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Abstract: Prof. Baomin Dai suggested in 2018 that the use of zeotropic mixtures with high 
glide could provide energy improvements as refrigerants in dedicated mechanical subcoo-
ling systems for CO2 plants due to matching of temperature profiles between the evapora-
tion of the refrigerant and the CO2 during the subcooling. This communication addresses 
this hypothesis from a theoretical point of view, selecting refrigerant blends that could be 
used in the subcooling system, and then presents the experimental evaluation of three mix-
tures in a real plant.
Experimental evaluation has been done using a water-to-water CO2 transcritical refrigeration 
plant at three heat rejection levels for an evaporation level of -10 ºC. The work will compare the 
energy results and highlight the operation of the main components of the cycle.
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1. INTRODUCTION
Subcooling has become a reliable method to enhance the performance of CO2 refrigeration 
systems when they are subjected to high heat rejection temperatures. Among all the me-
thods, dedicated mechanical subcooling (DMS) is the one which provides highest energy 
improvements now [1, 2]. Nebot-Andres et al. [3] presented the experimental optimization 
of a CO2 single-stage transcritical refrigeration plant hybridized with a DMS cycle opera-
ting with R-152a as refrigerant, where the optimum operating parameters (heat rejection 
pressure and subcooling degree) were determined. They rated the performance of this 
cycle in relation to the CO2 transcritical cycle with parallel compression, which is the sta-
te-of-the-art system in Europe, and measured at -10ºC of evaporating temperature COP 
increments between 7.8% and 17.5% at 25.0ºC and 35.1ºC heat rejection temperatures, 
respectively [4]. In addition, Catalán-Gil et al. [5] predicted for a medium-sized supermar-
ket that the DMS system could provide energy consumption reductions in relation to the 
parallel compression between 2.9 to 3.4% in warm regions and between 3.0 to 5.1% in 
warm regions.
Optimum subcooling degrees are relatively high, reaching values up to 16.5ºC (to=-5ºC, ten-

v=30ºC), implying poor temperature match between CO2 and the operation of the pure refri-
gerant in the DMS evaporator. Attempting to enhance even more the hybridization, Dai et al. 
[6] launched an hypothesis about the use of zeotropic refrigerants with matching glide (be-
tween CO2 subcooling and mixture evaporation in the subcooler) to reduce the temperature 
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difference	between	both	fluids	to	reduce	irreversibilities.	Dai	et	al.	found	that	mixture	R-32	
with R-152a promised 6.5% COP enhancement in relation to the use of R-152a as refrige-
rant.	This	hypothesis,	was	verified	by	Llopis	et	al.	[7]	in	an	experimental	plant.	However,	they	
found	notable	differences	in	relation	to	Dai’s	work.
This communication summarizes the theoretical and experimental approaches to validate 
Dai’s hypothesis using a CO2 transcritical refrigeration plant with a dedicated subcooling 
cycle.

2. THERMODYNAMIC APPROACH
Selection of binary mixtures to select the candidates to be evaluated experimentally were 
done using a close model to the existing refrigeration plant, as detailed by Llopis et al. [7]. 
Pure R-152a and its mixtures with R-32, CO2 and R-600 were evaluated theoretically using 
COP, Eq. (1), as optimization parameter. The thermophysical properties were evaluated 
using the last version of Refprop v.10 [8]. Figure 1 summarizes the COP results for an ope-
rating temperature of the CO2 refrigeration cycle using the zeotropic mixtures in the DMS 
cycle at an evaporation temperature of -14 ºC, a water inlet temperature to the gas-cooler 
and DMS condenser of 35ºC with useful superheat in both evaporators of 5 K and a sub-
cooling degree in the DMS condenser of 2 K. Approach temperature in the gas-cooler was 
set	to	2	K,	whereas	the	temperature	difference	in	the	DMS	condenser	was	assumed	to	be	
15 K.
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1. INTRODUCTION 

Subcooling has become a reliable method to enhance the performance of CO2 refrigeration systems when they 
are subjected to high heat rejection temperatures. Among all the methods, dedicated mechanical subcooling 
(DMS) is the one which provides highest energy improvements now [1, 2]. Nebot-Andres et al. [3] presented 
the experimental optimization of a CO2 single-stage transcritical refrigeration plant hybridized with a DMS 
cycle operating with R-152a as refrigerant, where the optimum operating parameters (heat rejection pressure 
and subcooling degree) were determined. They rated the performance of this cycle in relation to the CO2 
transcritical cycle with parallel compression, which is the state-of-the-art system in Europe, and measured at  
-10ºC of evaporating temperature COP increments between 7.8% and 17.5% at 25.0ºC and 35.1ºC heat 
rejection temperatures, respectively [4]. In addition, Catalán-Gil et al. [5] predicted for a medium-sized 
supermarket that the DMS system could provide energy consumption reductions in relation to the parallel 
compression between 2.9 to 3.4% in warm regions and between 3.0 to 5.1% in warm regions. 
Optimum subcooling degrees are relatively high, reaching values up to 16.5ºC (to=-5ºC, tenv=30ºC), implying 
poor temperature match between CO2 and the operation of the pure refrigerant in the DMS evaporator. 
Attempting to enhance even more the hybridization, Dai et al. [6] launched an hypothesis about the use of 
zeotropic refrigerants with matching glide (between CO2 subcooling and mixture evaporation in the subcooler) 
to reduce the temperature difference between both fluids to reduce irreversibilities. Dai et al. found that mixture 
R-32 with R-152a promised 6.5% COP enhancement in relation to the use of R-152a as refrigerant. This 
hypothesis, was verified by Llopis et al. [7] in an experimental plant. However, they found notable differences 
in relation to Dai’s work.  
This communication summarizes the theoretical and experimental approaches to validate Dai’s hypothesis 
using a CO2 transcritical refrigeration plant with a dedicated subcooling cycle. 

2. THERMODYNAMIC APPROACH 

Selection of binary mixtures to select the candidates to be evaluated experimentally were done using a close 
model to the existing refrigeration plant, as detailed by Llopis et al. [7]. Pure R-152a and its mixtures with  
R-32, CO2 and R-600 were evaluated theoretically using COP, Eq. (1), as optimization parameter. The 
thermophysical properties were evaluated using the last version of Refprop v.10 [8]. Figure 1 summarizes the 
COP results for an operating temperature of the CO2 refrigeration cycle using the zeotropic mixtures in the 
DMS cycle at an evaporation temperature of -14 ºC, a water inlet temperature to the gas-cooler and DMS 
condenser of 35ºC with useful superheat in both evaporators of 5 K and a subcooling degree in the DMS 
condenser of 2 K. Approach temperature in the gas-cooler was set to 2 K, whereas the temperature difference 
in the DMS condenser was assumed to be 15 K. 

𝐶𝐶𝐶𝐶𝐶𝐶 = �̇�𝑄𝑜𝑜
𝐶𝐶𝐶𝐶,𝐶𝐶𝐶𝐶2 + 𝐶𝐶𝐶𝐶,𝐷𝐷𝐷𝐷𝐷𝐷

 
(1) 

Results of Figure 1 indicated that mixture R-600/R-152a [60/40%] was the best mixture and the unique that 
theoretically could improve the performance of the hybridization. However, also R-152a, R-152a/R-32 
[60/40%] and R-152a/CO2 [90/10 %] were included in the study to evaluate high temperature glide refrigerants. 

(1)

Results of Figure 1 indicated that mixture R-600/R-152a [60/40%] was the best mixture and 
the unique that theoretically could improve the performance of the hybridization. However, 
also R-152a, R-152a/R-32 [60/40 %] and R-152a/CO2 [90/10 %] were included in the study 
to evaluate high temperature glide refrigerants.
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Figure 1. Optimum COP at to=-14ºC and tw,in=35ºC as R-152a mass fraction 

3. EXPERIMENTAL ANALYSIS 

3.1. Experimental test bench 

Evaluation was done with an experimental CO2 transcritical refrigeration plant with a DMS refrigeration cycle 
fully monitored, as described by Figure 2. CO2 cycle is driven by a 3.48 m3·h-1 at 1450 rpm semihermetic 
compressor, uses refrigerant-to-water gas-cooler and evaporator and includes a double stage expansion system 
to control the high heat rejection pressure and the superheating degree in the evaporator. The DMS cycle is 
run by a 4.06 m3·h-1 at 1450 rpm semihermetic compressor designed for R-134a and uses a shell-an-tube 
condenser and an electronic expansion valve customized for each refrigerant. Heat dissipation in DMS 
condenser and gas-cooler is performed at the same temperature level using water as heat transfer fluid and the 
CO2 evaporator is supplied with a propylene-glycol water mixture at 50 % by volume. Plant is fully 
instrumented using temperature, pressure, Coriolis mass flow meters and digital wattmeters. 

Figure 1. Optimum COP at to=-14ºC and tw,in=35ºC as R-152a mass fraction
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3. EXPERIMENTAL ANALYSIS

3.1. Experimental test bench
Evaluation was done with an experimental CO2 transcritical refrigeration plant with a DMS 
refrigeration cycle fully monitored, as described by Figure 2. CO2 cycle is driven by a 3.48 
m3·h-1 at 1450 rpm semihermetic compressor, uses refrigerant-to-water gas-cooler and eva-
porator and includes a double stage expansion system to control the high heat rejection 
pressure and the superheating degree in the evaporator. The DMS cycle is run by a 4.06 m3·h-

1 at 1450 rpm semihermetic compressor designed for R-134a and uses a shell-an-tube con-
denser and an electronic expansion valve customized for each refrigerant. Heat dissipation 
in DMS condenser and gas-cooler is performed at the same temperature level using water as 
heat	transfer	fluid	and	the	CO2 evaporator is supplied with a propylene-glycol water mixture 
at 50 % by volume. Plant is fully instrumented using temperature, pressure, Coriolis mass 
flow	meters	and	digital	wattmeters.
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Figure 2. Schematic diagram of the experimental CO2 refrigeration plant with DMS subcooler 

3.2. Experimental results 

The experimental tests were performed for a fixed evaporating working conditions using an inlet temperature 
of -1.2 ºC and constant volumetric flow rate of 0.71 m3·h-1 in the evaporator. Heat rejection was controlled 
sending different water inlet temperatures to the gas-cooler and DMS condenser, with constant volumetric 
flow rate to the gas-cooler of 1.16 m3·h-1 and to the DMS condenser of 0.61 m3·h-1. Tested water inlet 
temperatures were of 25.1, 30.3 and 35.1 ºC. 
To evaluate the performance of the plant, heat rejection pressure of the CO2 cycle was optimized using an own 
PID controller and the subcooling degree was varied through compressor speed variation of the DMS 
compressor. CO2 compressor was run always at the nominal speed (1450 rpm). Superheat in the expansion 
valve of the CO2 evaporator was set to 10 K and 5 K in the evaporator of the DMS cycle. 
 
Objective function for the optimization was the COP of the combination, as detailed by Eq. (1), where the 
cooling capacity was that measured in the CO2 evaporator, as detailed by Eq. (2), where �̇�𝑚𝐶𝐶𝐶𝐶2 is the 
measurement of the CO2 Coriolis, ℎ𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 is the enthalpy at the exit of the evaporator and ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the enthalpy 
measured at the exit of the subcooler (point 4, Figure 2). To optimize the performance of the plant, the degrees 
of freedom were the heat rejection pressure, which was controlled thanks to the electronic expansion valve 
working as back-pressure; and the subcooling degree in the subcooler, Eq. (3), which was varied modifying 
the compressor speed of the DMS compressor. 

�̇�𝑄𝑜𝑜 = �̇�𝑚𝐶𝐶𝐶𝐶2 · (ℎ𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑒𝑒𝑒𝑒𝑒𝑒) (2) 

Figure 2. Schematic diagram of the experimental CO2 refrigeration plant with DMS subcooler

3.2. Experimental results
The	experimental	tests	were	performed	for	a	fixed	evaporating	working	conditions	using	an	
inlet	temperature	of	-1.2	ºC	and	constant	volumetric	flow	rate	of	0.71	m3·h-1 in the evaporator. 
Heat	rejection	was	controlled	sending	different	water	inlet	temperatures	to	the	gas-cooler	and	
DMS	condenser,	with	constant	volumetric	flow	rate	to	the	gas-cooler	of	1.16	m3·h-1 and to the 
DMS condenser of 0.61 m3·h-1. Tested water inlet temperatures were of 25.1, 30.3 and 35.1 ºC.
To evaluate the performance of the plant, heat rejection pressure of the CO2 cycle was opti-
mized using an own PID controller and the subcooling degree was varied through compres-
sor speed variation of the DMS compressor. CO2 compressor was run always at the nominal 
speed (1450 rpm). Superheat in the expansion valve of the CO2 evaporator was set to 10 K 
and 5 K in the evaporator of the DMS cycle.
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Objective function for the optimization was the COP of the combination, as detailed by Eq. 
(1), where the cooling capacity was that measured in the CO2 evaporator, as detailed by Eq. 
(2), where 𝑚̇ 𝐶𝑂2 is the measurement of the CO2 Coriolis, ℎ𝑂,𝑜𝑢𝑡 is the enthalpy at the exit 
of the evaporator and ℎ𝑒𝑥𝑝 is the enthalpy measured at the exit of the subcooler (point 4, 
Figure 2). To optimize the performance of the plant, the degrees of freedom were the heat 
rejection pressure, which was controlled thanks to the electronic expansion valve working as 
back-pressure; and the subcooling degree in the subcooler, Eq. (3), which was varied modif-
ying the compressor speed of the DMS compressor.
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Figure 2. Schematic diagram of the experimental CO2 refrigeration plant with DMS subcooler 

3.2. Experimental results 

The experimental tests were performed for a fixed evaporating working conditions using an inlet temperature 
of -1.2 ºC and constant volumetric flow rate of 0.71 m3·h-1 in the evaporator. Heat rejection was controlled 
sending different water inlet temperatures to the gas-cooler and DMS condenser, with constant volumetric 
flow rate to the gas-cooler of 1.16 m3·h-1 and to the DMS condenser of 0.61 m3·h-1. Tested water inlet 
temperatures were of 25.1, 30.3 and 35.1 ºC. 
To evaluate the performance of the plant, heat rejection pressure of the CO2 cycle was optimized using an own 
PID controller and the subcooling degree was varied through compressor speed variation of the DMS 
compressor. CO2 compressor was run always at the nominal speed (1450 rpm). Superheat in the expansion 
valve of the CO2 evaporator was set to 10 K and 5 K in the evaporator of the DMS cycle. 
 
Objective function for the optimization was the COP of the combination, as detailed by Eq. (1), where the 
cooling capacity was that measured in the CO2 evaporator, as detailed by Eq. (2), where �̇�𝑚𝐶𝐶𝐶𝐶2 is the 
measurement of the CO2 Coriolis, ℎ𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 is the enthalpy at the exit of the evaporator and ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the enthalpy 
measured at the exit of the subcooler (point 4, Figure 2). To optimize the performance of the plant, the degrees 
of freedom were the heat rejection pressure, which was controlled thanks to the electronic expansion valve 
working as back-pressure; and the subcooling degree in the subcooler, Eq. (3), which was varied modifying 
the compressor speed of the DMS compressor. 

�̇�𝑄𝑜𝑜 = �̇�𝑚𝐶𝐶𝐶𝐶2 · (ℎ𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑒𝑒𝑒𝑒𝑒𝑒) (2) (2)
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𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜𝑠𝑠𝑜𝑜  (3) 

Figure 3 reflects the experimental optimization procedure, where a hand-made spline approach was done to 
locate the optimum performance conditions. Each black dot in Figure 3 represents an experimental 
measurement and the colours the COP regions values. The experimental procedure ended when the deviation 
of the optimum point was less than 1 %, as it can be seen in the experimental results. 

 

Figure 3. Optimization of CO2 plant with R-600/R-152a [60/40%] mixture at tw,in=30.3ºC 

The described experimental procedure was extended to the four refrigerants used in the DMS cycle and 
evaluated for the three mentioned water inlet temperatures (25.1, 30.3 and 35.1 ºC) for a constant inlet 
temperature to the evaporator of -1.2 ºC. Figure 4 presents the experimental COP results, where maximum 
uncertainty is of 0.95 %. 
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Figure	 3	 reflects	 the	 experimental	 optimization	 procedure,	 where	 a	 hand-made	 spline	
approach was done to locate the optimum performance conditions. Each black dot in Figure 
3 represents an experimental measurement and the colours the COP regions values. The ex-
perimental procedure ended when the deviation of the optimum point was less than 1 %, as 
it can be seen in the experimental results.
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Figure 3 reflects the experimental optimization procedure, where a hand-made spline approach was done to 
locate the optimum performance conditions. Each black dot in Figure 3 represents an experimental 
measurement and the colours the COP regions values. The experimental procedure ended when the deviation 
of the optimum point was less than 1 %, as it can be seen in the experimental results. 

 

Figure 3. Optimization of CO2 plant with R-600/R-152a [60/40%] mixture at tw,in=30.3ºC 

The described experimental procedure was extended to the four refrigerants used in the DMS cycle and 
evaluated for the three mentioned water inlet temperatures (25.1, 30.3 and 35.1 ºC) for a constant inlet 
temperature to the evaporator of -1.2 ºC. Figure 4 presents the experimental COP results, where maximum 
uncertainty is of 0.95 %. 
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Figure 3. Optimization of CO2 plant with R-600/R-152a [60/40%] mixture at tw,in=30.3ºC

The described experimental procedure was extended to the four refrigerants used in the 
DMS cycle and evaluated for the three mentioned water inlet temperatures (25.1, 30.3 and 
35.1 ºC) for a constant inlet temperature to the evaporator of -1.2 ºC. Figure 4 presents the 
experimental COP results, where maximum uncertainty is of 0.95 %.
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Figure 4. Optimum experimental COP values at to,in=-1.25ºC for all evaluated mixtures 

As it can be observed in Figure 4, only the mixture R-600/R-152a [60/40 %] is able to enhance the COP in 
relation to the operation with R-152a as refrigerant for the DMS cycle. Concretely, the improvement with this 
mixture varies between 1.1 to 1.4 % in relation to R-152a. 
Experimental trends are in agreement with the theoretical simulations, thus, it has been verified that it is 
possible to enchance the performance of a CO2 DMS subcooled cycle using zeotropic refrigerants as predicted 
by Dai et al. It needs to be added that for quatifiying the real improvements, additional analyis about the heat 
transfer in the subcooler should be investigated. 

4. CONCLUSIONS 

This work demonstrates the possibility to enhance the performance of a CO2 refrigeration plant using a 
dedicated mechanical subcooling system by using a zeotropic mixture in the auxiliary cycle as suggested by 
Dai et al.  
Three refrigerant mixtures, R-152a/R32 [60/40%], R-600/R-152a [60/40%] and R-152a/CO2 [90/10%] have 
been tested experimentally against the operation with R-152a as refrigerant using an experimental plant. 
It has been observed that only mixture R-600/R-152a [60/40 %] is able to enhance the performance of the plant 
between 1.1 to 1.4 % in relation to R-152a. It needs to be mentioned that the evaluation was done using a 
defined subcooler, thus, the possible needed increment in heat transfer surface of the subcooler for large glide 
mixtures could reduce the improvements. 
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As it can be observed in Figure 4, only the mixture R-600/R-152a [60/40 %] is able to enhan-
ce the COP in relation to the operation with R-152a as refrigerant for the DMS cycle. Concre-
tely, the improvement with this mixture varies between 1.1 to 1.4 % in relation to R-152a.
Experimental trends are in agreement with the theoretical simulations, thus, it has been ve-
rified	that	 it	 is	possible	 to	enhance	the	performance	of	a	CO2 DMS subcooled cycle using 
zeotropic refrigerants as predicted by Dai et al. It needs to be added that for quantifying the 
real improvements, additional analysis about the heat transfer in the subcooler should be 
investigated.

4. CONCLUSIONS
This work demonstrates the possibility to enhance the performance of a CO2 refrigeration 
plant using a dedicated mechanical subcooling system by using a zeotropic mixture in the 
auxiliary cycle as suggested by Dai et al. Three refrigerant mixtures, R-152a/R32 [60/40%], 
R-600/R-152a [60/40%] and R-152a/CO2 [90/10%] have been tested experimentally 
against the operation with R-152a as refrigerant using an experimental plant.
It has been observed that only mixture R-600/R-152a [60/40 %] is able to enhance the perfor-
mance of the plant between 1.1 to 1.4 % in relation to R-152a. It needs to be mentioned that 
the	evaluation	was	done	using	a	defined	subcooler,	thus,	the	possible	needed	increment	in	
heat transfer surface of the subcooler for large glide mixtures could reduce the improvements.
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