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A B S T R A C T   

This study presents an experimental investigation into the optimal composition of R152a/R600 and R290/R600 
mixtures as potential alternatives to isobutane (R600a) in a single-stage vapor compression cycle. The research 
involved testing eight different mass compositions for R152a/R600 and ten mass compositions for R290/R600, 
comparing their performance with that of R600a. After careful analysis, the “optimum” mass compositions were 
identified as (10/90)% for both R152a/R600 and R290/R600, achieving a balanced trade-off among coefficient 
of performance (COP), volumetric cooling capacity (VCC), and cooling output (Q̇o). Further tests were conducted 
on the “optimum” compositions at nine different secondary fluid temperature inlets. The results indicated an 
average COP increase of + 7.3 % for the R152a/R600 mixture, with decreases of − 11.4 % in VCC and − 9.7 % in 
Q̇o. Similarly, the R290/R600 (10/90)% mixture showed a COP increase of + 10.3 %, accompanied by VCC and 
Q̇o decreases of − 8.8 % and − 6.6 %, respectively. Notably, both mixtures exhibited superior energy performance 
compared to isobutane while maintaining similar thermodynamic properties, particularly the R290/R600 (10/ 
90)% mixture. These findings suggest that the R152a/R600 and R290/R600 mixtures could serve as long-term, 
high-efficiency alternatives to R600a in vapor compression cycles.   

1. Introduction 

In the realm of low cooling capacity refrigeration applications, it is 
possible to distinguish between two subsectors: the domestic subsector, 
primarily consisting of refrigerators and freezers, and the commercial 
subsector formed by sealed equipment. Both of these subsectors were 
significantly impacted by the implementation of European Regulation 
No. 517/2014 (European [1], which imposed restrictions on the use of 
refrigerants with a maximum GWP of 150, being effective from the 
beginning of 2015 for the domestic sector and from the start of 2022 for 
the commercial one. 

While it might appear that the low cooling capacity refrigeration 
sector does not require extensive research efforts to enhance its effi
ciency due to its low unitary energy consumption, it is essential to note 
that, according to the UNEP, [2], the domestic subsector alone sees an 
annual production of around 170 million refrigerators and freezers. In 
2018, the total number of units in use within this subsector ranged 

between 2 billion and 2.3 billion, collectively consuming approximately 
4 % of the world’s electric energy. 

Since the early 2000 s, there has been a notable adoption of R-600a 
(isobutane) as the predominant refrigerant in the low-power refrigera
tion sector in Europe, and this trend has been steadily growing in other 
regions of the world as well. In 2018, it was estimated that out of the 170 
million units produced annually, approximately 100 million were 
already being manufactured with isobutane (UNEP, 2018). Considering 
the upward trajectory observed until that year and the regulatory up
dates that have made the use of flammable refrigerants more flexible 
(such as the IEC 60335–2-89: 2019, which increased the flammable 
refrigerant charge in commercial equipment from 150 g to 500 g for A3 
refrigerants and to 1200 g to A2 and A2L ([3]) it is highly likely that this 
percentage has increased significantly in recent years. 

R-600a replaced R-134a in these applications mainly due to the ef
forts to combat climate change. According to the 6th IPCC Assessment 
Report [4], R-134a has a Global Warming Potential (GWP) of 1530, 
whereas R-600a’s GWP is nearly negligible (3). In addition to the 

* Corresponding author. 
E-mail address: calleja@uji.es (D. Calleja-Anta).  

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2024.123070 
Received 8 November 2023; Received in revised form 7 March 2024; Accepted 29 March 2024   



Applied Thermal Engineering 247 (2024) 123070

2

reduction of emissions of direct origin, the indirect reduction must also 
be taken into account, since it is estimated that the energy reductions 
provided by isobutane with respect to R-134a are 5 %, according to 
different authors and in different applications. For instance, Rasti et al. 
[5] conducted tests using a domestic refrigerator and found that energy 
savings with R-600a compared to R-134a were 7 % with the original 
compressor and reached 18.7 % when using a compressor designed 
specifically for isobutane. In a separate study, Sánchez et al. [6] con
ducted 16-hour tests comparing several pure refrigerants as substitutes 
for R-134a, using specific compressors with the displacement adjusted 
for each of them in a beverage cooler, where isobutane showed an en
ergy reduction of 1.2 %. 

In addition to reducing environmental impact, isobutane offers 
several advantages over other refrigerants. One notable advantage is the 
lower operating pressure of isobutane compared to most commercial 
refrigerants. The pressure levels at which it works are lower than most 
commercial refrigerants, which helps to create exchangers that require 
less robustness and therefore are significantly cheaper than refrigerants 
operating at higher pressures [7]. Another positive side effect related to 
the pressures is the reduction of noise, which in domestic installations is 
an important parameter; and the reduction of peak electrical power 
required at the beginning of the compression process, lower requirement 
of installed power and fewer electrical windings in the compressor [8]. 
These combined benefits make isobutane an attractive choice in various 
refrigeration applications. 

However, previous to the adoption of the isobutane, several re
frigerants were evaluated as potential alternatives. These candidates, 
however, often had drawbacks or failed to match the advantages offered 
by R-600a. For instance, R-1234yf and R-1234ze(E) boast an A2L 
flammability classification [9], but they are synthetic refrigerants with 
higher operating pressures compared to isobutane. Moreover, certain 
studies have reported energy performance that is similar to or even 
worse than R-134a when using these alternatives. Aprea et al. [10] 
addressed the possibility to do a R-600a drop-in replacement with the R- 
1234yf, obtaining higher condensation pressures, increment of the 
cooling capacity and 3 % of energy savings. Similarly, in a comple
mentary study conducted with other domestic appliance, Aprea et al. 
[11] demonstrated energy reductions when using the R-1234ze(E) 
respect to R-134a of 9 %. Sánchez et al. [8] also studied these two re
frigerants in a single-stage vapor compression plant reporting COP re
ductions between 8.3 % and 11 % for R-1234yf and between 2.8 % and 

13 % for R-1234ze(E). These reductions were accompanied by cooling 
capacity decreases of 4.5 % to 8.6 % for R-1234yf and 23.1 % to 26.6 % 
for R-1234ze(E). R-152a (also a synthetic refrigerant) has also been 
examined as a potential alternative for domestic refrigeration. Bolaji 
[12] conducted an investigation into its use in a domestic refrigerator, 
where they observed COP increases of 4.7 % and energy consumption 
reductions of 4 %. Similarly, Maiorino et al. [13], using a similar 
experimental system, demonstrated energy reductions of up to 7.4 % 
and an 8 % decrease in the time required for pull-down in a commercial 
refrigerator. 

Refrigerant blends have also been the subject of study and debate. In 
the study mentioned earlier by Rasti et al. [5], the R-436A mixture (46 % 
R-600a and 54 % propane) was examined, resulting in energy reductions 
of up to 14.6 %, lower than those achieved with isobutane. In a different 
study, Mohanraj et al. [14] tested a mixture consisting of 45.2 % R-290 
and 54.8 % R-600a in a domestic refrigerator, achieving energy re
ductions of 11.1 % compared to isobutane, being a potential alternative. 

Isobutane has emerged as the standard choice among alternatives 
due to its numerous advantages. However, there is a potential possibility 
for improving its energy characteristics while retaining its benefits at the 
same time by developing refrigerant blends with thermodynamic 
properties similar to R-600a. 

This research direction was initially explored by Calleja-Anta et al. 
[15], through a thermodynamic screening process. 55,440 possible 
ternary mixtures were theoretically analyzed to identify those with 
higher COP than isobutane, similar Volumetric Cooling Capacity (VCC), 
discharge temperatures, effective evaporator glide below 10 K, and a 
GWP lower than 150. The study revealed several promising binary 
mixtures primarily composed of butane (R-600) and a secondary 
refrigerant. These mixtures were supposed to offer COP increases 
ranging from 8.6 % to 1.7 %, with VCC reductions between 28.4 % and 
8.2 %. The most favorable mixtures featured the refrigerant pairs R- 
1270/R-600, R-152a/R-600, R-1234zeE/R-600, and R-290/R-600, with 
varying compositions depending on boundary conditions, but generally 
consisting of around 90 % butane by mass proportion. 

Building on this foundation, subsequent research in 2022 [16] 
involved drop-in tests of some previously identified mixtures in a do
mestic refrigerator over a 24-hour period to verify energy savings. At 
optimized charges, the mixture R-1234yf/R-600a (7.5/92.5)% achieved 
an energy reduction of 2.15 % compared to R-600a, R-1234ze(E)/R-600 
(10.5/89.5)% achieved a reduction of 3.84 %, and R-290/R-600 (11/ 

Nomenclature 

ATS Auxiliary Thermal System 
cp specific heat at constant pressure, kJ⋅kg− 1⋅K− 1 

COP Coefficient of Performance 
Cr Compression rate 
GWP Global Warming Potential over 100-year, kgco2,eq / kgref 
h specific enthalpy, kJ⋅kg− 1 

HX Heat Exchanger 
m mass flow rate, kg⋅s− 1 

M Molar mass, g⋅mol− 1 

MAE Mean Absolute Error 
NBP Normal Boiling Point, ◦C 
p absolute pressure, bar 
Ṗc compressor power consumption, W 
Q̇o cooling capacity, W 
q̇o specific cooling capacity, kJ⋅kg− 1 

RH Relative Humidity,% 
t temperature, ◦C 
V volume flow rate, L⋅s− 1 

VCC Volumetric Cooling Capacity, kJ⋅m− 3 

xv vapor tittle 

Subscripts 
suc refers to compressor suction conditions 
crit at critical conditions 
dis refers to compressor discharge conditions 
exp refers to the expansion device 
gly refers to propylene glycol–water mixture 
in inlet 
k related to condensation 
o related to evaporation 
out outlet 
pc refers to the phase change 
ref related to the refrigerant 
sec,fluid related to the secondary fluid 
w related to the water 

Greek symbols 
λ latent heat of phase change, kJ⋅Kg− 1 

Ø diameter, cm  
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89)% exhibited a reduction of 1.31 %, all while maintaining similar or 
even lower operating pressures and with similar duty cycles. 

The potential for enhancing the energy performance of isobutane 
through mixtures was further explored in a recent study by Calleja-Anta 
et al. [17]. Experimental tests were conducted in a stand-alone com
mercial refrigeration cabinet over 16 h, with the capability to adapt its 
operation to the tested refrigerants. Two of the tested mixtures, R- 
1234ze(E)/R-600 (8/92)% and R-152a/R-600 (8/92)%, achieved en
ergy reductions of 2.69 % and 5.04 %, respectively, compared to R-600a. 

Nonetheless, these previous studies had certain limitations. The mass 
compositions were optimized based on simplified theoretical models, 
which allowed for predictions regarding the behavior of a large number 
of mixtures. However, these models did not account for critical factors 
such as heat transfer and compressor performance. Furthermore, the 
experimental setups used did not facilitate a comprehensive thermody
namic analysis of the mixtures. 

The objective of the present work is to perform an experimental 
optimization of the composition of the mixtures R-152a/R-600 and R- 
290/R-600, two of the mixtures that have shown a better energetic 
performance in the previous studies. To achieve this, experiments using 
varying composition proportions of these two mixtures have conducted 
within a single-stage vapor compression bench. This experimental setup 
was developed and fully monitored, allowing to measure key parameters 
including COP, VCC and Q̇o. The objective is to identify the “optimum” 
composition that achieves the most favorable balance among these three 
parameters. 

It is important to note that the goal here is not to find a mixture that 
can directly replace isobutane (drop-in) but rather to identify a mixture 
that can enhance the overall energy performance of R-600a while pre
serving the advantages previously described. This research also features 
a novel heat exchanger design to facilitate the measurement of the re
frigerant’s internal evolution during the phase-change process. 

2. Methods and materials 

This section describes the thermodynamic properties of the consid
ered refrigerants, the experimental plant used to perform the tests, the 
measurement system and the methodology followed. 

2.1. Fluids and mixtures 

Table 1 presents the properties of the four refrigerants considered in 
this study. Notably, the only refrigerant that exceeds the limit of GWP of 
150 is R-152a, but it will be used in proportions whose resulting GWP 
will be below this threshold. Comparing butane and isobutane, butane 
exhibits a higher Normal Boiling Point (NBP), critical temperature (tcrit), 
and critical pressure (Pcrit) than isobutane. The increased NBP correlates 
with a lower evaporation pressure required to achieve a similar evapo
ration temperature. Furthermore, butane demonstrates a significantly 
higher latent heat of phase change (+10.88 % at 40 ◦C and + 7.74 %) 
and suction specific volume (+57.83 %) in comparison to isobutane. On 
the other hand, both R-152a and R-290, which will be combined with R- 
600 to form the mixtures, exhibit lower NBPs, tcrit, and Pcrit than 

isobutane. Specifically, R-152a has a lower latent heat of phase change 
compared to the base refrigerant (-16.57 % at − 40 ◦C and − 12.79 % at 
− 10 ◦C), while R-290 shows a similar latent heat at − 40 ◦C (-1.41 %) 
and a higher latent heat at − 10 ◦C (+6.82 %). The properties of the 
resulting mixtures, formed by mixing butane with R-152a and R-290, are 
expected to fall within the range of properties exhibited by each indi
vidual refrigerant, depending on the proportion of each fluid in the 
mixture. 

2.2. Description of the experimental plant and measurement system 

The test bench where the experimental tests are performed is rep
resented through its refrigeration diagram in Fig. 1. It is a single-stage 
vapor compression cycle, using a variable speed hermetic recipro
cating compressor, a condenser, a liquid vessel of 1.2 L that could be 
bypassed if needed, an expansion valve (whose driver can be config
urable to work accordingly with each mixture) and an evaporator. 
Table 2 shows the characteristics of the main elements. 

The compressor chosen is a variable speed hermetic reciprocating 
one, with the characteristics shown in Table 2. We control the 
compressor speed using a wave generator instead of the manufacturer 
driver. 

The geometry of the evaporator and condenser is based on a tube-in- 
tube configuration, as can be seen in Fig. 2. The secondary fluid flows 
through the outer tube while the refrigerant through the inner one, 
counter current. The heat exchangers (HX) are made with a system of 
elbows and “T” in which the refrigerant tube passes through the sec
ondary fluid tube different times, with a length of 23.5 cm each step. The 
condenser has 16 refrigerant-water pitches, while the evaporator has 14. 
At each pass the inner and outer tube were ensured to be concentric, as 
shown in Fig. 2, right. 

The selection of this particular geometry for the heat exchangers was 
motivated by the desire to establish a configuration that is both simple 
and readily accessible, in which the total heat exchange area was easy to 
be measured and were able the integration of sensors at various key 
locations, as explained in the following paragraphs. 

To absorb the heat power generated by the condenser and provide 
thermal load to the evaporator, two auxiliary thermal systems (ATS) 
were installed. They consist of a loop with circulating secondary fluid, in 
which its inlet temperature is controlled by a PID controller. Distilled 
water was used for the condenser loop while a mixture of propylene 
glycol and water (50/50 %v) was used for the evaporator one. 

In order to capture the various thermodynamic states experienced by 
the refrigerant throughout the cycle, the plant was instrumented with 
different sensors all along the installation, whose location is shown in 
Fig. 1. 6 pressure gauges (P) were installed [3 high-pressure (1–30 bar), 
1 medium-pressure (0–16 bar) and 2 low-pressure (0–9 bar)]. 36 T-type 
thermocouples (T) were installed to measure the refrigerant tempera
tures. 32 of the refrigerant thermocouples were aimed to measure the 
evolution of the refrigerant temperatures through the two heat ex
changers, placed as immersion thermocouples at the outlet of each step 
of 23.5 cm of pipe in which there is heat exchange between the refrig
erant and the secondary fluid (see Fig. 2, center). In that way, 16 ther
mocouples were installed at the condenser and 15 in the evaporator. 4 
additional surface thermocouples were placed in different points of the 
cycle (suction, discharge, liquid vessel outlet and expansion valve inlet). 
The uncertainty of the T-thermocouple is of ± 0.5 K and of the pressure 
gauges is of ± 1 % of the full measuring range. A Coriolis mass-flow 
meter was installed at the compressor outlet with an accuracy of ±
0.15 % of the measurement. To measure the electric power demanded, a 
digital wattmeter was used with an uncertainty of ± 0.5 % of 
measurement. 

The loops with secondary fluids were also equipped with 18 surface 
T-type thermocouples (W) to measure the evolution of the fluid tem
perature at different points (9 in each HX, with 3 thermocouples at the 
inlet, 3 at the outlet and 3 more at the indicated points). One mass-flow 

Table 1 
Physical and environmental characteristics of the 4 refrigerants involved in this 
work (obtained with Refprop 10 [18].   

R-600a R-600 R-152a R-290 

M (g⋅mol-1) 58.1 58.1 66.1 44.1 
NBP (◦C) − 11.8 − 0.5 − 24.0 − 42.1 
tcrit (◦C) 134.7 152 113.3 96.7 
pcrit (◦C) 36.2 37.9 45.2 42.5 
λ at t = 40 ◦C (kJ⋅kg− 1) 311.5 345.4 259.9 307.1 
λ at t = -10 ◦C (kJ⋅kg− 1) 363.5 394.0 317.0 388.3 
vsuc at t = -10 ◦C & xv = 1 (m3⋅kg-1) 0.332 0.524 0.171 0.131 
GWP100-years [4] 3 3 164 3  
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meter was installed at the evaporator loop and one volumetric-flow 
meter at the condenser one, with uncertainties of ± 0.55 % and ± 2.1 
% respectively. 

The plant was conveniently thermally insulated and placed in a cli
matic chamber with control of the temperature. 

2.3. Experimental procedure 

One of the objectives of this study is to determine experimentally the 
“optimum” composition of the binary mixtures R-152/R-600 and R-290/ 
R-600 which can be used as R-600a alternatives. To achieve this 
objective, the mixtures were evaluated in a bench test at varying com
positions in order to identify the composition that provides the best 
balance between the COP, VCC and the Q̇o relative to isobutane. 

The “optimum” composition was selected in base of a commitment 
between COP, VCC Q̇o in comparison to R-600a, as in the following 
sections will be seen. 

To obtain the “optimum” composition of each mixture, different 
compositions were tried, starting from 97.5 % in mass basis of R-600 and 
2.5 % of the other refrigerant. The composition of the second refrigerant 
was incremented in steps of 2.5 % until one “optimum” was reached. 
Also, tests were conducted with pure butane (R-600) as well as with R- 
600a, which will be used as the reference. Between each composition 
tested, a complete vacuum of the refrigeration plant was done and then 
the plant was charged accordingly with each composition. Firstly, the 
plant was charged directly from the R-600 bottle (as it is the fluid with 
less NBP and since with less pressure) and later with the correspondent 
charge of the second fluid. The plant was tested with the liquid vessel 
open to avoid that different refrigerant charges could affect in the 
overall operation of the plant, fluctuating all refrigerant charges be
tween 141 g and 160 g. A weight scale with a ± 0.5 g of uncertainty was 
used and all the fluids used were certified with 99.5 % of purity. For each 
composition, the electronic expansion valve of the evaporator was 
adapted to work with each mixture, configuring the controller according 
to the bubble and dew temperatures of each mixture (evaluated with 
REFPROP). This optimization process was repeated twice, being the 
average parameters of each compositions the one used to analyze. 

The optimization process was conducted maintaining the same inlet 
secondary fluid temperatures and secondary fluid mass flows for all the 
tests. The water loop intended for condenser was set at an inlet tem
perature of 30 ◦C ± 0.8 ◦C and a mass flow of 90 kg⋅h− 1 ± 0.42 kg⋅h− 1, 
while the inlet conditions for the loop dedicated for the evaporator was 
0 ◦C ± 0.06 ◦C and 80 kg⋅h− 1 ± 0.85 kg⋅h− 1. 

Once the “optimum” composition was chosen, the plant was again 
subjected to another vacuum and recharge with the selected proportions 
to analyze their performance under different inlet secondary fluid 
temperatures. Three inlet loop condenser temperatures (25 ◦C, 30 ◦C 
and 35 ◦C) and three different inlet loop evaporator temperatures (-5 ◦C, 
0 ◦C and 5 ◦C) were tested, resulting in a total of 9 tests. R-600a was also 
tested under these conditions as reference. During this process, the rest 
of parameters were maintained as in the optimization process. 

All the experimental tests described were performed with a useful 
superheating of expansion valve set at 8 K and with the compressor 
speed set at 4500 RPM. The selected period to be tested was 8 min, once 
steady-state conditions were clearly reached. To maintain constant the 

Fig. 1. Diagram of the plant with the position of the sensors installed and their names.  

Table 2 
Characteristics of the main elements of the refrigeration circuit.  

Element Characteristics 

Compressor R600a Variable speed hermetic reciprocating compressor 
Displacement: 11.14 cm3, 1/4 horsepower, LBP. 
Speed can be adjustable from 1300 RPM to 4500 RPM. 
Model: EMBRACO VES D11C. 

Condenser Tube-in-tube heat exchanger, self-made. Countercurrent flow. 
16 steps per 23.5 cm pipe. 
Outer tube intended for water flow. Øi = 16 mm. 
Inner tube intended for refrigerant flow. Ø = ¼”. Thickness = 0.8 
mm. 
Total heat exchange area = 750 cm2 

Electronic 
valve 

Used as thermostatic expansion valve. 
Driver configurable to each refrigerant mixture with bubble and 
dew temperatures. 

Evaporator Tube-in-tube heat exchanger, self-made. Countercurrent flow. 
14 steps per 23.5 cm pipe. 
Outer tube intended for water flow. Øi = 16 mm. 
Inner tube intended for refrigerant flow. Ø = 3/8″. Thickness = 0.8 
mm. 
Total heat exchange area = 984.5 cm2  
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energy losses with the environment, the experimental unit was placed 
inside a climatic chamber with a temperature of 25 ◦C, which was 
measured with a thermohydrometer with an accuracy of ± 2 % RH and 
± 0.2 K. 

3. Data validation and discussion of the calculation 
methodology 

In this section, the data validation process and the discussion of the 
calculation methodology are addressed. 

The data validation is conducted in both the condenser and the 
evaporator for the 9 different tests of isobutane that were performed 
under varying inlet secondary fluid temperature conditions, as 
explained in the previous section. Validation consists of checking the 
heat transfer in evaporator and condenser of refrigerant and secondary 
fluids. 

The heat power absorbed by the secondary fluid circuits (Q̇sec,fluid) is 
calculated according to Eq. (1), where ṁfluid,sec is the mass flow rate, cp is 
the specific heat at constant pressure and Δt the temperature difference 
between the inlet and outlet of the heat exchanger. cp of the water- 
propylene glycol mixture is calculated according with Conde [19]. 

Q̇secfluid = ṁsecfluidÂ⋅cpÂ⋅Δt (1)  

Eqs (2) to (4) are used to calculate the heat power absorbed by the 
refrigerant in the evaporator (Q̇o,ref ), in this study. The enthalpy value at 
the outlet of the evaporator (ho,out) is determined as a function of the 
suction pressure and temperature. The inlet enthalpy (ho,in) is deter
mined as a function of the measured pressure with the gauge positioned 
before the expansion valve and the temperature prior to the valve, 
isenthalpic lamination is considered. 

Q̇o,ref = ṁref Â⋅(ho,out − ho,in) (2)  

ho,out = f (pasp, tasp) (3)  

ho,in = f (pexp,in, texp,in) (4)  

Similarly, the heat power rejected by the refrigerant in the condenser 
(Q̇k,ref ) is calculated using Eqs (5) to (7), in which the inlet condenser 
enthalpy is function of the discharge pressure and the inlet condenser 
temperature (measured with the first immersion thermocouple in the 
condenser) and the outlet enthalpy is calculated with the value of the 
pressure gauge and the outlet condenser temperature (last immersion 
thermocouple). 

Q̇k,ref = ṁref Â⋅(hk,in − hk,out) (5)  

hk,in = f (pdis, tk,in) (6)  

hk,out = f (pk,out , tk,out) (7)  

Fig. 3 displays the results obtained from the 9 tests conducted with 
isobutane, indicating the inlet temperature secondary fluid of each test. 
To evaluate the acceptability of the results, a discrepancy tolerance of ±
6 % between the two calculations considered adequate. All values ob
tained are inside this acceptable range. In the condenser, deviations 
observed across all tests remain below 3 % (with the exception of the “35 
◦C, − 5◦C” test, which exhibits a 4.65 % deviation). In the evaporator, 
deviations tend to be more pronounced when the inlet temperature of 
the secondary fluid is lower. The deviation reaches approximately 5 % at 
an inlet temperature of − 5◦C, around 3.5 % at 0 ◦C, and approximately 
0.5 % at 5 ◦C. 

Based on the obtained results, it can be concluded that the level of 
agreement achieved between the calculations conducted from the two 
distinct perspectives is considered satisfactory. 

However, in contrast with isobutane, a less optimal agreement was 
observed in the tests conducted with the remaining mixtures when 
performing heat balances between the data obtained from the refrig
erant and the secondary fluid. Fig. 4 shows the data validation of all the 
tests performed with the mixtures R-152a/R-600 and R-290/R-600 at 
different mass compositions and different temperature inlet secondary 
fluid temperatures. This discrepancy between both calculations occurs 
principally with the mixture R-290/R-600, exhibiting differences higher 
than ± 6 % for 8 of the tests in the condenser and for 11 in the 

Fig. 2. Different pictures of the test bench before the application of heat insulation. From left to right: a general picture of the machine, followed by a focused view of 
the condenser, and finally, the cross section of the evaporator. 
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evaporator of a total of 20 tests considered. According to the authors’ 
perspective, these variations can be attributed to uncertainties and 
inaccuracies inherent to the thermodynamic property calculations of 
new mixtures. 

The assumption done by the authors is reinforced by the comparison 
of the PT curves obtained by REFPROP 10 and the saturation points 
obtained experimentally as shown in Fig. 5. The figure represents with a 
solid line the saturation curves of the isobutane and the two mixtures 
with the “optimum” composition, as seen in the following sections. For 
each fluid, a total of 9 tests are available at different operating tem
peratures conditions. In the case of the two mixtures, a liquid saturation 
line and a vapor one can be differentiated, due to the existing glide. The 
data points in the figure represent the pressure–temperature values 
obtained experimentally, measured from points known to be in satura
tion conditions. The condenser and evaporator are both equipped with 
thermocouples, with 16 and 15 thermocouples respectively. This 

instrumentation enables the identification of the points where the phase 
change begins, as seen in following sections. Generally, in the 
condenser, the process begins at the 3rd thermocouple and concludes at 
the 16th thermocouple, while in the evaporator, the 12th thermocouple 
indicates the start of superheating. The corresponding pressures for 
these points are pk,in, pk,out and pasp, respectively. Furthermore, as 
isobutane does not exhibit glide, it is possible to represent the points of 
the evaporator inlet, which are measured by the 1st thermocouple in the 
evaporator, along with the pressure po,in. 

The comparison between the experimental data obtained with 
isobutane and the theoretical saturation curves provided by REFPROP 
10 reveals a good agreement. The mean absolute error (MAE) between 
the experimental values and the predicted ones is 0.5 K, which is 
considered a favorable approximation and falls within the range of 
sensor uncertainties. Furthermore, the observed trend aligns well with 
the theoretical curves. 

However, the comparison of the saturation states for the mixtures 
between the experimental data and the predictions obtained with 
REFPROP 10 is not as favorable. For the mixture R-152a/R-600 (10/ 
90)%, the MAE is calculated to be 1.43 K (0.82 K for the saturated liquid 
curve and 1.73 K for the vapor curve). Similarly, for the mixture R-290/ 
R-600 (10/90)%, the MAE is found to be 1.9 K (1.89 K for the liquid 
curve and 2.01 K for the vapor curve). 

The findings presented in Fig. 4 and Fig. 5 indicate a strong agree
ment between the calculated parameters obtained with REFPROP 10 
and the data acquired through various sensors for R-600a. However, this 
agreement does not hold true for the two alternative mixtures tested. 
This observation leads to two significant conclusions: i) the calibration 
of the plant is considered adequate since the results obtained data from 
the sensors present in the plant for isobutane, align well with the pro
vided by REFPROP, which are known to be reliable; ii) the data obtained 
for the mixtures does not correspond to the data predicted by REFPROP. 
This suggests that parameters obtained through direct measurements 
(collected from various sensors throughout the plant) are more reliable 
compared to indirect parameters that involve calculations utilizing 
REFPROP, as it necessitates the utilization of mixing rules, which are 
based on estimations [20]. 

Overall, these findings highlight the importance of relying on direct 
measurements when possible for increased reliability in the determi
nation of parameters, as opposed to relying solely on calculations 
involving REFPROP and its associated mixing rules. It is worth noting 
that the authors have adjusted the mixing coefficients for each mixture 
to the most recent coefficients available in the bibliography [21], but not 
a significant improvement was observed. 

4. Composition optimization process - thermodynamic analysis 

4.1. Composition optimization process 

As previously mentioned, the “optimization” process involves con
ducting tests on a range of mass compositions within the mixture. This 
range starts from 97.5 % butane (with 2.5 % of the second fluid) and 
progresses incrementally in 2.5 % intervals until an “optimum” 
composition is determined. Throughout these tests, a constant inlet 
secondary fluid temperature of 30 ◦C is maintained for the condenser 
(with a secondary fluid mass flow rate of 90 kg⋅h− 1), while an inlet 
temperature of 0 ◦C is maintained for the evaporator (with a mass flow 
rate of 80 kg⋅h− 1). 

The selection of the “optimum” composition is based on the evolu
tion of the COP, VCC and Q̇o parameters. These two parameters are 
calculated through the secondary fluid [Eq.(1)], since yields satisfactory 
precision for the purpose of this work. 

The COP is calculated according to Eq.(8), considering the cooling 
capacity as the heat absorbed by the evaporator loop (Q̇o,secfluid) and the 
power consumption of the compressor (Ṗc). VCC is determined using Eq. 

Fig. 3. Data validation for the isobutane tests. The inlet secondary fluid tem
perature for each test is indicated, being the first value the one related to the 
condenser and the second value the evaporator. 

Fig. 4. Heat exchange of the all the tests performed with the mixtures R-152a/ 
R-600 and R-290/R-600, with different mass compositions and different sec
ondary fluid inlet temperatures. 
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(9), which considers the specific cooling capacity and the specific suc
tion volume (vasp

*), which is calculated with REFPROP, as there are no 
direct measurements available for this parameter. 

COP =
Q̇o,secfluid

Ṗc
(8)  

VCC =
q̇o,secflud

vasp
* =

Q̇o,secfluid
ṁref

vasp
* (9)  

Fig. 6, Fig. 7 and Fig. 8 depict the evolution of the COP, the VCC and the 
cooling capacity of the two alternative mixtures analyzed in this work as 
the proportion of the less dominant refrigerant increases while the 
proportion of butane decreases. In a red line the isobutane value 
(considered the reference) is represented. Isobutane presents a COP of 
2.51 a VCC of 827.4 kJ⋅m− 3 and a Q̇o of 435.9 W. Pure butane presents 
values of 2.74, 640.4 kJ⋅m− 3 and 366.25 W respectively. 

The COP evolution of the two analyzed mixtures differs significantly 
between the two mixtures. The mixture consisting of refrigerants R-152a 

Fig. 5. Comparison of saturation curve values obtained by REFPROP 10 (solid lines) and experimental saturation values for each fluid (points).  

Fig. 6. Evolution of the COP when varying the composition of the alternative 
mixtures. The COP obtained with isobutane is represented by the red line. 

Fig. 7. Evolution of the VCC when varying the composition of the alternative 
mixtures. The VCC obtained with isobutane is represented by the red line. 
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and R-600 exhibits the highest COP values at compositions of 2.5/97.5 
% and 5/95 % (2.76), followed by a slight but noticeable decrease as the 
R-152a composition increases. On the other hand, the mixture R-290/R- 
600 achieves its maximum COP at a composition of 10/90 % (2.81), 
maintaining a similar value until the proportion reaches 20/80 %, after 
which it starts to decrease. 

Regarding the evolution of VCC, it is evident that both mixtures 
exhibit a similar trend. As anticipated, pure butane demonstrates a 
considerably lower VCC compared to isobutane (–22.77 %). This dif
ference arises because, despite having a greater enthalpy difference, the 
specific volume at the compressor inlet is significantly lower for butane, 
as detailed in Table 1. As the proportion of the secondary refrigerants 
increases, it is observed that the VCC rises. This is due to the fact that 
secondary refrigerants have higher densities than butane, leading to a 
rapid reduction in the specific volume at the compressor inlet, subse
quently increasing the VCC. The recorded values for both mixtures 
remain similar across the entire mass range tested and surpass those of 
isobutane proportions of R-152a exceed 20 % and R-290 surpasses 77.5 
%. 

The trend in the evolution of cooling capacity closely mirrors that of 
Volumetric Cooling Capacity, with the key distinction being that the 
mixture containing propane consistently exhibits higher values across 
the entire mass range. Similarly to the VCC, the Q̇o increases as the 
density of the mixture increases. In both mixtures, cooling capacity 
surpasses the value of isobutane when the proportion of the secondary 
fluid exceeds 20 %. 

It is worth noting that throughout the entire range of compositions 
examined, both mixtures present an A3 flammability classification, ac
cording with Calleja-Anta et al. [22] considering the fractionation in the 
classification. 

The “optimum” composition for the mixtures has been determined 
by carefully considering the trade-offs among the three discussed pa
rameters. For the R-152a/R-600 mixture, the composition selected as 
the most advantageous is 10/90 %. Lower proportions of R-152a result 
in a significant reduction in VCC compared to isobutane (-15.8 % at 7.5/ 
92.5 % versus − 11.4 % for the chosen composition), while higher pro
portions do not yield substantial improvements (-10.1 % at 12.5/87.5 
%). At the selected composition, there is a notable increase COP by + 7.1 
%, along with a decrease in VCC by − 11.4 % and cooling capacity by 9.7 
%. 

Similarly, for the R-290/R-600 mixture, the same composition of 10/ 
90 % has been identified as the “optimum”. This composition achieves 
the maximum COP (+11. 7 % compared to isobutane) and incurs rela
tively modest reductions in VCC and Q̇o (-11.6 % and − 7.5 %, 
respectively). 

The calculated uncertainty for the three parameters determined for 
R-600a is less than 3.8 %. For the R-152/R-600 and R-290/R-600 

mixtures, the average uncertainty is 3.9 %, with all compositions and 
parameters having uncertainties less than 4.2 %. It is important to note 
that none of the parameter values calculated during the composition 
evolution of the mixtures fall within the uncertainty region of R-600a. 

It is important to emphasize that this choice has been done taking 
into account the authors’ opinion and based on quantitative and quali
tative decisions, since it is difficult to unite all three parameters into one 
that designates which is the “best” composition. 

The authors acknowledge that the determination of the “optimum” 
composition can be subject to debate and may vary depending on the 
specific application. Different researchers may hold differing opinions 
on what constitutes the ideal composition. However, it is essential to 
note that while selecting the right “optimum” composition may appear 
crucial, the values around these compositions exhibit similarity, and 
minor fluctuations in proportions would not significantly affect the 
overall performance of the system. In any case, these compositions have 
been chosen by the authors as the most favorable options based on their 
evaluation, considering the trade-offs and objectives at hand. 

4.2. Thermodynamic analysis of the “optimum” compositions 

4.2.1. Phase change temperatures and glide 
Fig. 9 represents the evolution of the refrigerant temperature within 

both the condenser and the evaporator for the isobutane, R-152a/R-600 
(10/90)% and R-290/R-600 (10/90)% at the “optimization” conditions 
(tw,in = 30 ◦C and tgly,in = 0 ◦C). Each heat exchanger is equipped with 
immersion thermocouples at 23.5 cm intervals along the pipe (which 
corresponds to an area of 46.88 cm2 for the condenser and 70.32 cm2 for 
the evaporator). This configuration enables a total of 16 temperature 
data points for the condenser and 15 for the evaporator, facilitating a 
detailed analysis based on direct measurements of their respective 
thermal evolutions. 

In the condenser, two different regions can be differentiated. 
Initially, there is a pronounced temperature decrease, attributed to the 
desuperheating process that involves the removal of sensible heat from 
the vapor after the compression is completed, up to the point where 
condensation begins. Generally, this process finishes at the 3rd ther
mocouple, marked by a transition in the temperature trend, resulting in 
a smoother slope. This phase corresponds to the extraction of latent heat 
during the condensation process, persisting until the end of the 
condenser. It is noteworthy that no subcooling occurs, probably due to 
the use of a liquid vessel at the outlet condenser. 

A comparable pattern is evident in the evolution of evaporator 
temperatures. The refrigerant enters the evaporator in two-phase state, 
which persists until the 12th thermocouple, at which point there is a 
notable shift in the temperature trend. This abrupt change signifies the 
beginning of superheating. 

Fig. 9 shows the evolution of the three refrigerants tested. It must be 
noted that all along the condenser there is a pressure drop of 102 mbar 
for the R-600a, 60 mbar for the R-152a/R-600 (10/90)% and 62 mbar 
for R-290/R-600 (10/90)%, being 68 mbar, 64 mbar and 54 mbar in the 
evaporator respectively. The differences in these values compared to 
isobutane and the two mixtures, especially in the condenser, can be 
attributed to variations in mass flow, primarily due to isobutane’s higher 
density (as seen in Table 1). Specially in the evaporator, observing the 
isobutane temperature pattern, it suggests that the pressure drop mainly 
occurs in the initial part of the heat exchanger, as initially a decrease of 
the temperature is observed, which stabilizes latter in the process. 

In the condenser, the phase-change temperature (tk), calculated as 
the mean temperature of the thermocouples within the two-phase zone, 
is 40.19 ◦C for the R-600a (at an average pressure of 5.45 bar), 37.83 ◦C 
for the R-152a/R-600 (10/90)% (4.64 bar) and 38.17 ◦C for the R-290/ 
R-600 (10/90)% (at 4.44 bar). The evaporation temperature (to), eval
uated equally as the condensing temperature, shows a value of − 9.67 ◦C 
for R-600a (at 1.16 bar), − 9.13 ◦C for the R-152a/R-600 (10/90)% (at 
0.92 bar) and − 9.23 ◦C for the R-290/R-600 (10/90)% (at 0.9 bar). 

Fig. 8. Evolution of the cooling capacity when varying the composition of the 
alternative mixtures. The cooling capacity obtained with isobutane is repre
sented by the red line. 
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While the evaporation temperatures are similar among the evaluated 
fluids, the condensing one presents lower values for the alternative 
mixtures, being the difference between both temperatures lower with 
the mixtures than with R-600a. This could contribute to a reduction on 
the compressor ratio expected and partly explain the COP increment 
seen with the alternative mixtures. 

Reading the temperature difference between the starting and ending 
of the phase-change process (Δtpc), two factors contribute to it: the 
pressure drop and the glide. The existing pressure drop, despite not 
presenting high values, may be significant, especially in the evaporator. 
R-600a exhibits a measured Δtpc,k of 0.76 K and a measured Δtpc,o of 
1.62 K. Interestingly, and differently that happens whit the two alter
native mixtures, these values align closely with those predicted by 
REFPROP (0.72 K and 1.55 K), supporting the authors’ hypothesis of 
relying on direct measurements when feasible. For the two mixtures, the 
primary contribution to Δtpc is attributed to their glide in addition to the 
pressure drop effect being cumulative for the condenser and subtractive 
for the evaporator. The mixture R-152a/R-600 (10/90)% present a 
measured Δtpc,k of 9.51 K and a Δ tpc,o of − 1.58 K, while for the mixture 
R-290/R-600 (10/90)% of 5.98 K and − 1.23 K, respectively. 

The two fluids with glide follow the typical glide temperature evo
lution, where the temperature variation is higher at lower vapor quality 
and diminishes as the vapor proportion increases. This could explain the 
different values between the glide measured in the condenser and in the 
evaporator, since while in the condenser the entire glide is measured, in 
the evaporator only the effective glide is, as the inlet is in a two-phase 
state, skipping the zone with the most significant temperature 
variations. 

Table 3 provides comprehensive data, including evaporation and 
condensation temperatures as well as Δtpc values for all the composi
tions considered, including butane. It’s noteworthy that butane exhibits 
a higher evaporation temperature compared to isobutane (-7.94 ◦C at 
0.82 bar). In contrast, the two alternative mixtures experience a 
reduction in temperature as the proportion of the lesser proportion 
refrigerant increases. This temperature reduction may be attributed to a 
decrease in the overall heat transfer coefficient, a characteristic feature 
of the mixtures. A similar trend can be observed in the condensing 
temperature, where butane displays a lower temperature than isobutane 
(37.86 ◦C at 3.64 bar). However, unlike the evaporation temperature, 
the fluctuations in temperature with changing compositions are less 
pronounced in the condenser, with all values remaining below that of 
isobutane. 

In the supplementary information, the evolution of the temperature 
of the exchangers of the rest of the tests is available to represent their 
evolution, as well as the recorded pressures. 

4.2.2. Compressor power consumption and mass flow rate 
The evolution of the refrigerant mass flow and the compressor 

electric power use when varying the composition is presented in Fig. 10. 

The mass flow rate of butane is lower than that of isobutane, with 
values of 5.69 kg⋅h− 1 and 4.25 kg⋅h− 1, respectively. Presenting a lower 
density has the advantage that the power required for the compression is 
lower but, for a given volume, the mass flow circulating is lower, 
requiring higher compression volumes to satisfy the same cooling ca
pacities. As the proportion of the secondary fluid increases in the 
mixture, the mass flow rate also increases, as expected, since the density 
increases accordingly. Interestingly, the mixture containing R-152a ex
hibits a higher mass flow rate than the one with R-290. This unexpected 
result may be attributed to the fact that the evaporation temperature is 
higher with R-152a for the same composition than with R-290. It could 
be also related to better volumetric efficiency characteristics of the 
mixture with R-152a. 

The trend in Ṗc evolution follows a similar pattern to that observed in 
Volumetric Cooling Capacity (VCC) and Cooling Capacity (Q̇o). As the 
refrigerant mass flow rate increases, Ṗc also increases. It is worth noting 
that for all the compositions tested, the power consumption is lower 
than that required by R-600a. Specifically, R-600a exhibits a Ṗc of 173.4 
W. In contrast, at the “optimum” compositions, the mixture R-152a/R- 
600 (10/90)% demonstrates an energy reduction of 15.7 %, while the R- 
290/R-600 (10/90)% mixture achieves an even greater reduction of 
17.2 %. 

5. Optimum compositions at varying temperature conditions 

Finally, the “optimum” compositions were evaluated under different 
inlet secondary fluid temperatures. Fig. 11, Fig. 12. and Fig. 13 show the 
evolution of the COP, VCC and Q̇o respectively of the R-600a, R-152a/R- 
600 (10/90)% and R-290/R-600 (10/90)%, together with the percent
age increment of each test of the alternative mixtures with respect to the 
equivalent with isobutane. Three different water inlet and three 
different glycol inlet temperatures are considered, giving as a result nine 
different conditions. 

The two considered mixtures exhibit significant increments in COP 
compared to isobutane in all tested points. Notably, the mixture R-290/ 
R-600 (10/90)% outperforms the mixture R-152a/R-600 (10/90)% in 
terms of COP improvements. On average, R-290/R-600 (10/90)% 
demonstrates a 10.32 % increase across the 9 test cases, with percentage 
increments ranging from + 12.5 % (at tgly,in = 0 ◦C and tw,in = 25 ◦C) to 
9.0 % (at tgly,in = 5 ◦C and tw,in = 25 ◦C). Conversely, R-152a/R-600 (10/ 
90)% achieves an average increase of 7.31 %, with fluctuations between 
9 % (at tgly,in = 5 ◦C and tw,in = 35 ◦C) and 6.1 % (at tgly,in = -5 ◦C and tw, 

in = 35 ◦C). 
A similar trend is observed for the other two considered parameters, 

with both mixtures generally showing percentage reductions compared 
to R-600a. Notably, these reductions tend to be more pronounced in the 
case of the R-152a/R-600 (10/90)% mixture. Specifically, in terms of 
VCC, the propane mixture exhibits an average reduction of − 8.8 % 

Fig. 9. Refrigerant temperature evolution in the condenser (left) and in the evaporator (right) of the three refrigerants tested.  
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Table 3 
Summary of the reference test conditions, various thermodynamic aspects and energy parameters during the optimization process.   

Reference parameters High pressure cycle section Low pressure cycle section Compression process Energy parameters 

Refrigerant and 
mass 
composition 

tw,k,in 

(◦C) 
tgly,o, 

in 

(◦C) 

V̇w,k(L/ 
h) 

ṁgl,o(kg/ 
h) 

Ref. charge 
(g) 

pk,in 

(bar) 
pk,out 

(bar) 
tk(◦C) Δtpc,k 

(◦C) 
po,in 

(bar) 
psuc 

(bar) 
to(◦C) Δtpc,o 

(◦C) 
pdis 

(bar) 
tdis(◦C) Cr 

(-) 
mref 

(kg/ 
s) 

Pc(W) Qo(W) COP 
(-) 

VCC 
(kJ/ 
m3) 

R-600a                     
30.02 − 0.05 90.23 80.68 160 5.50 5.40 40.19 0.76 1.19 1.12 − 9.67 1.62 5.60 59.66 4.98 5.69 173.4 435.9 2.51 827.4 

R-600                     
30.03 0.01 90.16 79.82 154 3.68 3.61 37.86 0.71 0.85 0.79 − 7.94 1.44 3.75 59.34 4.75 4.25 133.6 360.8 2.74 640.4 

R-152a/R-600                    
2.5/97.5 29.95 0.04 89.72 79.78 155 3.87 3.81 37.97 3.97 0.86 0.80 − 8.26 0.66 3.93 60.13 4.93 4.25 134.4 371.3 2.76 657.9 
5/95 30.01 0.03 89.93 79.53 141 4.18 4.12 37.77 6.91 0.89 0.83 − 8.64 − 0.44 4.24 61.08 5.11 4.34 137.2 379.2 2.76 686.3 
7.5/92.5 29.92 0.01 89.77 79.54 146 4.37 4.31 37.80 8.25 0.90 0.84 − 8.87 − 0.88 4.43 62.15 5.28 4.46 142.6 388.8 2.73 696.5 
10/90 30.00 0.02 90.35 80.85 150 4.66 4.61 37.83 9.51 0.95 0.89 ¡9.13 ¡1.58 4.72 63.39 5.29 4.57 146.2 393.7 2.69 733.2 
12.5/87.5 29.98 0.01 89.90 79.52 152 5.02 4.96 37.68 11.00 0.96 0.89 − 9.53 − 2.79 5.06 64.09 5.68 4.56 148.9 397.5 2.67 743.7 
15/85 30.00 − 0.01 90.08 80.02 153 5.19 5.13 37.69 11.18 0.98 0.91 − 9.61 − 3.09 5.24 65.14 5.74 4.66 150 399.1 2.66 750.8 
17.5/82.5 30.03 0.04 90.25 79.74 154 5.52 5.46 37.74 11.84 1.01 0.95 − 9.93 − 4.09 5.56 65.87 5.88 4.75 154.2 410.4 2.66 785.7 
20/80 30.00 0.01 89.95 80.40 150 5.70 5.62 37.70 10.65 1.10 1.03 − 9.36 − 3.84 5.78 68.38 5.62 5.15 165.5 438.5 2.65 845.4 
R-290/R-600                    
2.5/97.5 29.98 0.00 90.20 79.71 160 3.89 3.83 38.03 2.64 0.85 0.80 − 8.57 0.70 3.95 60.57 4.93 4.29 137.6 379.5 2.76 662.7 
5/95 29.96 0.00 90.29 80.10 140 3.96 3.89 37.84 3.17 0.88 0.83 − 8.46 0.41 4.03 60.79 4.88 4.35 139.1 379.1 2.73 667.6 
7.5/92.5 29.96 − 0.03 90.06 80.09 147 4.27 4.21 38.11 5.16 0.90 0.85 − 9.13 − 0.65 4.33 61.58 5.09 4.35 141.4 394.6 2.79 710.4 
10/90 29.98 0.00 89.72 80.14 150 4.47 4.40 38.17 5.98 0.93 0.88 ¡9.23 ¡1.23 4.53 62.12 5.17 4.41 143.6 403.2 2.81 731.3 
12.5/87.5 29.96 0.02 89.87 80.03 152 4.71 4.65 38.23 6.92 0.96 0.91 − 9.58 − 1.92 4.76 63.15 5.26 4.49 146.1 408.4 2.80 747.3 
15/85 29.98 0.02 90.01 80.01 154 4.93 4.87 38.29 7.84 0.98 0.93 − 9.85 − 2.56 4.98 63.26 5.37 4.46 149.3 416.7 2.79 778.9 
17.5/82.5 29.97 0.05 89.72 80.23 154 5.19 5.13 38.56 8.52 1.01 0.95 − 10.18 − 3.16 5.24 64.83 5.50 4.59 155.4 433.6 2.79 803.4 
20/80 29.95 0.00 89.63 79.43 150 5.35 5.29 38.57 8.89 1.03 0.97 − 10.32 − 3.46 5.40 64.79 5.54 4.61 156.2 435.9 2.79 818.1 
22.5/77.5 29.98 − 0.03 90.31 80.09 152 5.61 5.55 38.75 9.39 1.06 1.00 − 10.58 − 3.98 5.66 65.79 5.67 4.71 161.7 449.1 2.78 839.8 
25/75 30.06 0.06 90.42 79.50 148 6.00 5.93 38.99 9.74 1.12 1.05 − 10.85 − 4.65 6.05 66.99 5.74 4.92 170.5 470.2 2.76 881.6  
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(ranging from − 10.7 % to − 6.7 %), while the R-152a-containing 
mixture shows an average reduction of − 9.5 % (ranging from − 11.6 % 
to − 7.2 %). Regarding Q̇o values, the observed average reductions are 
− 6.6 % (ranging from − 8.7 % to − 4.9 %) and − 8.9 % (ranging from 
− 11.4 % to − 7%) for the two mixtures, respectively. 

In summary, the results presented in this section corroborate the 

findings from the “optimization” process, highlighting a substantial COP 
improvement in the alternative mixtures compared to isobutane, with R- 
290/R-600 (10/90)% showing superior energy performance, regardless 
of external conditions. No clear patterns emerge to suggest that any 
mixture exhibits better performance under specific conditions, indi
cating a relatively consistent performance across different scenarios. It 
can be concluded that, in terms of energy performance, the R-290/R-600 
(10/90)% mixture is a preferable alternative to R-152a/R-600 (10/90)% 
as a an alternative for R-600a, considering also that the both refrigerants 
constituting this mixture are natural. 

The supplementary information contains a table analogous to 
Table 3, presenting the most important thermodynamic parameters of 
the mixtures discussed in this section under varying conditions. 

6. Conclusions 

In this study, an experimental optimization of the composition of the 
mixtures R-152a/R-600 and R-290/R-600 was conducted as an alter
native to isobutane (R-600a) in a simple vapor compression cycle. A 
novel heat exchanger design, based on a tube-in-tube configuration with 
immersion thermocouples, was employed to monitor the refrigerant 
temperature evolution during the phase-change process. 

The methodology involved testing all possible mass composition 
combinations of the two considered mixtures in steps of 2.5 %, ranging 
from 2.5 % to 20 % of R-152a (resulting in a total of 8 different mass 
compositions) and from 2.5 % to 25 % of R-290 (10 compositions). 
Results were compared to those obtained with R-600a under fixed 
boundary conditions. These conditions included an inlet water 

Fig. 10. Evolution of the refrigerant mass flow (left) and Ṗc (right) when varying the composition of the alternative mixtures. The mref and Ṗc obtained with 
isobutane are represented by the red line. 

Fig. 11. COP evolution of the R-600a, R-152a/R-600 (10/90)% and R-290/R- 
600 (10/90)% at different inlet secondary fluid temperatures. Additionally, 
labels indicating the percentage increase relative to the equivalent R-600a test 
for the alternative mixtures are included. These labels are organized in pairs, 
with the upper label corresponding to R-290/R-600 and the lower one to R- 
152a/R-600. 

Fig. 12. VCC evolution of the R-600a, R-152a/R-600 (10/90)% and R-290/R- 
600 (10/90)% at different inlet secondary fluid temperatures. 

Fig. 13. Q̇o evolution of the R-600a, R-152a/R-600 (10/90)% and R-290/R- 
600 (10/90)% at different inlet secondary fluid temperatures. 
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temperature of 30 ◦C, an inlet glycol temperature of 0 ◦C, a water flow 
rate of 90 kg⋅h− 1, and a glycol flow rate of 80 kg⋅h− 1. 

At those conditions, R-600a demonstrated a COP of 2.51, a VCC of 
827.4 kJ⋅m− 3, and a Q̇o of 435.9 W. In comparison, R-600 exhibited 
values of 2.74, 640.4 kJ⋅m− 3, and 366.25 W, respectively. The mixture 
R-152a/R-600 achieved the highest COP values at compositions of 2.5/ 
97.5 % and 5/95 % (2.76), with a slight decrease as the R-152a 
composition increased. Similarly, the mixture R-290/R-600 reached its 
maximum COP at a composition of 10/90 % (2.81), maintaining a 
similar value until the proportion reached 20/80 %, after which it 
decreased. VCC and Q̇o increased linearly as the secondary fluid pro
portion increased. R-152a/R-600 surpassed R-600a’s VCC and Q̇o values 
at a composition of (20/80)%, whereas R-290/R-600 did so at (22.5/ 
77.5)% and (20/80)%, respectively. 

The “optimum” compositions were chosen as (10/90)% for both 
mixtures, striking a balance between the three parameters. The mixture 
R-152a/R-600 (10/90)% exhibited a COP increase of + 7.1 %, with a 
decrease in VCC by − 11.4 % and cooling capacity by − 9.7 %. The 
mixture R-290/R-600 (10/90)% showed a COP increase of + 11. 7 %, 
along with a decrease in VCC by − 11.6 % and cooling capacity by − 7.5 
%. 

At these compositions, the R-152a-containing mixture presented an 
average condensing temperature of 37.8 ◦C at 4.64 bar, with a measured 
glide of 9.5 K. In the evaporator, the phase change temperature was 
− 9.1 ◦C at 0.92 bar, with an effective glide of 1.6 K. The mixture R-290/ 
R-600 (10/90)% exhibited condensing conditions of 38.2 ◦C at 4.4 bar, 
with a glide of 5.98 K, and evaporating conditions of − 9.2 ◦C at 0.91 bar, 
with an effective glide of 1.2 K. As a reference, R-600a had condensing 
and evaporating temperatures of 40.2 ◦C and − 9. 7 ◦C, respectively. 

Furthermore, the performance of the “optimum” compositions was 
tested under nine different secondary fluid inlet temperatures, resulting 
in average increments and reductions compared to isobutane in the nine 
tests as follows:  

- R-152a/R-600 (10/90)%: +7.3 % of COP, − 9.45 % of VCC, and − 8.9 
% of Q̇o.  

- R-290/R-600 (10/90)%: +10.3 % of COP, − 8.77 % of VCC, and − 6.6 
% of Q̇o. 

In summary, R-290/R-600 (10/90)% exhibits superior energy per
formance compared to R-152a/R-600 (10/90)% as an alternative for R- 
600a. R-290/R-600 (10/90)% can be considered as an interesting long- 
term alternative to R-600a, since the energy improvements respect to 
isobutane are significant, its thermodynamic properties are similar to 
those of R-600a and the two refrigerants constituting this mixture are 
natural. 
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