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Abstract 

This work evaluates R-454C, R-459B, R-457A and R-455A as R-404A low-GWP substitutes in a stand-

alone commercial refrigeration system for fresh product under ISO 23953-2. System is tested with and 

without receiver. Charge was optimized based on energy consumption tests in climatic chamber. A 

significant increment of the evaporating temperature of the new mixtures has been observed, which mitigate 

the negative effects associated to the large glide. Operation is compatible with R-404A  for this system, 

offering energy consumption reductions for optimized charges without receiver of: 2.07% with R-454C, 

10.76% with R-459B, 10.48% with R-457A and 2.95% R-455A. Energy consumption reductions with receiver 

are of 2.45% with R-454C, 11.55% with R-459B, 10.69% with R-457A and 2.9% with R-455A. In most of the 

cases the optimum refrigerant charge was below R-404A one. It is concluded that R-404A low-GWP 

substitutes can reduce refrigerant charge and improve energy performance in relation to R-404A. 
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Nomenclature 
COP coefficient of performance 
E energy consumption, kWh 
EEV electronic expansion valve 
Glide temperature difference in a constant pressure phase-change, K 
GWP 100 year global warming potential 
h enthalpy, kJ·kg-1 

m refrigerant mass flow rate, kg·s-1 

M molecular mass, g·mol-1 

NBP normal boiling point, ºC 
p absolute pressure, bar 
PC power consumption, kW 
RH relative humidity, % 
s entropy, kJ·kg-1·K-1 

SH degree of superheat at evaporator, K 
SUB degree of subcooling at condenser, K 
t temperature, ºC and time, s 
VCC volumetric cooling capacity, kJ·m-3 

xv vapour title 
 
Greek symbols 
∆ increment 
𝑣 specific volume, m3·kg-1 

λ latent heat of phase change, kJ·kg-1 

σ standard deviation 
 
Subscripts 
a air 
c critical point 
cam climatic chamber 
dis compressor discharge 
exp expansion valve 
ihx internal heat exchanger 
imp impulsion 
in inlet 
K condensing level 
max maximum 
min minimum  
O evaporating level 
out outlet 
on when compressor is in operation 
p product 
R / ref reference test. R-404A with 1500g and liquid receiver. 
ret return 
s isentropic process 
suc compressor suction 
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1. Introduction 

Commercial refrigeration sector includes hermetic stand-alone, condensing unit and multipack refrigeration 

systems, accounting for approximately 32% of world HFC consumption. Hermetic stand-alone appliances 

reached 32 million units plus 20.5 million vending machines in 2011, and they usually rely on R-22, R-134a, 

R-404A and R-507A or in small new equipment on R-290, however, the most used refrigerant for commercial 

plug-in display cases for all temperature levels is still R-404A (UNEP, 2015). Although plug-in display cases 

are supposed to present a low annual leakage rate, of 2% according to Defra (2012), Europe has fixed a 

GWP limit of 2500 from 01/01/2020 on and of 150 from 01/01/2022 on to the refrigerant used in refrigerators 

and freezers for commercial used hermetically sealed, which results in the end of use of R-404A and other 

high GWP refrigerants (European Commission, 2014).  

This segment of appliances is facing a difficult situation that is schematized in Figure 1 for Europe. First, the 

F-Gas Regulation fixes the GWP limit to 150g from 01/01/2022 on, which implies the use of A2, A2L or A3 

refrigerants, since no A1 alternatives exist at the moment (McLinden et al., 2017) except of CO2, which is 

not considered by industry because the increment in cost of the system and because it reaches low energy 

efficiency using single-stage cycles. Second, the maximum permitted refrigerant charge with A2, A2L or A3 

refrigerants is still of 150g now in European countries regulations (International Electrotechnical 

Commission., 2010), generally insufficient for medium-size plug-in cases for commercial use. And then, they 

must accomplish with the Eco-design Directive (European Commission, 2015b) and the Energy labelling 

Directive (European Commission, 2015a). However, the International Electrotechnical Commission has 

been evaluating the increment of maximum allowed refrigerant charge to 500g for A3 refrigerants and to 

1200g for A2 or A2L refrigerants (Kopchick and Scancarello, 2017), which will increase the possibilities for 

this segment of refrigeration systems. Recently, on 9th May 2019, IEC announced that the increment of 

charge limit (500g of A3 and 1200g of A2 and A2L) has been approved (International Electrotechnical 

Commission, 2019), however the adaptation of state regulations is still pending. Accordingly, research on 

new available refrigerants is needed to explore the possibilities of R-404A substitution in stand-alone 

systems. 
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Figure 1. European design restrictions to hermetic refrigeration systems for commercial use  

Table 1 summarises the evolution of most known R-404A substitutes classified according to their GWP 

value. They can be also considered as substitutes of R-507A due to their similar properties (Llopis et al., 

2010). R-422A and R-417B were designed as drop-ins for R-22, however, they were also used as substitutes 

of R-404A. Later, the A1 mixtures R-407A and R-407F, with GWP between 1500 to 2500, were ideated as 

drop-in replacements (compatible with F-Gas until 01/01/2020). And R-452A was designed as R-404A 

substitute for transport applications (Kujak S. et al., 2015) .R-407A matched the efficiency but presented 

nearly 10% reduction in capacity in relation to R-404A (Yana Motta S. et al., 2014). R-407F presented 10% 

approximately increment in capacity and performance in relation to R-404A (Bortolini et al., 2015; Yana 

Motta S. et al., 2014). The next group of R-404A drop-in refrigerants, R-407H, R-449A and R-448A, based 

on HFC-32 and HFC-125 as main components and still presenting an A1 security classification, had a GWP 

value ranging from 500 to 1500. R-407H was tested in a single-stage low-temperature direct expansion 

system, where 7.7% reduction in energy consumption in reference to R-404A was measured (Llopis et al., 

2017). R-449A was evaluated in a retrofit process in an indirect supermarket refrigeration system at MT, 

where it was observed a 12.8% reduction in capacity and 3.6% COP decrement in relation to R-404A 

(Makhnatch et al., 2017). For R-448A, Yana Motta S. et al. (2014) with a walk-in cooler at freezing 

temperatures observed it presented higher efficiency (≈10%) and similar capacity than R-404A, however, 

using a single-stage test rig at evaporating temperatures from -33.5 to -8.1ºC, Mota-Babiloni et al. (2015) 

measured increments on COP from 5 to 20% with capacity reductions from 10 to 25% approximately. 

Finally, the group of R-404A substitutes with most interest at the moment for stand-alone systems which are 

in agreement with the F-Gas Regulation are those with GWP values below 150. Those mixtures, whose 

main components are HFC-32, HFO-1234yf and HFO-1234ze(E) present an A2L ASHRAE security 

classification. In consequence, the maximum allowed charge limit is of 150g at the moment, but it is expected 

to rise to 1200g during 2019 (Kopchick and Scancarello, 2017). R-454C, mixture of R-32 and R-1234yf, was 
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tested in a single-stage test rig at evaporating temperatures from -30 to -15 ºC approx. by Mota-Babiloni et 

al. (2018) measuring slightly lower capacity but COP increments between 10 to 15% in relation to R-404A. 

Bella et al. (2018) using a scroll compressor measured reductions in capacity of R-454C near 15% in MT 

and LT and COP increments of 5% at MT (not reported at LT). R-455A, mixture of HFC-32/HFO-1234yf with 

3% of CO2, was also tested by the last two authors in the same plants, who reached similar COP and 

capacity modifications than for R-454C. However, no experimental reports have been found by the authors 

in relation to R-457A, mixture of HFC-32/HFO-1234yf/HFC-152a and R-459B, blend of HFC-32/HFO-

1234yf/HFO-1234ze(E). 

Since experimental research on R-404A substitutes with GWP below 150 is scattered and incomplete and 

no works have been found using real systems, this work aims to contribute by presenting the experimental 

evaluation of R-454C, R-455A, R457A and R-459B as R-404A substitutes for stand-alone hermetic systems 

in a real application. An open type plug-in case for commercial use at MT (5ºC) using a single-stage cycle 

with a hermetic compressor and designed for R-404A, has been subjected to refrigerant charge optimization 

and evaluated according to ISO 23953-2:2015 (2015) under 24-hour energy consumption tests. 
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2. Thermodynamic approach 

Properties of R-404A substitutes considered in this work are detailed in Table 2. Main components of 

mixtures are HFC-32 and HFO-1234yf, with small proportions of CO2 (R-455A), HFC-152a (R-457A) or 

HFO-1234ze(E) (R-459B). They all present a GWP below 150 and had an A2L ASHRAE security 

classification. Pressure-enthalpy diagrams are presented in Figure 2, where it can be observed that the 

blends in relation to R-404A present a similar bubble saturation line, higher critical pressure/temperature, 

larger latent heat of phase change (between 27.8 to 38.4% at t=40ºC and 17.8 to 24.9% at t=-7ºC) and 

higher specific suction volume (between 24.4 to 56.1%, saturation at t=-7ºC). In addition, one common 

characteristic is that the blends present a large glide due to the association of components with very different 

NBP, it varying between 6.1 to 9.9 K at t=40ºC and between 7.0 to 12.15 K at t=-7ºC. The large glide could 

have influence in the thermal performance of evaporator and condenser, since large temperature difference 

in phase-change processes generally lowers the heat transfer coefficients. 

 

Figure 2. Pressure-enthalpy diagram of low-GWP alternative refrigerants 

Figure 3 relates a theoretical comparison of the main properties of an ideal single-stage VCS working with 

the blends in relation to R-404A, which parameters are backgrounded in grey, at tO=-7ºC, tK=40ºC, SH=10K 

and SUB=2K. For the calculation, in order to consider the glide effect, the condensing pressure has been 

evaluated with a vapour title of 50%, Eq. (1), and the evaporating one with the average enthalpy in the 

evaporator, Eq. (2), considering an isenthalpic expansion process. For these pressures, VCC [Eq. (3)], COP  

[Eq.(4)], 𝑥௩,ை,௜௡ [Eq. (4)], 𝑡ௗ௜௦,௦, and effective glide in evaporator [Eq.(6)] and condenser [Eq. (7)] are 

evaluated using Refprop 10 (Lemmon E. W. et al., 2018). 
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𝑝௄ ൌ 𝑓ሺ𝑡௄, 𝑥௩ ൌ 0.5ሻ (1) 

𝑝ை ൌ 𝑓 ൬𝑡ை,
ℎை,௜௡ ൅ ℎை,௢௨௧

2
൰ (2) 

𝑉𝐶𝐶 ൌ
ℎை,௢௨௧ െ ℎை,௜௡

𝑣ை,௢௨௧
 (3) 

𝐶𝑂𝑃 ൌ
ℎை,௢௨௧ െ ℎை,௜௡

ℎௗ௜௦,௦ሺ𝑝௄, 𝑠ை,௢௨௧ሻ െ ℎை,௢௨௧
 (4) 

𝑥௩,ை,௜௡ ൌ 𝑓൫𝑝ை, ℎை,௜௡൯ (5) 

𝐺𝑙𝑖𝑑𝑒ை ൌ 𝑡ሺ𝑝ை, 𝑥௩ ൌ 1ሻ െ 𝑡൫𝑝ை, 𝑥௩,ை,௜௡൯ (6) 

𝐺𝑙𝑖𝑑𝑒௄ ൌ  𝑡ሺ𝑝௄, 𝑥௩ ൌ 1ሻ െ 𝑡ሺ𝑝௄, 𝑥௩ ൌ 0ሻ (7) 

In Figure 3 it is observed that the four substitutes offer theoretically a COP increment (R-454C 5.3%,  

R-459B 5.8%, R-457A 7.4%, R-455A 5.8%) but different behaviour in terms of VCC (R-454C -8.4%, R-459B  

-10.5%, R-457A -15.4%, R-455A +0.9%). Despite the large effective glide in evaporator (from 4.5K of R-

457A to 7.23K of R-455A), the four blends present lower vapour quality at the inlet of the evaporator (for R-

404A 𝑥௩,ை,௜௡= 0.39). The lower vapour quality at the evaporator inlet could compensate the reduction of 

local heat transfer coefficients of the zeotropic mixtures and maintain a similar thermal behaviour in the 

evaporator. All mixtures present a large glide in condenser (from 6.14K R-457A to 9.86K R-455A), which 

will have effect in the condensing temperatures. And all they present similar isentropic discharge 

temperatures to R-404A. 
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Figure 3. Theoretical thermodynamic performance of low-GWP refrigerants  

at tO = -7ºC, tK = 40ºC, SH = 10K, SUB = 2K (in grey R-404A values) (IPCC, 2014) 

3. Material and methods 

This section describes the experimental system in subsection 3.1 and the experimental procedure in 

subsection 3.2 used for the evaluation of the refrigerants in a real application. 

3.1. Experimental system 

The evaluation considered an open-fronted vertical display cabinet with a frontal air curtain for refrigerated 

food, which uses a single-stage vapour compression system to maintain the desired product temperature, 

being its schematic diagram represented in Figure 4. The refrigeration system is driven by a hermetic 

compressor of 22.37cm3 displacement designed for R-404A. Condensation is performed with a minichannel 

air condenser and at the exit of the condenser is placed the liquid receiver. For the purpose of this work, the 

system has the possibility to operate with and without receiver using manual sectioning valves. Then, liquid 

refrigerant pipe enters into the refrigerated section of the cabinet in contact to the vapour pipe, thus there is 

a small heat transfer between the liquid and vapour lines. The refrigerant is expanded using an EEV that 
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controls the degree of superheat at the evaporator exit. The driver of the EEV can be customized for any 

kind of mixture by programming the bubble and dew point curves. Next, refrigerant is evaporated in a finned 

tube evaporator using three high-efficient fans. Air is suctioned at the front part of the cabinet, then passes 

through the evaporator and it is driven through the rear part of the cabinet. The air current is propelled from 

the top of the cabinet, creating the air current that isolates the refrigerated space from the surroundings. The 

rest of the components are placed at the bottom of the refrigerated space. Details about the components of 

the refrigeration cycle are given in Table 3. 

The cabinet is instrumented to obtain the thermodynamic states of refrigerant and to measure the operating 

temperatures. As presented in Figure 4, 6 surface T-type surface thermocouples are used in the cycle and 

4 T-type probe thermocouples measure the inlet and outlet air temperatures from evaporator and condenser. 

A thermo-hygrometer is placed at the evaporator air return to obtain the temperature and humidity in the 

refrigerated space and another above the cabinet to measure the surrounding temperature and humidity. 

Product temperature is measured using 6 M-test packages according to ISO 25953-2. The cycle has three 

low and three high-pressure gauges, and a Coriolis mass flow meter at the exit of the receiver. Energy 

consumption is measured using a digital wattmeter. Measuring range and uncertainties of the measurement 

system is described in Table 4. 

 

Figure 4. Schematic diagram of the refrigeration cycle of the display cabinet 

3.2. Experimental procedure 

This work aims to explore the possibilities of new refrigerant options with GWP below 150 to substitute R-

404A in medium temperature applications, thus results are based on energy consumption tests according 

to ISO 23953-2:2015 (ISO 23953-2:2015, 2015). Additionally, since alternatives have A2L ASHRAE 

classification, we aim to quantify the refrigerant charge that minimizes energy consumption. This charge 

must be in agreement with the future charge limit that will be established by the standard IEC60335-2-89 
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(International Electrotechnical Commission., 2010). The last proposal for the IEC modification was 1200g of 

A2L as maximum charge for stand-alone systems (Kopchick and Scancarello, 2017). 

Two types of 24-hour energy consumption tests were performed: 

 Operation without receiver: refrigerant charge optimized (100g step) in terms of 24h energy 

consumption. 

 Operation with liquid receiver (denoted with R): the system was evaluated working with the receiver 

ensuring liquid at the inlet of the EEV. 

The tests were performed inside a climatic chamber at 25.5ºC and 50% of relative humidity, corresponding 

to a 3-climate class approximately, maximum deviations were ±0.8K and ±7% respectively during the 24h. 

The target temperature of the product was established at 5ºC (average of six M-test packages during 24h).  

Regulation of the cabinet was the following: 

 Compressor: ON/OFF operation, activated by air return temperature to the evaporator. Set-point 

was adjusted (0.7 – 1.1ºC) to obtain the required product temperature. Hysteresis of the regulator 

was set at 2.5K. 

 EEV: superheating set point set at 10K. 

 Defrosting: one defrosting each six hours was set. It was done with electrical resistors (540W) and 

ended when the air return temperature to the evaporator was of 14.5ºC. When resistors were 

activated, both compressor and EEV were not in operation. 

Figure 5 details the reference temperatures in a 24-hour test of the cabinet working without receiver and 

Table 5 summarises the reference parameters of the evaluation. 
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Figure 5. 24h energy consumption test. R-454C, 1100g, no receiver 
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4. Experimental results 

First, in Section 4.1 the results of charge optimization are discussed and second, in Section 4.2, the 

operation of the cabinet is analysed for the optimized configurations. 

4.1. Optimization results 

Cabinet was subjected to a charge optimization process working without liquid receiver with charge steps 

of 100g. Refrigerant charge was done subsequently, being the measuring error of the balance of 2g. Charge 

uncertainty is presented in Table 5. For each charge, if the cabinet was able to maintain the product target 

temperature (5ºC), its energy consumption during 24 hours was calculated. Reference parameters were 

kept constant in the tests, as summarized in Table 5. Energy consumption (kWh) was computed using 

cabinet’s power consumption measurement and operating time according to Eq. (8) using a trapezoid 

integration method. In Eq. (8), PC is the power consumption of the cabinet and ‘j’ each sampled data. The 

sampling step was of 5 seconds.  

𝑬𝒊 ൌ
𝟏

𝟑𝟔 ൉ 𝟏𝟎𝟓 ൉ න 𝑷𝑪ሺ𝒕ሻ ൉ 𝒅𝒕
𝟐𝟒𝒉

𝟎
ൌ

𝟏
𝟑𝟔 ൉ 𝟏𝟎𝟓 ൉ ෍ ቊቈ

𝑷𝑪ሺ𝒋ሻ ൅ 𝑷𝑪ሺ𝒋 െ 𝟏ሻ

𝟐
቉ ൉ ሾ𝒕ሺ𝒋ሻ െ 𝒕ሺ𝒋 െ 𝟏ሻሿቋ

𝟐𝟒𝒉

𝒋ୀ𝟏

 (8) 

When the optimization process ended, the refrigeration cycle was evaluated using the receiver configuration, 

where it was verified that the inlet pipe to the EEV was filled with liquid in all the tests.  

As reference, the test with 1500g of R-404A working with liquid receiver was considered, since it was the 

optimum refrigerant charge working with receiver for R-404A according to the manufacturer. 

Energy consumption in the optimization process is presented in Figure 6. As it can be observed, when 

working without liquid receiver the energy consumption is reduced for increased refrigerant charge until 

reaching a minimum, then it increases, as observed in similar systems (Maiorino et al., 2018). The 

optimization process revealed that the optimum refrigerant charges for the substitute were: 1100g R-454C, 

1460g R-459B, 1500g R-457A and 1600g R-455A. All mixtures, with optimized refrigerant charge, were able 

to reduce energy consumption in relation to the R-404A configuration. Also, denoted with ‘R’ the energy 

consumption of the cabinet with receiver is presented, where it can also be observed that all refrigerants 

improve energy performance in relation to the reference. 

In relation to the possible future charge limit for stand alone systems, 1200g for an A2L refrigerant (Kopchick 

and Scancarello, 2017), the unique optimized refrigerant charge that will accomplish this limit is R-454A, 

with a reduction in energy consumption of 2.07%. However, with 1200g of R-459B the energy consumption 

reduction will be of 2.51%, with 1200g of R-457A of 7.42% and with 1200g of R-455A will be incremented 

by 6.73%.
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Figure 6. Refrigerant charge optimization 



14 
 

4.2. Optimized configurations results 

This section analyses the operating results of the cabinet for the optimized configurations and with receiver. 

Temperature and pressure parameters 

Evaporating temperature was computed with Eq. (9) considering the outlet pressure of the evaporator and 

the average enthalpy between the inlet conditions and saturated vapour at the outlet pressure of the 

evaporator. This value was averaged during all the test, since the evaporator fans were in constant 

operation. A increment in the average evaporating temperature was measured for all the substitutes in 

relation to R-404A: 3.5 to 3.7K for R-454C, 4.6 to 4.8K for R-459B, 3.9 to 4.9K for R-457A and 5.7 to 6.5K 

for R-455A (Figure 7). That indicates that evaporator’s thermal performance improved with the mixtures, 

thus the negative effects of the glide (reduction of local heat transfer coefficients) are compensated by lower 

vapour quality at the inlet of the evaporator, as commented in section 2. 

In relation to the condensing temperature, evaluated with Eq. (10) and averaged only when the compressor 

was in operation, in general there was an increment of this value for all the mixtures except for R-454C. The 

highest increment was measured with R-455A (4.8 to 6.4K), it being related with the presence of CO2 in the 

mixture. 

𝑡ை ൌ 𝑓 ቆ𝑝ை,௢௨௧; ℎ ൌ
ℎை,௜௡ ൅ ℎ௩,௣ೀ,೚ೠ೟

2
ቇ (9) 

𝑡௄ ൌ 𝑓ሺ𝑝ௗ௜௦, 𝑥௩ ൌ 50%ሻ (10) 

 

Figure 7. Average phase-change temperatures during 24h (tK when compressor ON) 

Figure 8 reflects the average and maximum compressor’s discharge temperatures during the 24h when the 

compressor was in operation. Deviations in relation to R-404A are low, except for R-455A which registered 
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an increment between 3.6 to 5.3K for the average value and between 4.7 to 6.4K for the maximum value. 

This increment is significative, since according to the duty cycle of R-455A (≈47%), for systems with longer 

duty cycle the maximum compressor’s discharge temperature could have highest increments that could 

affect the lubricant. Again, this increment can be related to the CO2 presence in the mixture. 

 

Figure 8. Average and maximum compressor’s discharge temperature during 24h (when compressor ON) 

Another important aspect in the substitution process is the operating pressure. Figure 9 presents the 

maximum discharge and minimum suction pressures during the tests. Configurations without receiver 

always operate at highest pressures in relation to receiver ones, allowing to operate with higher subcooling 

(Table 5). Discharge pressures were lower for R-454C, R-459B and R-457A and higher for R-455A, 

nonetheless the variations were low. In relation to minimum suction pressure, R-454C, R-459B and R-457A 

operated with a similar minimum pressure than R-404A, however, the minimum pressure for R-455A was 

0.42 to 0.63 bar higher.  
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Figure 9. Maximum discharge and minimum suction pressures during 24h 

Energy parameters 

Energy consumption is the combination of the power consumption and the operating time of the compressor 

and auxiliary elements, Eq. (8). Figure 10 presents compressor duty cycle and average cabinet power 

consumption (only when compressor in operation) during the tests and Figure 11 the disaggregated energy 

consumption during the 24h for the optimized configurations. 

R-454C, in relation to R-404A, presents longer duty cycle and reduced compressor’s consumption, it being 

in agreement with the thermodynamic approach (Figure 3), since lower VCC and higher COP were 

predicted. In addition, defrosting period average time of R-454C [19.3min, 16.0min (R)] was similar to that 

of R-404A [19.3 min (R)]. 

For R-459B, the theoretical approach predicted reduced VCC and highest COP. Experimentally, both duty 

cycle and average power consumption were reduced, resulting in lowest energy consumption in relation to 

R-404A. Discrepancy between theoretical and experimental results are related to the shorter defrosting 

average time or R-459B [13.5min, 12.1min (R)], which reduces the thermal load of the cabinet. This 

reduction in time is caused by the increased evaporating temperature (Figure 7). 

R-457A, with predicted reduction in VCC and increment in COP, presented a similar duty cycle and reduced 

compressor power consumption in relation to R-404A. Again, the similar duty cycle among them is related 

to the shortest defrosting period [13.3min, 12.6min (R)]. 

Finally, R-455A with predicted similar VCC and highest COP, presented a reduction in the duty cycle and 

increased compressor power consumption in relation to R-404A, resulting in similar energy consumption. In 
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terms of average defrosting time, with this mixture the shortest periods were measured [10.2min, 11.3min 

(R)]. Those shortest periods are related to the highest evaporating level (Figure 7). 

 

 

Figure 10. Compressor duty cycle and average cabinet power consumption during 24h 

 

Figure 11. Disaggregated energy consumption during 24h 
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5. Conclusions 

Experimental and theoretical substitution process of R-404A by the low-GWP alternatives R-454C, R459-B, 

R-457A and R-455A has been addressed with an open-fronted vertical cabinet for fresh product (5ºC) 

according to energy consumption tests based on ISO 25953-2.  

Thermodynamic approach indicates that the substitutes offer similar VCC and a slight increase in COP for 

the operation at tO=-7ºC and tK=40ºC. A relevant reduction of the inlet vapour quality to the evaporator is 

predicted, which will compensate the negative effect of glide of the mixtures. 

For the cabinet without receiver, optimized refrigerant charges offered energy consumption reductions in 

relation to R-404A: 2.07% R-454C (1100g), 10.76% R-459B (1460g), 10.48% R-457A (1500g) and 2.95% 

R-455A (1600g). Those improvements were slightly larger when working with receiver: 2.45% R-454C 

(1400g), 11.55% R-459B (1500g), 10.69% R-457A (1600g) and 2.9% R-455A (1800g). 

For both system configurations, an increase in the evaporating level was measured for all the mixtures, 

indicating an improvement of the evaporator’s thermal performance, which is not much affected by the glide 

of the mixtures. The increased evaporating level resulted in general in shorter defrosting periods, which 

reduced the thermal load to the cabinet. Compressor discharge temperatures and pressures were similar to 

R-404A ones; thus, no difficulties are expected in the substitution process for similar systems.  

Additionally, if the proposed refrigerant charge limit of 1200g for A2L refrigerants in stand-alone systems is 

considered, the configuration without receiver offers energy consumption differences in relation to R-404A 

of: -2.07% R-454C (1100g), -2.51% R-459B (1200g) and -7.42% R-457A (1200g). Energy consumption with 

1200g of R-455A resulted in an energy consumption increment of 6.73%. 

From the theoretical approach and the experimentation, it is concluded that it is possible to substitute R-

404A by the new low-GWP refrigerant mixtures in stand-alone systems similar to this, with reduced 

refrigerant charges and with reduced energy consumption. 
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TABLES 

Table 1. R-404A/R-507A drop-in substitutes  

MIXTURE 
NAME 

Composition ( % by mass) GWP 
(AR4) 

GWP 
(AR5) 

SECURITY 
CLASS. 

Energy tests 

R-404A HFC-125/ HFC-134a/ HFC-143a (44/4/52) 3922 3945 A1 (Llopis et al., 2010) 

R-507A HFC-125/ HFC-143a (50/50) 3985 3987 A1 (Llopis et al., 2010) 

2500 < GWP < 3000 

R-422A HFC-125/ HFC-134a/HC-600a (85.1/11.5/3.4) 3144 2847 A1 (Fernández-Seara et al., 2010) 

R-417B HFC-125/HFC-134a/HC-600 (79/18.25/2.75) 3027 2741 A1 (Llopis et al., 2011) 

1500 < GWP < 2500 

R-452A HFC-32/HFC-125/HFO-1234yf (11/59/30) 2140 1945 A1 (Kujak S. et al, 2015) 

R-407A HFC-32/HFC-125/HFC-134a (20/40/40) 2107 1923 A1 (Yana Motta S. et al., 2014) 

R-407F HFC-32/HFC-125/HFC-134a (30/30/40) 1825 1674 A1 (Bortolini et al., 2015; Yana Motta S. et al., 2014) 

500 < GWP < 1500 

R-407H  HFC-32/HFC-125/HFC-134a (32.5/15/52.5) 1495 1378 A1 (Llopis et al., 2017) 

R-449A HFC-32/HFC-125/HFO-1234yf/HFC-134a (24.3/24.7/25.3/25.7) 1396 1282 A1 (Makhnatch et al., 2017) 

R-448A HFC-32/HFC-125/HFC-134a/HFO-1234yf/HFO-1234ze(E) (26/26/20/21/7) 1372 1260 A1 (Mota-Babiloni et al., 2015; Yana Motta S. et al., 2014) 

GWP < 150 

R-454C HFC-32/HFO-1234yf (21.5/78.5) 146 146 A2L (Mota-Babiloni et al., 2018) (Bella et al., 2018) 

R-455A CO2/HFC-32/HFO-1234yf (3.0/21.5/75.5) 146 146 A2L (Mota-Babiloni et al., 2018) (Bella et al., 2018) 

R-457A HFC-32/HFO-1234yf/HFC-152a (18.0/70.0/12.0) 137 139 A2L (Bolaji et al., 2017) *theoretical 
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R-459B HFC-32/HFO-1234yf/HFO-1234ze(E) (21.0/69.0/10.0) 143 143 A2L - 

 

Table 2. Physical, environmental and safety characteristics of low-GWP drop-ins of R-404A considered in this work 

 R-404A R-454C R-455A R-457A R-459B 

Composition (% wt) R-125 – 44.0% R-32 – 21.5% R-744 – 3.0% R-32 – 18.0% R-32 – 21.0% 

  R-143a – 52.0% R-1234yf – 78.5% R-32 – 21.5% R-1234yf – 70.0% R-1234yf – 69.0% 

  R-134a – 4.0%   R-1234yf – 75.5% R-152a – 12.0% R-1234ze(E) – 10.0% 

M (g·mol-1) 97.6 90.8 87.5 87.6 91.2 

NBP (ºC) -46.2 -45.6 -52.0 -42.6 -45.0 

tC (ºC) 72 85.7 85.6 91.3 87.5 

pC (bar) 37.2 43.2 46.5 43.4 43.6 

Glide at 40ºC (K) 0.34 6.82 9.86 6.14 7.04 

Glide a -7ºC (K) 0.54 7.82 12.15 7.01 8.13 

λ a t = 40°C (kJ · kg-1) 120.5 154.0 160.0 166.8 156.2 

λ a t = -7°C (kJ · kg-1) 172.31 202.73 211.83 215.18 204.17 

ν a t=-7°C (m3 · kg-1) 0.041 0.054 0.051 0.064 0.056 

GWP100 years (IPCC, 2014) 3943 146 146 139 143 

ASHRAE 34 safety group A1 A2L A2L A2L A2L 
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Table 3. Main components of the cabinet and refrigeration cycle 

Component Characteristics 

Cabinet Open-fronted vertical display cabinet 

Compressor Hermetic, Embraco NT6226GK, 22.37 cm3, POE22 

Expansion valve Electronic, Carel E2V11, configurable driver 

Evaporator 
Finned tube, 1074mm length, 360mm width, 150mm height, 1/2’’ tube, 3 circuits, 1.51m2 refrigerant surface area, 5.63 litre inner 
volume 

Condenser 
Minichannel air condenser, 531mm length, 240mm width, 60mm height, 4.6x19mm channels, 0.5m2 refrigerant surface area, 1.15 
litre inner volume 

Receiver 1.1 litre 

Discharge line 1/4’’ tube, 0.75 m length 

Liquid line 1/4’’ tube, 3.01 m length 

Suction line 3/8’’ tube, 1.9 m length 
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Table 4. Technical specifications of the instrumentation 

Variable Number Sensor Measuring range Uncertainty 

Temperature 6 Surface T-type thermocouple -200 – 350ºC ± 0.5 K 

Temperature 4 Probe T-type thermocouple -200 – 350ºC ± 0.5 K 

Temperature / humidity 2 Thermo-hygrometer 
5 – 98% 

-20 – 80ºC 

± 2% RH 

± 0.2 K 

Package temperature 6 M-test package with T-type thermocouple -200 – 350ºC ± 0.5 K 

Low pressure 3 Pressure gauge -1 – 15 bar ± 0.3% 

High pressure 3 Pressure gauge 0 – 30 bar ± 0.3% 

Power consumption 1 Digital wattmeter 0 – 2500 W ± 0.5% 

Mass flow rate 1 Coriolis mass flow meter 0 – 100 kg·h-1 ± 0.1% 
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Table 5. Reference, operating and energy parameters of the evaluation of the refrigerants 
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Reference parameters Operating parameters 
Duty 
cycle 

Energy parameters 

Charge (g) 
Charge 

uncertainty 
(%) 

tP  
(ºC) 

σt,P  
(K) 

tcam  
(ºC) 

σt,cam  
(K) 

RHcam 
(%) 

σRH,cam 
(%) 

tK,on 
(ºC) 

tO  
(ºC) 

tdis,on  
(ºC) 

SHon 
(K) 

SUBon  
(K) 

pdis,max  
(bar) 

psuc,min  
(bar) 

Comp 
(%) 

PC  
(W) 

E24h  
(kWh) 

(E – Eref ) / 
Eref·100  

(%) 
R-404A                   

1500 0.13 5.0 0.4 25.3 0.7 53.3 7.0 41.5 -9.0 83.2 10.1 12.9 21.9 2.8 53 992 14.37 0.0 

R-454C                                    

800 0.25 5.0 0.4 25.2 0.6 55.3 5.9 38.4 -4.7 81.8 9.8 7.6 16.7 3.1 63 947 15.84 10.17 
900 0.31 5.0 0.4 25.1 0.6 55.6 6.1 39.3 -5.5 82.2 10.0 8.8 17.3 2.8 59 935 14.91 3.73 
1000 0.45 5.0 0.4 25.4 0.8 53.6 6.7 40.2 -5.7 82.7 10.3 9.9 17.3 2.8 56 938 14.20 -1.18 
1100 0.57 5.0 0.4 25.6 0.8 52.8 6.7 41.1 -5.3 83.1 10.0 10.9 18.4 2.9 55 948 14.08 -2.07 
1200 0.69 5.0 0.5 25.6 0.9 53.3 6.7 42.3 -5.2 83.4 11.9 12.2 20.4 2.9 54 959 14.37 -0.01 
1300 0.78 4.8 0.5 25.7 0.9 53.4 5.9 44.1 -4.9 84.5 9.2 13.8 19.1 3.0 54 970 14.31 -0.44 

1400 R 0.87 4.9 0.4 25.6 0.8 54.7 5.1 40.4 -5.6 81.6 11.8 8.4 18.2 2.8 55 940 14.02 -2.45 

 R-459B                                    
800 0.25 5.0 0.3 25.2 0.5 53.9 4.6 40.8 -5.6 87.8 5.2 9.7 17.4 2.8 65 936 15.84 10.19 
900 0.31 5.0 0.4 25.5 0.7 51.4 5.9 41.1 -6.0 87.4 5.2 9.5 17.6 2.8 63 934 15.41 7.23 
1000 0.45 5.0 0.4 25.5 0.8 51.1 5.7 41.7 -5.4 86.6 9.1 9.5 17.7 2.9 58 941 14.63 1.80 
1100 0.57 5.0 0.4 25.6 0.8 51.3 5.4 42.0 -5.3 86.4 9.8 9.6 17.8 2.9 57 947 14.38 0.02 
1200 0.69 4.9 0.3 25.6 0.8 51.2 5.3 42.0 -5.1 85.1 10.3 9.8 17.8 2.9 55 942 14.01 -2.51 
1300 0.78 5.0 0.3 25.6 0.8 51.0 5.4 42.5 -4.6 84.4 9.2 10.8 18.3 2.9 52 948 13.36 -7.04 
1400 0.87 5.0 0.3 25.7 0.8 51.3 5.3 43.6 -4.5 84.6 11.4 12.1 18.7 2.9 51 959 13.34 -7.18 
1460 0.97 4.9 0.3 25.6 0.8 49.7 6.0 44.7 -4.2 84.3 10.9 13.8 19.7 2.9 48 966 12.83 -10.76 
1500 1.07 5.0 0.3 25.6 0.8 50.2 5.8 45.9 -4.3 85.0 10.0 15.5 20.3 2.9 49 981 13.01 -9.52 

1500 R 1.07 5.0 0.3 25.6 0.8 50.2 5.7 41.2 -4.5 81.9 13.1 8.9 17.8 2.8 50 938 12.72 -11.50 

 R-457A                                    
800 0.25 5.0 0.2 25.2 0.5 53.2 4.6 38.9 -5.3 83.3 9.4 7.7 15.1 3.0 72 904 16.61 15.54 
900 0.31 4.9 0.4 25.2 0.5 52.7 5.4 39.5 -5.9 83.7 8.3 8.1 15.6 2.8 66 888 15.42 7.25 
1000 0.45 5.0 0.4 25.4 0.6 51.9 5.6 40.2 -5.9 83.9 9.5 8.5 15.9 2.7 61 883 14.34 -0.27 
1100 0.57 5.0 0.3 25.4 0.7 51.0 5.6 40.7 -5.3 83.5 10.4 9.0 16.4 2.7 58 887 13.73 -4.46 
1200 0.69 5.0 0.3 25.5 0.8 50.1 5.7 41.2 -4.7 83.0 11.2 9.5 16.4 2.7 55 895 13.31 -7.42 
1300 0.78 5.0 0.3 25.5 0.8 50.1 5.6 42.3 -4.5 83.0 12.1 11.0 16.7 2.7 53 906 12.96 -9.81 
1400 0.87 5.0 0.3 25.6 0.8 50.0 5.6 43.8 -4.4 83.6 11.1 12.6 17.8 2.7 52 918 13.00 -9.58 
1500 0.94 5.0 0.3 25.5 0.8 50.2 5.6 45.5 -4.2 84.1 10.1 15.0 18.4 2.8 51 933 12.87 -10.48 
1600 1.01 4.9 0.3 25.5 0.8 50.1 5.7 49.0 -4.0 86.4 10.2 19.4 20.7 2.8 50 959 13.12 -8.76 

1600 R 1.01 4.9 0.3 25.5 0.8 50.5 5.5 40.6 -5.2 81.0 9.9 8.5 16.4 2.5 53 892 12.84 -10.69 

R-455A                   
1000 0.4 5.0 0.2 25.6 0.8 49.4 6.0 40.7 -1.8 83.9 7.7 9.0 18.9 3.6 63 1080 17.66 22.83 
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1100 0.6 5.0 0.3 25.6 0.8 49.1 5.8 42.1 -1.4 85.5 6.4 9.7 19.4 3.8 57 1078 16.26 13.14 
1200 0.7 5.0 0.3 25.6 0.8 49.5 5.5 43.5 -2.0 86.7 10.4 10.6 20.0 3.6 54 1073 15.34 6.73 
1300 0.8 5.0 0.3 25.6 0.9 50.0 5.6 45.0 -2.7 88.9 7.1 12.5 21.1 3.4 52 1075 15.04 4.61 
1400 0.9 4.9 0.3 25.6 0.8 50.1 5.6 45.3 -3.0 88.9 7.1 12.8 21.4 3.4 52 1075 14.98 4.19 
1500 0.9 5.0 0.2 25.4 0.7 50.3 5.2 46.0 -2.5 87.7 8.1 14.2 21.6 3.4 48 1083 13.95 -2.94 
1600 1.0 5.0 0.2 25.5 0.8 49.3 4.9 47.9 -2.6 88.5 7.2 16.1 23.7 3.4 47 1100 13.95 -2.95 
1700 1.1 5.0 0.2 25.4 0.6 53.9 6.5 49.3 -2.9 88.4 7.7 17.7 23.4 3.4 47 1110 14.03 -2.36 

1800 R 1.1 4.9 0.2 26.2 0.7 53.7 6.8 46.3 -3.3 86.8 7.4 13.7 21.6 3.2 48 1079 14.0 -2.90 
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