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Abstract: The use of an internal heat exchanger in vapor compression refrigeration systems of
one stage is a common practice because it helps to increase the cooling capacity in the evaporator.
Furthermore, the use of refrigerants with low global warming potential is becoming more frequent due
to environmental regulations worldwide. Thus, this paper presents an evaluation of the improvement
produced by the inclusion of an internal heat exchanger cycle (IHXC) in an experimental installation
from the viewpoint of exergy, economic and environmental through to exergy, exergoeconomics, and
Specific Life Cycle Climate Performance (SLCCP) studies. The tests were conducted using R1234ze(E)
as a replacement alternative to R134a in three evaporating temperature conditions: 4 ◦C, 9 ◦C, and
14 ◦C. Comparisons were made considering R134a in BRC mode versus R1234ze(E) in BRC and IHXC
modes. Results show that a lower environmental impact is produced by an evaporating temperature
of 14 ◦C with a reduction in SLCCP of 13.3% using IHXC and R1234ze(E). Moreover, the highest
increase in exergy efficiency was observed for an evaporating temperature of 4 ◦C, with this increase
being 9%, while the lowest increase in the total cost rate was observed for the same evaporating
temperature, being 12.3% and 21.2% for BRC and IHXC modes using R1234ze(E), respectively.

Keywords: IHX; low GWP refrigerants; exergoeconomics; environmental impact; energy

1. Introduction

Recently, the air conditioning and refrigeration industry has evidenced a transition in
the use of refrigerants, and one of the main objectives is the replacement of refrigerants that
have GWP values higher than three digits. Some measures used to carry out the replacement
of refrigerants with high GWP values are found in the current EU regulation 517/2014
(European Union, 2014) [1] and in the Kigali agreement (United Nations, 2016) that have
established limitations that require a search for and implementation of new alternative
refrigerants in different applications that use vapor compression systems. Among the main
objectives of these agreements is the reduction in the use of HFCs worldwide to keep global
warming below 1.5 ◦C to 2 ◦C; in addition, the Kigali agreement also includes a gradual
reduction in the use of HFCs from 2019, which includes developing countries from 2024
and 2028 [2].

The use of HFO in vapor compression systems as low GWP refrigerants has been
studied in recent years through theoretical and experimental papers to evaluate energy
performance and its thermodynamic characteristics in refrigeration cycles, comparing them
with commonly used refrigerants such as R134a. Among them is R1234ze(E), which has
attracted attention as a substitute for R134a in certain applications. As a fourth-generation
refrigerant, R1234ze(E) satisfies environmental safety requirements for GWP < 10 [3].
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Although HFOs have mainly been proposed as substitutes for HFC refrigerants [4], there
are some differences in thermophysical properties, which has led to the need to investigate
the performance of these alternative refrigerants in systems that have operated with HFCs.
To measure the discrepancy, there is a need to search for alternative configurations to the
basic vapor compression cycle or to include components that contribute to improving the
performance of HFOs.

Based on current information, energy analysis with the use of R1234ze(E) in experi-
mental systems has been widely studied. Mota-Babiloni et al. [5] experimentally evaluated
the performance of a water vapor compression system in a direct application of R134a,
R1234yf, and R1234ze(E). The authors observed that the use of R1234yf represented a
reduction in the cooling capacity of up to 13.71% and a reduction in the COP by up to
10.5%, while the use of R1234ze(E) produced a reduction in the cooling capacity of 33.68%
and a lower COP close to 8.4%. Sánchez et al. [6] experimentally compared the HFOs in
a direct application in a water-to-water system: R1234ze(E) and R1234yf, among others.
For two evaporation temperatures, −10 ◦C and 0 ◦C, and three condensation temperatures,
25 ◦C, 35 ◦C, and 45 ◦C, they found that with R1234ze(E), the cooling capacity was reduced
between 22.9% and 26.6%, and the reduction in COP was between 2.8% and 13.0%. On the
other hand, Devecioglu and Oruç [7] experimentally evaluated the impact of an internal
heat exchanger in an air–air vapor compression system using R1234yf and R1234ze(E) as
direct substitutes for R134a. They found that the cooling capacity of the system using
R134a is higher than that of the system with R1234ze(E); nevertheless, this cooling capacity
increased using an internal heat exchanger (IHX) over the basic configuration. Regarding
COP, R1234ze(E) presented a better performance compared to R1234yf.

The work carried out by Colombo et al. [8] discussed the results of an experimental
study in a water–water heat pump in a drop-in application. They evaluated the performance
of R134a and its low GWP alternatives: R1234yf and R1234ze(E). The results reflected that
the use of R1234ze(E) represented a substantial reduction in capacity in the range from
14.92% to 33.82%, and a reduction and improvement in the COP in the range of −12.27%
to +4.32%. The authors concluded that R1234yf is more suitable for replacing R134a in
low- and medium-temperature heat pumps, while R1234ze(E) has better performance for
high-temperature heat pumps.

The application in refrigeration systems of R1234ze(E) suggests certain recommenda-
tions based on research and experimental tests carried out in various works. In this sense,
Mota-Babiloni et al. [4] proposed that the use of this fourth-generation refrigerant should
be applied in new refrigerators adapted to the thermophysical characteristics of R1234ze(E),
since the experimental results showed that the direct substitution of R1234ze(E) in refriger-
ation systems designed based on R134a is not suitable, due to the low rates of performance
and cooling capacity obtained. One of the applications in which the R1234ze(E) refriger-
ant is an excellent candidate is in vending machines. For example, Ankit Sethi et al. [9]
conducted tests using a larger compressor to obtain a higher cooling capacity related to
a higher volumetric displacement provided by the compressor. In general, the changes
made to the refrigeration system were minor, including the inclusion of an exchanger in the
suction/liquid line with which they managed to match the performance of R134a. Using
the higher-capacity compressor, under similar operating conditions, R1234ze(E) presented
capacity and efficiency at percentage values of 105% and 90%, respectively. Finally, other
papers [10–16] have demonstrated, with energy studies, the use of R1234ze(E) as a feasible
alternative to R134a in various applications.

According to the literature, it is evident that R1234ze(E) can be an option as a substitute
for R134a in refrigeration applications, mainly considering some retrofit options. Even if
the energy study of refrigeration cycles is the most common around the world, there are
options such as exergy, exergoeconomics, and environmental studies, which contribute
to a wider outlook for evaluating the integral performance of a refrigeration cycle. So,
in this paper, the influence of IHX in an experimental installation for HVAC evaporating
temperature conditions is analyzed considering not only an energy study but also the
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results of exergy, operational cost, and environmental studies, and an integral analysis is
carried out that allows us to draw conclusions regarding the viability of R1234ze(E) as an
alternative in HVAC applications.

2. Characteristics of R1234ze(E) as an Alternative Refrigerant

In this paper, R1234ze(E) is considered as a replacement alternative to R134a in an
experimental installation that operates at medium-high evaporating temperatures. Table 1
shows a comparison of the main characteristics and properties of R1234ze(E) with R134a.
The thermodynamic and transport properties have been calculated using REFPROP 10.0®

software (NIST—Gaithersburg, MA, USA) [17].

Table 1. Properties of R1234ze(E) and R134a refrigerants.

Property R134a
(HFC)

R1234ze(E)
(HFO)

ASHRAE Safety Group A1 A2L
GWP 1300 <1
ODP 0 0

Critical pressure (kPa) 4059.3 3634.9
Critical temperature (K) 374.2 382.5

Boiling point at 1 atm (K) 247.1 253.9
ASHRAE Flammability No Low

ASHRAE Toxicity No No
Molecular weight (kg/kmol) 102 114

Liquid density * (kg/m3) 1294.8 1240.1
Vapor density * (kg/m3) 14.4 11.7

Specific heat of liquid * (kJ/kgK) 1.34 1.34
Specific heat of vapor * (kJ/kgK) 0.897 0.897

Latent heat of vaporization (kJ/kg) 198.6 184.2
Liquid thermal conductivity * (kJ/kgK) 92 × 10−3 83.1 × 10−3

Vapor thermal conductivity * (kJ/kgK) 11.5 × 10−3 11.6 × 10−3

Liquid viscosity * (Pa/s) 266.5 × 10−6 262.6 × 10−6

Vapor viscosity * (Pa/s) 10.7 × 10−6 10.7 × 10−6

* at 273.15 K.

As observed in Table 1, the critical point temperature of R1234ze(E) is higher than that
of R134a, which guarantees a higher heat transfer rate when the condenser temperature is
far from the critical point temperature [18]. The vapor thermal conductivity of R1234ze(E)
is slightly higher than that of R134a, and high values of these properties contribute to
improving heat transfer, thereby reducing the initial investment costs related to the purchase
of smaller or more compact heat exchangers. Furthermore, the vapor and liquid viscosity
of R1234ze(E) are similar and 3% lower, respectively, and these properties are important
because low values reduce the energy requirement for its circulation through the system. As
for low liquid density values, these can be observed for R1234ze(E), which results in being
lower compared to R134a, which represents a lower requirement in the refrigerant charge
while also contributing to reducing pressure losses in the connecting lines. Regarding
the vapor density, R1234ze(E) presents a lower value; this value is inversely proportional
to the gas velocity and the shear force exerted between the vapor and liquid, in which
these values are increased and contribute to a positive heat transfer. Several papers have
analyzed, in more detail, the thermophysical properties of R1234ze(E) as an alternative in
different refrigeration systems [4,19–21].

Environmental Effects

The refrigerants that are the subject of analysis in this paper meet the requirement of
not causing damage to the ozone layer considering a zero ODP; however, the GWP repre-
sents a real threat that contributes directly to the global warming of the planet. R1234ze(E)
has a GWP < 1, considerably lower than the GWP of 1300 presented by R134a. Making
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a comparison from the point of view of the GWP, a clear contribution is observed by
proposing R1234ze(E) as an alternative to R134a; however, other measurement parameters
consider a greater number of factors that contribute to the environmental impact; these are
the TEWI (Total Equivalent Warming Impact) and the LCCP (Life-Cycle Climate Perfor-
mance). The TEWI index is more indicative than the GWP, this represents the impact on
global warming due to direct emissions caused by the release of the refrigerant during the
useful life of the equipment and the indirect impact due to CO2 emissions from the use of
electrical energy for the operation of the system. Lastly, the LCCP considers, in addition to
direct emissions, the emissions caused indirectly by using each fluid and the refrigeration
system, while also considering all the relevant indirect emissions involved in the life cycle
of the refrigerant compared to the TEWI, such as emissions related to the manufacture
and disposal of this, as well as the life use of the system. This is how, in this paper, the
LCCP analysis of the environmental impact generated by operating refrigerants R134a
and R1234ze(E) under the proposed operating conditions is carried out. Here we seek to
observe the influence represented by the low GWP of R1234ze(E) and the refrigerant charge
of the system for each configuration, as well as the impact on indirect emissions due to
energy consumption and the inclusion of the IHX for each refrigerant based on its thermal
performance for each cycle.

3. Experimental Procedure

For the development of the experimental tests, a vapor compression installation is
available, which integrates three systems: The refrigeration circuit (Figure 1a) and two
secondary circuits, the load simulator (Figure 1b) and the heat sink (Figure 1c).

Figure 2 illustrates the experimental configuration used to study the behavior of the
refrigerants in the refrigeration installation. This diagram contains all the main components
of the installation, sensors, and instrumentation, in addition to the equipment that makes
up the secondary circuits responsible for simulating and dissipating the thermal load within
the vapor compression cycle, all for the correct operation of the configuration. The fluid
used by the thermal load simulator circuit consists of a water–glycol mixture with a 70/30
volume percentage, while the thermal load dissipation circuit uses saturated water as the
working fluid. Temperature and pressure sensors were used, which were located at the
inlet and outlet of each component. The main characteristics of the sensors, flowmeters,
and power meters are shown in Table 2.

Table 2. Specifications of the elements and devices for measuring temperature, pressure, flow, and
electrical power.

Sensor Specification Measuring Range Sensitivity

Temperature Thermocouple type K −270 to 1372 ◦C 3.6 mV/100 ◦C
Pressure WIKA 0 to 25 bar and 0 to 100 bar ≤±0.3%

Coriolis flowmeter SITRANS FC Coriolis 4500 kg/h ±0.2% with liquids and
± 0.4% with gases

Electromagnetic flowmeter
(Secondary circuits) ONICON 0.1 to 0.6 kg/s ±0.4%

Power measurement FLUKE 1736 1000 V and 40 A ±0.2% V and ±0.7% A

The vapor compression circuit of the refrigeration installation consists of the following
components: A hermetic reciprocating compressor of 2.6 m3/h of displacement volume,
two plate heat exchangers that act as condenser and evaporator of 3.5 kW and 2.5 kW
capacity, respectively, a 3-L capacity liquid receiver, and a 5.0 kW nominal capacity ther-
mostatic expansion valve. Finally, an internal heat exchanger was added, which is a plate
and has a capacity of 2.5 kW. All plate heat exchangers are arranged to operate in counter-
current. Table 3 shows the main characteristics of the heat exchangers that are part of the
experimental installation.
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Figure 1. Experimental installation: (a) Refrigeration circuit, (b) thermal load simulator, and
(c) thermal load sink.

Table 3. Specifications of the heat exchangers of the experimental installation.

Component Specification Number of Plates Dimensions (cm)
(Length × Width × Height)

Evaporator PHE B3-030-10 10 32.5 × 9.5 × 2.4
Condenser PHE B3-030-20 20 32.5 × 9.5 × 3.9

IHX PHE B3-030-10 10 32.5 × 9.5 × 2.4

A vapor compression refrigeration installation was available to carry out the experi-
mental tests, which can operate two configurations of the vapor compression cycle:

- BRC.
- IHXC.
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Figure 2. Schematic representation of the experimental setup.

3.1. Basic Refrigeration Cycle (BRC)

Figure 3a represents the conventional vapor compression refrigeration cycle, where the
liquid refrigerant evaporates in the low-pressure stage (4-1), is compressed (1-2), and is con-
densed in the high-pressure stage (2-3). Subsequently, the refrigerant leaves subcooled (4)
and then passes through the expansion device, in this case, a thermostatic expansion valve
(TEV) (3-4), which decreases the temperature and pressure of the refrigerant to enter the
evaporator with a certain quality, where the refrigerant evaporates, absorbing the heat of
the fluid that is required to cool; once the refrigerant leaves the evaporator, it passes through
the suction of the compressor (1) to repeat the cycle. Figure 3b show this configuration,
which is composed of a compressor, condenser, liquid receiver, thermostatic expansion
valve, and evaporator.
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3.2. Use of an IHX as Improvement on BRC

The IHX or suction/liquid line heat exchanger promotes heat exchange between the
refrigerant at the condenser outlet (3-4) and the evaporator outlet (6-1), in such a way that a
sufficient degree of subcooling (SUB) is guaranteed at the condenser outlet, influencing the
decrease in the quality of the refrigerant at the evaporator inlet and increasing the latent
heat portion. Therefore, this component promotes an increase in the cooling capacity in
the evaporator as a result of the increase in the enthalpy jump in the evaporation phase.
Similarly, IHX produces an increase in the temperature of the refrigerant at the outlet of the
evaporator, an effect known as superheating (SUP). Both effects can be seen in Figure 4a. In
Figure 4b, the inclusion of IHX is shown as a modification of the basic refrigeration cycle,
and in this paper, this modification is called IHXC.
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4. Integral Analysis

An integral analysis allows for evaluating a scenario from different edges. In this
paper, the integral analysis of refrigerants was performed considering energy, exergy, exer-
goeconomics, and environmental studies, which are described in the following subsections.
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4.1. Energy Study

For the development of the energy study, both the cooling capacity and the coefficient
of performance (COP) were considered, since these parameters provide direct information
on the capacity of the refrigerants used to remove the thermal load set as a function of its
thermophysical properties. In the same way, they present the relationship between the
cooling capacity and the energy consumption in the cycle for each of the analyzed fluids.
The cooling capacity is obtained by multiplying the mass flow of the refrigerant by the
increase in enthalpy in the evaporator (1). The mass flow of the refrigerant is of great
importance in the calculation of the cooling capacity since it allows one to determine the
speed at which the energy transfer occurs in the system.

.
Qevap =

.
mref(hout − hin)evap (1)

For the calculation of the COP (2), the cooling capacity occurring in the evaporator
and the ratio at which the work is required in the compressor are considered.

COP =

.
Qevap
.

Wcomp
(2)

Table 4 summarizes the equations used in the analysis of each of the installation
components considered for the calculation of the cycle performance parameters.

4.2. Exergy Study

Through the analysis of the irreversibility of the system, the number of thermodynamic
inefficiencies in each of the components and of the system, in general, are identified [22–24].
The exergy destroyed, calculated when the exergy balance is carried out in each component,
refers to losses in the quality of energy in the system, which would be very difficult to
determine through an energy analysis [25].

In vapor compression refrigeration systems, the physical exergy consists of the maxi-
mum useful work that is obtained when passing from an initial state (T, P) to a reference
state (To, Po). In this case, chemical, magnetic, electrical, and nuclear exergy are neglected.
The physical exergy of a flow stream can be expressed as:

.
E

PH
=

.
mref·ePH =

.
mref[(h − ho)− To(s − so)] (3)

The exergy balance for installation components is summarized in Table 4. The total
exergy destruction ratio consists of the sum of the exergy destruction of each component,
expressed as:

.
ED;TOT =

.
ED;comp +

.
ED;cond +

.
ED;TEV +

.
ED;evap +

.
ED;IHX (4)

Based on the second law of thermodynamics, the performance criterion for the entire
refrigeration system is the rational efficiency, which consists of the difference between a
unit and the fraction of the total exergy destruction (

.
ED;TOT) and the power consumption

in the compressor (
.

Wcomp), which can be written as [24]:

ψ = 1 −
.
ED;TOT

.
Wcomp

(5)
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Table 4. Characteristic equations of each component of the installation.

Component Model Energy Analysis Exergy Analysis Exergoeconomic Analysis
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Wcomp =
.
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( .
Eout −

.
Ein

)
=

.
ED;comp
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Cout =

.
Cin +

.
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.
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4.3. Exergoeconomic Study

The exergoeconomic or thermoeconomic analyses known in the literature relate to the
costs associated with the exergy currents for each component of the system, in addition to
the capital costs of the equipment in monetary units. The equation that reflects the balance
of the economic cost based on the exergy of the system is expressed as:

∑
in

.
Ck +

.
ZTOT = ∑

out

.
Ck (6)

where the cost terms are evaluated as (7); here (ck) represents the unit exergy cost and (
.
Ek)

is the exergy rate.
.

Ck = ck ×
.
Ek (7)

For each component, the economic cost balance based on the input exergy (F: Fuel)
and product exergy (P: Product) is expressed as (8).

.
CP =

.
CF +

.
ZK (8)

The total levelized hourly cost of each component is calculated as:

.
Z

TOT
k =

.
Z

CI
k +

.
Z

OM
k (9)

where
.
Z

CI
k and

.
Z

OM
k are the cost of capital investment and the cost of operation and

maintenance, evaluated per year, respectively. In Mexico, the investment costs in dollars
for each component of the installation are shown in Table 5.

Table 5. Capital investment cost of each component.

Component Capital Investment Cost ($)

Compressor 751.11
Condenser 144.52

TEV 34.16
Evaporator 98.37

IHX 98.37

For the calculation of these two parameters, the capital recovery factor (CRF) is
introduced to consider the interest rate and the operating time of the system.

CRF =
ir(ir+1)n

(ir+1)n−1
(10)

.
Z

CI
k =

cRF
tope

·Zk (11)

.
Z

OM
k =

.
Z

CI
k ·ϕ (12)

Information about certain factors for the evaluation of the previous equations is shown
in Table 6.

To determine the exergoeconomic performance of the two configurations of the in-
stallation, the exergy and exergoeconomic balance equations are used, which are listed in
Table 4.

To evaluate the exergoeconomic performance of the specific system, the following
parameters are defined:



Sustainability 2022, 14, 6008 11 of 19

The cost rate is associated with the exergy destructions, which takes into account the
unitary exergy cost of the current it makes as fuel for the component (cF,k) and the exergy
destruction ratio (

.
ED,k),

.
CD,k = cF,k ×

.
ED,k (13)

Table 6. The assumed parameters for the exergoeconomic analysis.

Parameter Description Unit Value

ir Interest rate 1 % 10
n Lifetime year 15

tope Annual operating time h 4000
ϕ Operation and maintenance cost factor 2 % 1.06

1 was placed based on ref. [26]; 2 was placed based on ref. [27].

The total exergy cost rate is the sum of the cost ratio associated with exergy destruction

(
.

CD,k) and the total levelized hourly cost of each component (
.
Z

TOT
k ).

.
CTOT,k =

.
CD,k +

.
Z

TOT
k (14)

4.4. Life Cycle Climate Performance Study

The LCCP analysis is a holistic measurement method that takes into account the impact
of the use of a refrigeration system with a certain refrigerant during its useful life. It is
more complex than the TEWI, but it considers more factors that influence the measurement
of the environmental impact [28]. The methodology for calculating the LCCP described
below was investigated from the available literature [29]. The LCCP is the sum of the direct
and indirect emissions in the operation of a refrigeration system, and it is based on (15) and
is measured in kgCO2eq or the SLCCP in kgCO2eq/kWh.

LCCP = Direct emissions + Indirect emissions (15)

Direct emissions refer to the environmental impact produced by refrigerant leaks once
it is charged to the installation, and its calculation is conducted with (18).

DE = C × (L × ALR + EOL) × (GWP + adp .GWP) (16)

where C is the refrigerant charge (kg), L is the average equipment life (years), ALR is an
annual leak rate (% of refrigerant charge), EOL is the end-of-life refrigerant leak useful (% of
refrigerant charge), GWP is the global warming potential (kgCO2eq/kg), and adp.GWP is
the GWP of the atmospheric degradation product of the refrigerant (kgCO2eq/kg).

Indirect emissions include emissions from energy consumption, the manufacturing of
materials, the manufacturing of the refrigerant, and the disposal of the unit (17).

IE = Energy consumption + Equipment manufacturing + Equipment EOL
+Refrigerant manufacturing

(17)

Emissions from energy consumption are calculated by (18).

Energy Consumption Emissions = L × AEC × EM (18)

where AEC represents the annual energy consumption (kWh/year) and EM is the emission
factor of the power plant (kgCO2eq/kWh). EM is calculated from the share of resources for
power plants in the electricity generation region.

The other indirect emission factors are calculated from (19)–(21).

Equipment manufacturing =∑(MM × m) (19)
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Equipment EOL =∑(RM × Mr) (20)

Refrigerant manufacturing =(C + C × ALR × L)×RFM + RFD (21)

where MM is the CO2eq produced/kg of material (kgCO2eq/kg), m is the mass of the
unit/material (kg), RM is the CO2eq produced/kg of recycled material (kgCO2eq/kg), Mr
is the mass of recycled material (kg), RFM represents the emissions from the manufacture
of the refrigerant (kgCO2eq/kg), and RFD represents the emissions from the disposal of the
refrigerant (kgCO2eq/kg).

The information regarding the parameters to evaluate the previous equations required
in the LCCP analysis is shown in Table 7. Some factors are taken from information in the
available literature, due to the complexity of determining them.

Table 7. Input parameters for LCCP analysis.

Item R134a
BRC

R1234ze(E)
BRC

R1234ze(E)
IHXC

Refrigerant charge, kg 0.52 0.5 0.63
Unit weight, kg 115 115 120

Annual refrigerant leakage 1,2, % 4 4 4.4
EOL leakage 1,2, % 15 15 17

Lifetime 1, year 15 15 15
Equipment manufacturing 3, kgCO2eq 409 409 450

Nominal cooling capacity, kW 3.0 3.0 3.5
1 was placed based on ref. [30]; 2 was placed based on ref. [31]; 3 was placed based on ref. [32].

5. Results
5.1. Cooling Capacity

To determine the cooling capacity, the thermodynamic states at the inlet and outlet of
each component were defined experimentally. Table 8 shows a summary of the operating
pressures of each cycle and the overheating at the outlet of the evaporator provided by the
TEV for the configurations analyzed in the experimental installation.

Table 8. Experimental thermal operating conditions for each installation cycle configuration.

Refrigerant Configuration
Evaporation
Temperature

(◦C)

Suction Pressure
(kPa)

Discharge Pressure
(kPa)

Superheating
(K)

R1234ze(E) BRC 4 152.2 672.3 4.89
9 189.9 679.2 5.14
14 254.3 686.5 5.39

R1234ze(E) IHXC 4 165.7 680.2 5.28
9 202.4 696.4 5.09
14 267.1 701.1 5.37

R134a BRC 4 226.1 883.8 5.54
9 299.2 893.6 5.92
14 370.9 911.1 5.43

Figure 5 represents the cooling capacity varying the evaporation temperature when
the installation is operated in both BRC and IHXC. To obtain the three evaporation tem-
perature conditions, the inlet temperature of the water–glycol mixture in the evapora-
tor was varied for three controllable values of 10, 15, and 20 ◦C, which guaranteed
the approximate evaporation temperatures of 4, 9, and 14 ◦C of the refrigerant. Sim-
ilarly, Figure 4 shows the influence of the volumetric flow condition of the mixture
(Cmin;mix = 0.141 L/s and Cmax;mix = 0.162 L/s). In this case, when operating the IHXC,
it was found that due to the sub-cooling at the condenser outlet caused by the IHX, the
enthalpy at the evaporator inlet is reduced, and the smaller this value, the higher the
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increase in the cooling capacity. Likewise, when the evaporation temperature increases, the
cooling capacity also increases. It is also highlighted that for the R1234ze(E) to match the
cooling capacity obtained by the R134a in the BRC, it is necessary to implement the IHXC
to match this performance parameter.
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Considering the maximum flow condition in the water–glycol mixture (Cmax;mix = 0.162 L/s),
an increase is observed in the cooling capacity for the cycles operated in a range of 3.1% to
5.6% regarding the results obtained with the minimum flow condition of the mixture, which
suggests that the increase in volumetric flow improves the energy transfer in the evaporator.
Similarly, for this flow condition, the inclusion of the IHX is necessary so that the cooling
capacity of R1234ze(E) reaches that of R134a operating in the BRC. Considering properties
that influence the improvement of the cooling capacity is the thermal conductivity of liquid
and vapor, and R1234ze(E) has a lower thermal conductivity of liquid compared to R134a,
presenting lower values in this performance parameter; however, in the case of vapor
thermal conductivity, it is slightly higher for R1234ze(E), and with the help of IHX, it is
possible to match the cooling capacity.

5.2. Coefficient of Performance (COP)

The results obtained regarding the COP for the two refrigerants and the two cycles
handled in the installation are shown in Table 9, which reflects the variation of the COP
for the three evaporation conditions. Moreover, considering the maximum flow rate of the
water–glycol mixture (Cmax;mix = 0.162 L/s), the flow condition for which a higher cycle
performance is obtained without requiring a large difference in flow power in the thermal
load simulator circuit concerning that used for the minimum flow condition. The favorable
effect of the subcooling caused by activating the IHX within the cycle can be appreciated,
producing an increase in the cooling capacity in the evaporator. In the same way, increasing
the evaporation temperature produces a lower requirement in the compression work, thus
contributing to the increase in the COP. When comparing R1234ze(E) and R134a operating
the BRC, there is a reduction in the COP between 3.3% and 5.5%, and when including the
IHX using R1234ze(E), these differences are reduced by between 0.32% and 1.5%. Similarly,
by incorporating the IHX and presenting a lower liquid density with respect to R134a, a
reduction in the refrigerant charge required for the two cycle configurations is observed,
with which a lower flow power is needed, thus improving the COP.
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Table 9. Results of the performance parameters of each refrigerant for the two operating cycles of
the installation.

Refrigerant Configuration

Evaporation
Temperature
Operational

(◦C)

Compression
Power
(kW)

COP ψ

(%)
TCR
($/h)

SLCCP
(kgCO2eq/kWh)

R134a BRC 4 0.883 3.165 29.96 0.07667 63.64
9 0.835 3.544 34.65 0.06228 59.45

14 0.798 3.871 38.69 0.05403 57.46

IHXC 4 0.859 3.306 38.67 0.08784 62.35
9 0.823 3.622 40.28 0.07145 59.72

14 0.779 4.049 42.99 0.07148 60.11

R1234ze(E) BRC 4 0.909 3.064 28.17 0.08744 58.83
9 0.867 3.359 29.52 0.07406 59.87

14 0.841 3.726 33.80 0.06405 54.72

IHXC 4 0.872 3.155 32.95 0.09726 57.32
9 0.824 3.493 35.19 0.09093 54.47

14 0.793 3.849 36.88 0.08053 50.7

5.3. Exergy Efficiency

The exergy efficiency for each refrigerant is reflected in Table 9. R134a offers a better
exergy performance of between 6.3 and 17.4% compared to R1234ze(E) in BRC mode,
because R134a has a greater cooling capacity in the evaporator that influences the reduction
of the total irreversibility for that refrigerant, and properties such as the higher thermal
conductivity of R134a favor these results. It can also be seen that the inclusion of IHX for
both refrigerants contributes to an increase in exergy efficiency; this improvement is offset
by the contribution to the irreversibility implied by the inclusion of this new component
in the BRC. In general, the improvement in exergy performance with the inclusion of IHX
represented an increase of between 8.3 and 16.1% for R1234ze(E). In addition, if IHXC
is compared with R1234ze(E), it can match the exergy performance that BRC represents
with R134a, even for a temperature of 4 ◦C in evaporation, and it can improve the exergy
efficiency by 9%.

5.4. Destruction of Exergy

Figure 6 shows the exergy destruction for each component of the installation for the
maximum flow condition of the water–glycol mixture in the two cycle configurations for
each refrigerant. The exergy destruction values for each of the components of the two
cycles manipulated in the installation using R1234ze(E) are similar to those obtained for
R134a since, by increasing the evaporation temperature and the total irreversibilities of
the system, comparing the two cycles for R1234ze(E), when manipulating the IHXC, a
decrease between 4% and 9.4% was observed for the range of evaporation temperatures.
Considering the exergy destruction for each component, in the case of R1234ze(E), the
exergy destruction was higher compared to R134a; however, the inclusion of IHX positively
influenced a maximum reduction of 28.3% in the irreversibility of the TEV and 20.1% in the
compressor, present in the BRC. The compressor is the component that presents the highest
exergy destruction ratio for each cycle configuration, due to the high-pressure ratio values
that lead to a higher compression power requirement for all the conditions evaluated.
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5.5. Operational Costs

The total operating cost, which considers the exergy destruction value of the system,
the capital investment, and the cost of electrical energy consumption for the operation of
each of the cycle configurations, is shown in Table 9. The exergy destruction costs of each
component for the two configurations have an important influence. R1234ze(E) has a lower
exergy performance than R134a and, therefore, higher exergy destruction costs that cause
an increase in the total operating cost of the system. The differences in operating costs
between the two refrigerants considering the BRC are between 14.0% and 18.9% and for
IHXC vary between 10.7% and 27.3%.
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5.6. LCCP Evaluation

LCCP is a complete tool due to the fact it considers energy embodied in product
materials, greenhouse gas emissions during chemical manufacturing, and the end-of-
life disposal of the unit. In this sense, the LCCP method should be used when a more
in-depth analysis of the environmental impact of a unit is warranted. From Table 9, a
comparison of the total amount of emissions of kgCO2eq for each of the refrigerants is
analyzed using specific LCCP (SLCCP), which was calculated by dividing total emissions
by the amount of kWh consumed by the unit. Due to the high GWP of R134a, it is noted
that it influences the impact of direct emissions when operating with this refrigerant. The
improvement in total direct emissions when using R1234ze(E) compared to R134a is close to
100%. Another very useful aspect that Table 9 provides is the great influence of the energy
consumption factor. Even though operation with R1234ze(E) implied a minimum reduction
in energy consumption of approximately 3%, reducing this factor for the operation of the
system implies an opportunity for improvement of the cycle, focused both on the thermal
performance and the substantial reduction in the negative impact on the environment. This
could be addressed by using a new configuration or modification of the compression cycle,
in such a way that the energy consumption of the system can be reduced. Considering
the total emissions of kgCO2eq per kWh required to operate the system, a reduction in
this specific climate performance parameter is presented when using R1234ze(E) relative
to R134a. When the BRC is operated, the reduction is between 0.7% and 8.2%, and for
the IHXC configuration, the reduction varies between 8.8% and 18.5% for the evaporation
conditions considered.

6. Conclusions

In this paper, the experimental analysis of the energy performance and the envi-
ronmental impact of R1234ze(E) as an alternative to R134a has been investigated in a
refrigeration installation under medium-high evaporation temperature conditions. COP
and cooling capacity were the parameters used to evaluate energy performance, exergy
efficiency and the total cost rate represent the exergy and exergoeconomic performance,
and finally, an SLCCP analysis was performed to measure the emissions in kgCO2eq for the
two refrigerants. The highlighted conclusions are summarized below.

The IHX contribution for R1234ze(E) concerning BRC translates into an increase
between 4% and 4.5% in cooling capacity, and for COP, an increase between 2.9% and
3.8%; however, for the two flow conditions of the water–glycol mixture, it is necessary to
incorporate the IHX when working with R1234ze(E) to match the cooling capacity and the
COP of the R134a in the BRC.

The inclusion of IHX can improve the exergy performance for the evaporation con-
ditions considered by up to 9% concerning the BRC and is likely to have a great positive
impact, in the case of the R1234ze(E) reducing the irreversibility of the compressor and
the TEV.

With R1234ze(E), it is possible to reduce the refrigerant charge for the evaluated cycle
configurations because it presents lower density values compared to R134a. This produces
a reduction in the energy consumption of the system, and considering the environmental
aspect, the LCCP decreases.

The LCCP analysis showed that R1234ze(E) represents a reduction in total emissions
of kgCO2eq by 10.7% compared to R134a. Direct emissions and energy consumption are the
major contributors to the LCCP, establishing an opportunity for improvement for future
research. The SLCCP of R1234ze(E) in IHXC mode compared to BRC and R134a showed a
reduction of between 9.1% and 13.3% for the evaporation range considered.

According to the results, R1234ze(E) is a suitable alternative to R134a for medium-high
evaporation temperature conditions common in applications such as vending machines,
water chillers, and commercial refrigeration, among others, considering the inclusion of
IHX, which does not represent a large investment.
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Nomenclature

A amps
C flow, L/s
c unit exergy cost, $/kJ
.

C exergy cost rate, $/h
Ch refrigerant charge, kg
DE direct emissions, kgCO2eq.
E exergy rate, kW
EM power plant emission factor, kgCO2eq/kWh
h specific enthalpy, kJ/kg
IE indirect emissions, kgCO2eq
ir interest rate, %
L average lifetime of equipment, year
.

m mass flow rate, kg/s
M mass of unit or material, kg
MM CO2e produced per kg of material, kgCO2eq/kg
Mr mass of recycled material, kg
n lifetime, year
P pressure, kPa
.

Q heat transfer, kW
s specific entropy, kJ/kg-K
tope annual operating time, h
T temperature, ◦C
V volts

.
W power consumption, kW
Z purchase cost associated with a component, $
.
Z capital cost rate, $/h
Abbreviations
Adp.GWP GWP of atmospheric degradation product of the refrigerant: kgCO2eq/kg
AEC annual energy consumption, kWh
ALR annual leakage rate, % of refrigerant charge
BRC basic refrigeration cycle
COP coefficient of performance
CRF capital recovery factor
EOL end of life refrigerant leakage, % of refrigerant charge
GWP global warming potential
HFC hydrofluorocarbon
HFO hydrofluoroolefin
IHXC cycle with internal heat exchanger
IIR institute of international refrigeration
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LCCP life cycle climate performance
ODP ozone depletion potential
RFD refrigerant disposal emissions per unit mass of refrigerant, kgCO2eq/kg
RFM refrigerant manufacturing emissions per unit mass of refrigerant, kgCO2eq/kg
SLCCP specific life cycle climate performance, kgCO2eq/kWh
SUB subcooling
SUP superheating
TCR total cost rate, $/h
TEV thermostatic expansion valve
Subscripts
CI capital investment
cold cold stream
comp compressor
cond condenser
D destruction
eq equivalent
evap evaporator
f fuel
hot hot stream
in inlet
iso isentropic
k component
max maximum
min minimum
mix mixture
o ambient
OM operation and maintenance
out outlet
p product
PH physical
ref refrigerant
TOT total
wat water
wgm water-glycol mixture
Greek symbols
ε effectiveness
ε efficiency
ϕ operation and maintenance cost factor
ψ rational efficiency
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