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Abstract

Vapour-compression refrigeration and cooling systems represent a significant share of
global electricity consumption, being estimated to account for approximately 10% to 20%
of the worldwide electricity demand, which highlights their critical impact on energy
efficiency and sustainability. In this context, improving the thermodynamic and exergoe-
conomic performance of refrigeration cycles, as well as the appropriate selection of the
refrigerant, has become a key research priority. Therefore, this work aims to comparatively
evaluate the energy, exergy, exergy cost, and exergoeconomic performance of three vapour-
compression refrigeration cycle configurations: a simple cycle, a two-stage cycle with a
flash tank, and a two-stage cycle with a flash tank and a mixing chamber. Six refrigerants
(R134a, R600a, R290, R1234yf, R1234ze(E), and R717) were analysed under evaporation
temperatures of 228–238 K and condensation temperatures of 298–308 K. The performance
evaluation was carried out using the Fuel–Product–Residue (FPR) methodology, consid-
ering the coefficient of performance (COP), exergy efficiency, system irreversibilities, and
exergy and exergoeconomic costs. The results indicate that the incorporation of the mixing
chamber increases the COP by up to 7% and the exergy efficiency by up to 6% compared to
the simple cycle, while reducing exergoeconomic costs by up to 10% for the most favourable
refrigerants. Among the working fluids analysed, R600a exhibits the best overall perfor-
mance (COP up to 4.3 and an exergy efficiency of 33%), followed by R290 and R717,
whereas R1234yf shows the lowest efficiencies (COP ≈ 3.7 and exergy efficiency ≈ 28%)
and the highest exergoeconomic costs. These findings demonstrate that the design of
vapour-compression refrigeration systems should involve the joint selection of the cycle
configuration and the refrigerant based on integrated energy, exergy, and exergoeconomic
criteria. Overall, the results highlight that both the refrigerant and the cycle configuration
must be selected simultaneously, considering energy, exergy, and exergoeconomic criteria,
to achieve more efficient and sustainable industrial applications.

Keywords: vapour-compression refrigeration; exergy analysis; FPR model; waste formation
process; exergoeconomics
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1. Introduction
The increase in global energy demand has led to a significant rise in energy prices,

creating an urgent need to reduce energy consumption and decrease dependence on
conventional resources such as crude oil and natural gas [1,2]. In response, the use of
alternative energy sources (solar, biomass, geothermal, and wind) has been promoted
to alleviate this pressure, particularly in the industrial sector [3]. In this sector, electric
motors, refrigeration, and air-conditioning systems account for a substantial share of energy
consumption due to the intensive use of compressors [4,5].

Refrigeration and air conditioning play a fundamental role in modern life, ensuring
thermal comfort, improving quality of life, and supporting a wide range of industrial
processes. Their energy consumption, however, is estimated at 26–30% of total global
energy use, contributing significantly to global warming and, in some cases, to ozone
layer depletion [6]. International regulations aimed at mitigating climate change therefore
demand more efficient and environmentally responsible technologies. In this context, the
selection of refrigerants with low global warming potential (GWP), such as hydrofluo-
roolefins (HFOs), has gained increasing importance as a pathway toward more sustainable
refrigeration [7].

Since compressors constitute the primary source of energy consumption in refrig-
eration and air-conditioning systems, their optimisation is essential. One approach to
reducing energy consumption is to approximate the compression process to an internally
reversible compression, thereby decreasing irreversibilities associated with friction and
turbulence, although such improvements are often limited by economic constraints [8].
Another effective strategy is to reduce the specific volume of the gas through precooling
and intercooling during compression, as volume is proportional to temperature, thereby
lowering both the required energy and operating costs [9].

Vapour-compression refrigeration systems are widely used in both air-conditioning
applications and industrial refrigeration. However, when the pressure ratio exceeds ap-
proximate values of 4 to 5, single-stage compression becomes inefficient due to increased
compression work and high discharge temperatures. For this reason, the process is divided
into multiple compression stages. In each stage, the gas is compressed, cooled, and then
transferred to the next stage until the final discharge pressure Pout is reached [10,11]. Multi-
stage compression reduces the total energy consumption of the cycle, particularly when the
pressure ratio is high. The energy savings depend on both the number of stages and the
optimal distribution of the total pressure ratio, defined as πt = Pout/Pin [12]. For a constant
isentropic efficiency ηsic, the ideal pressure ratio per stage is given by:

π = π1/n
t (1)

The performance of refrigeration systems has been widely investigated both experi-
mentally and theoretically. First-law (energy) analysis evaluates energy conservation, while
second-law (exergy) analysis identifies irreversibilities and quantifies exergy destruction
in each component, providing a rigorous basis for improving the overall efficiency of
refrigeration systems [13–15].

In both industrial and domestic applications, refrigeration systems capable of op-
erating over a wide temperature range are required, from values close to absolute zero
(≈4 K) to conditions near ambient temperature (≈300 K); therefore, system selection de-
pends on the required cooling capacity as well as investment and operating costs [16].
The selection of the refrigerant in two-stage compression systems is critical, as it directly
affects the energetic, exergetic, and environmental performance of the cycle. The refrigerant
must exhibit suitable thermodynamic properties across different pressure and temperature
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levels, ensuring stability and efficiency during intermediate compression, condensation,
and evaporation.

Traditionally, halogenated refrigerants have been widely used due to their high effi-
ciency, chemical stability, and compatibility with conventional materials. R134a (1,1,1,2-
tetrafluoroethane) has been one of the most common options for medium-temperature
applications owing to its favourable thermodynamic behaviour and operational reliability.
Ammonia (R717), in turn, has historically served medium- and large-capacity industrial
applications because of its excellent thermodynamic performance, high COP, and high
exergy efficiency, combined with zero ODP and zero GWP; its toxicity and safety require-
ments, however, have limited domestic use. The high global warming potential of R134a
(GWP ≈ 1430) has driven the search for more sustainable alternatives [17].

Refrigerants such as R404A and R507A, traditionally employed in commercial and
industrial applications due to their good performance and operational stability, face in-
creasing restrictions because of their high GWP, with values close to 3920 and 3985, respec-
tively [18,19]. In response to these limitations, natural refrigerants such as ammonia (R717)
and carbon dioxide (R744) have re-emerged as viable alternatives [20–22]. Within the group
of natural refrigerants, hydrocarbons, particularly R290 (propane) and R600a (isobutane),
have gained increasing interest as substitutes for high-GWP synthetic refrigerants; both
exhibit zero ODP and GWP values below 5. R290 is characterised by high refrigeration
capacity and moderate operating pressures, making it suitable for commercial applications
and higher-capacity systems. In contrast, R600a operates at lower pressures and exhibits
lower irreversibilities during the compression process, making it especially attractive for
low-capacity systems and multistage configurations. Nevertheless, the high flammability of
both refrigerants (A3 classification) imposes limitations on refrigerant charge and requires
compliance with specific safety regulations [23,24]. More recently, refrigerants from the
HFO family, such as R1234yf and R1234ze(E), have been established as direct substitutes
for R134a in medium-temperature applications due to their low GWP (below 1), similar
thermodynamic properties, and moderate flammability (A2L classification). Their rapid
adoption is attributed to their balance between energy efficiency, reduced environmental
impact, and compatibility with existing technologies [25–27].

Exergoeconomic analysis overcomes the limitations of conventional design methods,
which often lead to oversized equipment and efficiency losses, by integrating thermody-
namic, economic, and environmental principles to relate exergy destruction explicitly to
costs and overall system performance [13,28,29]. The exergy cost theory developed by
Valero provides a rigorous framework for assigning costs to energy flows and establish-
ing causal relationships between resource consumption and economic costs [30]. Early
applications by d’Accadia in industrial plants demonstrated its usefulness in identifying
dominant irreversibilities [31], and subsequent studies extended the approach to single-
stage compression cycles, optimising key operating parameters [32,33]. In two-stage and
multistage configurations, exergoeconomics has enabled the evaluation of cost redistribu-
tion and simultaneous improvements in exergy efficiency, COP, and operating costs through
multi-objective optimisation [34,35]. Complementary approaches, such as the advanced
exergy analysis of Tsatsaronis, further distinguish between avoidable and unavoidable
exergy destruction [36]. Additionally, virtual sample-based methods have been proposed
for the monitoring and calibration of thermal systems, such as those developed by Sun
et al. [37,38], which employ autoencoders and large language models (LLMs) to optimise
information and enable fault diagnosis without extensive operational datasets, highlighting
the growing incorporation of data-driven techniques in the analysis and optimisation of
thermal systems. Based on the above, this work develops a comparative exergoeconomic
study of three vapour-compression refrigeration system configurations: a single–stage
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(simple) system, a two-stage system with a flash tank, and a two-stage system with a flash
tank and a mixing chamber. Unlike previous studies that typically address only energy or
exergy performance, the present research evaluates exergy destruction, exergy cost, and
exergoeconomic cost using the Fuel–Product–Residue (FPR) methodology. The principal
contribution is the systematic comparison of advanced refrigeration configurations and
multiple refrigerants under identical operating conditions, including synthetic low-GWP
refrigerants and natural refrigerants such as ammonia (R717). The study quantifies ex-
ergy destruction and the costs associated with each component, identifies the components
that contribute most to residue formation, particularly the condenser (an aspect scarcely
addressed in the literature), and analyses the combined effect of intercooling type and
refrigerant selection on exergy efficiency, COP, and exergoeconomic costs. These results
provide objective criteria for the design and operation of more efficient and sustainable
refrigeration systems.

2. Case Study
2.1. Description of the Simple and Two-Stage Configurations of the Vapour-Compression
Refrigeration Cycle

Vapour-compression refrigeration remains the dominant technology for cooling appli-
cations ranging from domestic appliances to industrial cold storage. The basic cycle, shown
schematically in Figure 1, circulates a working fluid through four processes: compression
of low-pressure vapour, heat rejection at high pressure, throttling to the low-pressure side,
and heat absorption in the evaporator. Under moderate temperature lifts, a single compres-
sor efficiently handles the entire pressure ratio. However, as the temperature difference
between the cold and hot reservoirs increases, single-stage compression faces fundamental
limitations that motivate the use of multistage configurations.

The pressure ratio π = PCOND/PEVAP is a key parameter for compressor performance.
When π exceeds approximately 8–10, corresponding to temperature lifts above 50–60 K,
single-stage compression is limited by several effects [39]. These include the reduction
of volumetric efficiency in positive-displacement compressors due to the re-expansion
of residual vapour in the clearance volume during suction; the increase in discharge
temperatures, which can degrade the lubricating oil and damage components such as
valves; and the deviation from isothermal compression, which increases thermodynamic
irreversibilities. Two-stage compression with intercooling mitigates these limitations by
splitting the pressure ratio into two smaller steps and removing superheat between stages.

This work analyses two configurations of two-stage vapour-compression refrigeration
cycles, as shown in Figure 1. Each configuration combines a low-pressure (LP) cycle and
a high-pressure (HP) cycle connected through an intercooling system. The compression
process is split between a low-pressure compressor (LPC), operating from PEVAP to PINT,
and a high-pressure compressor (HPC), operating from PINT to PCOND. The main difference
between the two configurations lies in how the superheated vapour leaving the LPC is
conditioned before entering the HPC.

The low-pressure (LP) cycle begins when the refrigerant exits the evaporator as satu-
rated vapour at state 1 (PEVAP, TEVAP). The low-pressure compressor (LPC) compresses this
vapour, increasing its pressure from PEVAP to PINT, and its temperature from TEVAP to T2.
This compression requires a power input of ẆLP.

The superheated vapour leaving the LPC at state 2 enters the intermediate cooling
system, where it undergoes isobaric cooling at PINT until reaching state 8 (PINT, T8). This
process optimises energy consumption for subsequent compression in the high-pressure
compressor (HPC).
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Figure 1. Schematic diagrams of the simple vapour-compression cycle and two-stage refrigeration
system configurations: Simple, FIC, and FIC + MC.

In this study, two distinct configurations of the intermediate cooling system are explored:

1. Configuration with flash intercooling chamber (Figure 1): In this arrangement, a
flash intercooling chamber (FIC) functions as the primary cooling mechanism. The
superheated vapour from the low-pressure cycle (state 2) is cooled and condensed
through interaction with the partially evaporated liquid from the throttling process
(state 6). This heat exchange improves system efficiency by increasing the refrigerant
mass flow rate towards the HPC, by combining the vapour streams from both the low-
pressure cycle and the evaporated fraction of liquid from the low-pressure expansion
valve (LPEV).

2. Configuration with flash intercooling and vapour-mixing chambers (Figure 1): This
configuration integrates both a flash intercooling chamber (FIC) and a vapour-mixing
chamber (MC) to optimise the intermediate cooling process. The system manages
two distinct flow paths: the superheated vapour from the LPC (state 2) is directed
to the MC, while the liquid-vapour mixture from the HPEV (state 6) enters the FIC.
Within the FIC, the mixture separates into its constituent phases: saturated liquid
(state 8) and saturated vapour (state 7). Subsequently, the MC facilitates mixing of the
saturated vapour from the FIC with the superheated vapour from the LPC, resulting
in a higher vapour mass flow rate at state 3. Meanwhile, the saturated liquid fraction
(state 8) is directed towards the LPEV for subsequent processing.

The vapour at state 3 undergoes further compression in the HPC, raising its pressure
from PINT to PCOND and its temperature from T3 to T4, with a power input ẆHP. The
resulting superheated vapour enters the condenser at state 4, where it releases heat to
the surrounding medium, desuperheats, and condenses to a saturated liquid at state 5
(TCOND). This liquid then passes through the HPEV, undergoing an isenthalpic expansion
from PCOND to PINT and producing a liquid–vapour mixture at state 6 (TINT).

The refrigerant leaving the intermediate cooling system (state 8) expands through the
LPEV to evaporator pressure (state 9). In the evaporator, the low-pressure mixture absorbs
heat from the refrigerated space, evaporating to saturated vapour at state 1 and completing
the cycle. The operation of these configurations is governed by two main parameters:
the evaporation temperature (TEVAP) and the condensation temperature (TCOND). For the

https://doi.org/10.3390/app16052483

https://doi.org/10.3390/app16052483


Appl. Sci. 2026, 16, 2483 6 of 37

two-stage configurations, an intermediate pressure (PINT) is additionally introduced to
define the interaction between the LP and HP cycles.

2.2. Operating Conditions and Refrigerant Selection

Table 1 lists the operating conditions adopted for all configurations. An evaporation
temperature of 238 K was chosen because it corresponds to low-temperature refrigeration
applications such as frozen food storage, cold chambers, and industrial freezing processes,
assuming a constant refrigerated space (cold chamber) temperature of 243 K as the ther-
mal boundary condition for the evaporator. A reference cooling capacity of 100 kW was
imposed, representing medium-scale industrial refrigeration systems. Similarly, the con-
densation temperature of 298 K was selected to represent typical ambient heat rejection
conditions in practical installations operating under moderate climatic environments, where
condensers reject heat to air or cooling water near ambient temperature. The isentropic
efficiency of 0.73 for both compressors is consistent with values reported in the literature
for semi-hermetic reciprocating compressors operating under similar conditions [11].

Table 1. Operating conditions for the analysed refrigeration system configurations.

TCOND TEVAP TCC ηsic Q̇CC

(K) (K) (K) (-) (kW)

298 238 243 0.73 100

Six refrigerants were selected for this comparative study based on three criteria:
(i) suitability for low-temperature two-stage applications, (ii) representation of different
refrigerant families and environmental profiles, and (iii) current industrial relevance or
emerging potential as sustainable alternatives. The selected refrigerants include two
hydrocarbons (R600a and R290), two hydrofluoroolefins (R1234yf and R1234ze(E)), one
hydrofluorocarbon (R134a), and one natural inorganic refrigerant (R717). R134a is used
as the baseline reference due to its widespread application in medium-temperature re-
frigeration and its well-documented thermodynamic behaviour, while R717 is included
because of its high thermodynamic efficiency and long-standing use in large-scale industrial
refrigeration systems.

Figure 2 presents the pressure–enthalpy (P–h) diagrams of the selected refrigerants,
enabling a direct comparison of their saturation regions and operating pressure ranges.
Differences in the shape and extent of the saturation dome reflect the thermodynamic
characteristics of each refrigerant: the hydrocarbons R600a and R290 exhibit broader domes
at moderate pressures, and the HFOs R1234yf and R1234ze(E) show intermediate behaviour
with pressure levels comparable to R134a, whereas R717 operates at higher pressures and
exhibits a large latent heat of vaporisation, reflecting its high critical temperature.

Figure 3 presents the temperature–entropy (T-s) diagrams of the selected refrigerants.
The slope of the saturated vapour curve, ξ = (ds/dT)sat,vap, determines the thermodynamic
classification of refrigerants as wet (ξ > 0), dry (ξ < 0), or isentropic (ξ ≈ 0) [40]. This
classification describes the behaviour during isentropic compression from saturated vapour:
wet refrigerants tend to form liquid droplets, while dry refrigerants produce superheated
discharge. The width of the saturation dome, characterised by the entropy of vaporisation
∆s f g = sg − s f , reflects the latent heat available for phase-change processes.
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Figure 2. Pressure–enthalpy (P–h) diagrams of the analysed refrigerants, showing saturation domes
and operating pressure ranges.

Figure 3. Temperature–entropy (T–s) diagrams of the selected refrigerants, showing saturation domes
and critical points.

Table 2 summarises the thermodynamic characteristics of the selected refrigerants
evaluated at condensation conditions (TCOND = 298 K). The saturation curve slope ξ was
computed numerically from property data, and the classification threshold was set at
|ξ| < 0.0005 kJ/(kg K)2 for isentropic behaviour. The reduced temperature Tr = TCOND/Tcr

quantifies the proximity to critical conditions.

Table 2. Thermodynamic characteristics of the selected refrigerants at TCOND = 298 K.

Refrigerant Type Tcr Tr ξ Sat. h f g ∆s f g

(◦C) (-) (kJ/(kg K)2) Curve (kJ/kg) (kJ/(kg K))

R600a HC 134.7 0.731 +0.00072 Wet 329.1 1.104
R1234ze(E) HFO 109.4 0.779 +0.00019 Isentropic 167.0 0.561
R134a HFC 101.1 0.796 −0.00035 Isentropic 177.9 0.597
R290 HC 96.7 0.806 −0.00072 Dry 336.0 1.128
R1234yf HFO 94.7 0.810 +0.00027 Isentropic 145.5 0.488
R717 Inorg. 132.4 0.735 −0.00110 Dry 1150.0 3.86

Table 2 reveals clear groupings among the refrigerants. The hydrocarbons R600a and
R290 exhibit the widest saturation domes (∆s f g > 1.1 kJ/(kg K)) and high latent heats
(h f g > 329 kJ/kg), which favour effective phase separation in the flash intercooler. The
HFOs R1234yf and R1234ze(E), together with R134a, show intermediate saturation dome
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widths and nearly isentropic saturation curves. In contrast, R717 exhibits a relatively
narrow saturation dome in entropy terms but a markedly high latent heat and entropy of
vaporisation, reflecting its large specific refrigeration capacity and strong suitability for
industrial low-temperature applications.

From an environmental perspective, the selected refrigerants can be grouped into two
categories based on their Global Warming Potential (GWP). The first category comprises
ultra-low GWP refrigerants (GWP < 10): R1234yf (GWP < 1), R600a and R290 (GWP ≈ 3),
R1234ze(E) (GWP ≈ 7), and R717 (GWP = 0). These refrigerants comply with current and
future regulatory frameworks, including the EU F-gas Regulation, and represent viable
long-term solutions for sustainable refrigeration systems. The second category includes
high-GWP refrigerants (GWP > 1000), represented in this study by R134a (GWP ≈ 1430),
which remains widely used but is subject to increasing regulatory pressure under the
Kigali Amendment. Table 3 presents the safety classifications of the analysed refrigerants
according to ASHRAE Standard 34.

Table 3. Environmental and safety characteristics of the selected refrigerants.

Refrigerant GWP ASHRAE Safety GWP Category

R600a ∼3 A3 Ultra-low
R290 ∼3 A3 Ultra-low
R1234yf <1 A2L Ultra-low
R1234ze(E) ∼7 A2L Ultra-low
R717 0 B2L Ultra-low
R134a ∼1430 A1 High

3. Methodology
3.1. Energy Analysis

The energy analysis of the vapour-compression refrigeration cycles is based on the
following assumptions:

• Steady-state operation with stable flow.
• Adiabatic processes in the compressors and throttling valves.
• Negligible changes in potential and kinetic energy of the refrigerant.
• All thermodynamic calculations were performed using in-house routines developed in

the Julia programming language. Refrigerant properties were evaluated through the
CoolProp library [41], an open-source package implementing high-accuracy equations
of state for pure fluids and mixtures.

• Dead-state temperature T0 = 288.15 K.

3.1.1. Single-Stage Baseline

The single-stage cycle provides a baseline against which two-stage performance is
measured. Table 4 defines the thermodynamic states using the numbering convention
of Figure 1. State 1 represents saturated vapour at evaporating conditions; isentropic
compression to PCOND would reach state 2s, but irreversibilities in the actual compressor
yield the higher-enthalpy state 2. Condensation at constant pressure produces saturated
liquid at state 3, and isenthalpic throttling returns the refrigerant to evaporating pressure
at state 4 as a two-phase mixture.
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Table 4. Thermodynamic states for the single-stage cycle.

State Description T P h s x

1 Evaporator outlet TEVAP PEVAP hg sg 1
2s Isentropic discharge T(PCOND, s1) PCOND h(PCOND, s1) s1 —
2 Actual discharge T(PCOND, h2) PCOND h1 + (h2s − h1)/ηsic s(PCOND, h2) —
3 Condenser outlet TCOND PCOND hf sf 0
4 Expansion valve outlet TEVAP PEVAP h3 s(PEVAP, h3) (h4 − hf)/hfg

For a specified cooling capacity Q̇EVAP, the refrigerant mass flow rate follows from an
energy balance on the evaporator:

ṁref =
Q̇EVAP

h1 − h4
(2)

The compressor power input is then

ẆC = ṁref(h2 − h1) =
ṁref(h2s − h1)

ηsic
(3)

The coefficient of performance, defined as cooling produced per unit work input, is:

COP =
Q̇EVAP

ẆC
(4)

3.1.2. Two-Stage Cycles

Dividing the compression process requires selecting an intermediate pressure. The
geometric mean

PINT =
√

PEVAP · PCOND (5)

equalises the pressure ratio across both stages and minimises total compression work
for an ideal gas with constant specific heats [39]. Real refrigerants deviate from ideal-
gas behaviour, particularly near saturation, and the true optimum depends on property
variations along the compression path [42]. Nevertheless, Equation (5) provides a consistent
basis for comparing configurations across different working fluids without introducing
optimisation as a confounding variable.

Table 5 extends the state-point definitions to two-stage cycles. The low-pressure loop
circulates mass flow ṁLP through the evaporator, LPC, and low-pressure expansion valve.
The high-pressure loop handles mass flow ṁHP through the HPC, condenser, and high-
pressure expansion valve. These flows differ because vapour generated in the flash process
joins the high-pressure stream.

In the mixing chamber, superheated vapour from the LPC combines adiabatically with
saturated vapour from the flash tank:

ṁLPh2 + (ṁHP − ṁLP)h7 = ṁHPh3FIC+MC (6)

Solving for the HPC inlet enthalpy gives

h3FIC+MC = h7 +
ṁLP

ṁHP
(h2 − h7) (7)
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The refrigerant mass flow rate in the low-pressure (LP) cycle is determined as:

ṁLP =
Q̇EVAP

h1 − h9
(8)

The mass flow rate in the high-pressure (HP) cycle can be expressed using the ratio β,
which defines the relationship between the mass flow rates of the HP and LP cycles:

β =
ṁHP

ṁLP
(9)

The parameter β, derived from the mass and energy balances of the intermediate
cooling system, is expressed as:

β =


h6 − h3

h8 − h2
, Flash intercooler configuration

h8 − h2

h6 − h3
, Flash and vapour-mixing intercooler configuration

(10)

Table 5. Thermodynamic states for two-stage cycles.

State Description ṁ T P h s x

1 Evaporator outlet ṁLP TEVAP PEVAP hg(PEVAP) sg(PEVAP) 1
2 LPC discharge ṁLP T(PINT, h2) PINT h1 + (h2s − h1)/ηs s(PINT, h2) —

3FIC FIC outlet ṁHP TINT PINT hg(PINT) sg(PINT) 1
3FIC+MC MC outlet ṁHP T(PINT, h3b) PINT Equation (7) s(PINT, h3b) —

4 HPC discharge ṁHP T(PCOND, h4) PCOND h3 + (h4s − h3)/ηs s(PCOND, h4) —
5 Condenser outlet ṁHP TCOND PCOND hf(PCOND) sf(PCOND) 0
6 HP expansion outlet ṁHP TINT PINT h5 s(PINT, h5) x6

7 Flash vapour ṁHP − ṁLP TINT PINT hg(PINT) sg(PINT) 1
8 Flash liquid ṁLP TINT PINT hf(PINT) sf(PINT) 0
9 LP expansion outlet ṁLP TEVAP PEVAP h8 s(PEVAP, h8) x9

In the two-stage vapour-compression refrigeration cycle with intercooling, the power
supplied to the LPC and HPC is determined by the product of the enthalpy change during
compression and the refrigerant mass flow rate circulating through each compressor. These
powers can be expressed in terms of isentropic efficiency as follows:

ẆLPC = ṁLP(h2 − h1) = ṁLP
h2s − h1

ηsic,LP
(11a)

ẆHPC = ṁHP(h4 − h3) = ṁHP
h4s − h3

ηsic,HP
(11b)

where h2s and h4s are the refrigerant enthalpies at the outlet of the LPC and HPC, respec-
tively, for isentropic processes from PEVAP to PINT and from PINT to PCOND.

The total compression power required by the refrigeration cycle is the sum of the
powers supplied to both compressors:

ẆC = ẆLPC + ẆHPC (12)
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The cooling capacity can be expressed in terms of the low-pressure cycle mass flow
rate and the enthalpy change in the evaporator:

Q̇EVAP = ṁLP(h1 − h9) (13)

The heat flow rejected in the condenser is calculated from the mass and energy balances
and is expressed as:

Q̇COND = ṁHP(h4 − h5) (14)

The COP retains its definition as the ratio of cooling capacity to total
compressor power:

COP =
Q̇EVAP

ẆC
(15)

3.2. Exergy Analysis
3.2.1. Reference Environment and Standard Chemical Exergy

Exergy calculations require a reference environment, defined as a state of thermo-
dynamic equilibrium against which the system is compared. In this work, the reference
environment model proposed by Szargut [43] is employed. This model is characterised by
a standard temperature (T◦ = 298.15 K) and a standard pressure (P◦ = 101.325 kPa).

3.2.2. Exergy of a Flow Stream

In the absence of nuclear, magnetic, electrical, surface-tension, gravitational, and
kinetic energy changes, the specific exergy of a substance is the maximum work obtainable
as it is brought to thermal, mechanical, and chemical equilibrium with the reference
environment [43]. This is expressed as follows:

ε = εph + εch (16)

where εph is the specific physical exergy and εch is the specific chemical exergy. The exergy
of a matter flow is expressed as Ė = ṁε, where ṁ is the mass flow rate of the substance.

Chemical exergy values are considered negligible in refrigeration processes that do
not involve chemical mixtures or reactions. Chemical exergy terms must not be neglected
when the chemical composition of a stream changes, as in mixed refrigerant processes
during separation or mixing. Neglecting them leads to errors in exergy calculations for
both separators and mixers, incorrectly attributing irreversibilities, especially in adiabatic
vapour–liquid separators operating at phase equilibrium. Only when the separator feed
consists of a single component in the two-phase region do chemical exergy terms naturally
balance, allowing correct irreversibility calculation using only thermo-mechanical exergy
terms [44]. In this work, chemical exergy is not considered, since no refrigerant mixtures
are employed nor do chemical reactions occur.

3.2.3. Physical Exergy

Physical exergy quantifies the work potential associated with bringing a flow to
thermal and mechanical equilibrium with the environment at T0 and P0, while its chemical
composition remains unchanged [45]. The specific physical exergy is expressed as:

εph = (h − h0)− T0(s − s0) (17)

3.2.4. Exergy Associated with Work Transfer

The exergy associated with mechanical work (ĖẆ) is equivalent to the mechanical
work itself (Ẇ):
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ĖẆ = Ẇ (18)

3.2.5. Exergy Associated with Heat Transfer

The exergy associated with heat transfer is:

ĖQ̇ = Q̇

(
1 −

T0

T

)
(19)

3.2.6. Exergy Balances

The exergy balance for each component follows the fuel–product decomposition, such
that Ḟi = Ṗi + İi, where Ḟi and Ṗi are the exergy flows of fuel and product, respectively, and
İi is the exergy flow associated with irreversibilities, which, according to the Gouy–Stodola
theorem, is expressed as İi = T0Ṡgen. Tables 6 and 7 present the exergy balances associated
with fuel, product, waste, and irreversibilities of the components comprising the simple
configuration and the FIC and FIC + MC configurations.

Table 6. Fuels, products, residues, and irreversibilities of the components in the refrigeration configu-
ration simple.

Component Ḟ Ṗ Ṙ İ

EV Ė4 Ė3 0 T0(Ṡ4 − Ṡ3)
EVAP Ė1 − Ė4 ĖQ̇EVAP 0 T0(Ṡ1 − Ṡ4)

C ĖẆC Ė2 − Ė1 0 T0(Ṡ2 − Ṡ1)

COND Ė3 − Ė2 0 ĖQ̇COND T0(Ṡ3 − Ṡ2)

Table 7. Fuels, products, residues, and irreversibilities of the components in the refrigeration configu-
ration with flash intercooling and flash-vapour mixing intercooling.

Component Ḟ Ṗ Ṙ İ

Low-Pressure cycle
LPEV Ė8 Ė9 0 T0(Ṡ9 − Ṡ8)

EVAP Ė1 − Ė9 ĖQ̇EVAP 0 T0(Ṡ1 − Ṡ9)

LPC ĖẆLPC Ė2 − Ė1 0 T0(Ṡ2 − Ṡ1)

Intercooling
FIC Ė6 − Ė3 Ė8 − Ė2 0 T0(Ṡ8 − Ṡ2 + Ṡ3 − Ṡ6)

FIC + MC Ė6 Ė7 + Ė8 0 T0(Ṡ8 + Ṡ7 − Ṡ6)
MC Ė2 + Ė7 Ė3 0 T0(Ṡ3 − Ṡ2 − Ṡ7)

High-Pressure cycle
HPC ĖẆHPC Ė4 − Ė3 0 T0(Ṡ4 − Ṡ3)

COND Ė5 − Ė4 0 ĖQ̇COND T0(Ṡ5 − Ṡ4)
HPEV Ė5 Ė6 0 T0(Ṡ6 − Ṡ5)

3.2.7. Exergy Performance Indicators

Exergy Efficiency
The exergy efficiency of a component for each configuration is determined from the ratio

of the exergy flow associated with its useful product to that associated with its fuel, i.e.,

ηex,i =
Ṗi

Ḟi
(20)
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For the configurations, exergy efficiency is determined as the ratio between the exergy
flow associated with the cooling capacity and that associated with the power supplied to
the compressor:

ηex =
ĖQ̇EVAP

ĖẆC
= COP

(
1 −

T0

TEVAP

)
(21)

Defect Efficiency
For a reversible process, exergy efficiency equals one; when the process is irreversible,

the ratio of İ to Ḟ is defined as defect efficiency. For each component, it is determined as:

δex,i =
İi

Ḟi
= 1 − ηex,i (22)

For the cycles, defect efficiency is determined as:

δex =
İT

ĖẆC
= 1 − ηex = 1 − COP

(
1 −

T0

TEVAP

)
(23)

3.3. Thermoeconomic Analysis
3.3.1. Productive Structure

To perform the thermoeconomic study, the development of the productive structure
is the starting point. A productive structure is a set of blocks representing the system
components, which are interconnected through exergy flows that can be fuel, product, or
residue (Ḟ, Ṗ, or Ṙ) [46]. Components are classified as productive (those with a defined
production purpose) or dissipative (those that destroy part of the exergy of their fuel before
releasing it to the environment) [47].

Figure 4 shows the productive structure of the simple configuration, in which the
system has a single resource input: the power supplied to the compressor. This power
is used as a resource for other elements, resulting in two system outputs. On one hand,
the useful product of the system, corresponding to the exergy associated with the heat
extracted in the evaporator; and on the other hand, the generated residue, represented
by the heat dissipated in the condenser. In this refrigeration system (Figure 5), the set of
productive components is Psimple = (EV, EVAP and C), and the dissipative component is
Dsimple = (COND).

E4-E1

(4)
EVAP

EVAPEQ

F4

P4

EVAPEQ

P3
E4

(3)
EV

E4

E1

(2)
COND

E2-E3

CONDEQ

P2

CONDEQ

F2
E3

(1)
C

E2-E1

CEW

P1

CEW

P1

E2

Figure 4. Productive structure of the simple configuration.

Figure 5 shows the productive structure of the FIC configuration. The external fuels
are the power supplied to the low-pressure (LP) and high-pressure (HP) compressors; the
useful product is the exergy associated with the heat flow extracted from the cold chamber;
and the residue is the heat released to the environment during condensation.
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The power entering as fuel to the HPC is used to generate the difference in exergy
flows Ė4 − Ė3 in the compression process. This difference in exergy flows combines with Ė3

to generate the product Ṗ3, which constitutes the fuels for the COND, HPEV, and FIC. In the
COND, its fuel, Ė4 − Ė5, is used to dissipate energy to the environment; while in the HPEV,
the fuel Ė5 is transformed into Ė6, which will serve as fuel for the FIC, whose product is
Ė8 − Ė2. In the LPC, the fuel from the environment is used to generate the difference in
exergy flows Ė2 − Ė1, which when combined with Ė1 generates the product Ṗ1, that joins
with the FIC product to form the product Ṗ6, which becomes the fuel for the LPEV and
EVAP. The LPEV product, Ė9, feeds both the EVAP and Ṗ1. Finally, in the EVAP, the fuel
Ė1 − Ė9 is used to obtain the useful product of the system, ĖQ̇EVAP .

In the FIC refrigeration system (Figure 5), the set of productive components is
PFIC = (LPEV, EVAP, LPC, HPC, HPEV, and FIC); and the dissipative component is
DFIC = (COND).

E9-E1

(8)
EVAP

EVAPEQ

F8 F7

P8

EVAPEQ

E9

(7)
LPEV

E1
E8

(6)
FIC
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(4)
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E5
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(3)
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E4-E3

HPCEW

P3

HPCEW

P3
E4

(1)
LPC

E2-E1

LPCEW

P3

LPCEW

P1

E2

F5

E5E8

Figure 5. Productive structure of the FIC configuration.

Figure 6 shows the productive structure of the FIC + MC configuration. As in Figure 5,
the external fuels entering the refrigeration cycle are the power supplied to the LPC and
HPC. The useful product of the cycle is the exergy associated with the heat flow extracted
from the refrigerated space, which is absorbed by the refrigerant in the evaporator. The
residue generated in the system corresponds to the heat released to the environment
during condensation of the refrigerant in the condenser. Unlike the productive structure
presented in Figure 5, the product of Ṗ1 and Ṗ6 is now used to form the fuel of the vapour-
mixing chamber (MC). In turn, the product of the latter combines with that of the HPC
to form the product Ṗ3, which is used as fuel for the COND, HPEV, and again for the
FIC. In this refrigeration configuration, the productive components are the same as the
FIC structure, PFIC, but with the addition of the MC. The dissipative component remains
DFIC = (COND).
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Figure 6. Productive structure of the FIC + MC configuration.
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3.3.2. FPR Model

The cost formation process links the product of each component to either the fuel
of another component or a residual stream. Symbolic thermoeconomics, derived from
exergy cost theory [48–50], formalises this process through the Fuel–Product–Residue
(FPR) table. The FPR table maps the productive structure at the process level, identifying
which components produce fuels for other components and where the fuels originate [50].
Its elements are expressed as distribution coefficients representing the proportion of the
product of component j allocated as fuel or residue to component i [46].

In this work, the elements of Tables 8–10 contain the internal exergy exchanges between
processes (see the sections in gold colour) and are expressed in terms of the distribution
coefficients yij associated with productive components and those associated with dissipative
components (see the grey section), which are expressed in terms of the coefficient ψij, and
indicate the proportion in which the product of component i is used as fuel in the j-th
component. These coefficients correspond to the elements of matrices ⟨FP⟩ and ⟨RP⟩, as
shown in the following expressions:{

yij =
Ėji

Ṗj

}
nxn

= ⟨FP⟩ (24)

{
ψij =

Ṙji

Ṗj

}
nxn

= ⟨RP⟩ (25)

where
n

∑
i=0

(
yij + ψij

)
= 1 (26)

Table 8 shows the distribution of component products within the simple configuration.
The compressor (C) product serves as fuel for the expansion valve (EV) and the evapo-
rator (EVAP), and the remaining component products are similarly redistributed. The
components contributing to the formation of the system residue, i.e., the physical exergy
associated with the condensation heat dissipated in the condenser, are the compressor
(C) and the expansion valve (EV). For the configuration with a flash tank, presented in
Table 9, the elements that contribute to the formation of the system residue are the high-
pressure compressor (HPC) and the high-pressure expansion valve (HPEV). In turn, for
the configuration with a flash tank and a vapour mixing chamber (Table 10), the residue is
generated by the vapour mixing chamber (MC), the high-pressure compressor (HPC), and
the high-pressure expansion valve (HPEV).

Table 8. Fuel–Product–Residue (FPR) model for the simple configuration.

Productive Dissipative
Ḟe ḞC ḞEV ḞEVAP ṘPH

Ṗe yC Ḟe
ṖC yEV ṖC yEVAP ṖC ψPH ṖC

ṖEV yEV ṖEV yEVAP ṖEV ψPH ṖEV
ṖEVAP ṖEVAP

yC =
ḞC

Ṗe
; yEV =

ḞEV

ṖC + ṖEV
; yEVAP =

ḞEVAP

ṖC + ṖEV
; ψPH =

ṘPH

ṖC + ṖEV
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Table 9. Fuel–Product–Residue (FPR) model for the FIC configuration.

Productive Dissipative
Ḟe ḞLPC ḞHPC ḞHPEV ḞFIC ḞLPEV ḞEVAP ṘPH

Ṗe yLPC Ḟe yHPC Ḟe
ṖLPC yLPEV ṖLPC yEVAP ṖLPC
ṖHPC yHPEV ṖHPC yFIC ṖHPC ψPH ṖHPC

ṖHPEV yHPEV ṖHPEV yFIC ṖHPEV ψPH ṖHPEV
ṖFIC yLPEV ṖFIC yEVAP ṖFIC

ṖLPEV yLPEV ṖLPEV yEVAP ṖLPEV
ṖEVAP ṖEVAP

yLPC =
ḞLPC

Ṗe
; yHPC =

ḞHPC

Ṗe
; yHPEV =

ḞHPEV

ṖHPC + ṖHPEV
; yFIC =

ḞFIC

ṖHPC + ṖHPEV

yLPEV =
ḞLPEV

ṖLPC + ṖFIC + ṖLPEV
; yEVAP =

ḞEVAP

ṖLPC + ṖFIC + ṖLPEV
; ψPH =

ṘPH

ṖHPC + ṖHPEV

Table 10. Fuel–Product–Residue (FPR) model for the FIC+MC configuration.

Productive Dissipative
Ḟe ḞLPC ḞMC ḞHPC ḞHPEV ḞFIC ḞLPEV ḞEVAP ṘPH

Ṗe yLPC Ḟe yHPC Ḟe
ṖLPC yMC ṖLPC yLPEV ṖLPC yEVAP ṖLPC
ṖVMC yHPEV ṖMC yFIC ṖMC ψPH ṖMC
ṖHPC yHPEV ṖHPC yFIC ṖHPC ψPH ṖHPC

ṖHPEV yHPEV ṖHPEV yFIC ṖHPEV ψPH ṖHPEV
ṖFIC yMC ṖFIC yLPEV ṖFIC yEVAP ṖFIC

ṖLPEV yMC ṖLPEV yLPEV ṖLPEV yEVAP ṖLPEV
ṖEVAP ṖEVAP

yLPC =
ḞLPC

Ṗe
; yHPC =

ḞHPC

Ṗe
; yMC =

ḞMC

ṖLPC + ṖFIC + ṖLPEV
; yHPEV =

ḞHPEV

ṖLPC + ṖFIC + ṖLPEV

yFIC =
ḞFIC

ṖMC + ṖHPC + ṖHPEV
; yLPEV =

ḞLPEV

ṖLPC + ṖFIC + ṖLPEV
; yEVAP =

ḞEVAP

ṖLPC + ṖFIC + ṖLPEV

ψPH =
ṘPH

ṖHPC + ṖHPEV

3.3.3. Exergy Cost

The exergy cost balance [48,50] is expressed as:

P∗ = F∗ + R∗ (27)

While the fuel and residue costs are obtained as:

F∗ = Ḟ + ⟨FP⟩
(
P∗ − Ṗ

)
(28)

R∗ = ⟨RP⟩P∗ (29)

The accumulation of irreversibilities along the product cost formation processes in
each element is expressed as follows:

P∗ = Ṗ + ⟨P∗|
(
İ + Ṙ

)
(30)

where ⟨P∗| is the (n × n) matrix of cost operators and is defined as:

⟨P∗| = (UD − ⟨FP⟩ − ⟨RP⟩)−1 (31)

where UD is the (n × n) identity matrix.
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3.3.4. Exergoeconomic Costs

The exergoeconomic cost balance of the extended productive component together
with the dissipative component is calculated using the following equation:

ΠPi = ΠFi + ΠPr + Zi (32)

where ΠPi is the exergoeconomic cost associated with the product, ΠFi with the fuel, and
ΠPr with the residue, and Zi represents the non-exergetic operation and maintenance
costs [51]. In matrix notation [50,52], the above expression can be written as:

ΠP = ΠF + ΠR + Z (33)

where
ΠP = (UD − ⟨FP⟩ − ⟨RP⟩)−1(Πe + Z) (34)

ΠF = Πe + ⟨FP⟩ΠP (35)

ΠR = ⟨RP⟩ΠP (36)

The capital and maintenance cost of each component is calculated as:

Żk = Zk × ϕ × CRF, (37)

where Zk is the capital cost of component k, ϕ is the maintenance factor, and CRF is the
capital recovery factor.

The capital recovery factor is expressed as:

CRF =
i(1 + i)n

(1 + i)n − 1
, (38)

where i is the annual interest rate and n is the economic lifetime of the system, expressed
in years.

The capital cost functions used for the main components of the two-stage refrigeration
system are presented in Table 11.

Table 11. Capital cost functions of the system components [51].

Component Capital Cost Function

High-pressure compressor (HPC) ZHP,comp = 9624.2 Ẇ0.46
HP

Low-pressure compressor (LPC) ZLP,comp = 10167.5 Ẇ0.46
LP

HPC throttle valve ZHP,TV = 114.5 ṁHP

LPC throttle valve ZLP,TV = 114.5 ṁLP

Evaporator Zeva = 1397 A0.89
eva

Condenser ZCOND = 1397 A0.89
COND

Flash intercooling chamber ZFIC = 280.3 ṁFIC

The heat transfer area of both the condenser and the evaporator was determined using
the Log Mean Temperature Difference (LMTD) method, expressed as:

A =
Q̇

U · ∆Tlm
(39)
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A value of U = 1.25 kW m−2 K−1 was adopted for the evaporator, while
U = 0.04 kW m−2 K−1 was considered for the condenser, which are representative of heat
exchangers operating in vapour-compression refrigeration systems [53].

4. Results
4.1. Energy Performance Analysis

Figure 7 shows the variation of the refrigerant mass flow rate, ṁref, as a function
of the condensation and evaporation temperatures for the Simple, FIC, and FIC + MC
cycle configurations. For all configurations and for all refrigerants analysed, the mass flow
rate increases as the condensation temperature rises. This behaviour is directly related to
the decrease in the specific refrigeration effect (qEVAP) at higher condensation pressures,
since the enthalpy difference across the evaporator is reduced. Because the system cooling
capacity is kept constant at 100 kW, a lower specific refrigeration effect must be compensated
by a higher refrigerant mass flow rate. Conversely, when the evaporation temperature
increases, the specific refrigeration effect rises due to a larger enthalpy difference in the
evaporator, which explains the reduction in the required mass flow rate observed in
the charts.
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ṁ
re

f
(k

g/
s)

228 230 232 234 236 238

0.5

1

1.5

TEVAP (K)

ṁ
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Figure 7. Variation of the refrigerant mass flow rate with condensation and evaporation temperatures
for the Simple, FIC, and FIC + MC configurations.

When comparing the different refrigerants using R134a as a reference and under
fixed operating conditions, TCOND = 298 K and TEVAP = 238 K, the Simple configuration
shows mass flow rate decreases of 42.7% with R600a and 47.1% with R290, while the most

https://doi.org/10.3390/app16052483

https://doi.org/10.3390/app16052483


Appl. Sci. 2026, 16, 2483 19 of 37

significant reduction corresponds to R717, reaching 87.0%. These reductions are explained
by the higher specific cooling capacity of these refrigerants, particularly in the case of R717,
whose high latent heat of evaporation allows the required cooling capacity to be achieved
with a substantially lower mass flow rate. In contrast, R1234ze(E) and R1234yf exhibit
increases in mass flow rate of 13.4% and 33.8%, respectively, indicating a lower specific
cooling capacity and, therefore, the need for higher refrigerant flow rates to operate under
the same conditions.

In the FIC configuration, the relative trend among refrigerants is maintained, although
with higher absolute mass flow rate values due to the presence of the flash tank, which
modifies the refrigerant distribution within the system. In this case, R600a and R290 show
mass flow rate reductions of 43.3% and 46.9%, respectively, while R717 reduces the mass
flow rate by 85.5% compared to R134a. Conversely, R1234ze(E) and R1234yf increase the
mass flow rate by 10.2% and 26.9%, respectively, once again confirming their lower specific
cooling capacity.

For the FIC + MC configuration, a similar behaviour is observed. R600a and R290
present mass flow rate reductions of 42.7% and 47.0%, respectively, while R717 exhibits a
decrease of 86.0% compared to R134a. In contrast, R1234ze(E) and R1234yf show increases
of 11.5% and 28.8%, respectively. Although the incorporation of the mixing chamber slightly
modifies the absolute values of the mass flow rate, the relative differences among refriger-
ants are preserved, indicating that the mass flow rate behaviour is mainly governed by the
intrinsic thermodynamic properties of the refrigerant rather than by the cycle configuration.

Figure 8 shows the variation of the total power supplied to the compressors, Ẇc, as
a function of the condensation and evaporation temperatures for the Simple, FIC, and
FIC+MC cycle configurations. For all configurations and for all refrigerants analysed,
the compressor power requirement increases as the condensation temperature rises. This
behaviour is primarily associated with the increase in the pressure ratio caused by the
larger thermal lift between the evaporation and condensation levels. As the condensation
temperature increases, the discharge pressure rises while the suction pressure remains
approximately fixed, leading to higher specific compression work and, consequently, greater
total compressor power demand.

Conversely, the power required by the compressors decreases systematically as TEVAP

increases for all refrigerants and configurations. This behaviour is due to the reduction in
the pressure ratio associated with a lower thermal lift, which reduces the specific compres-
sion work and, consequently, the total power demand of the system.

Under fixed operating conditions, TCOND = 298 K and TEVAP = 238 K, and taking
R134a as the reference refrigerant, the Simple configuration shows a power decrease of
1.14% when using R600a, while power increases of 0.50% with R1234ze(E), 0.60% with
R290, 2.72% with R1234yf, and 2.92% with R717 are obtained. These differences reflect
the combined effect of the thermodynamic efficiency of the cycle and the mass flow rates
required by each refrigerant.

In the FIC configuration, the relative trend among refrigerants is maintained. R600a
again exhibits the lowest power requirement, whereas R717 shows the highest. The inclu-
sion of the flash tank modifies the absolute power values but does not significantly alter
the relative behaviour among refrigerants.

For the FIC + MC configuration, an analogous behaviour is observed with respect to
both condensation and evaporation temperatures. In particular, increasing TEVAP leads to a
noticeable reduction in compressor power for all cases analysed. An increase of 10 K in the
evaporation temperature results in an approximate 20% reduction in the power required
by the compressors, regardless of the refrigerant and cycle configuration.
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Figure 8. Variation of the total compressor power with condensation and evaporation temperatures
for the Simple, FIC, and FIC + MC configurations.

Figure 9 shows the variation of the coefficient of performance (COP) as a function of
the condensation temperature, for a constant evaporation temperature of 238 K, as well as
its variation with the evaporation temperature while keeping the condensation temperature
fixed at 298 K, for the Simple, FIC, and FIC + MC cycle configurations. For all configurations
and refrigerants analysed, the COP decreases as the condensation temperature increases.
This behaviour is mainly explained by the increase in the pressure ratio caused by a larger
thermal lift between the evaporation and condensation levels. As the discharge pressure
rises while the suction pressure remains approximately constant, the specific compression
work increases, which reduces the energetic performance of the cycle. Conversely, the
COP increases with increasing evaporation temperature. This effect is associated with the
reduction in thermal lift and, therefore, in the pressure ratio, which lowers the specific com-
pression work required by the compressors. In addition, higher evaporation temperatures
lead to higher suction pressures and reduced compression irreversibilities, contributing to
an improvement in the overall cycle efficiency. The thermal lift is therefore the dominant
parameter governing the COP for the three cycle configurations.

Comparing the different refrigerants with R134a as a reference, the Simple configura-
tion shows COP increases of 1.45% with R600a and 2.51% with R717, indicating that these
refrigerants require lower compressor power under the same cooling capacity conditions.
Conversely, decreases of 0.57% with R290, 1.96% with R1234ze(E), and 6.21% with R1234yf
are recorded, reflecting higher compression work requirements and, therefore, lower per-
formance. In the FIC configuration, the COP increases by 1.13% with R600a and 0.45%
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with R717, while decreases reach 0.73% with R290, 0.56% with R1234ze(E), and 2.67% with
R1234yf. Finally, in the FIC + MC configuration, R600a shows an increase of 1.53% relative
to R134a, while R717 presents a significant decrease of 7.01%, and the remaining refriger-
ants exhibit intermediate variations: −0.68% for R290, −0.23% for R1234ze(E), and −2.32%
for R1234yf, under fixed operating conditions: condensation temperature TCOND = 298 K
and evaporation temperature TEVAP = 238 K.
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Figure 9. Variation of the coefficient of performance (COP) with condensation and evaporation
temperatures for the Simple, FIC, and FIC + MC configurations.

These comparisons show that, although R600a and R717 generally provide the highest
COP values, the relative efficiency of each refrigerant strongly depends on the cycle con-
figuration. For example, R717 achieves its best performance in the Simple configuration,
but its performance decreases in the FIC + MC configuration. In all cases, R1234yf presents
the lowest COPs, reflecting the higher compression work required to maintain the same
cooling capacity, while R290 and R1234ze(E) exhibit intermediate behaviour, lying between
the extremes of higher and lower efficiency.

Table 12 compares the performance of the Simple, FIC, and FIC + CM configurations
at a condensation temperature of TCOND = 298 K and an evaporation temperature of
TEVAP = 238 K. In terms of mass flow rate, the Simple configuration generally exhibits the
lowest values for all refrigerants due to its higher specific cooling capacity, which allows
the thermal load to be satisfied with lower flow rates. In contrast, the FIC and FIC+CM
configurations require higher mass flow rates as a consequence of refrigerant redistribution
within the flash tank.
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Despite the increase in mass flow rate, the power required by the compressors de-
creases when transitioning from the Simple cycle to the FIC and FIC + CM configurations.
This behaviour can be explained by improved thermodynamic matching between pres-
sure levels, which reduces the compression ratio and the specific compression work. In
particular, the FIC + CM configuration presents the lowest power consumption for most
refrigerants, resulting in the highest COP values.

However, the mechanism behind the performance differences among refrigerants
varies depending on their thermophysical properties and operating pressures. The only
exception is R717, for which the COP decreases in the FIC + CM configuration due to the
increased compression power associated with its high operating pressures and the larger
enthalpy rise during compression, as evidenced by the comparative data trends.

Table 12. Results of the Simple, FIC and FIC + MC configurations at TCOND = 298 K and TEVAP = 238 K.

Parameter R134a R600a R290 R1234yf R1234ze(E) R717

Simple

ṁ (kg/s) 0.701 0.402 0.371 0.938 0.795 0.091
qEVAP (kJ/kg) 142.741 249.043 269.570 106.558 125.816 1098.847
Ẇc (kW) 63.698 62.784 64.074 67.965 64.960 62.158
Q̇COND (kW) 145.863 145.204 146.134 148.935 146.771 144.754
COP (-) 1.570 1.593 1.561 1.471 1.539 1.609

FIC

ṁ (kg/s) 1.263 0.716 0.670 1.603 1.392 0.183
qEVAP (kJ/kg) 79.207 139.735 149.282 62.386 71.837 1256.651
Ẇc (kW) 56.433 55.796 56.845 58.009 56.739 56.170
Q̇COND (kW) 140.632 140.173 140.929 141.766 140.852 140.443
COP (-) 1.772 1.792 1.759 1.724 1.762 1.780

FIC + MC

ṁ (kg/s) 1.230 0.695 0.643 1.561 1.352 0.170
qEVAP (kJ/kg) 81.330 143.947 155.591 64.079 73.981 1256.651
Ẇc (kW) 56.142 55.467 56.690 57.650 56.423 60.515
Q̇COND (kW) 140.423 139.936 140.817 141.508 140.625 193.370
COP (-) 1.781 1.803 1.764 1.735 1.772 1.652

4.2. Exergy Performance Analysis

Figure 10 shows the behaviour of exergy efficiency as a function of condensation
and evaporation temperatures for three refrigeration system configurations: the Simple
cycle, the FIC cycle, and the FIC + MC cycle, considering the refrigerants R134a, R600a,
R290, R1234yf, R1234ze(E), and R717. For all analysed configurations, exergy efficiency
decreases as the condensation temperature increases, regardless of the refrigerant employed.
This behaviour is directly associated with the increase in thermodynamic irreversibilities,
mainly in the compressors, caused by the higher pressure ratio and electrical power demand
required at elevated condensation temperatures. As the thermal lift increases, the discharge
pressure rises while the suction conditions remain nearly constant, intensifying entropy
generation and thus reducing exergy efficiency.

In the Simple cycle, R717 exhibits the highest exergy efficiency over the entire analysed
range, followed by R600a, due to their higher specific refrigeration effect and relatively
lower compressor power for the same cooling capacity. In contrast, R1234yf consistently
shows the lowest values, which can be explained by its higher compression work and less
favourable thermodynamic matching under the studied operating conditions.
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Figure 10. Variation of the exergy efficiency with condensation and evaporation temperatures for the
Simple, FIC, and FIC + MC configurations.

A similar trend is observed for the FIC configuration, which presents overall exergy
efficiency values higher than those of the Simple cycle, evidencing a thermodynamic
improvement associated with internal phase separation in the flash tank. This component
redistributes the refrigerant mass flow and improves the thermodynamic state at the
compressor inlets, reducing irreversibilities and enhancing exergy utilisation. Nevertheless,
the relative ranking among refrigerants remains consistent with the Simple configuration,
indicating that refrigerant properties continue to dominate the performance differences.

However, in the FIC + MC configuration, the behaviour changes for R717, which ex-
hibits the lowest exergy efficiency values. This can be explained by the interaction between
its high operating pressures and the internal mixing process in the mixing chamber, which
increases the exergy destruction due to additional irreversibilities and a larger enthalpy
rise during compression. Taking R134a as a reference at a condensation temperature of
TCOND = 298 K, the Simple cycle shows increases of 2.46% with R717 and 1.44% with R600a,
while decreases of 0.59% (R290), 1.95% (R1234ze(E)), and 6.25% (R1234yf) are observed.
In the FIC cycle, increases of 1.15% (R600a) and 0.49% (R717) are obtained, with reduc-
tions of 0.70% (R290), 0.52% (R1234ze(E)), and 2.71% (R1234yf). Finally, in the FIC + MC
cycle, R600a shows an increase of 1.52%, whereas R717 presents a decrease of 6.97%, and
reductions of 0.67% (R290), 0.21% (R1234ze(E)), and 2.33% (R1234yf) are recorded.

When analysing the variation of exergy efficiency as a function of evaporation temper-
ature, the charts indicate that exergy efficiency increases systematically as the evaporation
temperature rises for all configurations and refrigerants. This improvement is mainly
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due to the reduction in the compression ratio and the associated decrease in internal
irreversibilities, particularly within the compressors and throttling devices. Higher evapo-
ration temperatures increase suction pressure and reduce specific compression work, which
directly enhances the exergy performance of the system.

From a configuration perspective, the FIC + MC cycle exhibits the highest exergy
efficiencies, followed by the FIC cycle and, finally, the Simple cycle. This confirms
that the incorporation of advanced configurations improves the management of exergy
flows through better pressure level matching, internal mass redistribution, and reduced
global irreversibilities.

Figures 11–16 show, for each refrigerant, the pie diagrams corresponding to the simple
cycle, FIC, and FIC + MC configurations, all operating at a condensation temperature
of TCOND = 298 K and an evaporation temperature of TEVAP = 238 K. These figures
represent the useful product of the system, corresponding to the exergy associated with
the evaporator, ĖEVAP = 18.52 kW, as well as the overall exergy efficiency, ηex, and the
defect efficiency, δ, associated with each element comprising the analysed cycles. This
representation allows a direct comparison of the distribution of exergetic defects among
the different components and configurations for each working fluid.

In the Simple cycle, the charts clearly show that the compressor concentrates the largest
fraction of defect efficiency for all refrigerants. This confirms that single-stage compression
is the dominant source of exergy destruction, primarily due to the high pressure ratio and
the associated entropy generation during compression. The expansion valve represents the
second most significant source of defects, especially for R1234yf and R1234ze(E), whose
lower vapour densities intensify throttling irreversibility. The condenser contributes a
moderate fraction, while the evaporator exhibits the lowest defect efficiency due to its role
as the useful product generator.

For R717, the behaviour differs from the other refrigerants. The defect efficiency
associated with the compressor is lower than that of the other refrigerants due to the lower
power input required, which is a consequence of its favourable thermodynamic properties
and high latent heat. Similarly, the throttling process presents a smaller contribution to the
total defect compared to the other working fluids. However, the condenser concentrates
a significantly larger fraction of exergy destruction, attributable to the higher discharge
temperatures and the greater heat rejection rate to the environment, which increases entropy
generation during heat transfer. Despite this greater contribution from the condenser, the
overall redistribution of irreversibilities is more balanced, which favours a competitive
exergetic performance. Consequently, the overall exergy efficiency of the Simple cycle for
all refrigerants remains within a relatively narrow range between 27.34% and 29.89%.
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Figure 11. Defect efficiency distribution across components for the three configurations using R134a.
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Figure 12. Defect efficiency distribution across components for the three configurations using R600a.
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Figure 13. Defect efficiency distribution across components for the three configurations using R290.
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Figure 14. Defect efficiency distribution across components for the three configurations using R1234yf.
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Figure 15. Defect efficiency distribution across components for the three configurations using R1234ze(E).
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Figure 16. Defect efficiency distribution across components for the three configurations using R717.

When adopting the FIC configuration, the distribution of defect efficiency is substan-
tially modified due to the division of the compression process into two stages. The exergetic
defect is shared between the low-pressure compressor and the high-pressure compressor,
reducing the concentration of irreversibilities in a single component and improving the
overall management of the system. Although the sum of the defect efficiencies associated
with both compressors remains dominant, a reduction in the relative contribution of the
condenser and the expansion valves is observed for most refrigerants. This redistribution
of defects leads to a clear increase in the overall exergy efficiency for all the fluids analysed,
which rises from values close to 29% in the simple cycle to a range between 32.03% and
33.30% in the FIC configuration.

The FIC + MC configuration introduces an additional improvement through the
incorporation of the mixing chamber, whose defect efficiency is practically negligible for all
refrigerants. As shown in Figures 11–15, this modification enables a further redistribution of
exergetic defects, with a slight reduction in the defect efficiency associated with compression
and expansion processes. Nevertheless, in some cases, a moderate increase in the condenser
defect efficiency is observed, associated with the higher energetic level of the flow entering
this component. Despite this effect, for all working fluids analysed, with the exception of
R717, the FIC + MC configuration exhibits the highest overall exergy efficiency.

In contrast, for R717, Figures 16 show that the high concentration of defect efficiency in
the condenser limits the benefits associated with the incorporation of the mixing chamber,
resulting in a reduction of the exergy efficiency to 30.70%, which is lower than that obtained
in the FIC configuration. This behaviour is also associated with an increase in the power
supplied to the compressors (7.18%) and in the heat rejected by the condenser (2.18%).
The increase in compressor power is mainly due to the second compression process, in
which the temperature rise is 18.48% higher, leading to greater work input, increased
irreversibilities, and higher defect efficiency. Although the refrigerant mass flow decreases
by 6.80%, this effect is not sufficient to enhance the exergy efficiency.

4.3. Exergy Cost Analysis

Figure 17 shows the behaviour of the exergy cost of the product as a function of
condensation and evaporation temperatures for the Simple, FIC, and FIC + MC cycle
configurations, considering the different refrigerants analysed. For every configuration,
the exergy cost of the product increases with condensation temperature and decreases
as evaporation temperature rises, as a direct consequence of the higher requirement of
external resources (ẆC) and the increase in system irreversibilities. Higher condensation
temperatures intensify the pressure ratio and entropy generation, thereby increasing the
unit exergy consumption required to produce the same cooling effect.
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Figure 17. Effect of condensation and evaporation temperatures on the exergy cost of the product in
Simple, FIC, and FIC + MC configurations with different refrigerants.

For the Simple configuration, taking R134a as the reference refrigerant, R600a and
R717 exhibit the lowest values of the exergy cost of the product over the entire operating
range analysed, with reductions on the order of 1–2%. This behaviour can be explained by
their lower compressor power demand and more favourable balance between compression
and heat rejection irreversibilities, as observed in the previous defect efficiency distribution
analysis. In contrast, R290 and R1234ze(E) show moderate increases, while R1234yf presents
the highest values of the exergy cost of the product, with increases exceeding 6%, as a result
of its higher power consumption and the greater generation of irreversibilities associated
with the single-stage compression process.

When the FIC configuration is implemented, the exergy cost of the product decreases
significantly for all refrigerants. The division of compression into two stages reduces
the pressure ratio per stage and improves thermodynamic matching, which lowers en-
tropy generation in the compressors. As shown in the comparative curves, this structural
modification leads to a consistent reduction in the exergy cost of the product. Under this
configuration, R600a and R717 maintain the lowest values, since their thermophysical
properties allow them to benefit more effectively from the staged compression process.
Meanwhile, R1234yf continues to exhibit the highest exergy cost values, although the
relative gap with respect to the reference refrigerant becomes smaller due to the global
reduction of compression-related irreversibilities.
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The FIC + MC configuration generally presents the lowest absolute values of the exergy
cost of the product for most refrigerants. The incorporation of the mixing chamber enhances
pressure-level redistribution and improves internal exergy flow management, leading to
a further reduction in compression and throttling defect efficiency. This configuration
reduces the external exergy input per unit of useful product for R600a, R290, R1234ze(E),
and R1234yf.

However, for R717, a distinct behaviour is observed. The exergy cost of the product
increases significantly with respect to R134a, reaching the highest values among all refrig-
erants analysed in this configuration. This result is consistent with the defect efficiency
diagrams, which show a higher concentration of irreversibilities in the condenser. The mix-
ing process increases the discharge temperature in the second compression stage, raising
compressor work and heat rejection rates. Consequently, the additional entropy generation
in the condenser offsets the benefit of mass flow reduction, leading to a higher exergy cost
of the product.

Overall, the comparative analysis of the charts confirms that refrigerant R600a ex-
hibits the best exergoeconomic performance across the three configurations, consistently
presenting the lowest exergy cost of the product. This superior behaviour is directly asso-
ciated with lower compressor power consumption and a more balanced distribution of
irreversibilities, highlighting the dominant role of compression work.

Figure 18 shows the residue cost R∗ associated with the condensation heat rejected
to the environment, evaluated at TCOND = 298 K and TEVAP = 238 K, for the Simple, FIC,
and FIC + MC cycle configurations, considering the different refrigerants analysed. This
cost represents the exergoeconomic impact of the exergy rejected in the condenser and is
directly related to the magnitude and distribution of the irreversibilities generated within
the system components.

For all refrigerants, the Simple configuration exhibits the highest residue cost values.
This behaviour is mainly explained by the concentration of irreversibilities in the single-
stage compression process, which increases both the compressor power requirement and
the thermal level of the flow entering the condenser. As a consequence, a larger amount
of high-grade heat is rejected to the environment, increasing the exergy destruction in the
condenser and, consequently, the residue cost. As supported by Table 13, residue formation
in this configuration is predominantly governed by the compressor (C) and the expansion
valve (EV), whose high defect efficiencies directly translate into higher rejected exergy.

15 20 25 30 35

R134a

R600a

R290

R1234yf

R1234ze(E)

R717

R∗ (kW)

Simple
FIC

FIC + MC

Figure 18. Residual cost R∗ in Simple, FIC, and FIC + MC configurations for different refrigerants.
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Among the refrigerants, R717 stands out by presenting the highest R∗ value, reaching
approximately 36.12 kW. This result is consistent with the defect efficiency distribution,
which shows a strong concentration of irreversibilities in the condenser. Although R717
requires a relatively lower mass flow rate and competitive compression performance, its
high discharge temperatures and large heat rejection rates increase entropy generation
during condensation, leading to a higher exergetic residue. In contrast, R600a exhibits the
lowest residue cost in the Simple configuration, with values close to 15.39 kW, due to its
lower compressor power consumption and more balanced distribution of irreversibilities
between compression and heat rejection processes.

When adopting the FIC configuration, the residue cost decreases markedly for all
refrigerants. This reduction is associated with the division of the compression process
into two stages, which lowers the compression ratio per stage and reduces the specific
compression work. As a result, the temperature at the compressor outlet decreases, leading
to a lower thermodynamic potential of the heat rejected in the condenser and, consequently,
a reduction in the exergy cost of the residue. According to Table 13, residue formation in
this configuration is mainly associated with the high-pressure compressor (HPC) and the
high-pressure expansion valve (HPEV), which concentrate the dominant defect efficiencies.
The R∗ values for most refrigerants are therefore grouped within a narrower range (ap-
proximately 14.6–15.5 kW), indicating a more uniform exergoeconomic behaviour among
working fluids. For R717, although the residue cost decreases significantly compared to the
Simple cycle (to about 20.47 kW), it remains the highest among the refrigerants, confirming
that condenser-related irreversibilities still dominate its exergy cost performance.

Table 13. Contribution to residual formation in Simple, FIC, and FIC + MC configurations with
different refrigerants.

R134a R600a R290 R1234yf R1234ze(E) R717

Simple
Q̇COND (kW) 5.796 5.166 5.781 5.170 5.246 12.246

ψC 0.243 0.254 0.198 0.220 0.251 0.286
ψEV 0.757 0.746 0.802 0.780 0.749 0.714
ψEVAP – – – – – –

FIC
Q̇COND (kW) 4.865 4.688 4.871 4.723 4.726 6.644

ψLPC – – – – – –
ψHPC 0.131 0.141 0.105 0.119 0.138 0.147
ψHPEV 0.869 0.859 0.895 0.881 0.862 0.853
ψFIC – – – – – –
ψLPEV – – – – – –
ψEVAP – – – – – –

FIC + MC
Q̇COND (kW) 5.446 4.928 5.443 4.869 4.969 11.968

ψLPC – – – – – –
ψMC 0.448 0.433 0.452 0.446 0.435 0.423
ψHPC 0.068 0.084 0.062 0.068 0.082 0.109
ψHPEV 0.484 0.483 0.487 0.485 0.483 0.468
ψFIC – – – – – –
ψLPEV – – – – – –
ψEVAP – – – – – –
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The FIC + MC configuration enables an additional redistribution of irreversibilities
through the incorporation of the mixing chamber, which modifies the thermodynamic
state at the compressor inlets and improves internal exergy management. As indicated in
Table 13, residue formation in this configuration is mainly governed by the mixing chamber
(MC), followed by the high-pressure compressor (HPC) and the high-pressure expansion
valve (HPEV). The improved pressure matching and internal mixing processes reduce the
overall compression work and the thermal level of the rejected heat, leading to an additional
decrease in R∗ for most refrigerants. Compared to the FIC configuration, further reductions
of approximately 5–10% are observed, reaching the lowest residue costs, particularly for
R600a (around 13.22 kW), which confirms its superior exergoeconomic performance.

R717 again departs from this trend: the residue cost increases to values close to
35.87 kW, even exceeding those obtained in the FIC configuration. This increase is associ-
ated with a significant increase in condenser defect efficiency caused by higher discharge
temperatures after the second compression stage and an increase in heat rejection to the
environment. Consequently, the additional mixing process does not compensate for the rise
in compression work and condenser irreversibilities. This confirms that, under the analysed
operating conditions, the incorporation of the mixing chamber is thermodynamically and
exergoeconomically less favourable for R717, as the residue cost remains dominated by
condenser-related exergy destruction rather than by mass flow reductions.

4.4. Exergoeconomic Cost Analysis

Figure 19 illustrates the behaviour of the exergoeconomic cost of the product, Πp, as a
function of condensation and evaporation temperatures for the Simple, FIC, and FIC + MC
configurations, considering the refrigerants R134a, R600a, R290, R1234yf, R1234ze(E), and
R717. Πp systematically increases with condensation temperature and decreases as evap-
oration temperature rises. This behaviour is thermodynamically consistent, since higher
condensation temperatures lead to greater compressor power input and higher thermal lev-
els of heat rejection, while higher evaporation temperatures reduce the compression ratio,
the specific compression work, and the overall irreversibility generation within the cycle.

For the Simple configuration, the differences among refrigerants are mainly governed
by their thermophysical properties and the resulting compression work. R600a consistently
exhibits the lowest values of Πp over the entire analysed range, with reductions on the
order of 1–2% relative to R134a. This superior performance is directly associated with its
lower compressor power consumption and a more balanced distribution of irreversibilities
between the compressor and the condenser. In contrast, R1234yf shows the highest product
cost values, with increases exceeding 5%, due to its higher specific compression work and
the greater concentration of irreversibilities associated with the single-stage compression
process. R717, in turn, exhibits values close to those of R134a, indicating a competitive
compression performance, but with a larger fraction of irreversibilities shifted towards the
condenser, owing to its high discharge temperatures and greater heat rejection rates.

When the FIC configuration is adopted, a noticeable reduction in Πp is observed for
all refrigerants. Splitting the compression process into two stages reduces the compression
ratio per stage and the outlet temperature of the compressors, which decreases both
the power consumption and the exergy destruction in the condenser. As a result, the
exergoeconomic cost of the product decreases and the differences among refrigerants
become less pronounced. Under this configuration, R600a maintains the best performance
due to its lower work input, whereas R1234yf still exhibits the highest Πp, although with
smaller relative deviations compared to the Simple cycle.

The FIC + MC configuration generally provides the lowest absolute values of Πp for
most refrigerants, owing to improved pressure matching and a more effective internal
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redistribution of irreversibilities through the mixing chamber. This leads to additional
reductions of approximately 1–3% with respect to the FIC cycle, mainly due to further
decreases in compression work and a lower thermodynamic potential of the rejected heat.
For R717, however, Πp increases significantly under the FIC + MC configuration. This
behaviour is associated with an unfavourable redistribution of irreversibilities, with a
stronger concentration in the condenser caused by higher discharge temperatures after
multi-stage compression and increased heat rejection to the environment. Consequently,
the benefits of internal mixing are offset by the rise in condenser-related exergy destruction,
explaining the higher exergoeconomic cost of the product for this refrigerant.

Figure 20 shows the behaviour of the exergoeconomic cost of the residue, ΠQ̇
R , for the

Simple, FIC, and FIC + MC systems, evaluated for the different refrigerants considered. The

value of ΠQ̇
R depends strongly on both the working fluid and the system configuration, since

it is directly governed by compressor power input, the thermal level of the heat rejected in
the condenser, and the internal distribution of irreversibilities within the cycle components.

Simple
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Figure 19. Effect of condensation and evaporation temperatures on product cost Πp in Simple, FIC,
and FIC + MC configurations with different refrigerants.

In general, the lowest residue costs are consistently obtained with R600a for all three
configurations. This behaviour is associated with its lower compression work and a
more balanced distribution of irreversibilities between compression and heat rejection
processes, which reduces the exergy destroyed in the condenser and, consequently, the
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exergoeconomic penalty of the rejected heat. In contrast, R717 exhibits the highest values

of ΠQ̇
R , particularly in the Simple and FIC + MC systems. This is mainly due to a stronger

concentration of irreversibilities in the condenser, caused by higher discharge temperatures
and larger heat rejection rates, which increase entropy generation during condensation
despite its favourable thermodynamic properties in compression.

When the FIC configuration is implemented, a noticeable reduction in the residue
cost is observed for most refrigerants compared to the Simple cycle. This reduction can
be explained by the division of the compression process into two stages, which lowers
the compression ratio per stage, reduces the outlet temperature of the compressors, and
decreases the thermodynamic potential of the rejected heat. As a result, both exergy de-

struction in the condenser and ΠQ̇
R are reduced, leading to a more uniform exergoeconomic

behaviour among the working fluids.
The inclusion of the mixing chamber in the FIC + MC configuration further modifies

the internal redistribution of irreversibilities, which explains the different trends observed in
the charts depending on the refrigerant. For fluids such as R600a and R134a, the improved
pressure matching and internal mixing reduce the overall compression work and the exergy

content of the rejected heat, leading to additional decreases in ΠQ̇
R . However, for R717, the

mixing process results in higher discharge temperatures after the second compression stage
and an increase in condenser-related irreversibilities. Consequently, the exergoeconomic
cost of the residue increases again in the FIC + MC system, confirming that the effectiveness
of the mixing chamber is strongly dependent on the thermophysical properties of the
working fluid and on how irreversibilities are redistributed within the cycle.

2 2.5 3 3.5 4 4.5 5 5.5

R134a

R600a

R290

R1234yf

R1234ze(E)

R717

ΠQ̇
R (USD/h)

Simple
FIC

FIC + MC

Figure 20. Residual cost ΠQ̇
R in Simple, FIC, and FIC + MC configurations for different refrigerants.

5. Conclusions
The results show that the performance of refrigeration systems is strongly influenced

by both the operating conditions and by the cycle configuration and the refrigerant used.
Under the operating conditions analysed, in all cases, an increase in condensation tem-
perature leads to a decrease in COP and exergy efficiency, as well as an increase in the
power required by the compressors, the exergy cost of the product, and the costs associated
with the residue. This behaviour is explained by the increase in the compression ratio
and in system irreversibilities, mainly in the compressors and the condenser. Conversely,
an increase in evaporation temperature systematically improves system performance by
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reducing the temperature lift, thereby decreasing the compression work and the generation
of irreversibilities.

From a configurational perspective, the incorporation of the flash tank (FIC) and the
mixing chamber (FIC + MC) enables a more favourable redistribution of pressure levels
and exergy destruction within the system. Splitting the compression process reduces the
specific compression work and the discharge temperature, which lowers condenser-related
irreversibilities and exergoeconomic penalties. The FIC and FIC + MC configurations
therefore generally exhibit lower compressor power, higher COP and exergy efficiency, and
reduced exergy costs of both the product and the residue compared to the Simple cycle,
demonstrating that increased cycle complexity can enhance performance when proper
thermodynamic matching is achieved.

Regarding the effect of the refrigerant, R600a consistently stands out as the fluid
with the best overall performance. This refrigerant shows the highest COP and exergy
efficiency values, as well as the lowest exergy costs of the product and residue across the
three configurations analysed. Its good performance is associated with lower compression
power requirements and reduced irreversibility generation. R717 demonstrates excellent
performance in the Simple configuration and, to a lesser extent, in the FIC configuration,
due to its high specific cooling capacity. However, in the FIC + MC configuration, its
performance is penalized by a high concentration of irreversibilities in the condenser, which
increases both the exergy cost of the product and the residue, making this configuration
thermodynamically unfavourable for this refrigerant under the studied conditions.

Refrigerants R290 and R1234ze(E) show intermediate behaviour, with performance
close to that of R134a and moderate variations in energetic and exergetic indicators, while
R1234yf consistently exhibits the lowest COP and exergy efficiency and the highest exer-
goeconomic costs. This trend is explained by its higher compression work requirements
and greater irreversibility generation under identical cooling capacity conditions.

The conclusions of this study are subject to the assumed operating conditions (fixed
refrigeration capacity of 100 kW, steady-state operation, isentropic efficiency of 0.73, and
absence of auxiliary losses). Consequently, the values of the energy, exergy, and exer-
goeconomic indicators could differ under real operating conditions or under different
design constraints.

The selection of the refrigeration system should therefore be addressed from an inte-
grated approach that simultaneously considers energy, exergy, and exergoeconomic criteria,
as well as the refrigerant properties and the cycle configuration. Under the analysed condi-
tions, R600a emerges as the most favourable alternative, while advanced configurations
such as FIC and FIC + MC are particularly advantageous for most refrigerants, provided
that irreversibilities do not become excessively concentrated in specific components.

Future work should incorporate thermal losses and chemical exergy, and apply multi-
objective optimisation methodologies to simultaneously minimise energy consumption,
exergy destruction, and exergoeconomic costs under variable operating conditions repre-
sentative of industrial practice, complemented by experimental validation.
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Abbreviations
COND Condenser
COP Coefficient of Operation
EVAP Evaporator
FIC Flash Intercooling Chamber
HP High Pressure
HPC High-Pressure Compressor
HPEV High-Pressure Expansion Valve
LP Low Pressure
LPC Low-Pressure Compressor
LPEV Low-Pressure Expansion Valve
SHV Superheated Vapour
MC Mixing Chamber
CC Cold Chamber
HC Hydrocarbons
HFC Hydrofluorocarbons
HFO Hydrofluoroolefins

Nomenclature
A area; (m2),
Ė exergy flow; (kW),
E∗ exergetic cost; (kW),
Ḟ resource flow; (kW),
F∗ exergetic cost of the resource; (kW),
h specific enthalpy; (kJ/kg),
İ irreversibility flow; (kW),
ṁ mass flow rate; (kg/s),
P pressure; (bar),
Ṗ product; (kW),
P∗ exergetic cost of the product; (kW),
q heat per unit mass; (kJ/kg),
Q̇ heat flow; (kW),
Ṙ residue; (kW),
s specific entropy; (kJ/kg · K),
T temperature; (K),
U overall heat transfer coefficient; (kW/m2K),
w work per unit mass; (kJ/kg),
Ẇ generated power; (kW),
x quality; (-)
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Greek Letters
δ defect efficiency; (-)
ψ residue distribution coefficients; (-)
y product distribution coefficients; (-)
ε exergy per unit mass; (-)
η efficiency; (-)
π pressure ratio; (-)
Π Exergoeconomic cost; (USD/h)
β flow ratio; (-)

Subscripts
0 reference state;
ex exergetic;
1, 2, 3, . . . thermodynamic states;
sic compressor isentropic;
ST stack;
INT intermediate;
f saturated liquid;
g saturated steam;
tp triple point;
cr critical;
ref refrigerant.

Superscripts
PH physical;
Q heat;
W work.

Matrices
⟨FP⟩ (n × n) matrix of distribution coefficients;
⟨RP⟩ (n × n) matrix of distribution coefficients;
⟨P∗| (n × n) productive matrix of cost operators;
UD identity matrix (n × n).
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