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Abstract 

 

Six refrigerants are evaluated as low GWP replacements for R404A using different 

configurations, including two-stage system architectures. These refrigerants are selected 

according to similar characteristics to R404A, and they are the mid-term alternatives 

R407A and R407F, and the long-term alternatives: L40 and DR-7 (with very low GWP 

and low flammability), N40 and DR-33 (with low GWP and no flammability). In order 

to have a complete comparison range, various operating conditions are considered, 

covering low and medium evaporator temperatures and two levels of condensation 

temperatures. Configurations selected are presented and the equations used to simulate 

the expected performance are shown. From a given cooling capacity, volumetric flow 

rate and COP are compared, taking R404A as baseline. The most efficient alternatives 

are the low-flammable refrigerants, L40 and DR-7, and when no flammability is 

acceptable, N40 and DR-33 are also very good options. 

 

Keywords: refrigeration; configurations; R404A replacements; GWP; Coefficient of 

Performance. 

 

Nomenclature 

 

𝐶𝑂𝑃 coefficient of performance (-) 

 

ℎ specific enthalpy (kJ kg-1) 

 

�̇� refrigerant mass flow rate (kg s-1) 

 

𝑃 pressure (MPa) 

 

�̇� heat transfer rate (kW) 

 

𝑆𝐻 Superheating degree (ºC) 

 

𝑇 temperature (ºC) 
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�̇� volumetric flow rate (m3 s-1) 

 

�̇�𝑐 compressor power consumption (kW) 

 

Greek symbols 

 

𝜀 effectiveness 

 

𝜂 efficiency 

 

𝜌 density (kg m-3) 

 

Subscripts 

 

𝑑𝑖𝑠𝑐 discharge 

 

𝐻𝑃 high pressure stage 

 

𝐼𝐻𝑋 Intermediate Heat Exchanger 

 

𝑖𝑛 inlet 

 

𝐼𝑃  intermediate pressure stage 

 

𝑘 condenser 

 

𝑙𝑖𝑞 saturated liquid 

 

𝐿𝑃 low pressure stage 

 

𝑜𝑢𝑡 outlet 

 

𝑠𝑢𝑐 suction 

 

𝑆𝐶 subcooler 

 

𝑜 evaporator 

 

 

1. Introduction 

 

To avoid the reduction in the atmospheric ozone, according to the terms of the Montreal 

Protocol, a total phase-out for chlorofluorocarbon (CFC) by 2010 and 

hydrochlorofluorcarbon (HCFC) by 2040 in all countries [1] has been established. In 

this way, hydrofluorocarbon (HFC) gases became relevant in all refrigeration fields [2] 

because of their zero Ozone Depletion Potential (ODP). And while they are non-ozone 

depleting substances, they have great values of global warming potential (GWP). So, 

after being approved the Kyoto Protocol in 1997 [3], HFC refrigerants were considered 

as greenhouse gases (GHGs) and they would be progressively removed. 
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Through the European Directive 2006/40/EC [4] fluids with GWP>150 are banned for 

new mobile air conditioners (MAC) since 2011 and for the rest MAC systems will be 

excluded onward 2017. Additionally, in 2012 a tightening of the F-gas regulation was 

proposed, where a reduction reaching 21% of the levels sold in 2008-2011 by 2030 is 

established. In this way, in 2013 in Spain, a tax focused on refrigerants with high GWP 

[5] was also approved. 

 

So, because of the relevance of the refrigerant gas leakages from vapour compression 

systems (in UK supermarkets around 13% of refrigerant from circuits is lost [6]), 

research efforts in the refrigeration industry are focused on finding non-toxic fluids with 

low GWP and with low flammability to replace high GWP working fluids used in 

existing vapour compression cycles [7]. 

 

Analyzing low and medium temperature commercial refrigeration applications, due to 

Montreal Protocol, there was a retrofit process from R22 and R502 to zero-ODP 

refrigerants, mainly R134a, R404A and R507A [8, 9]. R404A and R507A are very 

similar and they can be used both for a very wide range of evaporation temperatures, 

R404A being mostly used in Europe. R404A shows excellent properties: non-

flammable and non-toxic, easy retrofit in R22 systems, a similar range of operating 

conditions and presents good energy efficiencies [10-14]. However, R404A presents 

high GWP (3922) [15] and probably is going to be phase-out over the next years [16]. 

 

Currently, HFC mixtures are prevailing as medium GWP replacements for R404A. In 

this way, non-flammable mid-term solutions like R407A (GWP=2107) or R407F 

(GWP=1825) are available [17, 18]. Despite having half the GWP of R404A, these 

refrigerants are presented with a better performance in light retrofit processes. In order 

to work with refrigerants with even lower GWP values, long-term solutions are being 

developed by Honeywell (Solstice™ N40 and L40) [19] or DuPont (DR-7 and DR-33) 

[20], developing HFC and HFO blends. 

 

While N40 and DR-33 are non-flammable refrigerants with relatively low GWP values 

(1205 and 1410, respectively), L40 and DR-7 have a low GWP (285 and 246, 

respectively) even though they would be classified as A2L by ASHRAE Standard 34 

[21]. Yana Motta et al [22] suggest using in future studies flammable refrigerants in 

high side of secondary fluid systems (chillers), cascade systems (CO2 in the low stage), 

small close-coupled systems, and even distributed systems. 

 

Moreover, Yana Motta et al [22] tested low GWP refrigerants (R407F, N40, N20 and 

L40) in a refrigeration system designed for R404A. All alternatives showed superior 

performance, acceptable pressures and discharge temperatures below the limits. On the 

other hand, they recommended some changes when using flammable refrigerants. 

Minor et al [20] experimented with DR-7 and DR-33 in a double-door unit designed for 

R-404A. The conclusions were that both replacements presented similar (DR-33) or 

slightly minor (DR-7) energy consumption, similar pressures and compression ratio, 

and the increase in discharge temperature was about 13-16ºC. 

 

Besides using low GWP alternatives, it is also important to look for more efficient 

systems. In this way, applying some modifications to the basic cycle [23] should be 

considered. For example, the refrigerating effect in the evaporator can be enhanced 
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using an internal heat exchanger (IHX) [24]. By introducing an ejector expansion cycle 

an increment in 𝐶𝑂𝑃  parameter can be achieved [25], or expanders can even be 

consider to reduce system energy consumption thanks to expansion work recovery [26]. 

With two-stage systems, several configurations can be taken into account by the 

introduction of a flash tank or a subcooler at the intermediate stage or injecting a 

mixture of liquid and vapour in the discharge of the low pressure compressor [27] or 

even applying modifications of one-stage system as an IHX and/or an ejector [28]. It 

has been demonstrated that although the systems developed are more complex, higher 

efficiencies can be reached and discharge temperature considerably reduced by allowing 

cycles working at higher compression rates. 

 

Therefore, the aim of this work is to compare theoretically the energy performance of 

four vapour compression refrigeration configurations using R404A and low GWP 

refrigerants R407A, R407F, L40, DR-7, N40 and DR-33 as alternative fluids. This 

paper is organised as follows: In Section 2, the main properties of the chosen working 

fluids are exposed. In Section 3, the proposed configurations are presented. In Section 4, 

the equations used to obtain the expected performance are introduced. In Section 5, the 

results are shown and discussed. Finally, Section 6 summarizes the main conclusions of 

the work. 

 

2. Working fluids 

 

As said before, this study focuses on comparing R404A with low GWP alternatives. 

The refrigerants finally selected refrigerants also have to accomplish other 

characteristics as thermal stability, low flammability and low toxicity. Furthermore, 

when those alternative refrigerants have to be retrofitted into a R404A vapour 

compression plant, similar working conditions to R404A and oil compatibility are 

required. The selected refrigerants are classified as commercial mid-term alternatives 

(medium GWP), R407A and R407F, and long-term alternatives, refrigerants that are 

being developed nowadays. Long-term alternatives are sub-classified as flammable 

refrigerants (very low GWP), L40 and DR-7, and non-flammable refrigerants (medium 

low GWP), N40 and DR-33. 

 

First, in Table 1, main characteristics of the selected refrigerants are summarised, taking 

R407A [17] and R407F [18] as R404A mid-term replacements, Honeywell L40 and 

N40 [19], Dupont DR-7 and DR-33 [20] as long-term alternatives. It can be seen that 

alternative refrigerants show similar properties to R404A, and the following conclusions 

can be extracted when they are compared with R404A: 

  

• Similar boiling point, with the exception of DR-7 that has an approximately 3ºC 

higher. 

• Higher critical temperature: approx. 15% higher for R407A, R407F, N40 and 

DR-33; 21% greater L40 and 4% smaller for DR-7. 

• Higher critical Pressure: from 15% for DR-33 up to 27% for L40. 

• The replacements have a higher glide value that makes this effect non 

depreciable when configurations with a flash tank are considered. From 5ºC for 

DR-7 up to 7.7ºC for L40. 

• All the alternatives provide important GWP reductions.  
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Table 1. Characteristics of refrigerants selected [17-20]. 

 

3. Configurations selected 

 

In this paper four vapour-compression configurations are considered: Basic cycle (BC), 

Basic cycle with Internal Heat Exchanger (BCIHX), Direct Injection (DI) and 

Subcooler Cycle (SC). 

 

The first configuration presented is Basic cycle, Fig. 1.a). It consists of the basic 

elements: condenser, expansion valve, evaporator and compressor. Modifying this 

configuration the other configurations analysed in this work are obtained. 

 

 

 

Fig. 1.a) Diagram and P-h cycle of configurations. Basic Cycle. 

 

Basic cycle with IHX configuration is achieved by adding a heat exchanger between the 

suction and the liquid line, Fig. 1.b). Cooling the liquid line, the refrigerant entering in 

the evaporator has a lower enthalpy, and the refrigerating effect in it is greater. On the 

other hand, suction gas is heated causing higher gas discharge temperature; besides 

compressor consumption is increased. Finally, the 𝐶𝑂𝑃 variation could be positive or 

negative, depending on the studied refrigerant. 

 

 

 

Fig. 1.b) Diagram and P-h cycle of configurations. Basic Cycle with IHX. 

 

The introduction of two-stage cycles reports an increase in the cycle efficiency and 

decrease the discharge temperature. Another consequence is the increment in the mass 

flow rate in the high-pressure stage compressor. It must be noted that those 

configurations with flash tank are not considered in this work due to the high glide 

presented by the alternative refrigerants analyzed. 

 

By injecting refrigerant at intermediate pressure in the discharge of the low pressure 

compressor the Direct Injection configuration can be obtained, Fig. 1.c). 

 

 

 

Fig. 1.c) Diagram and P-h cycle of configurations. Direct Injection. 

 

Finally, Subcooler Cycle configuration is the more complex configuration analysed, in 

terms of construction. It is brought off using a heat exchanger (subcooler) that uses a 

part of refrigerant derived at intermediate pressure to cool the rest of liquid refrigerant, 

Fig. 1.d). Then refrigerant at an intermediate pressure is mixed with the discharge gas of 

the low pressure compressor. A higher refrigerating effect at the evaporator stage is 

reached and the discharge temperature is reduced. 
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Fig. 1.d) Diagram and P-h cycle of configurations. Subcooler Cycle. 

 

4. Simulation conditions and equations applied 

 

In order to model the vapour compression cycle for each configuration, two parameters 

are combined trying to simulate working conditions (taking into account glide 

considerations [29]): 

 

• Average evaporation temperature, 𝑇𝑜: -40ºC (low evaporation temperature) and -

10ºC (medium evaporation temperature). 

• Average condensation temperature, 𝑇𝑘: 40ºC and 55ºC. 

 

For the refrigerants with high glide values, evaporation and condensation temperatures 

are obtained as suggested in [29], Eq. (1) and (2) respectively. 

 

𝑇𝑜 =
1

3
𝑇𝐵𝑢𝑏𝑏𝑙𝑒 +

2

3
𝑇𝐷𝑒𝑤 (1) 

 

𝑇𝑘 =
1

2
𝑇𝐵𝑢𝑏𝑏𝑙𝑒 +

1

2
𝑇𝐷𝑒𝑤 (2) 

 

For following comparisons, target cooling capacity will be constant for all conditions. 

Moreover, to complete cycle simulation, following assumptions are taken: 

 

• Subcooling degree (at the condenser outlet): 2ºC. 

• Isenthalpic process is considered at the expansion valve. 

• Ideal compression (the refrigerants selected are recently developed and there is 

no data available about compression performance). 

• There is no heat transfer to the surroundings. 

• Pressure drops are neglected. 

• Heat exchange efficiency in subcooler (𝜀𝑆𝐶): 0.7. 

• Heat exchange efficiency in IHX (𝜀𝐼𝐻𝑋): 0.3 (in order to avoid high discharge 

temperatures). 

 

The total superheating degree (between saturation temperature and compressor suction) 

and superheating degree at intermediate pressure (between saturated vapour and the 

high pressure compressor suction) for R404A is 7ºC, for the rest of refrigerants is 

corrected [29], Eq. (3) and (4): 

 

𝑆𝐻𝑅𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡 𝑤𝑖𝑡ℎ 𝑔𝑙𝑖𝑑𝑒,𝐿𝑃 = 𝑆𝐻𝑅404𝐴 −
1

3
𝐺𝑙𝑖𝑑𝑒 (3) 

 

𝑆𝐻𝑅𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡 𝑤𝑖𝑡ℎ 𝑔𝑙𝑖𝑑𝑒,𝐼𝑃 = 𝑆𝐻𝑅404𝐴 −
1

2
𝐺𝑙𝑖𝑑𝑒 (4) 

 

The thermodynamic states of refrigerants studied are based on data from REFPROP v. 8 

[30]. 

 

In two-stage configurations the inter-stage pressure is calculated using Eq. (5), 

obtaining the same compression rate in both stages [31]. 
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𝑃𝐼𝑃 = √𝑃𝐿𝑃𝑃𝐻𝑃  (5) 

 

The mass flow rate at low pressure stage, �̇�𝐿𝑃, is calculated in Eq. (6). 

 

�̇�𝐿𝑃 =
�̇�𝑜

(ℎ𝑜,𝑜𝑢𝑡 − ℎ𝑜,𝑖𝑛)
  (6) 

 

The volumetric flow rate at suction, �̇�𝑠𝑢𝑐, is obtained from mass flow rate and density, 

Eq. (7).  

 

�̇�𝑠𝑢𝑐 =
�̇�

𝜌𝑠𝑢𝑐
  (7) 

 

For IHX configuration, Eq. (8) is used to simulate its performance. 

 

𝜀𝐼𝐻𝑋 =
𝑇𝑠𝑢𝑐 − 𝑇𝑜,𝑜𝑢𝑡

𝑇𝑘,𝑜𝑢𝑡 − 𝑇𝑜,𝑜𝑢𝑡
 (8) 

 

To calculate mass flow rate at the high pressure stage in DI configuration, Eq. (9) is 

applied. 

 

�̇�𝐻𝑃 = �̇�𝐿𝑃

(ℎ𝑑𝑖𝑠𝑐,𝐿𝑃 − ℎ𝑘,𝑜𝑢𝑡)

(ℎ𝑠𝑢𝑐,𝐻𝑃 − ℎ𝑘,𝑜𝑢𝑡)
 (9) 

 

For SC Configuration �̇�𝐻𝑃 is obtained from Eq. (10), using Eq. (11) to obtain the outlet 

enthalpy at the Intermediate Pressure stage. 

 

�̇�𝐻𝑃 = �̇�𝐿𝑃

(ℎ𝑑𝑖𝑠𝑐,𝐿𝑃 − ℎ𝐼𝑃,𝑜𝑢𝑡)

(ℎ𝑠𝑢𝑐,𝐿𝑃 − ℎ𝐼𝑃,𝑜𝑢𝑡)
 (10) 

 

ℎ𝐼𝑃,𝑜𝑢𝑡 =
ℎ𝑘,𝑜𝑢𝑡ℎ𝑑𝑖𝑠𝑐,𝐿𝑃 − ℎ𝑜,𝑖𝑛ℎ𝑠𝑢𝑐,𝐻𝑃

(ℎ𝑘,𝑜𝑢𝑡+ℎ𝑑𝑖𝑠𝑐,𝐿𝑃) − (ℎ𝑜,𝑖𝑛+ℎ𝑠𝑢𝑐,𝐻𝑃)
 (11) 

 

The Coefficient of Performance, 𝐶𝑂𝑃, is calculated from the cooling capacity at the 

evaporator and the compressor power consumption (�̇�𝐶), Eq. (12). 

 

𝐶𝑂𝑃 =
�̇�𝑜

�̇�𝐶

 (12) 

 

�̇�𝐶 for one-stage configuration is expressed in Eq. (13) as a product of mass flow rate 

and the isentropic enthalpy increase at the compressor.  

 

�̇�𝐶 = �̇�𝐿𝑃∆ℎ𝑐 (13) 

 

�̇�𝐶  for two-stage configurations Eq. (14) is applied, separating �̇�𝐶  value in the two 

compression stages. 
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�̇�𝐶 = �̇�𝐿𝑃 ∆ℎ𝑐,𝐿𝑃 + �̇�𝐻𝑃 ∆ℎ𝑐,𝐻𝑃 (14) 

 

5. Results and discussion 

 

This section presents the main results of the energetic simulation carried out varying the 

evaporation temperature ( 𝑇𝑜 ) and the condensation temperature ( 𝑇𝑘 ) for the four 

configurations analysed. As exposed in section 2, refrigerants R407A, R407F, L40, DR-

7, N40 and DR-33 have been developed as low GWP retrofit alternatives for R404A.  

 

COP (parameter commonly used to evaluate energy performance of system) and 

volumetric flow rate at compressor suction (it can show the adaptation of the refrigerant 

to existing compressor) are the parameters chosen in this study to determine the 

suitability of alternatives as retrofit replacements for R404A. Indeed, the results are 

shown as a relative difference (%�̇�𝑠𝑢𝑐 and %𝐶𝑂𝑃) of each configuration working with 

alternative fluids taking as reference the same configuration working with R404A, as 

shown in Eq. (15) and (16). 

 

%�̇�𝑠𝑢𝑐 = (
�̇�𝑠𝑢𝑐𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑖𝑑

− �̇�𝑠𝑢𝑐𝑅404𝐴

�̇�𝑠𝑢𝑐𝑅404𝐴

) · 100 (15) 

 

%𝐶𝑂𝑃 = (
𝐶𝑂𝑃𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑖𝑑 − 𝐶𝑂𝑃𝑅404𝐴

𝐶𝑂𝑃𝑅404𝐴
) · 100 (16) 

 

Furthermore, numerical results are shown in Table 2, Table 3 and Table 4. 

 

Table 2. %�̇�𝑠𝑢𝑐,𝐿𝑃 Theoretical results. 

 

Table 3. %�̇�𝑠𝑢𝑐,𝐻𝑃 Theoretical results. 

 

Table 4. %𝐶𝑂𝑃 Theoretical results. 

 

5.1 Volumetric flow rate at low-pressure compressor suction 

 

Fig. 2 presents the results for %�̇�𝑠𝑢𝑐,𝐿𝑃  at two evaporation temperatures, two 

condensation temperatures, four different configurations and six refrigerants. 

Depending on the conditions and the configuration studied, the results vary widely. 

While the lowest differences take place at higher condensation temperatures, the highest 

�̇�𝑠𝑢𝑐,𝐿𝑃 relative differences result with DR-7 at low condensation temperatures and with 

DR-33 at high condensation temperatures. The refrigerant with the lowest �̇�𝑠𝑢𝑐,𝐿𝑃 values 

is R407F for all conditions. 

 

Fig. 2. a) shows %�̇�𝑠𝑢𝑐,𝐿𝑃  for Basic Cycle and Direct Injection configurations. As 

�̇�𝑠𝑢𝑐,𝐿𝑃 depends on suction density and low pressure mass-flow rate, the same results are 

obtained with Basic Cycle configuration and Direct Injection configuration at the low 

pressure compressor inlet. Except for R407F, the �̇�𝑠𝑢𝑐,𝐿𝑃 relative difference values are 

positive (greater than R404A) at low condensation temperatures.  

 



9 

 

 

Fig. 2.a) %�̇�𝑠𝑢𝑐 results for BC. 

 

In Fig. 2. b) is represented �̇�𝑠𝑢𝑐,𝐿𝑃  relative differences for Basic Cycle with Internal 

Heat Exchanger configuration. �̇�𝑠𝑢𝑐,𝐿𝑃 values of R404A are reduced by the use of the 

IHX more than those of alternative fluids. In this way, �̇�𝑠𝑢𝑐,𝐿𝑃  relative differences, 

compared to BC and DI configurations, are incremented for all refrigerants. The lowest 

values are obtained for R407F at 𝑇𝑜 =-10ºC and 𝑇𝑘 =55ºC instead of 𝑇𝑜 =-40ºC and 

𝑇𝑘 =55ºC, as happens for BC. DR-7 and DR-33 have the highest �̇�𝑠𝑢𝑐,𝐿𝑃  relative 

differences. The following refrigerants are L40, R407A and N40. The refrigerant with 

the lowest values is R407F. 

 

 

 

Fig. 2.b) %�̇�𝑠𝑢𝑐 results for BCIHX. 

 

The evolution of �̇�𝑠𝑢𝑐,𝐿𝑃 relative differences for SC is different from the other 

configurations, Fig. 2.c). The influence of the condensation temperature is stronger than 

the evaporation temperature. The �̇�𝑠𝑢𝑐,𝐿𝑃  relative differences obtained at 𝑇𝑜 =-40ºC, 

𝑇𝑘=55ºC are higher than those obtained at 𝑇𝑜=-10ºC, 𝑇𝑘=40ºC. Besides, the results are 

in general higher than the other configurations studied, due to the major increase of 

mass flow rate for replacements promoted by the subcooler. Refrigerant with the highest 

�̇�𝑠𝑢𝑐,𝐿𝑃 relative differences is DR-7, followed by L40. 

 

 

 

Fig. 2.c) %�̇�𝑠𝑢𝑐 results for SC. 

 

5.2 Volumetric flow rate at high pressure compressor suction 

 

In Fig. 3 are shown the �̇�𝑠𝑢𝑐,𝐻𝑃 relative differences compared with R404A. The highest 

relative differences are obtained with DR-7 in all conditions and configurations, and the 

lowest with R407F. 

 

For DI configuration, Fig. 3a), all results are negative except DR-7 at 𝑇𝑜 =-40ºC, 

𝑇𝑘 =55ºC. The minimum �̇�𝑠𝑢𝑐,𝐻𝑃  values for alternatives results at higher evaporation 

temperatures, then with lower condensation temperatures. As said before, the refrigerant 

with the highest �̇�𝑠𝑢𝑐,𝐻𝑃  values is R407F, followed by DR-33 and then by N40 and 

R407A. The �̇�𝑠𝑢𝑐,𝐻𝑃  relative difference of R407A depends greatly of the conditions 

considered. 

 

 

 

Fig. 3.a) %�̇�𝑠𝑢𝑐,𝐻𝑃 results compared with R404A for DI. 
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For SC configuration, Fig. 3b), contrary to what happens in DI most of the �̇�𝑠𝑢𝑐,𝐻𝑃 

relative values are positive. Similarly to �̇�𝑠𝑢𝑐,𝐻𝑃 case, the major differences are obtained 

at 𝑇𝑜=-40ºC and 𝑇𝑘=40ºC following the same trend in the results. 

 

 

 

Fig. 3.b) %�̇�𝑠𝑢𝑐,𝐻𝑃 results compared with R404A for SC. 

 

5.3 Coefficient of Performance 

 

In Fig. 4 %𝐶𝑂𝑃 are shown for the configurations proposed. All differences obtained are 

positive, so it can be seen that all refrigerants perform better than R404A. Best results 

are obtained with flammable long-term alternatives, then non-flammable long-term 

alternatives and finally mid-term refrigerants. Larger differences between replacements 

and R404A are obtained at higher compression ratios; this is when higher condensation 

temperature and lower evaporation temperature are considered. 

 

As shown in Fig. 4.a), higher %𝐶𝑂𝑃  values are obtained when Basic Cycle 

configuration is considered. L40 have higher 𝐶𝑂𝑃  relative differences at lower 

compression ratio and DR-7 at higher compression ratio. Next refrigerants in 

performance are the non-flammable at long-term, having similar results with a slight 

advantage for DR-33. Finally, commercially available refrigerants have lower results, 

but R407F is a good alternative in almost in all the cases. 

 

 

 

Fig. 4.a) %𝐶𝑂𝑃 results for BC. 

 

Fig. 4.b) shows %𝐶𝑂𝑃 for a Basic cycle with Internal Heat Exchanger configuration 

(𝜀𝐼𝐻𝑋=0.3). On the whole, results are closer to R404A than those obtained without IHX, 

so it can be deduced that IHX produces more benefices on R404A 𝐶𝑂𝑃 than on its 

alternatives. Refrigerant with the highest 𝐶𝑂𝑃 is DR-7. In BC configuration, contrary to 

BCIHX case, L40 %𝐶𝑂𝑃  presents higher than DR-7 in some conditions. Non-

flammable long term refrigerants, DR-33 and N40, are affected in the same proportion. 

Refrigerants with the lowest values of %𝐶𝑂𝑃 are R407F and R407A. 

 

 

 

Fig. 4.b) %𝐶𝑂𝑃 results for BCIHX. 

 

Fig. 4.c), represents 𝐶𝑂𝑃 evaluation for Direct Injection configuration. Results are very 

similar to those obtained for Basic cycle. The highest differences results with L40 and 

DR-7. The other refrigerants (the non-flammable alternatives) ranked by 𝐶𝑂𝑃 relative 

differences are DR-33, N40, R407F and R407A. 

 

 

 

Fig. 4.c) %𝐶𝑂𝑃 results for DI. 
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The results of last case studied, Subcooler Cycle, are presented in Fig. 4.d). As occurs in 

the other configurations, flammable refrigerants have the highest %𝐶𝑂𝑃 values. Next 

refrigerants in terms of energy performance are the non-flammable options, DR-33 and 

N40. The last refrigerants are the mid-term replacements, R407F and R407A. As is the 

case in BC configuration, L40 and R407F are the refrigerants in which the heat 

exchange (IHX or subcooler) causes a minor influence on the COP results. 

 

 

 

Fig. 4.d) %𝐶𝑂𝑃 results for SC. 
 

Finally, Fig. 5 shows a comparison between COP obtained with a Basic Cycle and the 

other configurations selected, Eq. 17. COP values obtained with BCIHX and SC are 

greater with R407A, DR-7 and DR-33 whereas with the DI configuration the results are 

lower, especially considering the same refrigerants. For the SC configuration the lowest 

values results using R407F, DR-7 and DR-33. For the rest of alternatives; R407A, L40 

and N40; the difference is hardly noticeable in BCIHX and DI configurations, being 

slightly higher in SC. 
 

%𝐶𝑂𝑃 = (
𝐶𝑂𝑃𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠 − 𝐶𝑂𝑃𝐵𝐶

𝐶𝑂𝑃𝐵𝐶
) · 100 (17) 

 

 

 

Fig. 5. %𝐶𝑂𝑃 results compared with Basic Cycle. 
 

6. Conclusions 

 

In this paper a comparative study in terms of energy performance of different vapour 

compression configurations using R407A, R407F, L40, DR-7, N40 and DR-33 as 

working fluids has been carried out, taking R404A as reference. The replacements 

selected have good environmental properties and similar operating conditions as 

R404A, although they have considerable values of glide. To avoid high discharge 

temperatures, two-stage configurations are considered. The main conclusions of this 

work are the following: 

 

Depending on the configuration, the low pressure suction volumetric flow rate 

comparison study has significant variations. So, for BC (or DI) and BCIHX the values 

are higher for replacements at low condensation pressures but lower at high pressures. 

For SC the volumetric flow rate resulting is higher for replacements than the baseline in 

all conditions, with the exception of R407F that has lower values at high evaporation 

temperatures. The highest values are obtained with DR-7, L40 and DR-33 in accordance 

with the case selected. R407A and N40 present greater values than R404A but lower 

results than the other alternative refrigerants. Considering the high pressure suction 

volumetric flow rate, for DI configuration nearly all R404A results are higher than those 

obtained with the alternatives. For SC negative differences are obtained only with 

R407F; and R407A and N40 in some conditions. As results are so diverse, in order to 

study the compressor viability in substitution, the working conditions and final 

configuration should be narrowed. 
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Better energy efficiency is obtained with all replacements compared to R404A under all 

conditions studied. The greatest difference between R404A and the replacements is 

shown when high compression ratio and BC and DI configurations are considered. The 

most efficient refrigerants are the low flammable and very low GWP long-term 

alternatives L40 and DR-7. In those applications where mildly-flammable refrigerants 

are not allowed, the best options in terms of energy performance are DR-33 and N40. 

Finally, the lowest COP increments are obtained with R407F and then with R407A, 

even though those are still promising values. Those refrigerants have the advantage that 

they are commercially available and their discharge temperatures are the lowest among 

all replacement refrigerants. 
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d) 

Fig. 1. Diagram and P-h cycle of configurations a) Basic Cycle, b) Basic Cycle with 

IHX, c) Direct Injection, d) Subcooler Cycle. 
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c) 

 

Fig. 2. %�̇�𝑠𝑢𝑐,𝐿𝑃 results compared with R404A a) for BC and DI, b) for BCIHX, c) for 

SC. 
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a) 

 

 
b) 

 

Fig. 3. %�̇�𝑠𝑢𝑐,𝐻𝑃 results compared with R404A a) for DI, b) for SC. 
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c) 

 

 
d) 

 

Fig. 4. %𝐶𝑂𝑃 results compared with R404A a) for BC, b) for BCIHX, c) for DI, d) for 

SC. 
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Fig. 5. %𝐶𝑂𝑃 results compared with Basic Cycle. 
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Figure Captions 

 

Fig. 1. Diagram and P-h cycle of configurations a) Basic Cycle, b) Basic Cycle with 

IHX, c) Direct Injection, d) Subcooler Cycle. 

 

Fig. 2. %�̇�𝑠𝑢𝑐,𝐿𝑃 results compared with R404A a) for BC and DI, b) for BCIHX, c) for 

SC. 

 

Fig. 3. %�̇�𝑠𝑢𝑐,𝐻𝑃 results compared with R404A a) for DI, b) for SC. 

 

Fig. 4. %𝐶𝑂𝑃 results compared with R404A a) for BC, b) for BCIHX, c) for DI, d) for 

SC. 

 

Fig. 5. %𝐶𝑂𝑃 results compared with Basic Cycle.  
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Table 1. Characteristics of refrigerants selected [17-20]. 

 

 

ASHRAE 

safety class. 

Boiling 

Pointb 
Critical T Critical P Glideb ODP 

100-yr 

GWP 

R404A A1 -46.5 ºC 72 ºC 37.3bar 0.8 ºC 0 3922 

R407A A1 -45.3 ºC 82.3 ºC 45.bar 6.4 ºC 0 2017 

R407F A1 -46.3 ºC 82.7 ºC 47.5 bar 6.4 ºC 0 1824 

L40 A2La -44.7 ºC 86.8 ºC 47.3 bar 7.7 ºC 0 285 

DR-7 A2La -43.3 ºC 69.1 ºC 45.5 bar 5.0 ºC 0 246 

N40 A1a -45.1 ºC 83.2 ºC 44.5 bar 6.1 ºC 0 1205 

DR-33 A1a -44.3 ºC 83.1 ºC 43.1 bar 6.0 ºC 0 1410 
a estimated safety group rating 
b pressure = 1bar 
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Table 2. %�̇�𝑠𝑢𝑐,𝐿𝑃 Theoretical results. 

 

 
 𝑻𝒐=-40ºC 𝑻𝒐=-10ºC 

 
 𝑻𝒌=40ºC 𝑻𝒌=55ºC 𝑻𝒌=40ºC 𝑻𝒌=55ºC 

BC 

R407A 3.52% -6.82% -0.07% -7.18% 

R407F -4.88% -16.18% -6.23% -14.19% 

L40 1.78% -12.61% 3.04% -7.72% 

DR-7 5.02% -8.39% 4.95% -4.94% 

N40 1.54% -9.48% 0.90% -6.97% 

DR-33 4.90% -6.54% 3.56% -4.61% 

BCIHX 

R407A 8.44% 2.05% 2.14% -2.74% 

R407F 0.85% -6.29% -3.58% -9.09% 

L40 8.80% -0.77% 6.38% -1.34% 

DR-7 11.16% 2.33% 7.82% 0.71% 

N40 6.67% -0.29% 3.29% -2.21% 

DR-33 10.12% 2.86% 5.96% 0.23% 

SC 

R407A 12.65% 10.15% 4.14% 1.63% 

R407F 5.98% 3.11% -1.16% -4.05% 

L40 16.68% 12.79% 10.28% 6.25% 

DR-7 18.56% 15.12% 11.76% 8.18% 

N40 11.85% 9.15% 5.80% 3.00% 

DR-33 15.58% 12.78% 8.68% 5.78% 
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Table 3. %�̇�𝑠𝑢𝑐,𝐻𝑃 Theoretical results. 

 

 
 𝑻𝒐=-40ºC 𝑻𝒐=-10ºC 

 
 𝑻𝒌=40ºC 𝑻𝒌=55ºC 𝑻𝒌=40ºC 𝑻𝒌=55ºC 

DI 

R407A -6.04% -4.96% -15.80% -11.94% 

R407F -13.50% -10.81% -24.09% -18.56% 

L40 -6.67% -1.91% -20.14% -12.21% 

DR-7 -1.07% 2.47% -13.95% -7.21% 

N40 -6.00% -3.30% -16.49% -10.97% 

DR-33 3.60% 1.43% 0.82% -1.34% 

SC 

R407A 2.29% -0.92% -0.35% -3.50% 

R407F -3.57% -5.96% -6.49% -8.86% 

L40 7.06% 5.03% 3.25% 1.19% 

DR-7 11.74% 9.17% 8.30% 5.70% 

N40 -3.06% -0.63% -13.96% -8.62% 

DR-33 6.86% 4.32% 3.96% 1.43% 
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Table 4. %𝐶𝑂𝑃 Theoretical results. 

 

 
 𝑻𝒐=-40ºC 𝑻𝒐=-10ºC 

 
 𝑻𝒌=40ºC 𝑻𝒌=55ºC 𝑻𝒌=40ºC 𝑻𝒌=55ºC 

BC 

R407A 9.02% 20.52% 4.53% 12.14% 

R407F 10.62% 24.45% 4.93% 13.83% 

L40 15.07% 32.60% 7.45% 18.92% 

DR-7 15.09% 30.76% 9.94% 20.13% 

N40 11.31% 24.05% 5.79% 14.18% 

DR-33 11.87% 24.78% 6.56% 15.09% 

BCIHX 

R407A 4.80% 11.20% 2.68% 7.84% 

R407F 5.25% 12.82% 2.58% 8.48% 

L40 8.69% 18.50% 4.70% 12.47% 

DR-7 9.65% 18.55% 7.56% 14.46% 

N40 6.71% 13.83% 3.79% 9.49% 

DR-33 7.32% 14.60% 4.59% 10.42% 

DI 

R407A 9.36% 20.84% 4.72% 12.30% 

R407F 11.27% 25.10% 5.31% 14.17% 

L40 16.08% 33.91% 8.01% 19.57% 

DR-7 15.74% 31.67% 10.28% 20.55% 

N40 11.75% 24.57% 6.02% 14.41% 

DR-33 12.29% 25.31% 6.77% 15.33% 

SC 

R407A 4.01% 8.91% 2.31% 6.52% 

R407F 4.42% 10.12% 2.25% 7.01% 

L40 7.23% 14.70% 4.01% 10.31% 

DR-7 7.87% 14.61% 6.50% 11.97% 

N40 5.58% 11.02% 3.25% 7.87% 

DR-33 6.08% 11.64% 3.94% 8.65% 

 

 


