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Abstract

This study analyzes four alternative cycle configurations for the traditional vapor com-
pression system used in conventional, hybrid, and electric vehicles, taking low-GWP
alternatives for the substitution of R134a. These are cycle with an internal heat exchanger
and thermostatic expansion valve (IHX + TEV); cycle with an internal heat exchanger and
short tube (IHX + ST); cycle with an ejector (EC); and cycle with an ejector and internal heat
exchanger (EC + IHX). Similarly, the energy, exergy, exergoeconomic, and environmental
impact of these configurations were analyzed using synthetic refrigerants with a GWP of
less than 150. The results indicate that, using the EC + IHX configuration, the COP for
refrigerants R1234yf, R1234ze(E), R1243zf, and R516A is the highest, increasing by more
than 20%. Using R1243zf in the EC configuration can reduce the total cost ratio compared
to other refrigerants. On the other hand, the use of IHX cycle configurations with R444A
and R445A decreases the exergy efficiency and increases the total cost ratio by up to 35%
and 70%, respectively. Additionally, the Total Equivalent Warming Impact (TEWI) analysis
showed reductions up to 20% for ejector cycle configurations using R1234ze(E), R1234yf,
R1243zf, and R516A.

Keywords: mobile air conditioning; 4E analysis; ejector; IHX; short tube

1. Introduction
In mobile air conditioning (MAC) systems, one of the most commonly used refrig-

erants is hydrofluorocarbon (HFC) R134a, which has a high Global Warming Potential
(GWP = 1430) [1]. In this application, R134a replaced R12 in new systems after implement-
ing the Montreal Protocol in 1987 [2]. This refrigerant is the main greenhouse gas emission
factor in MAC systems, and according to reports, it is estimated that the annual leakage rate
of R134a can reach 6–9% of the initial charge [3]. For this reason, its progressive elimination
has been proposed worldwide, establishing a reduction horizon for 2030 in developed
countries and 2045 in underdeveloped countries [4].

In 2006, the European Union approved Directive 2006/40/EC to reduce emissions
of fluorinated gases [5]. This regulation has been updated since its enactment. In this
sense, the most recent renewal of this regulation came into force on 11 March 2024, with the
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specification of Regulation (EU) 2024/573, which amends Directive (EU) 2019/1937 and
repeals Regulation (EU) 517/2014. In this new regulation, air conditioners and heat pumps
with nominal capacities up to 12 kW that use refrigerants with a GWP > 150 will be banned
as of 2027. Furthermore, this regulation supports the search established by its predecessors,
which had proposed limiting refrigerants with a GWP greater than 150 in new vehicles
since 2011 and for all new vehicle production since 2017 [6]. Similar restrictions have been
applied in America. For example, in the United States, the use of refrigerants in MAC
systems was regulated, establishing that, as of 2020, the inclusion of refrigerants in this
technology must have a GWP lower than 150 [7].

The guidelines for regulations on the use of refrigerants in MAC systems are consistent
with the implementation of the Paris Agreement (2015) and the Kigali Amendment (2016)
to the Montreal Protocol, through which it seeks to maintain an increase of less than
0.5 ◦C in global warming by the end of this century, through a strict reduction in HFCs [8].
However, the climate situation is alarming; according to the United Nations, the global
warming transition has ended, and global boiling has begun, where, according to reports,
July 2023 has been the hottest month on record. If the reduction objectives are not strictly
followed, then there will most likely be an increase of more than 1.5 ◦C in the Earth’s
average temperature in the next five years [9,10].

Based on the above, research on refrigerants in MAC systems has focused on environ-
mentally friendly alternative fluids that represent a low direct impact as a function of their
GWP and are competitive with the target refrigerants replaced in this technology. In Europe,
for example, the research horizon is directed to new systems with alternative refrigerants
such as hydrofluorolefins (HFOs) and natural refrigerants in this type of application, as
shown in Table 1.

Table 1. Installed base and projection of new systems with alternative refrigerants in MAC
systems [11].

MAC Application Installed Base, 2010 New Systems, 2021 New Systems, 2030

cars, trucks, taxis 100% R134a 100% HFO 5% Naturals
95% HFO

Buses, trains 80% R134a 50% R134a 20% Naturals
20% R410A 20% R410A 55% HFO

10% HFO 25% R32
20% R513A

The theoretical–experimental research on MAC systems, regarding the availability of
low-GWP refrigerants that satisfy current regulations, highlights some pure HFOs (R1234yf,
R1234ze(E) and R1243zf), some HFCs (R152 and R161), HFO/HFC mixtures (R444A, R445A,
R516A), some hydrocarbons (R290, R600, R600a), and R744 as natural refrigerants [12].

The ultra-low-GWP R1234yf has been considered the leading candidate in several
studies to replace R134a in MAC systems [13–17]. Meanwhile, another pure HFO that
appears as an option in this application is R1234ze(E), which has similar properties to R134a
and R1234yf. However, research on this refrigerant has reflected a low performance [18–20].
Although pure HFO refrigerants have been tested for use in MAC, due to their A2L
flammability classification imposed by ASHRAE, most commercial vehicle manufacturers
have not approved the use of these refrigerants due to flammability risks [21]. However,
some results have shown that medium flammability refrigerants are suitable for systems
operating with low refrigerant charges [22].

HFC/HFO refrigerant blends also represent an alternative to R134a in MAC systems.
Some have a slight flammability and are blends of low GWP. For example, R445A has a

https://doi.org/10.3390/app16063071

https://doi.org/10.3390/app16063071


Appl. Sci. 2026, 16, 3071 3 of 43

GWP of 146, is a blend of HFC/HFO, and has been presented as an alternative in MAC
systems. Among the works that have evaluated this refrigerant is the one by Devecioglu
and Oruc [21], who compared through a theoretical analysis the energy performance of
R445A with R1234yf and R444A for typical MAC operating conditions, obtaining a higher
cooling capacity of R445A compared to R1234yf; however, the COP was lower. Additionally,
Poongavanam et al. [23] employed various MCDM (Multicriteria Decision-Making Method-
ology) methods to select the most suitable refrigerant for the MAC system. The authors
made a comparison based on thermophysical properties, environmental characteristics,
and economic factors, concluding that R445A was the second-best option for this type
of application.

Although the consideration of alternative refrigerants in MAC systems has seen an
increase in recent years, in addition to the restriction of the search for refrigerants with a
GWP < 150, another limitation to implementation is the thermal and energy performance of
these fluids. Such performance depends significantly on thermophysical properties, which
are very important in the search for refrigerants that are options for the replacement of
R134a [13]. Among the properties that can improve the coefficient of performance (COP) are
high values of latent heat of vaporization, thermal conductivity, and specific heat; also, low
values of vapor pressure, liquid density, and liquid viscosity can improve this performance
parameter [23,24]. Therefore, pure HFO refrigerants R1234yf, R1234ze(E), and R1243zf, as
well as refrigerant blends (HFC/HFO) R516A, R444A, and R445A, have been considered in
this work to evaluate their performance in different cycle configurations for MAC systems.
Figure 1 shows the number of publications since 2011 related to these refrigerants that have
been assessed in MAC systems.

Figure 1. Number of publications on the refrigerants under study in MAC systems from 2011 to date.

Likewise, the MAC systems of conventional, hybrid, and electric vehicles primarily
operate with the basic vapor compression refrigeration cycle, which consists mainly of
a compressor, a condenser, an expansion valve, an evaporator, and a filter. However, in
conventional vehicles, it has been shown that this type of system accounts for a consumption
of between 12% and 17% of the total engine energy [25]; this indirectly implies a negative
environmental impact due to the amount of CO2 emissions represented by this energy
consumption, and high fuel consumption costs.

Electromobility, a concept used to define the movement of vehicles using electricity
instead of fossil fuels, has led to an increase in the use of hybrid and electric vehicles towards
the objectives announced by the International Energy Agency in search of neutrality in
greenhouse gas emissions by 2050, for which it establishes that the sale of conventional
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vehicles with internal combustion engines will be significantly reduced as of 2035 [26].
However, electric vehicles that do not generate indirect pollution through fuel demand by
operating the air conditioning system allocate approximately 77% of the battery’s energy
capacity to operating the MAC system [27]; this has an impact on one of the most essential
aspects of both hybrid and electric vehicles—the need to reduce the consumption of the
energy available in their batteries to increase transport capacity sustainably for a longer
period of time.

Therefore, some researchers have focused their resources on improving the perfor-
mance of the basic vapor compression cycle of MAC systems to reduce the energy consump-
tion required for their operation. Among the alternatives is the inclusion of an internal heat
exchanger (IHX) in the vapor compression cycle; this exchanger produces a reheating and
subcooling effect, the latter being an option to improve the cooling capacity of the cycle.
Several studies have shown that the inclusion of an IHX can increase the coefficient of
performance, representing a reduction in the energy consumption of MAC systems [28–32].

Another alternative to reduce the energy consumption represented by MAC systems
in a vehicle is the replacement of the expansion devices commonly used in the basic vapor
compression cycle. The most widely used expansion elements are the short tube and the
expansion valve. However, these components have proven to be a significant factor in
increasing the irreversibility of the cycle, thus generating a decrease in system efficiency. In
this sense, the inclusion of an ejector as an expander element within the MAC can reduce
the irreversibility of the expansion process and lower the pressure ratio of the compressor,
thereby improving the system’s efficiency. Some investigations on the use of an ejector in
MAC systems have found an improvement in the performance of the refrigeration cycle
compared to the basic vapor compression cycle. Additionally, they have shown a reduction
in the energy demand of the vehicle [33–39].

According to the literature and considering the constant evolution of refrigerants,
this paper performs an energy, exergy, and exergoeconomic analysis of alternative con-
figurations to the basic cycle in MAC systems commonly used in conventional, hybrid,
and electric vehicles, utilizing low- and ultra-low-GWP refrigerants classified as A2L for
the ASHRAE Standard, which are envisioned as replacements for the current R134a. This
aims to define, from an energy perspective, the conditions under which refrigerants can
be considered direct replacement alternatives and under what configurations of MAC
systems they can be competitive with R134a. In addition, the exergy analysis seeks to
identify which components and refrigerants represent a greater exergy destruction, which
affects the system’s performance. Similarly, through the exergoeconomic evaluation, the
economic impact involving cycle configurations and alternative refrigerants compared
to the traditional basic cycle of MAC systems operating with R134a is evaluated. Finally,
through environmental analysis using the TEWI as a unit of measurement, the amount of
CO2 emissions associated with the employability of each refrigerant considered under the
evaluated cycle configurations is determined. This analysis reports the pollution footprint
for the operating cycle of the proposed alternatives.

2. Materials and Methods
2.1. Cycle Configurations

Automotive air conditioning systems have evolved. In this sense, some configurations
promote energy savings compared to the conventional basic cycle used by motor vehicles.
Therefore, it is interesting to evaluate those configurations that promise fuel savings. Thus,
the configurations analyzed in this work are the following:

1. Basic cycle (BC);
2. Cycle with internal heat exchanger and thermostatic expansion valve (IHXC + TEV);
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3. Cycle with internal heat exchanger and short tube (IHXC + ST);
4. Cycle with ejector (EC);
5. Cycle with ejector and internal heat exchanger (EC + IHX).

The choice of cycle configurations was based mainly on recent research, which shows
that these types of configurations can be highly viable for mobile air conditioning systems.
Furthermore, these alternatives do not require the addition of a large number of compo-
nents, except the ejector and IHX cycle, compared, for example, to cascade systems or
transcritical CO2 systems, which may involve adding extra weight or more robust materials
required for such systems, increasing costs and generating higher vehicle energy consump-
tion, and possibly offsetting the benefits of the improved alternative cycle configuration.

Figure 2 illustrates the schematics and P-h diagrams of the first three configurations,
which represent the basic conventional vapor compression cycle used in MAC systems, as
well as two alternatives for this cycle that incorporate an internal heat exchanger. In all cases,
the scheme is accompanied by the P-h diagram that describes the thermodynamic states
through which the refrigerant passes during its path through the different components of
the cycle.

The description of the configurations is given below.

2.1.1. Basic Cycle (BC)

In the present work, this configuration serves as a reference for comparing all the
proposed alternatives. Currently, the basic vapor compression cycle is the most common in
MAC systems and consists of four main components: compressor, condenser, thermostatic
expansion valve, filter-drier, and evaporator. Considering the real operation of the cycle,
the P-h diagram in Figure 2a shows the thermodynamic states of the refrigerant. The
fluid at the outlet of the evaporator is a saturated vapor that undergoes superheating
provided by the thermostatic expansion valve (1a). This fluid enters the compressor, which
is responsible for increasing its temperature and pressure to generate superheated steam
(2a), which then enters the condenser, where it releases heat to the environment, reaching
its output as a saturated liquid (3a). This liquid passes through the expansion valve, where
a pressure drop in the refrigerant occurs, reducing its temperature and pressure, resulting
in a fluid output of a certain quality (4a). Finally, in the evaporator, the change in state of
the refrigerant is produced by the absorption of heat removed from the space to be cooled,
leaving a saturated vapor (1a), thus completing the cycle.

2.1.2. Cycle with IHX and Thermostatic Expansion Valve (IHXC + TEV)

The purpose of including an internal heat exchanger in the basic cycle is to enhance
the refrigerant effect in the evaporator, thereby increasing cooling capacity. As shown
in Figure 2b, this component produces an increase in refrigerant superheating at the
evaporator outlet (6b′–1b) and an increase in subcooling at the condenser outlet (3b–4b).
This subcooling contributes to a decrease in the quality of the refrigerant at the outlet of the
expansion valve (5b), which increases the enthalpy difference in the evaporator (5b–6b) and
enhances the cooling effect of the cycle. The process through the compressor, condenser,
and evaporator is similar to the basic cycle. However, the main differences are the reheating
and subcooling stages.

2.1.3. Cycle with IHX and Short Tube (IHXC + ST)

The use of a short tube as an expansion device in the refrigeration cycle could reduce
investment and installation costs compared to the basic cycle operating with a thermostatic
expansion valve. Figure 2c shows the schematic of this configuration, and the process
described in the P-h diagram is similar to the basic refrigeration cycle. However, the
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main difference lies at the outlet of the condenser (3c), where the refrigerant in saturated
liquid state enters the short tube, in which the difference in diameters between the tubes
connecting the inlet and outlet of this component induces the expansion of the refrigerant,
thus decreasing its pressure and temperature and increasing its quality at the outlet (4c).
Additionally, the short tube prevents overheating at the evaporator outlet.

 

 

(a) 

 

 

(b) 

 

 

(c) 

Figure 2. Scheme and P-h diagram for (a) basic cycle, (b) cycle with IHX and thermostatic expansion
valve, and (c) cycle with IHX and short tube.
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Another alternative to enhance the thermodynamic performance of the basic vapor
compression cycle is to replace the conventional expansion device with an ejector, which can
reduce irreversible losses during the expansion stage and improve the cycle’s performance.
In this sense, Figure 3a,b shows the scheme and P-h diagram of the configurations with
an ejector and the alternative of incorporating an internal heat exchanger in the cycle with
an ejector.

 

 

(a) 

 

 

(b) 

Figure 3. Scheme and diagram P-h of cycle configurations with an ejector: (a) ejector cycle (EC);
(b) ejector cycle with IHX (EC + IHX).

2.1.4. Ejector Cycle (EC)

Replacing the traditional expansion device in MAC systems with an ejector can help
recover the expansion work lost at this stage and reduce compressor energy consump-
tion. Figure 3a represents the schematic and P-h diagram for the (EC) configuration, and
the process that takes place in this cycle is described below: the refrigerant leaving the
liquid–vapor separator as saturated vapor (1d) enters the compressor, which increases the
refrigerant pressure to a superheated state (2d). The refrigerant then passes through the
condenser and exits as a saturated liquid (3d) to enter the ejector motive nozzle, where its
pressure is significantly reduced (4d) until it reaches the evaporating pressure. Likewise,
the fraction of refrigerant in the saturated liquid state leaving the separator (7d) enters
an expansion valve that reduces the pressure to the evaporation condition to leave as
a two-phase mixture (8d). It then enters the evaporator, where the mixture becomes a

https://doi.org/10.3390/app16063071

https://doi.org/10.3390/app16063071


Appl. Sci. 2026, 16, 3071 8 of 43

saturated vapor at the outlet (9d). Subsequently, it passes into the ejector suction nozzle
(10d), which represents the lowest pressure point in the cycle. At this stage, the primary
flow coming from the condenser and the secondary flow coming from the evaporator are
mixed at constant pressure in the ejector (5d). This mixture enters the diffuser, which is
responsible for increasing the pressure and decreasing the fluid velocity (6d). Finally, the
refrigerant at the outlet of the diffuser enters the separator, where the separation of liquid
and vapor occurs, starting the cycle again.

2.1.5. Ejector Cycle with IHX (EC + IHX)

Figure 3b shows the schematic of the cycle with an ejector and IHX. The internal heat
exchanger is located between the condenser outlet and the compressor inlet. The process
that takes place is similar to the ejector cycle. However, the inclusion of the IHX represents
some variations. Initially, the saturated vapor leaving the vapor–liquid separator (12e)
enters the IHX, where it undergoes superheating through energy exchange with the hot
stream exiting the condenser (3e). The vapor with a higher temperature (1e) enters the
compressor, which increases its temperature and pressure up to the discharge (2e). This
superheated vapor enters the condenser, releasing heat to reach a saturated liquid state (3e).
Here, the energy transfer process of this hot stream occurs with the low-temperature vapor
leaving the separator (12e). Subcooling occurs at the outlet of the hot stream entering the
IHX (4e). The subcooled liquid refrigerant then goes directly to the ejector motive nozzle,
where its pressure is reduced and the velocity increases (5e). Theoretically, the IHX in this
cycle also promotes the increased cooling capacity of the cycle.

2.2. Input Parameters
2.2.1. Factors Considered for Ejector Cycle Modeling

According to the literature, the analysis of ejectors in a refrigeration cycle is based on
two main models: the constant area and constant pressure models, with the latter showing
better performance of the ejector in the cycle [40–43]. Therefore, the analysis of the EC and
EC + IHX configurations is developed based on this model. For the study of the ejector, the
principles of conservation of mass, momentum, and energy are applied in each section of
this component, following the methodology developed by [44].

Table 2 shows the main characteristic equations for evaluating each of the ejector
sections. Two subscripts are included to indicate that each of the thermodynamic states in
the equations contained in Table 2 may belong to the cycle with an ejector or the cycle with
an ejector and IHX.

Table 2. Governing equations for the analysis of the ejector in the following configurations: EC and
EC + IHX.

Section of Ejector Governing Equation

Motive nozzle

P4d;5e = P9d;10e − ∆P
h4d;5e = h3d;4e − ηmot(h3d;4e − h4d;5e,s)

V4d;5e =
√

2(h3d;4e − h4d;5e)

A4d;5e =
1

(1+µeje)ρ4d;5eV4d;5e

Suction nozzle

P10d;11e = P9d;10e − ∆P
h10d;11e = h9d;10e − ηsuc(h9d;10e − h10d;11e,s)

V10d;11e =
√

2(h9d;10e − h10d;11e)

A10d;11e =
1

(1+µeje)ρ10d;11eV10d;11e
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Table 2. Cont.

Section of Ejector Governing Equation

Mixing section

P5d;6e = P4d;5e = P10d;11e

V5d;6e =
√

ηmix

(
1

1+µeje
V4d;5e +

µeje
1+µeje

V10d;11e

)
h5d;6e =

1
1+µeje

(
h4d;5e +

V2
4d;5e
2

)
+

µeje
1+µeje

(
h10d;11e +

V2
10d;11e

2

)
− V2

5d;6e
2

Diffuser section
h6d;7e = h5d;6e +

V2
5d;6e
2

h6d;7e,s = h5d;6e + ηdi f (h6d;7e − h5d;6e)
P6d;7e = P(h6d;7e,s, s5d;6e)

Balance equation x6d;7e =
1

1+µeje

Liquid-Vapor
separator

h1d;12e = h(P6d;7e, x = 1)
h7d;8e = h(P6d;7e, x = 0)

In general, some considerations were raised to simplify the theoretical model of the
cycle, which are:

• The analysis is based on steady state conditions;
• Pressure drops occurring in the energy exchange components and through the piping

lines are neglected;
• The states at the outlet of the evaporator and condenser are saturated;
• The throttling process in the expansion valve is isenthalpic;
• Friction losses occurring due to the flow within the ejector components are considered

in the form of efficiencies;
• The efficiencies of the ejector components are constant.

2.2.2. Operating Conditions for All Cycle Configurations

In the literature, several theoretical and experimental works have evaluated op-
erating conditions for both evaporation and condensation in the basic cycle of MAC
systems [14,28,30,31,45–52]. Table 3 presents the general operating conditions considered
for the cycle configurations described in the previous sections.

Table 3. Input parameters for simulation of cycle configurations.

Parameter Value References

Evaporating temperature, Tevap 0 ◦C to 16 ◦C [28,30,45,48,52]
Condensing temperature, Tcond 45 ◦C and 55 ◦C [49,50]

Superheating TEV for BC and IHXC, Sup 5 ◦C [48,53]
Effectiveness IHX, ϵ 0.7 [30,31,54]

Isentropic efficiency motive nozzle, ηmot 0.85 [55–60]
Isentropic efficiency suction nozzle, ηsuc 0.85 [55–60]
Isentropic efficiency mixing section, ηmix 0.9 [55–60]

Isentropic efficiency diffuser, ηdi f 0.85 [55–60]
Reference state temperature, To 25 ◦C -

Reference state pressure, Po 101.3 kPa -
Cooling capacity,

.
Qevap 4.0 kW [51]

2.2.3. Validation of the Model Used in the Cycle with Ejector

The model used to evaluate the cycle with the ejector is validated. In this case, the
model results are compared with two articles using comparative analysis under the same
operating conditions and with specific refrigerants [40,55]. As shown in Figure 4, the model
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used fits well with the results of the references consulted. In both cases, the adjustment
error does not exceed 2%.

 
(a) (b) 

Figure 4. Comparison of the present cycle model with ejector with two references: (a) [40]; (b) [55].

2.2.4. Sensitivity Analysis for Cycles with Ejector

The sensitivity analysis considers the variation in the efficiencies of the ejector sections.
In this sense, a variation is made in the efficiencies of the ejector sections; in this case: the
motive nozzle, the suction nozzle, and the diffuser. The response variable analyzed is
the COP. In this case, as evidenced in the literature, the motive nozzle has a significant
influence on the performance of the ejector, since it is the device responsible for generating
the expansion of the refrigerant that enters the ejector at high pressure from the condenser.
As shown in Figure 5, there is significant variation in the COP at an efficiency of 0.55.
However, the variation with respect to the values used in the present study, which has
been investigated mainly in different publications, is close to 7%. Although there is a
significant lack of specific studies addressing the experimental use of an ejector in mobile
air conditioning systems, the parameterization of the ejector component efficiencies using
isentropic efficiencies between 0.8 and 0.9 has been included in the modeling of ejectors in
refrigeration and air conditioning systems.

Based on the above considerations, a mathematical model is developed in Python®

(Version 3.13.0 2024), connected to the REFPROP property base [61], through which the
performance of each cycle configuration and refrigerant under study is simulated for all
operating conditions, as described in the following section.

2.3. Low-GWP Alternative Refrigerants

According to the literature, pure refrigerants R1234yf, R1234ze(E), R1243zf, and re-
frigerant blends R516A, R444A, R445A can meet the GWP restrictions imposed on MAC
systems. Therefore, this section presents the characteristics of environmentally friendly re-
frigerants for the phase-out of R134a. Table 4 compares the main thermophysical properties
of alternative refrigerants with those of R134a.

Consequently, from a long-term perspective, potential refrigerants must meet several
characteristics such as being safe and having low GWP, optional thermal properties, and
competitive energy efficiencies. However, it has been challenging to find these conditions
simultaneously. Therefore, this study aims to identify refrigerants with GWP < 150 that
are slightly flammable (A2L in ASHRAE class), are non-toxic in mobile air conditioning
systems, and can achieve or improve the energy efficiency of R134a. In this sense, the
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performance of these alternative refrigerants is a function of their thermophysical properties.
For example, as shown in Table 4, R445A has a saturation pressure 46.9% higher than that
of R134a under the same operating conditions. Higher evaporator pressure is associated
with an increase in the refrigerant’s effect and cooling capacity. Similarly, this property can
contribute to the performance of R516A, as the saturation pressure is 8.13% higher than
that of R134a.

 
(a) 

 
(b) 

Figure 5. Sensitivity analysis of COP in response to variations in the efficiency of the ejector sections
for the configurations (a) EC and (b) EC + IHX.

Similarly, the liquid density directly influences the refrigerant mass charge requirement
in the system, which is achieved when the refrigerant has a low liquid density. For the
temperature condition in Table 4, all the refrigerants represent a lower charge requirement
in the system compared to R134a, with R516A offering the most significant reduction in this
aspect. Low refrigerant charges translate into lower refrigerant costs, smaller compressors,
and reduced weight associated with the MAC system.

Likewise, a high thermal conductivity of the liquid helps improve heat transfer, allow-
ing the use of smaller or more compact heat exchangers, which results in a lower initial
investment cost. It also results in a reduction in overall vehicle space and weight, thus
reducing fuel consumption. For all alternative refrigerants, the thermal conductivity of
the liquid is lower than that of R134a, with the difference being smaller for R1234ze(E)
and R445A. However, the vapor thermal conductivity of all refrigerants is the same or
higher than that of R134a; this contributes to higher degrees of superheating, improved
heat dissipation within the condenser, and greater energy transfer for cycle configurations
with IHX.
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Table 4. Environmental characteristics and thermophysical properties of the refrigerants under study.

Property R134a R1234yf R1234ze(E) R1243zf R516A R444A R445A

Composition Pure Pure Pure Pure

77.5%-
R1234yf

14%-R152a
8.5%-R134a

83%-
R1234ze(E)
12%-R32
5%-R152a

85%-
R1234ze(E)
9%-R134a
6%-R744

GWP 1430 1 1 1 142 92 130

ASHRAE Safety class A1 A2L A2L A2L A2L A2L A2L

Temperature glide, ◦C 0 0 0 0 0 4.09 4.14

Critical pressure, kPa 4059.3 3382.2 3634.9 3517.9 3654.4 4472.8 4461.2

Critical temperature, ◦C 101.1 94.7 109.4 103.8 97.2 106.3 104.9

Boiling point at 1 atm, ◦C −26.1 −29.5 −19 −25.4 −29.4 −51.7 −21.5

Molecular weight, kg
kmol−1 102 114 114 96.1 102.6 96.7 103.1

Saturation pressure, kPa 292.8 315.8 216.5 269.5 318.7 390.9 551.4

Liquid density, kg m−3 1294.8 1176.3 1240.1 1047.0 1147.9 1199.8 1232.3

Vapor density, kg m−3 14.4 17.6 11.7 12.5 16.0 12.7 12.7

Latent heat of
vaporization, kJ kg−1 198.6 163.3 184.2 200.7 183.8 202.6 191.4

Liquid thermal
conductivity, mW m−1

K−1
92.0 71.5 83.1 78.8 78.8 92.9 88.2

Vapor thermal
conductivity, mW m−1

K−1
11.5 11.6 11.6 12.2 12.0 11.9 12.1

Liquid viscosity, µPa.s 266.5 204.7 262.6 209.2 207.8 227.7 242.3

Vapor viscosity, µPa.s 10.7 10.7 10.2 10.4 10.3 11.0 11.1

All properties were considered at 0 ◦C as reference temperature using NIST REFPROP 10.0 software.

2.4. Equations for Energy Analysis

For the development of this analysis, two important parameters are considered: the
volumetric refrigeration capacity in the evaporator (VRC) and the coefficient of perfor-
mance (COP).

Refrigerant effect,
qevap = hout;evap − hin;evap (1)

The VRC is defined as the refrigeration capacity per unit volume at the outlet of the
evaporator and is determined by the ratio of the refrigerant effect obtained in the evaporator
to the specific volume at the suction of the compressor, as reflected in Equation (2).

VRC =
qevap

vin;comp
(2)

Compressor specific work,

wcomp = hout;comp − hin;comp (3)

For analyzing the specific work required in the compressor, it is necessary to determine
the isentropic efficiency, which is a function of the pressure ratio in the compressor. In this
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case, the empirical expression reflected in Equation (4) [45] is used, which was developed
for a MAC system using R134a as the refrigerant and for conditions similar to those shown
in Table 3. Similarly, this equation has been employed for the analysis of MAC systems,
with R134a [62], R1234yf [63], R450A, R1234yf, R513A, R516A, R152A, R1234ze(E) [64],
and R410A [65]. In this sense, Equation (4) has been used for low–medium evaporating
temperatures ranging from −5 ◦C to 15 ◦C and for condensing temperatures ranging from
35 ◦C to 60 ◦C.

ηise = 0.9343 − 0.04478
(

pdis
psuc

)
(4)

To verify the validity of Equation (4), comparisons are made with various references
on mobile air conditioning systems, including analyses of isentropic efficiency and models
evaluated against a specific isentropic efficiency. In this regard, Table 5 shows the main
analysis conditions used to compare the isentropic efficiency.

Table 5. Operating conditions of different references for comparing isentropic efficiency.

Operating Conditions [66] [67] [68] [21] [49] [69]

Evaporating temperature, ◦C 3 0 7.5 5 5 0
Condensing temperature, ◦C 45 55 35 60 65 60

Figure 6 shows that the correlation used to model refrigerant isentropic efficiency does
not lead to oversizing of the main performance parameters analyzed. Although there is a
margin of error for the isentropic efficiency equation, this is due to the limited information
available on specific correlations for each refrigerant, which is even more pronounced for
refrigerants such as R1243zf, R516A, R444A, and R445A, as there are very few references
on the use of these refrigerants in mobile air conditioning systems.

The COP evaluation is determined by Equation (5), which reflects the refrigerant
effect in the evaporator obtained in the cycle for a specific work requirement in the
compression stage.

COP =
qevap

wcomp
(5)

For cycle configurations with an internal heat exchanger, the effectiveness of this equip-
ment is a parameter that influences the cycle performance. Therefore, this effectiveness
is defined as a function of the temperatures of the flow streams at the inlet and outlet of
the IHX.

ϵIHX =
(Tout;C − Tin;C)

(Tin;H − Tin;C)
(6)

2.5. Equations for Exergy Analysis

The exergy analysis aims to detect which component of each cycle configuration has
the most significant impact on system performance. The equations for determining the
exergy destruction in each piece of equipment are described below.

Total exergy encompasses four primary factors: physical, chemical, kinetic, and poten-
tial exergy [70].

.
ETOT =

.
Ephy +

.
Eche +

.
Ekin +

.
Epot (7)

Since there are no high-velocity or level differentials in the systems to be analyzed,
and the fluid does not experience chemical changes during each stage of the process, the
exergy calculation is simplified to Equation (8).

.
ETOT =

.
Ephy (8)
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Figure 6. Comparison of the incidence of isentropic efficiency with different references based on
performance parameters (a) pressure ratio [66–68] and (b) COP [21,49,69].

Physical exergy considers the difference in enthalpy and entropy that exists between
each thermodynamic state of a particular cycle configuration concerning a reference state,
the latter corresponding to a temperature To = 25 ◦C and a pressure Po = 101.3 kPa.

.
Ephy =

..
E =

.
m[(h − ho)− To(s − so)] (9)

For each component of the cycle, an analysis is performed based on the first and
second laws of thermodynamics. In this sense, Equation (10) generally denotes the exergy
balance for any control volume, which refers to the exergy destruction that takes place in
each component.

.
ED, k = ∑

(
1 − To

T

)
.

Q −
.

Win + ∑
in

.
E − ∑

out

.
E (10)

This exergy destruction in the cycle represents the loss of quality in the energy supplied
to the system, as an energy balance cannot account for these losses. Furthermore, the
quantification of exergy destruction provides information on the possibility of improving
the cycle from a thermodynamic perspective. The total exergy destroyed is the sum of the
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irreversible losses of each component in the analyzed cycle configuration, calculated using
Equation (11). Here, the subscript k refers to a specific component.

.
ED;TOT = ∑

.
ED;k (11)

Exergy efficiency relates to the total exergy destruction of the cycle, which results from
the sum of the irreversibilities of all cycle components and the energy consumption of
the compressor. From the exergy efficiency, it is possible to determine whether the cycle
configuration induces significant irreversible losses, considering the amount of power
supplied to the cycle. Equation (12) allows for the calculation of exergy efficiency.

ηex = 1 −
.
ED;TOT

.
Wcomp

(12)

2.6. Equations for Exergoeconomic Analysis

This analysis is also known as thermoeconomic evaluation and relates each exergy
stream to the costs associated with the operation of each component within the cycle.
Therefore, Equation (13) allows for the evaluation of the cost balance based on the exergy
of the flow streams involved in each component.

.
CP;K =

.
CF;K +

.
ZK (13)

Here,
.
CF;K and

.
CP;K represent the cost ratios associated with the fuel and product in

component ‘k’, and these costs are related to the unit cost of each exergy stream involved
in the component (

.
cF;K and

.
cP;K).

.
CF;K =

.
cF;K ×

.
EF;K (14)

.
CP;K =

.
cP;K ×

.
EP;K (15)

Likewise,
.
ZK is the total levelized cost for each component, including investment costs

(IC) and operation and maintenance costs (OM).

.
ZK =

.
Z

IC
K +

.
Z

OM
K (16)

To evaluate the total levelized cost ratio, it is necessary to introduce a capital recovery
factor, which considers the interest rate and the lifetime of the equipment, as reflected in
Table 6.

CRF =
ir(ir + 1)N

(ir + 1)N − 1
(17)

Table 6. Parameters used for the exergoeconomic analysis [71].

Item Description Value

ir Interest rate, % 10
N Lifetime, year 15

tope Annual operating time, h 4000
φ Operation and maintenance cost factor, % 1
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Thus, the costs related to capital investment and operation/maintenance are deter-
mined by Equations (18) and (19), respectively. Table 6 shows the operation and mainte-
nance cost factor.

.
Z

CI
K =

CRF
tope

× ZK (18)

.
Z

OM
K =

.
Z

CI
K × φ (19)

The investment cost (Zk) of each heat exchanger is determined as a function of its
working capacity and heat transfer; therefore, the size of each component, specifically the
evaporator, condenser, and IHX, has a significant impact on its investment cost. To calculate
the areas of the evaporator and condenser, a finned geometry was selected for these heat
exchangers, and they operate in cross-flow with air. In the case of the IHX, its structure
is a tube-in-tube exchanger. The equations used to determine these areas are shown in
Appendix A. Similarly, the mass flow rate, pressure ratio, and efficiencies influence the
investment costs of components such as the compressor and expansion devices. Table 7
shows the equations used to calculate the investment costs of each component.

Table 7. Equations for evaluating the investment costs of the components of cycle configurations.

Equipment Cost Function Equation References

Compressor Zcomp =

(
573

.
mre f

0.8996−ηise

)(
Pcond
Pevap

)
ln
(

Pcond
Pevap

)
[72]

Condenser Zcond = 516.621 × Acond + 268.45 [73,74]
Evaporator Zeva = 309.143 × Aevap + 231.915 [73,74]

IHX ZIHX = 1874.4 × (AIHX)
0.9835 [75]

Ejector Zeje = 750
.

mmot ×
(

Tmot
Pmot

)0.05(
Pdi f

)−0.75 [72]

TEV ZTEV = 37 ×
(

Pcond
Pevap

)0.68 [76]

Investment costs must be updated to their present value; for this purpose, Equation (20)
is used.

Znew = Zre f e

(
Inew

Ire f e

)
(20)

Here, Inew and Ire f e are the Marshall and Swift indexes [77]. The exergoeco-
nomic evaluation of each refrigerant and cycle configuration is analyzed under the
following parameters:

The total cost ratio associated with exergy destruction:

.
CD;TOT =

.
cF;TOT ×

.
ED;TOT (21)

The total cost ratio is evaluated as a function of energy costs and the total levelized
investment cost.

.
CTOT =

.
CD;TOT +

.
ZTOT (22)

Another important evaluation parameter is the exergoeconomic factor, which relates
to the contribution of investment costs and exergy destruction costs in each component.

fK =

.
ZK

.
ZK + (c F;K ×

.
ED;K)

(23)

Table 8 describes the equations used for the exergy and cost analysis, which allow the
study of the exergoeconomic performance of the different cycle configurations analyzed.
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Table 8. Equations for exergy and cost analysis of cycle components.

Component Exergy Equations Cost Equations

Compressor
.
ED, comp =

.
Wcomp −

( .
Eout −

.
Ein

) .
Cout =

.
Cin +

.
Cw,comp +

.
Zcomp

Condenser
.
ED, cond =

( .
Ein −

.
Eout

)
−
(

1 − To
Tcond

) .
Qcond

.
Cout =

.
Cin +

.
Cq,cond +

.
Zcond

Evaporator
.
ED, evap =

( .
Ein −

.
Eout

)
+
(

1 − To
Tevap

) .
Qevap

.
Cout =

.
Cin +

.
Cq,evap +

.
Zevap

Thermostatic expansion
valve

.
ED, TEV =

.
Ein −

.
Eout

.
Cout =

.
Cin +

.
ZTEV

Short tube
.
ED, ST =

.
Ein −

.
Eout

.
Cout =

.
Cin +

.
ZST

IHX
.
ED, IHX =

( .
Ein, H −

.
Eout,H

)
−
( .

Eout, C −
.
Ein,C

) .
Cout,H +

.
Cout,C =

.
Cin,H +

.
Cin,C +

.
ZIHX

Ejector
.
ED, eje =

( .
Emot +

.
Esuc

)
−

.
Edi f

.
Cdi f =

.
Cmot +

.
Csuc +

.
Zeje

3. Results and Discussion
The results are analyzed based on the range of evaporating temperatures considered,

from 0 ◦C to 16 ◦C with steps of 4 ◦C, and for two condensing conditions of 45 ◦C and 55 ◦C,
evaluating five cycle configurations. The main parameters for assessing the energy, exergy,
and exergoeconomic performance of the alternative refrigerants to R134a considered in this
work are presented below.

3.1. Energy Analysis

Based on the analysis of each cycle configuration for all alternative refrigerants, with
refrigerant R134a and the basic cycle with a thermostatic expansion valve serving as a
reference for comparison, the evaluation of the volumetric refrigeration capacity (VRC) and
the coefficient of performance (COP) is presented.

3.1.1. Volumetric Refrigeration Capacity (VRC)

The VRC measures the cooling capacity per unit volume of a refrigerant. For low
values of this parameter, the inclusion of a compressor with a greater capacity is required.
With similar values of the VRC, no changes are necessary in the engine component of the
MAC system, allowing for the direct replacement of R134a with the alternative refrigerant.
Thus, Figure 7 presents the behavior of the VRC for the refrigerants evaluated, operating
under the five cycle configurations. In each of the figures, lines are used to denote the
reference, indicating the performance of R134a under the basic cycle of a MAC system.

Figure 7a shows a comparison of alternative refrigerants with R134a under the basic
cycle of a MAC system. For all evaporating temperatures and the two condensing condi-
tions, all alternative refrigerants have a lower VRC. For this cycle configuration, R1234ze(E)
has the lowest VRC when varying the evaporating temperature from 0 to 16 ◦C. Among
the causes is its low latent heat of evaporation at a similar operating pressure compared
to R134a. In addition, R1234ze(E) has a lower vapor density relative to the suction of the
compressor, leading to a decrease in cooling capacity. On the other hand, R516A exhibits
similar behavior to R134a in terms of VRC, especially at an evaporating temperature of
0 ◦C. However, with increasing evaporating temperature, alternative refrigerants have a
greater reduction in suction density compared to R134a, leading to a decrease in VRC.

The impact of including an IHX in the basic cycle of MAC systems is shown in
Figure 7b, where the VRC of alternative refrigerants is compared with that of R134a. Here,
R516A and R1234yf are favored under this configuration, with the VRC of R516A approx-
imately equal to that of R134a. For R1234yf, a considerable approach is observed, with
a percentage difference of 5% compared to R134a. This is mainly due to the increase in
subcooling involving the IHX within the cycle, which favors the increase in the refrigerant
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effect in the evaporator; however, because under this configuration the assumed superheat-
ing of 5 ◦C involving the TEV is added to the superheating caused by the IHX, this results
in a high suction temperature, leading to an increase in the specific volume and therefore a
lower VRC.

  
(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 7. Behavior of volumetric refrigeration capacity vs. evaporating temperature for (a) BC,
(b) IHX + TEV, (c) IHX + ST, (d) EC, and (e) EC + IHX.

https://doi.org/10.3390/app16063071

https://doi.org/10.3390/app16063071


Appl. Sci. 2026, 16, 3071 19 of 43

On the other hand, the use of a short tube as an expansion element in the MAC system
results in zero superheating at the evaporator outlet, which improves the VRC of the
alternative refrigerants, as shown in Figure 7c. R516A exceeds the VRC of R134a, with its
most significant increase of 3% at the 45 ◦C condition, and R1234yf can match the RVC of
R134a. In addition, at a condensing temperature of 55 ◦C, the VRC presents an increase
under the IHX configuration with short tube, because when the condensing temperature
increases, the refrigerant effect inside the evaporator decreases; however, the subcooling
proportioned for the IHX improves the refrigerant effect, and the suction temperature is
increased only by the superheating generated from the IHX, which means that the specific
volume of the alternative refrigerants does not increase at the same rate as the IHX cycle
with a TEV.

As described above, the inclusion of an ejector as an expansion device within a
MAC system promotes an increase in the refrigerant effect in the evaporator because
the refrigerant at the evaporator inlet has a lower vapor quality compared to other cycle
configurations. Figure 7d presents the VRC of alternative refrigerants using the cycle with
an ejector. Here, a significant increase in the VRC for all refrigerants is observed, with
this being higher in all scenarios of evaporation and condensation conditions. In this case,
R445A offers a higher VRC. This refrigerant mixture has a higher latent heat than R134a at
the same saturation pressure; therefore, since the EC involves a reduction in the amount
of vapor at the evaporator inlet, the capacity to absorb energy is significantly increased.
Similarly, using R1234ze(E) under this configuration, a higher VRC than R134a is obtained
at an evaporating temperature of 0 ◦C.

3.1.2. Coefficient of Performance (COP)

The COP depends on the refrigerant effect achieved in the evaporator and the specific
work required by the compressor. In this sense, Figure 8a shows the COPs for all refrig-
erants operating in the basic cycle compared to R134a. Refrigerants R444A and R445A
exhibit lower COPs due to the pressures at which they operate, as their COPs decrease
by up to 29.7% and 47.2% at an evaporating temperature of 16 ◦C. Additionally, refrig-
erants R1234ze(E), R516A, and R1234yf have COP reductions of 0.37%, 1.4%, and 3.0%,
respectively. The refrigerant that offers the highest COP is R1243zf, with a 0.4% increase.
Although the cooling effect of these fluids is lower compared to R134a, the lower work
requirement allows them to match or even reduce the COP by up to 3%. At a condensing
temperature of 55 ◦C, refrigerants R444A and R445A tend to approach the performance of
R134a, as their cooling effect operating at high condensing temperatures does not suffer
a significant decrease, unlike the other refrigerants analyzed. However, these zeotropic
mixtures exhibit a temperature glide, meaning that, during phase change, they exhibit a
significant deficiency in heat transfer. Therefore, when passing through the condenser, a
minor efficiency results in higher discharge temperatures, thereby increasing the compres-
sor work requirement, and this is one of the reasons why the R444A and R445A refrigerants
have lower COP values.

Similarly, the implementation of an IHX to the basic cycle operating with an expansion
valve produces minimal improvements in terms of COP. As shown in Figure 8b, combining
the superheating generated by the IHX and that implied by the expansion valve promotes
a considerable increase in discharge temperature, leading to an increase in the specific
work of the compressor. For all refrigerants compared in this work, the IHXC + TEV cycle
configuration implies a slight increase in COP. In this sense, R1234yf reduces its COP
difference compared to R134a for the two condensing temperatures of 45 ◦C and 55 ◦C.
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(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 8. COP evolution with varying evaporating temperature depending on the cycle configuration:
(a) BC; (b) IHXC + TEV; (c) IHXC + ST; (d) EC; (e) EC + IHX.

In turn, the IHX + ST configuration provides an improvement compared to the
IHXC + TEV cycle, as shown in Figure 8c, since the absence of superheating due to the
short tube results in a reduction in the refrigerant temperature at the compressor suction,

https://doi.org/10.3390/app16063071

https://doi.org/10.3390/app16063071


Appl. Sci. 2026, 16, 3071 21 of 43

thereby reducing the compressor discharge temperature and decreasing the pressure ratio
and specific work. The variation in evaporating temperature from 0 ◦C to 4 ◦C resulted in
refrigerants R1234yf, R1234ze(E), R1243zf, and R516A exceeding the COP of R134a under
both condensing conditions. The influence of the IHX in increasing the refrigerant effect
contributes to improving the COP of these refrigerants, leading to a reduction in the mass
flow required in the evaporator, which is achieved by reducing the specific work needed
for the compressor to compress the amount of refrigerant in the suction, resulting in lower
power consumption.

Figure 8d shows that the inclusion of an ejector greatly improves the refrigerant effect
on the evaporator, as it decreases the vapor quality of the refrigerant at the evaporator
inlet, approaching the subcooled liquid region. Moreover, it reduces the pressure ratio
of the compressor. Hence, the combination of these two effects produces an increase in
the COP of the cycle. In this sense, refrigerants that have a lower pressure ratio have
higher performance operating under this cycle configuration, as is the case with R1234ze(E),
R1243zf, and R516A. According to Figure 8d, the highest ejector impact is evident for
R1234yf, R444A, and R445A. In the case of R1234yf, it improves the refrigerant effect in the
evaporator by up to 14%, as this parameter is one of the main disadvantages of R1234yf
when it is replaced directly in the basic cycle. Therefore, the cycle with an ejector using
this refrigerant can overcome the performance of R134a. For R444A and R445A blends, the
ejector cycle makes them competitive with R134a, especially at evaporating temperatures of
0 ◦C, 4 ◦C, and 8 ◦C, where their most significant impact is achieved through the reduction
of the pressure ratio, which implies a lower specific work in the compressor.

The ejector cycle combined with an IHX improves the COP of all refrigerants, as
shown in Figure 8e. Based on this, R444A exceeds the COP of R134a at an evaporating
temperature of 0 ◦C and a condensing temperature of 55 ◦C. Furthermore, the EC + IHX
cycle implies that the R444A and R445A refrigerants can approximate the performance of
R134a; the main reason is the increase in the refrigerant effect due to the ejector and IHX,
considering that the evaporation enthalpy of these mixtures is higher than that of R134a
under the same evaporation conditions. Additionally, for the cycle with an ejector, it is
convenient to increase the entrainment ratio, which enables the cycle with an ejector and
an IHX to improve this parameter, thereby enhancing the cycle performance. On the other
hand, R1243zf under this configuration exhibits the highest COP of all the refrigerants,
with an improvement of up to 11% at the 16 ◦C evaporation condition, operating at both
45 ◦C and 55 ◦C in the condensing stage.

3.2. Exergy Analysis
3.2.1. Destruction of Exergy in the Cycle Components

For each of the analyzed cycle configurations operating with alternative refrigerants,
it is important to determine which components have the lowest utilization of the cycle
energy, this allows for the determination of whether the additional components of these
evaluated configurations involve large irreversibilities, and reveals why this increases or
decreases the performance of the alternative cycle configuration relative to the basic cycle
of MAC systems.

Therefore, Figure 9a illustrates the exergy destruction in each component of the basic
cycle. Refrigerants R1234ze(E), R1243zf, and R516a exhibit similar behavior to R134a.
However, R1234yf exhibits higher exergy destruction for the three evaporation conditions
considered. Here, the difference is the irreversible loss that occurs in the expansion valve,
which is related to the high viscosity of R1234yf, resulting in large energy losses during
expansion. Similarly, Figure 9a explains the low performance of R444A and R445A, with
the latter generating the highest exergy destruction for all evaporation conditions. The
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greatest influence of irreversibility in R444A and R445A occurs in the compressor and
the condenser—in the first element due to its high-pressure ratios, and in the second, the
influence of its temperature glide—which, as evidenced in Table 4, affects the evaporation
and condensation process inside the heat exchangers.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9. Exergy destruction for different evaporating temperatures under the following cycle
configurations: (a) BC; (b) IHXC + TEV; (c) IHXC + ST; (d) EC; (e) EC + IHX.
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The expansion device in the basic cycle is a source of irreversibility in the system,
as a significant refrigerant pressure drop occurs during the throttling stage, resulting in
the waste of energy supplied to the system. The inclusion of an IHX can decrease the
exergy destruction of the expansion valve, as seen in Figure 9b. In this sense, R1234yf,
R1234ze(E), R1243zf, and R56A decrease the exergy destruction between 43% and 54%
for an evaporating temperature of 4 ◦C, and between 36% and 50% for an evaporating
temperature of 16 ◦C. This is because the subcooling generated by the IHX allows the
liquid to reach the TEV inlet at a lower temperature compared to the basic cycle; therefore,
during the expansion of the refrigerant, the energy use is higher. Additionally, the IHX
introduces a percentage of irreversibility, and it is observed that the condenser experiences
an increase compared to the basic cycle with R134a. In this case, the energy dissipation
in the condenser is less efficient due to the higher operating conditions concerning the
discharge temperature obtained with the inclusion of the IHX.

From an energy perspective, the superheating represented by the expansion valve in
the IHXC + TEV configuration has a significant influence, which is responsible for reducing
the cycle’s performance. In this case, as shown in Figure 9c, the IHXC + ST configuration
provides a significant reduction in the exergy destruction of the cycle, particularly at an
evaporating temperature of 4 ◦C. Under these conditions, refrigerants R1234yf, R516A,
R1234ze(E), and R1243zf achieve reductions in exergy destruction of up to 11.4%, 11.9%,
13.1%, and 14.7%, in that order. Zero superheating, resulting from the short tube in this
cycle configuration, decreases exergy destruction compared to the IHXC + TEV cycle.
Thus, refrigerants R1234yf, R1234ze(E), R1243zf, and R516A reduce the total irreversibility
between 45.0% and 60.0% because of a lower temperature and pressure discharges, which
results in a lower pressure drop in the short tube, thus reducing the wasted energy in the
expansion process.

On the other hand, the cycle with an ejector reduces the total exergy destruction
represented by the basic cycle with R134a. In this sense, as shown in Figure 9d, total
exergy destruction reductions of 22.9%, 24.9%, 25.1%, and 26.7% are observed for R1234yf,
R516A, R1234ze(E), and R1243zf, correspondingly. Another important aspect of the ejector’s
inclusion is the reduction in the irreversibility of the compressor, as shown in Figure 9d. The
pressure recovery involving the ejector increases the suction pressure, thereby improving
the operating conditions of the compressor and decreasing the exergy destruction of
this component.

Similarly, Figure 9e shows the exergy destruction of the components of the EC + IHX
configuration. The inclusion of the ejector influences the decrease in the total exergy de-
struction of the cycle. However, the IHX incorporated in the cycle with an ejector represents
an additional percentage of irreversibility; moreover, its influence on the increase in exergy
destruction in the condenser is also significant. As described above, the thermal delta in
the condenser is increased by the high discharge temperatures at which the refrigerant
enters the condenser, implying higher entropy generation during refrigerant condensation
and, therefore, an increase in irreversibility in this component. Additionally, the use of an
IHX in the ejector cycle accounts for approximately 5% of the total exergy destruction for
refrigerants R1234yf, R1234ze(E), R1243zf, and R516A.

To complement the exergy destruction analysis, Table 9 shows the percentage contri-
bution of each component in a specific cycle and refrigerant configuration with respect to
total exergy destruction. As shown in Table 9, the compressor accounts for the highest per-
centage of irreversibility in each cycle configuration. Another important aspect to highlight
is that the inclusion of IHX reduces the percentage of irreversibility in the expansion device
used, whether it is a thermostatic expansion valve or a short tube. As mentioned above,
the zeotropic blends R444A and R445A exhibit high irreversibility in components such as
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the compressor and condenser due to their high temperatures and discharge pressures. In
addition, due to their temperature glide, heat transfer efficiency in the condenser decreases,
leading to a higher exergy destruction rate than for the other refrigerants evaluated.

Table 9. Percentage of exergy destruction for each cycle configuration.

BC Exergy Destruction Percentage [%]
Component R134a R1234yf R1234ze(E) R1243zf R516A R444A R445A
Compressor 40.27 37.47 41.48 39.3 38.24 38.91 40.58
Condenser 14.28 11.49 12.63 13.18 12.64 18.69 22.47
Evaporator 11.98 10.75 11.81 12.04 11.38 11.39 8.3
TEV 33.47 40.28 34.08 35.49 37.75 31.01 28.66
IHXC + TEV Exergy Destruction Percentage [%]
Component R134a R1234yf R1234ze(E) R1243zf R516A R444A R445A
Compressor 38.23 37.06 40.07 37.97 37.14 36.75 38.31
Condenser 26.64 23.36 24.03 25.06 24.93 29.29 31.82
Evaporator 13.83 13.96 14.3 14.48 14.01 14.02 10.58
TEV 14.11 16.51 13.79 14.53 15.59 15.01 15.48
IHX 7.19 9.11 7.82 7.96 8.33 4.94 3.81
IHXC + ST Exergy Destruction Percentage [%]
Component R134a R1234yf R1234ze(E) R1243zf R516A R444A R445A
Compressor 38.97 37.86 40.83 38.7 37.92 37.26 38.74
Condenser 26.26 22.95 23.6 24.65 24.53 28.94 31.52
Evaporator 13.31 13.23 13.7 13.88 13.36 13.94 10.53
ST 12.95 15.12 12.55 13.29 14.3 14.03 14.7
IHX 8.52 10.85 9.31 9.48 9.9 5.84 4.51
EC Exergy Destruction Percentage [%]
Component R134a R1234yf R1234ze(E) R1243zf R516A R444A R445A
Compressor 42.72 39.66 43.72 41.82 40.65 36.67 35.25
Condenser 16.74 14.9 15.62 16.09 15.65 20.92 25.54
Evaporator 16.6 15.46 16.37 16.68 16.04 19.39 18.18
Ejector 23.48 29.23 23.84 24.9 27.02 22.59 20.61
TEV 0.47 0.75 0.45 0.52 0.64 0.43 0.41
EC + IHX Exergy Destruction Percentage [%]
Component R134a R1234yf R1234ze(E) R1243zf R516A R444A R445A
Compressor 37.59 36.11 39.15 37.29 36.36 33.08 32.53
Condenser 27.74 24.58 25.07 26.15 26.08 29.46 32.34
Evaporator 15.9 15.91 16.34 16.47 16.01 18.92 18.18
Ejector 8.92 10.98 8.9 9.33 10.19 12.17 12.1
TEV 0.41 0.66 0.39 0.45 0.56 0.41 0.44
IHX 9.44 11.76 10.14 10.31 10.8 5.96 4.41

3.2.2. Exergy Efficiency

Figure 10a presents the behavior of alternative refrigerants with respect to exergy
efficiency in the basic cycle configuration. There, it is observed that refrigerant R1243zf
has similar exergy efficiency compared to R134a, for both condensing conditions. This is
related to the total exergy destruction for this refrigerant, where the compressor exhibits
lower exergy destruction, utilizing the energy supply more efficiently. The refrigerants
R1234yf, R1234ze(E), and R516A exhibit a lower exergy efficiency of up to 3% compared to
R134a in the basic cycle. However, refrigerants R444A and R445A have decreased by 28.0%
and 44.0%, respectively. Since these refrigerants have presented lower energy efficiency in
each of the evaluated cycle configurations, the most significant increase in irreversibility
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occurs concerning the power supply of the compressor. Additionally, large irreversibilities
are generated in the expansion valve for R444A and R445A.

  
(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 10. Exergy efficiency vs. evaporating temperature using different cycle configurations: (a) BC;
(b) IHXC + TEV; (c) IHXC + ST; (d) EC; (e) EC + IHX.
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Figure 10b shows the impact on exergy efficiency of adding an IHX to the basic
cycle operating with an expansion valve. For the condensing temperature of 45 ◦C, the
IHXC + TEV cycle does not represent a change in the exergy efficiency. Even at evaporating
temperatures higher than 8 ◦C, the exergy efficiency decreases, which is a consequence of a
higher ratio of the total exergy destruction to the energy consumption of the cycle, since
the compressor work decreases with increasing evaporating temperature and the exergy
destruction is diminished, but at a lower rate.

The IHXC + ST cycle configuration represents an increase in exergy efficiency at
low evaporating temperatures, as shown in Figure 10c. When a temperature of 16 ◦C is
reached in the evaporator, for refrigerants R1234yf, R1234ze(E), R516A, and R1243zf, exergy
destruction in the IHXC + ST cycle is similar to that of R134a in the basic cycle. In this
case, there is a lower use of the energy supplied for these alternative refrigerants, which
reduces the exergy efficiency. Likewise, R444A in the IHXC + ST cycle shows a higher
exergy efficiency for an evaporating temperature of 0 ◦C, where the use of an IHX reduces
the exergy destruction of the short tube by decreasing the enthalpy and entropy of the
refrigerant at the inlet of this component.

Furthermore, the behavior of the exergy efficiency for the cycle with ejector is il-
lustrated in Figure 10d. For all operating conditions evaluated, refrigerants R1234yf,
R1234ze(E), R516A, and R1243zf exhibit an increase in exergy efficiency, which is related to
a decrease in total exergy destruction for these refrigerants. Additionally, the inclusion of
the ejector reduces the work required by the compressor, resulting in lower entropy genera-
tion. In contrast, refrigerants R444A and R445A show a reduction in exergy destruction
under the cycle with an ejector by increasing the evaporating temperature and decreasing
the exergy efficiency, because there is a high exergy destruction in the evaporator and
condenser, as mentioned, and the temperature glide during the phase change involves an
increase in irreversibility.

Figure 10e shows the exergy efficiency obtained for the EC + IHX configuration. The
additional exergy destruction represented by the inclusion of the IHX in this cycle decreases
exergy efficiency. Additionally, the negative impact of the EC + IHX cycle is greater for
refrigerants R444A and R445A, as their energy transfer processes are less efficient in the
heat exchange equipment, such as the evaporator, condenser, and IHX.

3.3. Exergoeconomic Analysis
3.3.1. Exergy Destruction Cost

This section evaluates the costs associated with the destruction of exergy for each
cycle configuration and the impact they have when compared to those of the basic cycle
using R134a. In this sense, Figure 11a shows the comparison of all refrigerants operating in
the basic configuration for MAC systems. For all refrigerants except R1234yf, the exergy
destruction cost is higher compared to R134a due to an increase in the mass flow required
for refrigerants such as R1234ze(E), R1234yf, R516A, and R445A. It is important to mention
that by increasing the evaporating temperature, the cost of exergy destruction decreases
because of a lower work requirement in the compressor, pressure ratio, and discharge
temperature, which results in a reduction in the exergy destroyed in components such as
the compressor, condenser, and expansion valve.

The total exergy destruction cost increases with the addition of extra components to
the basic cycle. Figure 11b shows the impact of the inclusion of an IHX on increasing costs
compared to R134a under the basic cycle. The IHX + TEV cycle increases the destruction of
exergy at an evaporating temperature close to 0 ◦C, implying an increase in irreversibility in
elements such as the compressor, condenser, and expansion valve. Likewise, the inclusion
of an IHX improves the refrigerant effect in the evaporator; however, this parameter does
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not present a significant increase as the evaporating temperature grows, which requires
the mass flow in the cycle with an IHX to ensure that the defined cooling capacity of 4 kW
remains approximately constant from 0 ◦C to 16 ◦C.

  
(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 11. Exergy destruction cost ratio of varying evaporating temperature by cycle configuration:
(a) BC; (b) IHXC + TEV; (c) IHXC + ST; (d) EC; (e) EC + IHX.

In Figure 11c, the effect on exergy destruction costs when using the cycle configuration
with an IHX and a short tube as the expansion element is observed. This configuration
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exhibits a slight improvement over the basic cycle at evaporating temperatures of 0 ◦C and
4 ◦C; however, for temperatures greater than or equal to 8 ◦C, the IHX + ST cycle incurs
an increase in exergy destruction costs for all refrigerants. Compared to the basic cycle,
the use of an IHX involves a higher discharge temperature and influences the increase
in irreversibility in components such as the compressor, condenser, and short tube. In
addition, the IHX is an extra source of exergy destruction, which represents an increase in
exergy destruction costs for all refrigerants, mainly on refrigerants R444A and R445A. As
mentioned above, the temperature glide of these mixtures reduces heat transfer efficiency in
heat exchangers, increasing irreversibility and the cost of exergy destruction and, similarly,
the investment cost of heat exchange equipment, since a larger transfer area is required.

Additionally, Figure 11d illustrates the behavior of exergy destruction costs in relation
to the ejector cycle. There is a reduction in the costs of exergy destruction for all refrigerants,
regardless of evaporating and condensing temperature conditions. Since the ejector cycle
decreases the pressure ratio and discharge temperature, it also increases the refrigerant
effect, which reduces the mass flow in the evaporator, implying a decrease in irreversibility
in the compressor, condenser, and evaporator. Similarly, the ejector is a smaller source
of exergy destruction compared to the short tube or the expansion valve. The ejector
cycle has a more significant advantage at evaporating temperatures from 0 ◦C to 8 ◦C,
conditions for which the discharge temperatures are the highest if we consider the basic
cycle and IHX configurations. It is also important to note that the ejector cycle configuration
reduces the cost of exergy destruction when operating at a condensing temperature of
55 ◦C. For this condition, the basic cycle and cycles with an IHX represent a ratio of
pressure and discharge temperature that is high relative to their degree of reheating the
vapor sucked into the compressor. In this sense, the ejector cycle with R444A operating at
a condensing temperature of 55 ◦C and an evaporating temperature of 0 ◦C achieves an
energy destruction cost similar to that of the basic cycle with R134a.

The cycle with an ejector and IHX does not represent an improvement in reducing the
cost of exergy destruction compared to the basic cycle, as shown in Figure 11e. Although
the objective of the IHX in the cycle with an ejector is to increase the degree of subcooling
of the refrigerant flow at the condenser outlet, in this case, there is a disadvantage, since
the pressure ratio and discharge temperature are augmented, which implies an increase
in the irreversibility in the components of the cycle. In addition, the IHX contributes to
additional exergy destruction, which influences the exergy destruction costs being higher
compared to the basic cycle with R134a.

3.3.2. Exergoeconomic Factor

Another important parameter in cost evaluation is the exergoeconomic factor, which
illustrates the relationship between the costs incurred from energy destruction and capital
investment costs. Therefore, a high exergoeconomic factor reflects that the investment costs
of a component are high and should be reduced. In contrast, a relatively low exergoeco-
nomic factor indicates that equipment efficiency must be improved, thereby increasing
exergy efficiency and reducing exergy destruction.

As shown in Figure 12a, refrigerants R1234yf, R1234ze(E), R1243zf, and R516A have
a similar exergoeconomic factor; however, refrigerants R444A and R445A show lower
exergoeconomic factor values because they have been demonstrated to be less efficient
from an energy and exergy perspective. For these refrigerants, the magnitude of exergy
destruction has a greater impact. Likewise, the costs of exergy destruction associated with
the expansion valve in the basic cycle are high. Additionally, the exergoeconomic factor of
the expansion valve is similar for all refrigerants due to the investment costs, which are a
function of the pressure difference in the cycle.
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Figure 12. Exergoeconomic factor for cycle configurations at different evaporating temperatures:
(a) BC; (b) IHXC + TEV; (c) IHXC + ST; (d) EC; (e) EC + IHX.

When working with the IHXC + TEV cycle configuration, there is an increase in
investment costs for all refrigerants compared to the basic cycle with R134a, as shown in
Figure 12b. The inclusion of the IHX enhances the exergy performance of the expansion
valve; however, the associated costs of the IHX contribute to a 29.3% increase in the
initial investment for refrigerants R1234yf, R1234ze(E), R1243zf, and R516A. On the other
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hand, refrigerants R444A and R445A show a greater influence of exergy destruction costs,
resulting in a lower exergoeconomic factor.

Figure 12c indicates the exergoeconomic factor for the IHXC + ST configuration. This
configuration implies a higher cost of exergy destruction compared to R134a under the
basic cycle, thus decreasing the exergoeconomic factor. As shown in Figure 12c, the blue
bar represents the exergoeconomic factor of the IHX, which is higher compared to the
other components; therefore, the significant disadvantage of the IHX in this cycle is its
investment cost.

The exergoeconomic factor for the cycle with the ejector is shown in Figure 12d. For
this configuration, the investment costs of the ejector are low. Although the ejector mainly
influences the exergy destruction of this component, it is lower than that represented by
expansion devices such as the TEV and the short tube. Additionally, the ejector promotes
higher exergy efficiency and contributes to reducing exergy destruction in the other compo-
nents. For the cycle with the ejector, both COP and exergy efficiency exhibit higher growth
rates at high evaporating temperatures, leading to a further reduction in exergy destruction
and an increase in the exergoeconomic factor. Additionally, for refrigerants R444A and
R445A, the exergoeconomic factor is higher than that of the basic cycle with R134a, which is
attributed to a reduction in exergy destruction costs with these refrigerants, as they exhibit
lower energy and exergy efficiencies compared to R134a.

On the other hand, the EC + IHX configuration exhibits higher values for the exergoe-
conomic factor compared to those of R134 in the basic cycle, as shown in Figure 12e. In
this case, the most significant influence on this performance parameter is provided by the
expansion valve and the IHX, which results in high investment costs.

3.4. Multivariable Comparative

This section presents a graphical comparison combining energy, exergy, and economic
performance parameters. In the following graphs, the improvement achieved by a par-
ticular configuration and refrigerant is contrasted when two performance parameters are
analyzed simultaneously, with the basic cycle of the MAC systems using R134a as a refer-
ence. In this case, an evaporating temperature of 8 ◦C and a condensing temperature of
55 ◦C were considered.

Initially, the coefficient of performance (COP) and the total cost ratio (TCR) are ana-
lyzed, for which Equations (24) and (25) are used, where the coefficient of performance
of a configuration and alternative refrigerant is divided between the coefficient of perfor-
mance of the basic cycle with R134a;. Therefore, the “DIFF” is the ratio that exists between
the analyzed cycle configurations and “ref” is the refrigerant under evaluation, either
R1234yf, R1234ze(E), R1243zf, R516A, R444A, or R445A. This procedure is similar to the
total cost ratio.

COPDIFF =
COPre f

COPR134a
(24)

TCRDIFF =
TCRre f

TCRR134a
(25)

Figure 13 shows the behavior of the COP and the total cost ratio of each cycle configu-
ration and alternative refrigerant compared to the basic cycle with R134a. It can be seen
under which configuration it is possible to improve the performance of the refrigerant to the
point where it surpasses that of R134a. In this sense, the improvement in the COP implies
an increase in the total cost ratio, as shown for the cycle configurations with an ejector,
where performance increased; however, the costs associated with the initial investment
must be considered, specifically for the cycle configurations with an ejector and an IHX.
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Figure 13. Comparison of COP and total cost ratio for alternative cycle configurations.

Similarly, the effect of the exergy destruction of a given cycle configuration on the ex-
ergy efficiency is compared; therefore, the total exergy destruction and exergy efficiency for
all refrigerants and the five cycle configurations are analyzed using Equations (26) and (27).

EEDIFF =
EEre f

EER134a
(26)

TEDDIFF =
TEDre f

TEDR134a
(27)

Figure 14 illustrates the distribution of results for each refrigerant and cycle config-
uration compared to the basic cycle with R134a. In this case, the cycle configurations
IHXC + TEV, IHXC + ST, and EC exhibit a reduction in exergy destruction, which con-
tributes to an increase in exergy efficiency for refrigerants R1234yf, R1234ze(E), R1243zf,
and R516A. Likewise, refrigerants R444A and R445A show the lowest performance from
an exergy perspective, resulting in lower effective energy consumption.

 

Figure 14. Comparison of exergy efficiency and total exergy destruction for alternative cycle
configurations.
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On the other hand, it is important to highlight two parameters that relate to the level
of investment cost when considering an alternative cycle configuration to the basic cycle
of MAC systems. In this sense, the effects of volumetric cooling capacity and the total
exergoeconomic factor are compared. Since a lower volumetric cooling capacity implies a
requirement for a compressor with a higher volumetric displacement capacity, the exergoe-
conomic factor indicates that the predominant factor is either exergy destruction costs or
investment costs when using a cycle configuration and an alternative refrigerant. Therefore,
using Equations (28) and (29), the volumetric refrigeration capacity and exergoeconomic
factor are calculated to determine how far each refrigerant and cycle configuration deviates
from the basic cycle with R134a.

EFDIFF =
EFre f

EFR134a
(28)

VRCDIFF =
VCRre f

VCRR134a
(29)

Figure 15 illustrates how the cycle configurations with an ejector and the one that
combines the ejector with an IHX significantly enhance the volumetric refrigeration capacity.
Likewise, the high exergoeconomic factor represents a high investment cost for these
configurations; nevertheless, the improvement in the VRC contributes to minimizing
compressor costs, as these cycle configurations can operate with a compressor of lower
volumetric capacity.

Figure 15. Comparison of exergoeconomic factor and volumetric refrigeration capacity for alternative
cycle configurations.

3.5. Environmental Analysis

In refrigeration systems, it is essential to assess the environmental impact of their use.
The TEWI index is the most widely used metric to calculate the environmental impact of a
refrigeration system, from use to disposal [78]. The TEWI refers to the total amount of CO2

emissions into the environment, considering both direct emissions for refrigerant leakage
and indirect emissions resulting from electricity consumption.

TEWI is commonly expressed in kilograms of CO2-eq and is calculated using
Equation (30). This calculation involves evaluating direct emissions (DE) using Equation
(31) and calculating indirect emissions (IE) using Equation (32).

TEWI = DE + IE (30)
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DE = GWP × M × L × ALR + (1 − α)× GWP × M (31)

IE = L × AEC × β (32)

Regarding direct emissions, these depend on the refrigerant charge (M), the useful
life in years of refrigeration equipment (L), the percentage of annual refrigerant leakage
(ALR), a recovery factor that varies from 0 to 1 and represents the percentage of refrigerant
recovered at the end of the useful life of the system (α), and finally, the global warming
potential (GWP) of the refrigerant used. In the case of indirect emissions, two additional
parameters are included: AEC represents the annual energy consumption (kWh year−1),
and β corresponds to the indirect emission factor (kg CO2-eq kWh−1) resulting from
electricity production in the country of analysis. Table 10 shows the values established for
the TEWI analysis.

Table 10. Parameters used for TEWI analysis.

Parameter Units Value References

Refrigerant charge, M kg 0.6 [13,79–81]
System lifetime, L years 15 [82,83]

Annual leakage rate, ALR kg year−1 0.05 [84]
Refrigerant recovery factor, α % 7 [85]
Indirect emission factor, β, for: kg CO2-eq kWh−1

Mexico - 0.444 [86]
Brazil - 0.21 [87]
USA - 0.37 [87]

China - 0.668 [87]
Germany 0.38 [87]

India - 0.798 [87]

Consequently, the results are presented in Figure 16. The TEWI of the alternative
refrigerants evaluated in the basic cycle shows reduced CO2 emissions to the environment,
mainly due to a lower direct impact for GWP < 150. Additionally, with the adoption of con-
figurations to the basic cycle, a greater decrease occurs with the ejector cycle configurations.
Thus, the cycle with an ejector reduces emissions by up to 20% for refrigerants R1234ze(E)
and R1243zf. Likewise, the cycle with an ejector and an IHX results in approximately 25%
lower TEWI for refrigerants R1234yf, R1234ze(E), R1243zf, and R516A. These two cycle
configurations with ejectors achieve the above results by requiring lower mass flow than
other cycle configurations, resulting in lower energy consumption and, consequently, a
lower indirect impact on environmental emissions.

Similarly, across the different application scenarios for the cycle configurations and
refrigerants analyzed, Figure 16 shows that in the Brazil scenario, all cycle configurations
using R1234yf, R1234ze(E), R1243zf, and R516A achieve a reduction in CO2 emissions. In
the case of R444A and R445A, there is a decrease in TEWI when operating with the ejector
cycle and the ejector cycle with an IHX. These zeotropic blends, such as R444A and R445A,
show high emissions in countries where the emissions factor per kWh is too high. This is
the case in countries such as China and India, where this factor can be three times higher
than the emissions factor in Brazil, for example. In addition, cycle configurations with
ejectors using refrigerants R1234yf, R1234ze(E), R1243zf, and R516A for the India scenario
can minimize CO2 emissions by 5 to 6 tons per year. In Mexico, the USA, and Germany,
substituting R1234yf, R1234ze(E), R1243zf, and R516A for R134a in the basic cycle does not
result in a significant reduction in TEWI. However, with IHX cycle configurations, CO2

emissions can be reduced by 7–13%, and with ejector cycle configurations, by 18–25%.
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Figure 16. TEWI for different cycle configurations for MAC system in different scenarios: (a) Brazil;
(b) Mexico; (c) USA; (d) China; (e) Germany; (f) India.

Table 11 summarizes the numerical results of the performance of each refrigerant and
cycle configuration based on the main performance parameters evaluated in this study. This
summary of results was obtained at an evaporating temperature of 8 ◦C and a condensing
temperature of 55 ◦C.
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Table 11. Summary of results for the refrigerants with respect to the main performance parameters
considering each configuration evaluated: (a) BC; (b) IHXC + TEV; (c) IHXC + ST; (d) EC; (e) EC + IHX.

BC VRC
[kJ m−3] COP

.
ED;TOT
[kW]

ηex
[%]

.
CD;TOT
[$ h−1]

.
CTOT

[$ h−1]
TEWIMEXICO

[tCO2-eq]
TEWICHINA

[tCO2-eq]Refrigerant

R134a 2367.61 3.4 0.608 48.33 0.127 0.195 16.56 24.46
R1234yf 2123.02 3.21 0.672 46.05 0.142 0.223 16.59 24.96

R1234ze(E) 1759.63 3.38 0.615 48.03 0.129 0.204 15.77 23.73
R1243zf 2014.8 3.41 0.604 48.47 0.127 0.196 15.6 23.48
R516A 2270.82 3.31 0.638 47.23 0.134 0.207 16.18 24.3
R444A 2132.71 2.7 0.889 39.95 0.17 0.239 19.78 29.74
R445A 1973.76 2.17 1.216 33.74 0.22 0.294 20.45 36.86

(a)

IHXC + TEV VRC
[kJ m−3] COP

.
ED;TOT
[kW]

ηex
[%]

.
CD;TOT
[$ h−1]

.
CTOT

[$ h−1]
TEWIMEXICO

[tCO2-eq]
TEWICHINA

[tCO2-eq]Refrigerant

R134a 2433.88 3.45 0.582 49.77 0.144 0.219 16.33 24.11
R1234yf 2308.83 3.42 0.59 49.57 0.153 0.234 15.59 23.46

R1234ze(E) 1853.99 3.51 0.565 50.47 0.142 0.219 15.19 22.85
R1243zf 2110.31 3.53 0.588 50.75 0.141 0.215 15.09 22.71
R516A 2406.01 3.45 0.583 49.81 0.148 0.225 15.55 23.35
R444A 2208.94 2.76 0.851 41.3 0.197 0.272 19.37 29.12
R445A 2069.61 2.24 1.157 35.07 0.258 0.338 23.82 35.8

(b)

IHXC + ST VRC
[kJ m−3] COP

.
ED;TOT
[kW]

ηex
[%]

.
CD;TOT
[$ h−1]

.
CTOT

[$ h−1]
TEWIMEXICO

[tCO2-eq]
TEWICHINA

[tCO2-eq]Refrigerant

R134a 2501.78 3.55 0.557 50.53 0.139 0.213 15.9 23.47
R1234yf 2388.42 3.54 0.56 50.44 0.145 0.225 15.06 22.66

R1234ze(E) 1906.89 3.61 0.541 51.19 0.136 0.213 14.76 22.21
R1243zf 2171.2 3.63 0.534 51.49 0.135 0.208 14.66 22.06
R516A 2482.13 3.56 0.555 50.63 0.141 0.217 15.07 22.62
R444A 2269.65 2.84 0.82 41.88 0.189 0.265 18.85 15.72
R445A 2127.69 2.31 1.117 35.54 0.248 0.328 23.16 34.8

(c)

EC VRC
[kJ m−3] COP

.
ED;TOT
[kW]

ηex
[%]

.
CD;TOT
[$ h−1]

.
CTOT

[$ h−1]
TEWIMEXICO

[tCO2-eq]
TEWICHINA

[tCO2-eq]Refrigerant

R134a 4040.55 4.01 0.447 55.21 0.104 0.182 14.18 20.88
R1234yf 4023.4 3.84 0.479 53.92 0.115 0.218 13.86 20.85

R1234ze(E) 3060.24 3.98 0.453 54.97 0.106 0.196 13.4 20.16
R1243zf 3479.42 4.01 0.444 55.44 0.104 0.186 13.28 19.99
R516A 4099.63 3.92 0.462 54.67 0.109 0.196 13.68 20.53
R444A 4032.46 3.31 0.684 43.36 0.142 0.219 16.14 24.25
R445A 4360.68 2.81 0.919 35.44 0.182 0.268 19.04 28.6

(d)
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Table 11. Cont.

EC + IHX VRC
[kJ m−3] COP

.
ED;TOT
[kW]

ηex
[%]

.
CD;TOT
[$ h−1]

.
CTOT

[$ h−1]
TEWIMEXICO

[tCO2-eq]
TEWICHINA

[tCO2-eq]Refrigerant

R134a 3450.28 4.08 0.466 52.42 0.146 0.255 13.96 20.54
R1234yf 3404.56 4.11 0.466 52.12 0.156 0.273 12.96 19.5

R1234ze(E) 2636.88 4.15 0.453 52.93 0.145 0.257 12.83 19.31
R1243zf 2978.18 4.16 0.45 53.18 0.144 0.252 12.81 19.27
R516A 3476.59 4.11 0.464 52.35 0.151 0.262 13.05 19.59
R444A 3464.73 3.36 0.704 40.93 0.193 0.303 15.93 23.94
R445A 3750.94 2.87 0.929 33.34 0.233 0.349 18.65 28.02

(e)

4. Conclusions
The use of refrigerants with GWP < 150 is a priority in mobile air conditioning systems.

This study focuses on six alternative refrigerants analyzed as direct replacements for
R134a in the basic cycle of MAC systems. Additionally, four cycle configurations are
proposed to improve the performance of environmentally friendly refrigerants. Through
the developed model and considering an analysis from an energy, exergy, exergoeconomic,
and environmental perspective, the following are the main conclusions:

• The refrigerant R1243zf exhibits the best performance as a direct replacement for R134a
in the basic cycle. The COP and exergy efficiency are similar to those presented by
R134a. Based on the total cost ratio, R1243zf does not represent a higher cost concern-
ing R134a, and the reduction in volumetric cooling capacity is approximately 17%.

• The cycle configurations with an IHX and short tube or expansion valve help to im-
prove the COP of all refrigerants; however, for R1234yf, R1234ze(E), R1243zf, and
R516A, the IHX promotes an improvement that helps to overcome the COP of R134a in
the basic cycle, likewise increasing the exergy efficiency and decreases the total exergy
destruction, with its impact being most significant when used at a condensing tempera-
ture of 45 ◦C, since at higher temperatures, the IHX increases the discharge temperature
in the compressor. Hence, it decreases its benefit for alternative refrigerants.

• The use of an IHX with R444A and R445A does not represent an increase in the
performance of these refrigerants compared to R134a. In addition, the IHX promotes
an increase in exergy destruction and decreases the exergy efficiency; likewise, the
total cost ratio of the cycle configuration with an IHX for R444A and R445A reflects a
rise of 35% and 70%, respectively.

• The cycle with ejector and IHX shows the highest COP increase for the alternative
refrigerants. Even with this configuration, R444A achieves similar performance to
R134a in the basic cycle. For refrigerants R1234yf, R1234ze(E), R1243zf, and R516A,
the COP increases above 20%.

• From an exergy and exergoeconomic perspective, the ejector cycle offers a significant
advantage over the basic cycle with R134a. For refrigerants R1234yf, R1234ze(E),
R1243zf, and R516A, the exergy efficiency increases by over 15%, and the total exergy
destruction is reduced by up to 20%. In addition, the volumetric cooling capacity
increases by up to 80% when using R1234yf, R516A, and R444A refrigerants. However,
the total cost ratio of refrigerants R1234yf and R444A increases by up to 40%. In this
case, R1234yf in the cycle with an ejector shows an increase in exergy performance,
but with a 20% increase in the total cost ratio compared to the basic cycle with R134a.

• Through the TEWI analysis, a reduction in emissions was observed when using the
alternative cycle configurations. In this sense, the cycle with an ejector and the cycle
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with an ejector and IHX showed the most significant reduction in terms of TEWI. The
refrigerants that reduce emissions by up to 25% are R1234yf, R1234ze(E), R1243zf,
and R516A.
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Nomenclature

A area, m2

c unit exergy cost, $ kJ−1
.
C exergy cost rate, $ h−1

C thermal capacitance, kW K−1

Cp specific heat, kJ kg−1 K−1

D diameter, m
DL characteristic diameter, m
.
E exergy rate, kW
f exergoeconomic factor
G mass velocity, kg m−2 s−1

g gravitational constant, m s−2

h transfer coefficient, W m−2 K−1

ir interest rate, %
j Colburn factor
k thermal conductivity, W m−2 K−1
.

m mass flow rate, kg s−1

N lifetime, year
P pressure, kPa
Pr Prandtl number
.

Q heat transfer rate, kW
Re Reynolds number
top annual operating time, h
∆P pressure drop, kPa
T temperature, ◦C
U global heat transfer coefficient, W m−2 K−1

µeje ejector entrainment ratio
V velocity, m s−1

.
W power consumption, kW
x Quality
Z cost, $
.
Z levelized investment cost rate, $ h−1
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Greek Symbols
∈ effectiveness
η efficiency
∆ difference
ρ density, kg m−3

φ operation and maintenance cost factor
σ surface tension, N m−1

µ viscosity, Pa s−1

Subscripts
a air
CC cold current
CI capital investment
comp compressor
cond condenser
D destruction
dis discharge
eje ejector
evap evaporator
f fuel
fn fin
HC hot current
in inlet
ise isentropic
k k th component
l liquid
mix mixture
mot motive
o ambient (dead state)
OM operating and maintenance
opt optimal
out outlet
p product
ref refrigerant
refe reference
ST short tube
suc suction
SUP superheating
TOT total
v vapor
Abbreviations
BC basic cycle
COP coefficient of performance
CRF capital recovery factor
EC ejector cycle
EC + IHX ejector cycle + internal heat exchanger
GWP global warming potential
HFC hydrochlorofluorocarbon
HFO hydrofluoroolefine
IHXC + TEV cycle with internal heat exchanger + thermostatic expansion valve
IHXC + ST cycle with internal heat exchanger + short tube
MAC mobile air conditioning
NTU number of transfer units
TEV thermostatic expansion valve
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Appendix A. Heat Exchanger Model
The ε-NTU methodology is used to analyze heat transfer in the evaporator, condenser,

and internal heat exchanger. According to Kays and London [88] the effectiveness of heat
exchangers is determined by the ratio of thermal capacities to the number of transfer units
(NTU). In single-phase fluid zones, the thermal capacity ratio is nonzero; when there is a
phase change in the fluid, it is zero. This is reflected in the Equation (A2); for each condition,
the corresponding equation is used.

ε =
Q

Qmax
=

Q( .
mCp

)
min(∆Tmax)

(A1)

ε =

{
1 − exp

{(
1

Cr

)
NTU0.22

[
exp

(
−Cr NTU0.78

)
− 1
]}

, Cr ̸= 0

1 − exp(−NTU), Cr = 0
(A2)

Cr =
Cmin
Cmax

(A3)

Cmin =

{( .
mCp

)
re f ,

( .
mCp

)
a >

( .
mCp

)
re f( .

mCp
)

a ,
( .
mCp

)
a <

( .
mCp

)
re f

(A4)

Equations (A5) and (A6) are used to calculate the convective coefficient during evapo-
ration and condensation.

hevap = 0.087Re0.6Prl

(
ρl
ρv

)(
kl
kv

)(
kl
DL

)
(A5)

hcond =
hl

(xout − xin)

[
− (1 − x)0.8

1.8
+

3.8
Pr0.38

(
x1.76

1.76
− 0.04x2.76

2.76

)]xout

xin

(A6)

To determine the heat transfer coefficient of the refrigerant in single-phase flow, the
Dittus and Boelter correlation is used [89], Equation (A7).

hre f = 0.023
(

k
D

)
Re0.8Pr0.3 (A7)

Were,

Re =
ρlVmDL

µl
(A8)

Vm =

(
G
ρl

)[
1 − x

(
ρl
ρv

− 1
)]

(A9)

DL =

[
σre f

g(ρl − ρv)

]0.5
(A10)

To determine the heat transfer area associated with the evaporator, condenser, and
IHX, the Equation (A11) is used.

NTU =
UA
Cmin

(A11)

1
UA

=
1

ηaha Aa
+

1
hre f Are f

(A12)

1
UAIHX

=
1

hre f ,H Are f ,H
+

1
hre f ,C Are f ,C

(A13)
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The equations that complete the heat transfer analysis are shown below [90].

ha =
jCpaGmax

Pr2/3 (A14)

ηa = 1 −
N f n A f n

ATOT

(
1 − η f n

)
(A15)
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