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Abstract⎯ Cruise ships require substantial cooling and refrigeration capacity, which contributes significantly to onboard energy 

consumption, operational costs, and greenhouse gas emissions. Improving refrigeration-system performance is therefore essential to 

support efficient and environmentally sustainable maritime operations. This study evaluates the thermo-environmental performance 

of a cascade refrigeration system for cruise ship applications and identifies suitable refrigerant pairs under varying operating 

temperatures. A thermodynamic model was developed using mass, energy, and exergy balance equations. Simulations were 

conducted for several refrigerant combinations over an operating-temperature range of 275-295 K. System performance was 

assessed using exergy efficiency, the Ecological Coefficient of Performance (ECOP), and the Total Equivalent Warming Impact 

(TEWI). The results show that increasing the operating temperature reduces exergy efficiency and ECOP for all refrigerant pairs, 

while TEWI increases due to higher energy-related emissions. Among the investigated refrigerant pairs, R152a/R290 demonstrated 

the best overall performance, followed by R600a/R290, owing to their higher thermodynamic efficiency and lower environmental 

impact. In contrast, CO2-based combinations, particularly R717/R744, showed comparatively poorer performance and greater 

sensitivity to temperature increases. These findings highlight the importance of refrigerant selection in improving the performance 

of cascade refrigeration systems for cruise ship applications. 
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I. INTRODUCTION1 

The maritime sector faces increasing pressure to 

cut greenhouse gas (GHG) emissions and boost energy 

efficiency due to international environmental rules, 

especially those set by the International Maritime 

Organization (IMO) under MARPOL Annex VI. This 

regulatory structure sets limits on nitrogen oxides (NOx) 

and sulfur oxides (SOx) emissions and includes energy-

efficiency measures like the Energy Efficiency Design 

Index (EEDI) and the Energy Efficiency Existing Ship 

Index (EEXI) [1]. Additionally, the Carbon Intensity 

Indicator (CII) requires ships to continuously improve 

their carbon-emission performance throughout their 

operational life cycle. These regulations suggest that ship 

energy optimization should not focus only on propulsion 

systems but also include auxiliary systems that 

significantly contribute to onboard energy consumption 

and environmental impact emissions [2].  

Among various ship types, cruise ships are some of 

the most energy-intensive vessels because they serve not 

only as transportation systems but also as floating 

hospitality facilities. Their operation involves a 

significant hotel load related to passenger comfort, food 

preservation, lighting, ventilation, and air-conditioning 

services [3]. In this context, cooling and refrigeration 
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systems are especially important because they are 

essential for maintaining indoor thermal comfort, 

preserving food and beverages, and ensuring the reliable 

operation of technical spaces and onboard facilities. The 

complexity of cooling demand increases in large and 

densely occupied spaces, such as atriums, restaurants, 

theatres, and accommodation zones, where thermal load 

variations are more significant [4]. Previous studies have 

shown that hotel loads make up a significant portion of 

total onboard energy use and are therefore closely linked 

to the overall environmental performance of cruise ships 

[5]. Supporting generators usually run continuously at 

fairly steady loads, often around 1 MW, showing the 

high energy demand of auxiliary systems [6]. Recent 

studies have also stressed that hotel and auxiliary 

systems should be regarded as essential parts of maritime 

decarbonization strategies, not just secondary energy 

consumers [7]. 

The importance of refrigeration systems on cruise 

ships goes beyond just energy use. These systems also 

impact the environment through refrigerant leaks during 

operation, maintenance, and disposal. Conventional 

hydrofluorocarbon (HFC) refrigerants are well known 

for their high Global Warming Potential (GWP), which 

adds to the direct climate impact of refrigeration 

systems. [8][9]. Therefore, the environmental 

performance of a refrigeration system should be assessed 

from two connected perspectives: indirect emissions 

from energy use and direct emissions from refrigerant 

leaks. This dual approach has increased interest in 

refrigeration technologies that aim for high 

thermodynamic efficiency and reduced environmental 

impact through the use of more sustainable refrigerants 

[10]. 
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To overcome the limitations of traditional single-

stage refrigeration systems in large temperature-lift 

conditions, advanced refrigeration technologies have 

been widely explored. One of the most promising 

solutions is the cascade refrigeration system (CRS), 

especially suitable for applications needing a wide 

temperature gap between the cooled space and the 

surrounding environment. A cascade refrigeration system 

includes two interconnected vapor-compression cycles, 

known as the low-temperature cycle (LTC) and the high-

temperature cycle (HTC), connected through a cascade 

heat exchanger. This setup enables each cycle to operate 

within a more suitable temperature range, which 

enhances system performance, lowers compressor stress, 

and makes it more appropriate for low-temperature 

applications [11][12]. Because cruise ships need 

continuous and reliable cooling under changing 

operational and environmental conditions, CRS has 

strong potential to enhance refrigeration performance in 

maritime applications. 

Several studies have examined cascade refrigeration 

systems from various thermodynamic angles. Earlier 

research has shown the feasibility of CRS through 

energy and exergy analyses, focusing on refrigerant pair 

selection, compressor work, and system efficiency. 

[13][14]. Exergy analysis is especially important because 

it offers a deeper understanding of thermodynamic 

irreversibility than conventional energy analysis, 

enabling clearer identification of losses in individual 

system components. Exergy analysis is especially 

important because it offers a deeper understanding of 

thermodynamic irreversibility than conventional energy 

analysis, enabling clearer identification of losses in 

individual system components [15]. In refrigeration 

systems, irreversibility can occur in compressors, 

condensers, evaporators, expansion valves, and 

especially in the cascade heat exchanger, where 

temperature differences greatly affect overall system 

performance. Therefore, using exergy-based evaluation 

is a helpful method for assessing how efficiently a 

cascade refrigeration system uses energy resources under 

various operating conditions. 

Besides thermodynamic efficiency, the 

environmental aspect of cascade refrigeration systems 

has gained more attention, especially when it comes to 

refrigerant choice. The use of low-GWP and zero-ODP 

refrigerants has become a key factor in design due to 

stricter environmental regulations and the need to lessen 

the long-term climate impact of refrigeration 

technologies [10][14]. Recent studies have shown that 

refrigerant choice significantly impacts not only the 

coefficient of performance and exergy efficiency but also 

the overall environmental impact of the system 

throughout its operational lifetime [16][17]. This issue is 

especially important for cruise ship applications, where 

refrigeration systems run continuously and cumulative 

effects from electricity use and refrigerant leaks can 

become significant. 

 Although previous studies have offered valuable 

insights into cascade refrigeration systems, many have 

evaluated system performance from only one or two 

perspectives, often under limited operating conditions or 

for specific refrigerant combinations [18]. In several 

cases, thermodynamic analysis and environmental 

assessment are addressed separately, which makes it 

difficult to obtain an integrated view of system behavior. 

Additionally, studies specifically focused on cruise ship 

applications remain relatively scarce. Therefore, the 

problem addressed in this study is the limited availability 

of an integrated thermo-environmental assessment of 

cascade refrigeration systems for cruise ship applications 

under various operating conditions and refrigerant 

choices. 

In this context, exergy analysis, the Ecological 

Coefficient of Performance (ECOP), and Total 

Equivalent Warming Impact (TEWI) offer a relevant 

basis for thermo-environmental assessment. Exergy 

analysis evaluates thermodynamic irreversibility, ECOP 

reflects ecological performance from a second-law 

perspective [19], and TEWI evaluates the total 

environmental impact by considering both direct 

refrigerant emissions and indirect emissions related to 

energy use [20].  

When considered together, these indicators can offer 

a more integrated basis for assessing cascade 

refrigeration system performance than traditional energy-

based measures alone. Another point emphasized in the 

literature is the effect of operating parameters on cascade 

refrigeration performance. Previous studies have shown 

that evaporator temperature, condenser temperature, 

cascade temperature, refrigerant mass flow rate, and 

working-fluid selection influence thermodynamic 

efficiency, exergy destruction, compressor power 

requirements, and environmental impact 

[16][17][21][22]. Since cruise ship refrigeration systems 

operate under changing thermal demands and 

environmental conditions, examining the influence of 

these factors is important for understanding their 

behavior in maritime applications.  

Given the identified gaps, this study proposes an 

integrated assessment of cascade refrigeration systems in 

cruise ships using exergy, ECOP, and TEWI as the 

primary performance indicators. The innovation of this 

research lies in the simultaneous application of these 

three indicators within a single analytical framework to 

evaluate thermodynamic behavior and environmental 

impact. Specifically, exergy analysis is used to assess 

thermodynamic irreversibility, ECOP evaluates 

ecological performance from a second-law perspective, 

and TEWI quantifies the overall environmental burden 

related to refrigerant leakage [19][20]. Additionally, the 

effects of operating conditions, including temperature, 

refrigerant mass flow rate, and working fluid selection, 

are examined, since previous studies have shown that 

these parameters strongly influence cascade refrigeration 

performance. Additionally, the effects of operating 

conditions, including temperature, refrigerant mass flow 

rate, and working fluid selection, are examined, since 

previous studies have shown that these parameters 

strongly influence cascade refrigeration performance 

[7][15][22]. Therefore, this study aims to offer a more 

thorough foundation for evaluating the thermodynamic 

and environmental performance of cascade refrigeration 
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systems in maritime applications using exergy, ECOP, 

and TEWI. 

II. METHOD 

A. Object of Research 

  A cruise ship can be seen as a complex “floating 

city” that combines propulsion, energy systems, and 

extensive hotel amenities, leading to high and continual 

energy demand. Among onboard systems, cooling and 

refrigeration are vital, as they greatly influence overall 

energy use, fuel consumption, and environmental 

emissions [23][24]. The rising demand for thermal 

comfort, especially for air conditioning and refrigeration, 

makes these systems the main energy consumers in 

cruise ship operations. In this study, Vision of the Seas, a 

Royal Caribbean cruise ship built in 1998, is chosen as 

the case study. The vessel, measuring 279 meters in 

length, with a gross tonnage of 78,717 GT, and an 

average voyage length of 8 days, exemplifies a typical 

cruise ship with high and consistent cooling 

requirements [25]. It is equipped with a propulsion 

system of 2 × 25,200 kW and an air conditioning system 

with a cooling capacity of 10,010 kW, emphasizing the 

importance of auxiliary cooling loads. 

 Given the limitations of traditional refrigeration 

systems in managing wide temperature ranges and their 

environmental effects, this study explores the use of a 

cascade refrigeration system (CRS). System performance 

is assessed through thermodynamic and environmental 

metrics, specifically the Ecological Coefficient of 

Performance (ECOP) and Total Equivalent Warming 

Impact (TEWI), to promote more efficient and 

sustainable cruise ship operations. 

B. Machine Schematic 

 The cooling system analyzed in this study uses a 

cascade refrigeration setup with two linked cycles: the 

High Temperature Cycle (HTC) and the Low 

Temperature Cycle (LTC), which are connected via a 

cascade condenser. The system design is based on a 

configuration developed in previous research [26]. The 

system includes two compressors, one condenser, one 

evaporator, one cascade condenser, three expansion 

valves, two flash chambers, and four internal heat 

exchangers (HEw, HEx, HEy, and HEz). Adding internal 

heat exchangers improves heat transfer efficiency and 

boosts overall system performance by decreasing 

irreversibilities. A schematic diagram of the cascade 

refrigeration system studied here is shown in Figure 1. 

 

 
Figure 1. Machine Schematic  
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C. Analysis Parameter Specifications 

 The operating conditions of the cascade refrigeration 

system are set by specifying the evaporation and 

condensation temperatures for both the High 

Temperature Cycle (HTC) and the Low Temperature 

Cycle (LTC), as well as the cascade condenser 

temperature that thermally connects the two cycles. 

These temperature levels are chosen based on the 

operating limits of the refrigerants and the overall system 

characteristics. A detailed summary of the temperature 

parameters is provided in Table 1. Additionally, the mass 

flow rates are fixed at 1.3 kg/s for the HTC and 0.5 kg/s 

for the LTC to ensure a consistent basis for performance 

evaluation across different operating conditions. This 

method allows for a more reliable comparison of system 

behavior when examining the effects of various 

operating parameters. 

To evaluate both thermodynamic and environmental 

performance, several low-GWP refrigerants are 

considered, including R1234yf, R290 (propane), R717 

(ammonia), R152a, R600a (isobutane), and R744 (CO₂). 

These refrigerants are chosen for their potential as 

environmentally friendly alternatives to traditional high-

GWP refrigerants, along with their varied 

thermodynamic properties and safety features, such as 

flammability, toxicity, and operating pressure. Previous 

studies have shown that natural refrigerants, especially 

R744 and R290, are among the most widely used options 

in ultra-low-GWP applications (<150) [27]. In cascade 

refrigeration systems, the R744–R717 (LTC–HTC) 

configuration is one of the most thoroughly studied 

because of its high efficiency and suitability for low-

temperature uses. Additionally, previous research has 

assessed the thermodynamic performance of cascade 

systems by analyzing how key operating parameters—

such as evaporation temperature, condensation 

temperature, superheating, and subcooling—affect 

system efficiency, especially in terms of the coefficient 

of performance (COP) [28]. Furthermore, experimental 

studies comparing low-GWP refrigerants—such as 

R152a, R1234yf, R290, R600a, and R744—support the 

importance of selecting these working fluids for 

comprehensive performance and energy analyses, as they 

serve as alternatives to conventional refrigerants like 

R134a [29]. These studies verify that choosing the right 

refrigerant is crucial in affecting both system efficiency 

and environmental impact. 

 

D. Thermodynamic Model 

The thermodynamic analysis in this study is based on 

the first law of thermodynamics, using mass and energy 

balance equations for each system component to 

calculate the heat transfer rate and compressor work. The 

overall system performance is then evaluated using 

exergy efficiency and the Ecological Coefficient of 

Performance (ECOP). Additionally, the environmental 

impact is assessed through the Total Equivalent 

Warming Impact (TEWI) approach, which accounts for 

both direct emissions from refrigerant leakage and 

indirect emissions from electricity consumption 

throughout the system’s operational lifetime. [26] [16]. 

  Mass conservation equations are applied to confirm 

that the refrigerant flow in each system component stays 

balanced without any mass building up during the 

process. The mass conservation equation is written as 

follows: 

 

     (1) 

 

In equation (1),  represents the total mass flow 

rate entering a system component, while  denotes 

the total mass flow rate leaving the component. The 

variable m indicates the refrigerant mass flow rate (kg/s), 

and the summation symbol ∑ refers to the total of all 

relevant mass flow contributions. The subscripts “in” and 

“out” specify the inlet and outlet states of the component 

under consideration. 

The energy conservation equation, which is based on 

the first law of thermodynamics, is used to assess the 

energy balance of each system component. Under 

steady-state conditions and ignoring changes in kinetic 

and potential energy, the energy entering the system 

equals the sum of heat transfer and work. This relation is 

employed to determine heat transfer rates and 

compressor work. Generally, the energy conservation 

equation can be written as follows: 

 

TABLE 1. 

PARAMETER TEMPERATURE 

Parameters Range 

Condensation Temperature 313 [K] 

Evaporation Temperature 233 [K] 

Ambient Temperature 298 [K] 

Subcooling Temperature of Heat Exchanger 

(w) 

275 [K] – 295 [K] 

Temperature Subcooling Heat Exchanger (x) 275 [K] – 295 [K] 

Subcooling temperature of heat exchanger (y) 275 [K] – 295 [K] 

Superheating temperature of heat exchanger 

(x) 

275 [K] – 295 [K] 

Desuperheating temperature of the heat 

exchanger (z) 

275 [K] – 295 [K] 
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   (2) 

 

 In equation (2), Q (kW) is the rate of heat transfer into 

the system, W (kW) is the work done by the system, and 

h (kJ/kg) is the specific enthalpy. 

 The exergy conservation equation, based on the second 

law of thermodynamics, is used to analyze the exergy 

balance in a system. Under steady-state conditions, the 

difference between the incoming and outgoing exergy 

equals the exergy lost due to irreversibility, allowing for 

the assessment of system component efficiency. The 

exergy equation is as follows: 

 

                (3) 

 

 Equation (3) is used to calculate the exergy flow rate of 

a fluid at a point within the system. In this equation,  is 

the mass flow rate, while  and  denote the specific 

enthalpy and entropy under actual conditions. The values 

 and  represent the environmental reference 

conditions (dead state), i.e., when the fluid no longer has 

the potential to perform work. The ambient temperature 

 is used to determine the effect of entropy on the 

unusable exergy. 

 The cooling exergy rate equation  is used to 

express the maximum work potential obtainable from the 

heat transfer process in a cooling system relative to the 

environment. The cooling exergy rate equation is 

expressed as follows: 

 

   (4) 

 

 In this equation,  represents the ambient temperature 

(dead state), while  is the evaporation temperature 

at the evaporator.  indicates the cooling load 

supplied by the system. The factor  describes 

the temperature difference between the system and the 

environment, which affects the magnitude of exergy loss. 

 Equation (4) is used to show the relationship between 

the exergy rate entering the system  and the total net 

power , which is the sum of the power from the 

low-temperature cycle (LTC) and the high-temperature 

cycle (HTC). 

 

   (5) 

 

 In this equation,  and  represent the power 

generated by the low-temperature cycle and the high-

temperature cycle, respectively. The system’s total net 

power  is the sum of the power from both cycles. 

 Equation (5) is used to calculate the exergy efficiency 

in a cooling system involving exergy flow rates. The 

equation can be expressed as follows: 

 

                  (6)

     

 In this equation, the exergy loss rate  

indicates the exergy loss or exergy loss during the 

cooling process, while the exergy input rate  

represents the exergy entering the system. The exergy 

efficiency   is used to assess how effectively the 

system utilizes the incoming exergy to produce the 

desired benefit, namely the cooling process. 

 Furthermore, the Ecological Coefficient of 

Performance (ECOP) equation is as follows: 

 

    (7) 

 

Equation (5) is used to evaluate the performance of a 

cooling system based on exergy analysis. The "  " 

represents the cooling load or the amount of heat 

absorbed from the cooled space, while the  is 

the total exergy lost within the system due to the 

irreversibility of the process. The smaller the exergy loss, 

the higher the ECOP value, indicating that the system 

operates more efficiently in utilizing exergy to produce 

the cooling effect. 

 The Total Equivalent Warming Impact (TEWI) 

equation consists of two main components: direct 

emissions and indirect emissions, as shown in Equation 

(6). 

 

  (8)  

 

Direct TEWI is related to the refrigerant used in the 

refrigeration system and represents CO₂-equivalent 

emissions from refrigerant leaks during operation and 

from refrigerant losses released into the environment 

during the recycling process. The direct TEWI equation 

is as follows: 

 

 
  (9) 

 

In this equation,  represents the annual refrigerant 

leakage rate, while  indicates the total refrigerant 

charge in the system; both are determined by the circuit 

characteristics. The refrigerant recovery factor is 

assumed to be  = 90% for all refrigerants used. In this 

study, the operational life of the LTC and HTC systems 

is assumed to be  = 15 tahun. The annual leakage rate  

is considered proportional to the refrigerant mass , 

sehingga dapat dihitung dengan persamaan berikut: so it 

can be calculated using the following equation: 

 

                (10) 

 

The specific refrigerant charge mass of the circuit (  ) 

is assumed to be proportional to the required cooling 

load at the evaporator ( ). The estimates used refer 

to the method applied in previous research [30], namely 

1 kg.kW-1 for the refrigerant in the LTC system and 2  
kg.kW-1 for the HTC system. Based on this approach, the 

refrigerant masses used are 100 kg for the LTC system 

and 200 kg for the HTC system. Indirect emissions in 

TEWI are determined by the system’s annual electricity 

consumption ( ) and the applicable electricity emission 

factor for a given country ( ), where in Indonesia 
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the electricity emission factor in 2021 was approximately 

0,7177 (kg.CO2/kWh). 

  

               (11) 

III. RESULTS AND DISCUSSION 

A. Exergy Efficiency 

 Figure 2 shows that exergy efficiency declines 

progressively with increasing temperature for all 

examined refrigerant combinations under the operating 

conditions of HTC = 1.3 kg/s and LTC = 0.5 kg/s. 

Specifically, as the temperature rises from 275 K to 295 

K, the exergy efficiency drops from 0.1088 to 0.0389 for 

R717/R744, from 0.2422 to 0.1667 for R1234yf/R744, 

from 0.1921 to 0.1089 for R290/R744, from 0.2767 to 

0.1695 for R152a/R290, and from 0.2654 to 0.1628 for 

R600a/R290. This consistent downward trend suggests 

that higher operating temperatures increase 

thermodynamic irreversibilities within the cascade 

refrigeration system. From a thermodynamic standpoint, 

this behavior may be linked to increased compressor 

work, greater entropy production, and reduced heat-

transfer efficiency between the low- and high-

temperature stages. Consequently, a larger portion of the 

supplied energy becomes unavailable for useful 

refrigeration, resulting in lower exergy efficiency. This 

observation aligns with prior studies indicating that 

evaporation and condensation temperatures are among 

the most influential factors affecting the exergetic 

performance of cascade refrigeration systems [17].  

 A key finding of this study is the significant variation 

in exergy efficiency among the refrigerant pairs across 

the entire temperature range. Among all combinations, 

R152a/R290 consistently shows the highest exergy 

efficiency, with values of 0.2767, 0.2679, 0.2595, 

0.2517, and 0.1695 at 275, 280, 285, 290, and 295 K, 

respectively. This indicates that R152a/R290 offers the 

best thermodynamic compatibility between the low-

temperature and high-temperature cycles. The 

outstanding performance of this pair suggests its 

thermophysical properties are more effective at 

minimizing exergy destruction during compression and 

heat exchange. Additionally, R600a/R290 also 

demonstrates consistently high performance and ranks 

second among all tested combinations, further 

emphasizing the thermodynamic potential of 

hydrocarbon-based refrigerant pairs in cascade 

refrigeration systems. This finding is especially 

important because it shows that low-GWP refrigerants, 

particularly hydrocarbon-based fluids, can provide not 

only environmental benefits but also strong 

thermodynamic performance, as reported in previous 

studies [31].  

 The main contribution of this study is demonstrating 

that the effect of temperature on exergy efficiency 

heavily depends on the refrigerant pair used. Although 

all combinations see a decrease in exergy efficiency as 

temperature rises, the extent of this decline varies 

significantly among different refrigerant pairs. Notably, 

R717/R744 shows the greatest relative drop in exergy 

efficiency, while R152a/R290 and R600a/R290 maintain 

higher efficiency levels across the entire temperature 

range studied. This suggests that refrigerant choice 

influences not only the overall exergy efficiency but also 

how sensitive the system is to temperature changes. 

Consequently, these results highlight that the best 

refrigerant pair should not be chosen solely based on 

maximum efficiency but also on its ability to maintain 

good thermodynamic performance across different 

operating temperatures. In this context, R152a/R290 

appears to be the most promising option among the pairs 

evaluated in this research. 

 In contrast, the relatively low exergy efficiency 

observed in the CO2-based combinations, especially 

R717/R744, indicates that these systems are more prone 

to irreversibility under the tested operating conditions. 

The very low exergy efficiency value of 0.0389 at 295 K 

for R717/R744 suggests that a significant portion of the 

input energy is lost through non-ideal thermodynamic 

processes. This behavior can be linked to the inherent 

characteristics of CO2-based systems, such as high 

operating pressure and increased sensitivity to 

temperature changes, which can intensify exergy 

 

 
Figure 2. Exergy efficiency versus temperature for various refrigerant combinations. 
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destruction in key components like the compressor and 

heat exchanger [9]. Although R1234yf/R744 performs 

better than R717/R744, its exergy efficiency remains 

consistently lower than that of the hydrocarbon-based 

refrigerant pairs over the entire temperature range. These 

findings are in agreement with previous studies 

indicating that CO2-based cascade refrigeration systems 

often experience higher exergy destruction in key 

components, thereby limiting their overall 

thermodynamic effectiveness [9].   

 Overall, the present study shows that R152a/R290 is 

the most thermodynamically favorable refrigerant pair 

among the alternatives studied across the entire 

temperature range. Meanwhile, R600a/R290 also 

emerges as a strong low-GWP option with consistently 

high exergy efficiency. The results further confirm that 

increasing temperature decreases exergy efficiency in all 

cases; however, the degree of this decrease is strongly 

influenced by the refrigerant pair chosen. Therefore, the 

novelty of this work lies in its comparison demonstrating 

that hydrocarbon-based refrigerant pairs, especially 

R152a/R290, not only offer environmental benefits but 

also provide superior and more stable exergetic 

performance than several CO2-based alternatives under 

the same operating conditions. These findings may serve 

as a useful reference for selecting and optimizing 

refrigerants in future cascade refrigeration system 

designs. 

 

B. Ecological Coefficient of Performance (ECOP)  

 Figure 3 shows that the ECOP decreases steadily as the 

temperature rises from 275 K to 295 K for all 

investigated working fluid combinations under the 

operating conditions of HTC = 1.3 kg/s and LTC = 0.5 

kg/s. Specifically, the ECOP of R717/R744 drops from 

0.9558 to 0.3679, R1234yf/R744 from 3.525 to 1.892, 

R290/R744 from 2.095 to 1.078, R152a/R290 from 

4.252 to 2.166, and R600a/R290 from 4.033 to 2.052. 

This general downward trend confirms that increasing 

temperature negatively impacts the exergetic 

performance of the cascade refrigeration system. As the 

operating temperature increases, thermodynamic 

irreversibilities in the main system components become 

more pronounced, decreasing the system’s ability to 

convert supplied energy into useful refrigeration. From 

an exergy perspective, this behavior is linked to higher 

compressor work, less effective temperature matching 

during heat transfer, and greater entropy generation in 

the condenser, evaporator, compressor, and cascade heat 

exchanger. As a result, the useful exergy recovered from 

the system declines, causing lower ECOP values. This 

finding aligns with previous studies showing that higher 

condensation or ambient temperatures lead to increased 

exergy destruction and reduced overall system 

performance [32].  

 A key finding of this study is the clear and consistent 

performance hierarchy among the tested refrigerant 

combinations across the entire temperature range. 

Among all working fluid pairs, R152a/R290 consistently 

shows the highest ECOP, with values of 4.252, 3.903, 

3.647, 3.457, and 2.166 at 275, 280, 285, 290, and 295 

K, respectively. R600a/R290 also demonstrates similarly 

high performance, with ECOP values decreasing from 

4.033 to 2.052. The superior performance of these two 

low-GWP refrigerant combinations indicates that they 

offer more favorable thermodynamic matching between 

the high- and low-temperature cycles compared to the 

other alternatives examined here. Their higher ECOP 

values suggest lower exergy losses and more efficient 

use of available energy, likely due to better operating 

characteristics during compression and heat exchange. 

These findings support previous research indicating that 

refrigerants such as R290 and R600a can deliver high 

thermodynamic efficiency and reduced energy losses 

relative to conventional refrigerants [33][34][35]. 

 The main contribution of this study is not only 

identifying the best-performing refrigerant pair but also 

demonstrating that temperature's effect on ECOP heavily 

depends on the specific refrigerants used. Although all 

examined pairs show a decline in ECOP as temperature 

rises, the extent of deterioration varies significantly 

among them. This suggests that choosing refrigerants 

should go beyond selecting the highest ECOP at a single 

operating point and include considering their ability to 

 

 
Figure 3. ECOP variation with temperature (275–295 K) for different working fluid combinations. 
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sustain stable thermodynamic performance across a 

broader temperature range. From this perspective, 

R152a/R290 is not only the top performer in terms of 

absolute ECOP but also the most thermodynamically 

resilient as temperature increases. R600a/R290 remains 

highly competitive as well, indicating that some low-

GWP refrigerant pairs can offer both excellent 

performance and good thThe main contribution of this 

study is not only identifying the best-performing 

refrigerant pair but also demonstrating that temperature's 

effect on ECOP heavily depends on the specific 

refrigerants used. Although all examined pairs show a 

decline in ECOP as temperature rises, the extent of 

deterioration varies significantly among them. This 

suggests that choosing refrigerants should go beyond 

selecting the highest ECOP at a single operating point 

and include considering their ability to sustain stable 

thermodynamic performance across a broader 

temperature range. From this perspective, R152a/R290 is 

not only the top performer in terms of absolute ECOP 

but also the most thermodynamically resilient as 

temperature increases. R600a/R290 remains highly 

competitive as well, indicating that some low-GWP 

refrigerant pairs can offer both excellent performance 

and good thermal stability. 

 This finding emphasizes a key innovation of the 

present work. Instead of merely comparing refrigerant 

combinations, this study shows that temperature 

sensitivity is a critical factor influencing ECOP behavior 

in cascade refrigeration systems. The results indicate that 

the best refrigerant pair is the one that offers high ECOP 

while maintaining a stable response to temperature 

changes. This is especially important for practical 

applications, as refrigeration systems typically operate 

under varying thermal conditions rather than at a 

constant temperature. Consequently, the present study 

offers a more application-focused basis for refrigerant 

selection and system optimization. 

 In contrast, the R744-based combinations generally 

perform less effectively under the tested conditions. 

R1234yf/R744 shows intermediate ECOP values, while 

R290/R744 experiences greater performance 

degradation. The lowest ECOP values are observed for 

R717/R744, decreasing from 0.9558 at 275 K to 0.3679 

at 295 K. This indicates that R717/R744 is more 

sensitive to irreversibility as temperature rises, likely due 

to the strong temperature dependence and high operating 

pressure associated with CO2-based systems. These 

findings support previous research indicating that the 

performance of R744-based cascade systems heavily 

depends on operating conditions and system 

configuration [36][37]. 

 Overall, this study demonstrates that increasing 

temperature consistently lowers ECOP for all refrigerant 

pairs, although the extent of the reduction is highly 

dependent on the refrigerant. Among the tested 

combinations, R152a/R290 is the most promising, 

closely followed by R600a/R290. The primary novelty of 

this work is showing that certain low-GWP refrigerant 

pairs can achieve not only higher ECOP but also better 

thermodynamic stability under elevated temperatures 

than several R744-based options. These results offer 

valuable guidance for selecting and optimizing working 

fluids Overall, this study demonstrates that increasing 

temperature consistently lowers ECOP for all refrigerant 

pairs, although the extent of the reduction is highly 

dependent on the refrigerant. Among the tested 

combinations, R152a/R290 is the most promising, 

closely followed by R600a/R290. The primary novelty of 

this work is showing that certain low-GWP refrigerant 

pairs can achieve not only higher ECOP but also better 

thermodynamic stability under elevated temperatures 

than several R744-based options. These results offer 

valuable guidance for selecting and optimizing working 

fluids in cascade refrigeration systems.in cascade 

refrigeration systems.   

   

C. Total Equivalent Warming Impact (TEWI)  

The graph show that the Total Equivalent Warming 

Impact (TEWI) generally increases with rising 

temperature for all working-fluid pairs. In the 

temperature range of 275–285 K, the increase in TEWI is 

relatively gradual. For instance, the TEWI of R717/R744 

increases from approximately 1.544 × 10⁹ to 1.657 × 10⁹, 

 

 
Figure 4. Effect of temperature on TEWI for various refrigerant combinations in a cascade refrigeration system. 
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while that of R290/R744 rises from 8.741 × 10⁸ to 9.544 

× 10⁸. However, at higher temperatures, the increase 

becomes more pronounced, particularly for R717/R744, 

whose TEWI rises from 1.714 × 10⁹ at 290 K to 4.361 × 

10⁹ at 295 K, representing the highest value among all 

tested combinations. This trend shows that raising 

ambient or operating temperature significantly boosts 

system energy use, thus increasing the indirect-emission 

contribution to TEWI [38]. 

A comparison of the working fluids reveals notable 

differences in environmental performance. R717/R744 

consistently shows the highest TEWI across all operating 

conditions, indicating that this pair is the least 

environmentally friendly in terms of total equivalent 

warming impact. In contrast, the hydrocarbon-based pair 

R152a/R290 shows the lowest TEWI across the entire 

temperature range, increasing from 6.068 × 10⁸ at 275 K 

to 9.906 × 10⁸ at 295 K. At the highest temperature, 

R1234yf/R744 also demonstrates relatively low TEWI, 

reaching approximately 1.008 × 10⁹, followed closely by 

R600a/R290 at 1.032 × 10⁹. These results show that 

using low-GWP refrigerants can effectively lower the 

overall environmental impact; however, TEWI is not 

determined solely by refrigerant properties, as system 

energy consumption remains a significant factor [39]. 

A deeper interpretation of these results indicates that 

the environmental benefit of a refrigerant pair depends 

not only on its direct-emission potential but also on how 

its energy performance reacts to temperature changes. In 

this study, the key finding is that each refrigerant pair 

shows a unique TEWI–temperature response. 

R717/R744 exhibits the highest temperature sensitivity, 

with a significant increase at 295 K, suggesting that its 

indirect emissions become more dominant under harsher 

operating conditions. Conversely, R152a/R290 maintains 

the lowest TEWI across the entire temperature range 

examined, implying better environmental stability with 

temperature variations. Additionally, R1234yf/R744 

performs competitively at higher temperatures, 

indicating it may provide a good balance between low 

direct emissions and manageable energy impact. This 

behavior emphasizes that refrigerant selection should go 

beyond GWP classification and also consider the 

system’s thermodynamic response at actual operating 

temperatures. The novelty of this work lies in showing 

that TEWI-based environmental assessment can 

distinguish not only the overall performance of different 

refrigerant pairs but also their sensitivity to rising 

temperatures, which is highly relevant for practical 

refrigeration system design and refrigerant choice. 

This interpretation aligns with previous studies 

showing that the environmental performance of 

refrigeration systems is heavily affected by exergy 

characteristics and operating conditions, especially 

condensation temperature and other thermodynamic 

parameters. An increase in operating temperature can 

raise the exergy destruction rate by about 35–47%, 

indicating higher irreversibility and decreased energy 

efficiency  [40]. This directly causes higher energy use, 

which ultimately raises indirect emissions in TEWI 

calculations. 

This condition directly causes higher electricity use, 

which then raises the indirect-emission part of TEWI 

calculations. TEWI is widely recognized as a key 

environmental indicator because it considers both direct 

emissions from refrigerant leaks and indirect emissions 

related to energy use over the system's lifetime. This 

makes it a more complete measure of global warming 

impact [41]. Furthermore, the development of 

approaches like Expanded TEWI demonstrates that 

environmental assessment in the HVAC&R sector 

continues to evolve to include broader contributions 

beyond traditional TEWI analysis [20]. 

IV. CONCLUSION 

This study assessed the thermal and environmental 

performance of a cascade refrigeration system for cruise 

ship use across different operating temperatures, using 

exergy efficiency, the Ecological Coefficient of 

Performance (ECOP), and the Total Equivalent Warming 

Impact (TEWI) as key performance indicators. The 

simulation results show that system performance is 

strongly affected by operating temperature and 

refrigerant choice. Generally, higher temperatures tend to 

reduce thermodynamic efficiency and increase 

environmental impact. The results also indicate that 

hydrocarbon-based refrigerant pairs deliver better overall 

performance than CO2-based options under the tested 

conditions. 

1. As the operating temperature rose from 275 K to 

295 K, both exergy efficiency and ECOP declined 

for all refrigerant pairs, indicating increased 

thermodynamic irreversibility and reduced energy 

efficiency within the system.  

2. The rise in TEWI, especially within the 290-295 K 

range, shows that higher operating temperatures 

result in more indirect emissions due to increased 

energy use consumption.  

3. This refrigerant combination consistently 

demonstrated the highest exergy efficiency and 

ECOP, along with the lowest TEWI, indicating the 

most favorable balance between thermodynamic 

efficiency and environmental impact.  

4. As the second-best refrigerant pair, R600a/R290 

offers relatively high thermodynamic efficiency and 

low environmental impact, making it a promising 

alternative for cascade refrigeration systems on 

cruise ships applications.  

5. The results confirm that system evaluation should 

not depend on a single parameter but should 

consider both thermodynamic efficiency and 

environmental impact to identify the most suitable 

refrigerant pair.  

6. Overall, the performance of a cascade refrigeration 

system cannot be assessed using only a single 

parameter; instead, it must balance energy efficiency 

and environmental impact.  

7. Among the options examined, this refrigerant pair 

delivered the best thermo-environmental 

performance for cruise ship cascade refrigeration 

applications. 
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