◦C) 
(± 0.37) 

CO2_out_CP ( ◦C) 
(± 0.71) 

CO2_out_GC ( ◦C) 
(± 0.71) 

Pelec (kW) 
(± 0.10) 

Qevap (kW) 
(± 0.10) 

COP (-) 
(± 0.016) u(xi)

REF 27.07 77.9 25.05 − 4.42 − 8.14 2.29 − 4.07 7.87 − 5.32 93.1 28.18 15.1 29.64 1.96 
REF 28.07 79.9 25.13 − 4.36 − 8.07 2.29 − 4.01 7.82 − 5.86 95.26 29.13 15.68 29.59 1.89 
REF 29.06 81.98 25.23 − 4.22 − 7.93 2.29 − 3.89 7.81 − 5.58 97.64 30.1 16.36 29.62 1.81 
REF 30.08 83.86 25.29 − 4.23 − 7.94 2.3 − 3.8 7.81 − 6.12 99.75 31.1 17.05 29.63 1.74 
REF 31.07 86.24 25.35 − 4.05 − 7.74 2.29 − 3.7 7.83 − 5.06 102.51 32.05 17.8 29.55 1.66 
REF 32.1 89.31 25.3 − 4.42 − 8.14 2.24 − 3.84 7.76 − 8.77 104.69 33.28 18.73 29.42 1.57 
REF 33.1 91.63 25.3 − 4.4 − 8.12 2.24 − 3.82 7.77 − 8.82 107.8 34.23 19.68 29.38 1.49 
REF 34.1 94.05 25 − 4.81 − 8.56 2.23 − 4.29 7.72 − 9.34 112.69 35.19 21.65 29.43 1.36 
REF 35.09 96.48 24.91 − 4.91 − 8.64 2.23 − 4.36 7.78 − 9.53 116.86 36.14 22.6 29.34 1.32   
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