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ABSTRACT  

This study compares energy and exergy performance of two vapour-compression refrigeration systems 

designed to provide simultaneous refrigeration and freezing at two distinct temperature levels for food-industry 

applications. The simulation results indicated that R1234yf provided the best overall performance for both 

configurations. The exergy analysis showed that the throttling processes in the first configuration had the 

fastest increase in exergy destruction with the variation of ambient temperature. The structural improvement 

of the second configuration led to an increase in overall system performance, confirming the importance of 

refrigerant selection and structural optimisation of the refrigeration system. For R1234yf, the energy coefficient 

of performance increased from 2.69 to 2.97 at an ambient temperature of 35 °C and from 1.98 to 2.24 at 45 

°C when configuration (b) was used instead of configuration (a). 

 

REZUMAT 

Acest studiu compară performanța energetică și exergetică a două sisteme frigorifice cu comprimare mecanică 

de vapori, proiectate pentru a asigura simultan refrigerarea și congelarea la două niveluri distincte de 

temperatura, pentru aplicații din industria alimentara. Rezultatele simulărilor au indicat faptul ca R1234yf a 

oferit cea mai bună performanță globală pentru ambele configurații. Analiza exergetică a arătat ca procesele 

de laminare din prima configurație au prezentat cea mai rapida creștere a distrugerii de exergie odată cu 

variația temperaturii ambiante. Îmbunătățirea structurala a celei de-a doua configurații a condus la creșterea 

performantei globale a sistemului, confirmând importanta selecției agentului frigorific si a optimizării structurale 

a sistemului frigorific. 

 

INTRODUCTION 

 In agri-food applications, temperature requirements vary according to the specific characteristics of each 

product and its intended technological use. Some products must be stored under refrigeration conditions, 

whereas others require freezing conditions. Two-temperature-level refrigeration systems are used in food 

storage facilities, commercial units and cold-chain applications where different thermal conditions must be 

provided simultaneously. These systems can provide one temperature level for refrigeration and another for 

freezing, either within the same installation or through interconnected refrigeration configurations, such as 

cascade systems or other forms of thermal coupling. 

 Refrigeration and freezing are essential technologies for the preservation of agri-food products, as low 

temperatures reduce microbial activity, slow down enzymatic reactions and limit quality losses. Horticultural 

and food products have a high water content and deteriorate rapidly during storage, transport and distribution. 

For this reason, the use of artificial cold through refrigeration or freezing represents one of the most effective 

methods for preserving perishable products (Sorică et al., 2023).  
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 For fresh fruit, storage in climate-controlled rooms contributes to maintaining appearance, firmness and 

nutritional characteristics during storage (Hou et al., 2023). Low-temperature storage is also important for grain 

preservation, where accurate temperature control can limit biological deterioration and maintain storage 

conditions. Han and Leng (2026) investigated an intelligent control strategy for low-temperature grain storage, 

demonstrating the potential of precise thermal regulation for agricultural product preservation. For food 

products of animal origin, refrigeration, partial freezing, and controlled-atmosphere packaging have been 

investigated as solutions for maintaining quality and extending storage life (Hou et al., 2024). For fish and other 

frozen products, freezing time is a key parameter because it influences product structure, water loss and final 

quality. Ren et al. (2026) experimentally investigated an industrial horizontal plate freezer integrated into a 

CO2 refrigeration system. Decreasing the mean evaporating temperature from (-36.1°C) to (-48.6°C) reduced 

the average freezing time by 35.3%. However, the authors showed that lowering the evaporating temperature 

reduced the coefficient of performance (COP), while the specific energy consumption remained nearly 

unchanged because the shorter freezing time partly compensated for the lower performance of the 

refrigeration cycle. 

 Another major issue in the agri-food industry is the energy consumption of refrigeration systems. The 

food chain has a high energy demand, and the choice of refrigeration technology can significantly influence 

operating costs and environmental impact. Ferretto et al. (2025) analysed refrigeration systems for commercial 

food refrigeration and showed that the refrigerant and system configuration should be selected according to 

the application and climatic conditions. At the same time, the performance of refrigeration systems is sensitive 

to ambient temperature, particularly in commercial applications where operation is continuous and the 

refrigeration load varies over time (Ferretto et al., 2025; Tsimpoukis et al., 2024). 

 The selection of the refrigerant is influenced by regulations aimed at reducing fluorinated greenhouse 

gas emissions. Refrigerants with a high global warming potential are being progressively restricted, while low-

GWP working fluids are increasingly used in commercial and industrial refrigeration systems. Regulation (EU) 

2024/573 establishes the current framework for fluorinated greenhouse gases and replaces Regulations (EU) 

No 517/2014. In this context, R448A, R449A, R454C and R1234yf were considered as working fluids in relation 

to the requirements established by the aforementioned EU Regulation. R449A and R454C have been 

investigated in commercial refrigeration systems and food applications, whereas R448A is used in 

supermarket refrigeration installations (Ferretto et al., 2025; Giménez-Prades et al., 2024; Tsimpoukis et al., 

2024). R1234yf has also been analysed as a low-GWP refrigerant in studies concerning the energy and exergy 

performance of vapour-compression refrigeration systems (Aized et al., 2022). 

 Energy analysis is used to assess the overall performance of refrigeration systems through the 

coefficient of performance.  However, exergy analysis is used to evaluate individual processes, as it identifies 

exergy destruction in each component and highlights the main sources of irreversibility. Altinkaynak (2021) 

analysed R448A and R449A as alternatives to R404A and compared their coefficient of performance, exergy 

efficiency, and distribution of exergy destruction. Aized et al. (2022) applied energy and exergy analyses to 

several low-GWP refrigerants, including R1234yf. In industrial cold-storage applications, exergy analysis is 

used to identify components with high exergy destruction and to establish directions for the optimisation of 

refrigeration systems (Aksoy and Çerçi, 2026). In the same context, the development of IoT systems for 

refrigeration installations has shown that real-time data acquisition, thermodynamic calculations and control 

functions can support the transition from passive monitoring to the intelligent operation of refrigeration systems 

(Bizdadea et al., 2025). 

 Recent studies have applied exergy analysis to evaluate and optimise refrigeration systems and other 

thermal systems at both component and overall system levels (Aized et al., 2022; Mamut and Sciubba, 2025; 

Roy and Mandal, 2023). In the present study, exergy analysis was used to investigate the individual 

thermodynamic processes occurring within each refrigeration system. The distribution of exergy destruction 

was analysed to identify the components and processes that limit the performance of the two configurations 

and account for the differences in their overall performance. Building on the previous study by Ciobanu et al. 

[6], which compared several two-temperature-level refrigeration configurations mainly from an energy-

performance perspective, the present work focuses on two selected configurations and extends the analysis 

by including a detailed exergy assessment, the distribution of exergy destruction among the main processes, 

and the influence of ambient temperature. The aim of this paper is therefore to compare the energy and exergy 

performance of these two vapour-compression refrigeration systems for simultaneous refrigeration and 

freezing applications in the food industry, using R448A, R449A, R454C and R1234yf as working fluids. 
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MATERIALS AND METHODS 

Selection of Working Fluids 

 The refrigerants were preliminarily selected based on the literature review, current European Union 

requirements, environmental characteristics, safety classification and thermodynamic properties. Particular 

attention was given to the saturation pressure at the freezing-chamber evaporation temperature. Table 1 

summarises the relevant characteristics of the candidate fluids at (-29°C) (ASHRAE-UNEP, 2024; Danfoss 

Group, 2024).     

 R448A, R449A, R454C and R1234yf were retained for the comparative analysis. By contrast, 

R1233zd(E) and R1234ze(E) were excluded because their saturation pressures at (−29°C) were below 

atmospheric pressure, which would require sub-atmospheric operation on the low-pressure side under the 

considered operating conditions. Unlike the previous study by Ciobanu et al. (2025), where compression was 

assumed to be adiabatic and reversible, both compressors in the present study were modelled as adiabatic 

devices with a constant isentropic efficiency of 0.80, thereby accounting for compressor irreversibility. This 

value was selected based on the 0.80-0.90 range reported by Çengel et al. (2019) for well-designed 

compressors and on the recent study by Liu et al. (2026), in which compressor isentropic efficiencies between 

0.65 and 0.85, including 0.80, were investigated for an R1234yf refrigeration system. Pressure losses in the 

refrigerant lines and heat exchangers were neglected. The intermediate pressure was defined as the saturation 

pressure corresponding to the evaporation temperature of the refrigeration chamber. 

Table 1 

Characteristics of the refrigerants considered in the study and saturation pressure  

at the freezing-chamber evaporation temperature  

No. Refrigerant ODP GWP Safety class Refrigerant type 
Saturation pressure 

at −29 °C [bar] 

1. R448A 0 1387 A1 Zeotropic blend 1.68 

2. R449A 0 1397 A1 Zeotropic blend 1.68 

3. R454C 0 148 A2L Zeotropic blend 1.50 

4. R1234yf 0 4 A2L Pure fluid 1.03 

5. R1233zd(E) 0 4.5 A1 Pure fluid 0.11 

6. R1234ze(E) 0 7 A2L Pure fluid 0.64 

  

Description of the Refrigeration Systems   

 Two configurations of two-temperature-level vapour-compression refrigeration systems were analysed. 

Both configurations were designed to provide refrigeration and freezing simultaneously, under the same 

operating conditions. The main parameters used in the comparative energy and exergy analyses are 

presented in Table 2. 

Table 2 

Main operating parameters used in the analysis  

No. Parameter Symbol Value UM 

1. Freezing-chamber temperature 𝑡𝑓 -25 °C 

2. Refrigeration-chamber temperature 𝑡𝑟 0 °C 

3. Ambient temperature, decision variable 𝑡0 35÷45 °C 

4. Minimum temperature difference in the heat exchangers Δ𝑇HE 5 K 

5. Cooling capacity corresponding to the refrigeration load 𝑄ሶ
ev,𝑟 1 kW 

6. Cooling capacity corresponding to the freezing load 𝑄ሶ
ev,𝑓 0.421 kW 

  

 The schematic diagram of refrigeration system (a) and the corresponding thermodynamic cycle are 

shown in Fig. 1. Refrigeration system (a) comprises a refrigeration evaporator (Evr), a freezing evaporator 

(Evf), three throttling valves (Tv1, Tv2 and Tv3), a high-stage compressor (Cp1), a low-stage compressor (Cp2), 

a condenser (Cd), and a liquid separator (Sl).  
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 The refrigeration evaporator (Evr) provides the refrigeration load, whereas the freezing evaporator (Evf) 

provides the freezing load. The refrigerant from vapour leaving the freezing evaporator (Evf) is compressed 

by the low-stage compressor (Cp2), while the high-stage compressor (Cp1) raises the pressure of the combined 

refrigerant flow to the condensing pressure. Expansion valve (Tv3) is installed upstream of the liquid separator 

(Sl) and reduces the pressure of part of the liquid refrigerant leaving the condenser to the intermediate-

pressure level. The liquid separator connects the refrigerant branches operating at the two pressure levels.  

 

Fig. 1 – Two-temperature-level refrigeration and freezing system (a): schematic diagram (left)  

and corresponding thermodynamic cycle in the p-h diagram (right) 

Cp1 – high-stage compressor; Cp2 – low-stage compressor; Cd – condenser; Evr – refrigeration evaporator; Evf – freezing evaporator; 

Tv1,Tv2 and Tv3 – throttling valves; Sl –liquid separator; 𝑚,𝑚ሶ 0,𝑚ሶ 1 and 𝑚ሶ 2– refrigerant mass flow rates; 1–7 – thermodynamic state 

points.; 𝑝 – pressure; ℎ – specific enthalpy. Source: adapted from Ciobanu et al. (2025).  

 

 Refrigeration system (b) includes the same main components as refrigeration system (a). However, the 

connection of the liquid separator (Sl) and the arrangement of the freezing branch differ from those of system 

(a). In system (b), the refrigerant discharged by the low-stage compressor (Cp2) enters the liquid separator, 

together with the two-phase refrigerant stream produced by throttling through expansion valve (Tv3). 

Intercooling and phase separation occur in (Sl) at the intermediate-pressure level. The vapour leaving the 

liquid separator mixes with the refrigerant flow from the refrigeration evaporator (Evr) before entering the high-

stage compressor (Cp1). The liquid phase leaving the separator is expanded through (Tv2) and subsequently 

supplied to the freezing evaporator (Evf). The schematic diagram of refrigeration system (b) and the 

corresponding thermodynamic cycle are presented in Fig. 2.  

 

Fig. 2 – Two-temperature-level refrigeration and freezing system (b): schematic diagram (left) and corresponding 

thermodynamic cycle in the p-h diagram (right) 

Cd – condenser; Cp1 – high-stage compressor; Cp2 – low-stage compressor; Evr – refrigeration evaporator; Evf – freezing evaporator; 

Tv1,Tv2 and Tv3 – throttling valves; Sl –liquid separator; 𝑚,𝑚ሶ 0,𝑚ሶ 1 and 𝑚ሶ 2– refrigerant mass flow rates; 1–8 – thermodynamic state 

points.; 𝑝 – pressure; ℎ – specific enthalpy. 

Source: adapted from Ciobanu et al. (2025).  
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Mathematical Model of Refrigeration System (a) 

 After establishing the refrigeration loads and the main operating parameters of the two systems 

according to the data presented in Table 2, the mathematical models were developed. Energy balances 

were used to evaluate the overall performance of the systems, whereas exergy analysis was applied to 

identify the processes associated with the highest exergy destruction. The mathematical models were 

implemented using Engineering Equation Solver (EES) software (F-Chart Software, n.d.). 

 Refrigeration system (a), presented in Fig. 1, provides the required cooling loads at two temperature 

levels, corresponding to refrigeration and freezing applications. Based on the overall energy balance derived 

from the first law of thermodynamics, the following relationship can be written (Russell and Adebiyi, 1993): 

      𝑄ሶ
𝑒𝑣𝑓
𝑎 + 𝑄ሶ

𝑒𝑣𝑟
𝑎 + 𝑊ሶ

𝑐𝑝1
𝑎 + 𝑊ሶ

𝑐𝑝2
𝑎 = 𝑄ሶ

𝑐𝑑
𝑎             (1) 

where: 𝑄ሶ
𝑒𝑣𝑓
𝑎 𝑎𝑛𝑑𝑄ሶ

𝑒𝑣𝑟
𝑎  are the cooling capacities corresponding to the freezing and refrigeration loads, 

respectively, [kW]; 𝑊ሶ
𝑐𝑝1
𝑎 𝑎𝑛𝑑 𝑊ሶ

𝑐𝑝2
𝑎 are the power inputs of the high-stage and low-stage compressors, 

respectively, [kW]; 𝑄ሶ
𝑐𝑑
𝑎  is the heat transfer rate from the refrigerant to the surroundings in the condenser, [kW]; 

and superscript 𝑎 denotes refrigeration system (a). 

 The cooling capacity corresponding to the freezing load is calculated as: 

       𝑄ሶ
𝑒𝑣𝑓
𝑎 = 𝑚ሶ 2ሺℎ1 − ℎ7ሻ                       (2) 

 The cooling capacity corresponding to the refrigeration load is calculated as:  

       𝑄ሶ
𝑒𝑣𝑟
𝑎 = 𝑚ሶ 1ሺℎ3 − ℎ6ሻ                       (3) 

where: 𝑚ሶ 1𝑎𝑛𝑑 𝑚ሶ 2  are the refrigerant mass flow rates through the refrigeration and freezing evaporators, 

respectively, [kg/s], while ℎ1, ℎ3, ℎ6 𝑎𝑛𝑑 ℎ7  are the specific enthalpies at the corresponding thermodynamic 

state points, [kJ/kg]. 

 The power input of the high-stage compressor is:  

       𝑊ሶ
𝑐𝑝1
𝑎 = 𝑚ሶ ሺℎ4 − ℎ3ሻ                                  (4) 

 The power input of the low-stage compressor is: 

       𝑊ሶ
𝑐𝑝2
𝑎 = 𝑚ሶ 2ሺℎ2 − ℎ1ሻ                       (5) 

where: 𝑚ሶ  is the total refrigerant mass flow rate through the high-stage compressor, [kg/s], and ℎ1, ℎ2, ℎ3 𝑎𝑛𝑑 ℎ4 

are the specific enthalpies at the corresponding compressor inlet and outlet state points, [kJ/kg]. 

 The heat transfer rate rejected by the condenser is: 

       𝑄ሶ
𝑐𝑑
𝑎 = 𝑚ሶ ሺℎ5 − ℎ4ሻ              (6) 

where: ℎ5 is the specific enthalpy at the condenser outlet, [kJ/kg]. 

 

 The overall energy coefficient of performance of refrigeration system (a) is defined as: 

       𝐶𝑂𝑃𝑒𝑛
𝑎 =

𝑄ሶ𝑒𝑣𝑓
𝑎 +𝑄ሶ𝑒𝑣𝑟

𝑎

𝑊ሶ 𝑐𝑝1
𝑎 +𝑊ሶ 𝑐𝑝2

𝑎                                   (7) 

 Exergy analysis was applied to evaluate the thermodynamic performance of the individual processes. 

For the complete refrigeration system operating under steady-state conditions, the general exergy balance is 

written as follows (Radcenco, 1977). 

       σ 𝐸𝑥ሶ 𝑄𝑖

𝑇𝑖 + σ 𝐼ሶ
𝑖 = σ 𝑊ሶ

𝑖             (8) 

where: 𝐸𝑥ሶ 𝑄𝑖

𝑇𝑖 is the exergy transfer rate associated with heat transfer at temperature 𝑇𝑖, [kW]; 𝑊ሶ
𝑖 is the power 

transfer rate, [kW]; 𝐼ሶ
𝑖 is the exergy destruction rate of component or process 𝑖, [kW]; and 𝑇𝑖 is the absolute 

temperature at which heat transfer occurs, [K]. 

 Applying Equation (8) to refrigeration system (a) gives: 

  𝐸𝑥ሶ 𝑄𝑒𝑣𝑓
𝑎

𝑇7−1 + 𝐸𝑥ሶ 𝑄𝑒𝑣𝑟
𝑎

𝑇6−3 + 𝐼ሶ
𝑐𝑝1
𝑎 + 𝐼ሶ

𝑐𝑝2
𝑎 + 𝐼ሶ

𝑡𝑣1
𝑎 + 𝐼ሶ

𝑡𝑣2
𝑎 + 𝐼ሶ

𝑡𝑣3
𝑎 + 𝐼ሶ

𝑙𝑠
𝑎 + 𝐼ሶ

𝑐𝑑
𝑎  = 𝑊ሶ

𝑐𝑝1
𝑎 + 𝑊ሶ

𝑐𝑝2
𝑎         (9) 

where: 𝐸𝑥ሶ 𝑄𝑒𝑣𝑓
𝑎

𝑇7−1 and 𝐸𝑥ሶ 𝑄𝑒𝑣𝑟
𝑎

𝑇6−3 are the exergy transfer rates associated with the heat absorbed in the freezing and 

refrigeration evaporators, respectively, [kW]; 𝐼ሶ
𝑐𝑝1
𝑎  and  𝐼ሶ

𝑐𝑝2
𝑎  are the exergy destruction rates in the high-stage 

and low-stage compressors, respectively, [kW]; 𝐼ሶ
𝑡𝑣1
𝑎 , 𝐼ሶ

𝑡𝑣2
𝑎  and 𝐼ሶ

𝑡𝑣3
𝑎  are the exergy destruction rates associated 

with the throttling processes, [kW]; 𝐼ሶ
𝑙𝑠
𝑎  is the exergy destruction rate in the liquid separator, [kW]; and 𝐼ሶ

𝑐𝑑
𝑎  is the 

exergy destruction rate in the condenser, [kW]. 
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 After identifying the exergy fuel and exergy product of the system, Equation (9) can be expressed in 

fuel-product form as follows: 

  𝑊ሶ
𝑐𝑝1
𝑎 + 𝑊ሶ

𝑐𝑝2
𝑎 = 𝐸𝑥ሶ

𝑄𝑒𝑣𝑓
𝑎

𝑇𝑓 + 𝐸𝑥ሶ 𝑄𝑒𝑣𝑟
𝑎

𝑇𝑟 + 𝐼ሶ
𝑐𝑝1
𝑎 + 𝐼ሶ

𝑐𝑝2
𝑎 + 𝐼ሶ

𝑒𝑣𝑓
𝑎 + 𝐼ሶ

𝑒𝑣𝑟
𝑎 + 𝐼ሶ

𝑡𝑣1
𝑎 + 𝐼ሶ

𝑡𝑣2
𝑎 + 𝐼ሶ

𝑡𝑣3
𝑎 + 𝐼ሶ

𝑙𝑠
𝑎 + 𝐼ሶ

𝑐𝑑
𝑎       (10) 

 The exergy coefficient of performance of refrigeration system (a) is calculated as: 

      𝜂𝑒𝑥
𝑎 =

𝐸𝑥ሶ
𝑄𝑒𝑣𝑓

𝑎

𝑇𝑓
+𝐸𝑥ሶ

𝑄𝑒𝑣𝑟
𝑎

𝑇𝑟

𝑊ሶ 𝑐𝑝1
𝑎 +𝑊ሶ 𝑐𝑝2

𝑎 ⋅ 100                                             (11) 

where: 𝜂𝑒𝑥
𝑎  is the exergy coefficient of performance of refrigeration system (a), [%]. 

 

Mathematical Model of Refrigeration System (b) 

 The configuration shown in Fig. 2 represents refrigeration system (b), which is also designed to meet 

refrigeration and freezing loads at two distinct temperature levels. The corresponding energy and exergy 

relations are developed below for this system arrangement. 

 The energy balance derived from the first law of thermodynamics and applied to refrigeration system 

(b) is written as follows: 

      𝑄ሶ
𝑒𝑣𝑓
𝑏 + 𝑄ሶ

𝑒𝑣𝑟
𝑏 + 𝑊ሶ

𝑐𝑝1
𝑏 + 𝑊ሶ

𝑐𝑝2
𝑏 = 𝑄ሶ

𝑐𝑑
𝑏                                 (12) 

where: superscript 𝑏 denotes refrigeration system (b), while the remaining terms have the same meanings and 

units as those defined for Equation (1). 

 The overall energy coefficient of performance of refrigeration system (b) is calculated: 

      COP𝑒𝑛
𝑏 =

𝑄ሶ𝑒𝑣𝑓
𝑏 +𝑄ሶ𝑒𝑣𝑟

𝑏

𝑊ሶ 𝑐𝑝1
𝑏 +𝑊ሶ 𝑐𝑝2

𝑏                                                   (13) 

where: COP𝑒𝑛
𝑏  is the overall energy coefficient of performance of refrigeration system (b), [–]. 

 The exergy balance of refrigeration system (b), expressed in terms of exergy fuel, exergy product and 

exergy destruction, is written as: 

 𝑊ሶ
𝑐𝑝1
𝑏 + 𝑊ሶ

𝑐𝑝2
𝑏 = 𝐸𝑥ሶ

𝑄𝑒𝑣𝑓
𝑏

𝑇𝑓 + 𝐸𝑥ሶ
𝑄𝑒𝑣𝑟

𝑏
𝑇𝑟 + 𝐼ሶ

𝑐𝑝1
𝑏 + 𝐼ሶ

𝑐𝑝2
𝑏 + 𝐼ሶ

𝑒𝑣𝑓
𝑏 + 𝐼ሶ

𝑒𝑣𝑟
𝑏 + 𝐼ሶ

𝑡𝑣1
𝑏 + 𝐼ሶ

𝑡𝑣2
𝑏 + 𝐼ሶ

𝑡𝑣3
𝑏 + 𝐼ሶ

𝑙𝑠
𝑏 + 𝐼ሶ

𝑐𝑑
𝑏                  (14) 

where: the exergy-transfer and exergy-destruction terms have the same meanings and units as those defined 

for refrigeration system (a), while superscript 𝑏 indicates that the terms refer to refrigeration system (b). 

 The exergy efficiency of refrigeration system (b) is calculated as: 

      𝜂𝑒𝑥
𝑏 =

𝐸𝑥ሶ
𝑄𝑒𝑣𝑓

𝑏

𝑇𝑓
+𝐸𝑥ሶ

𝑄𝑒𝑣𝑟
𝑏

𝑇𝑟

𝑊ሶ 𝑐𝑝1
𝑏 +𝑊ሶ 𝑐𝑝2

𝑏 ⋅ 100                                 (15) 

where: 𝜂𝑒𝑥
𝑏  is the exergy efficiency of refrigeration system (b), [%]. 

 The exergy transfer rate associated with heat transfer is calculated as: 

       𝐸𝑥ሶ 𝑄𝑖

𝑇𝑖 = 𝑄ሶ
𝑖 ቀ

𝑇0

𝑇𝑖
− 1ቁ                                           (16) 

where: 𝐸𝑥ሶ 𝑄𝑖

𝑇𝑖 is the exergy transfer rate associated with heat transfer in process 𝑖, [kW]; 𝑄ሶ
𝑖 is the corresponding 

heat transfer rate, [kW]; 𝑇0 is the ambient reference temperature, [K]; and 𝑇𝑖 is the absolute temperature at 

which heat transfer occurs, [K]. 

The exergy destruction rate of each process is calculated as:       

     𝐼ሶ
𝑖 = 𝑇0𝑆ሶ

𝑔𝑒𝑛𝑖
                                                               (17) 

where: 𝐼ሶ
𝑖 is the exergy destruction rate of process 𝑖, [kW], and 𝑆ሶ

𝑔𝑒𝑛𝑖
 is the entropy generation rate associated 

with the process, [kW/K]. 

 The relative exergy destruction associated with each process, expressed with respect to the total 

compressor power input, is calculated as: 

       𝜓𝑖 =
𝐼ሶ𝑖

σ 𝑊ሶ 𝑖𝑖
⋅ 100                                            (18) 

where: 𝜓𝑖 is the relative exergy associated with each process 𝑖, [%], and σ 𝑊ሶ
𝑖𝑖  is the total compressor power 

input, [kW].   
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RESULTS 

 To identify the working fluid providing the highest overall performance for the two investigated 

refrigeration systems, the overall energy and exergy coefficients of performance were evaluated for R448A, 

R449A, R454C and R1234yf. The ambient temperature, 𝑡₀, was varied from 35 °C to 45 °C and was used as 

the independent variable in the sensitivity analysis. 

 For refrigeration system (a), the overall energy coefficient of performance decreased with increasing 

ambient temperature for all the investigated refrigerants, as shown in Fig.3. R1234yf provided the highest 

values over the entire temperature range, followed by R448A, R449A and R454C. The energy coefficient of 

performance obtained with R1234yf decreased from approximately 2.69 at 35°C to approximately 1.98 at 45°C. 

 

 
Fig. 3 - Variation of the overall energy coefficient of performance of refrigeration system (a) with ambient 

temperature for the investigated refrigerants  

 

 A similar tendency was obtained for the exergy coefficient of performance of refrigeration system 

(a), as presented in Fig. 4. The values decreased as the ambient temperature increased, while the ranking 

of the refrigerants remained unchanged. R1234yf provided the highest exergy coefficient of performance, 

which decreased from approximately 43.6% to 39.7% over the investigated temperature range. R454C 

showed the lowest values. 

 

 
Fig. 4 - Variation of the exergy coefficient of performance of refrigeration system (a) with ambient temperature 

for the investigated refrigerants 
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Fig. 5 - Variation of the overall energy coefficient of performance of refrigeration system (b) with ambient 

temperature for the investigated refrigerants  

 

 The results obtained for refrigeration system (b) are presented in Figs. 5 and 6. The overall energy 

coefficient of performance decreased with increasing ambient temperature for all four refrigerants. R1234yf 

again provided the highest values, followed by R448A, R449A and R454C. For R1234yf, the energy coefficient 

of performance decreased from approximately 2.97 at 35 °C to approximately 2.24 at 45 °C. 

 The exergy coefficient of performance of refrigeration system (b) followed the same decreasing 

tendency, as shown in Fig. 6. R1234yf provided the highest values, ranging from approximately 48.0% at 35 

°C to approximately 44.7% at 45 °C. R454C presented the lowest exergy performance throughout the 

investigated range. 

 
Fig. 6 - Variation of the exergy coefficient of performance of refrigeration system (b) with ambient temperature 

for the investigated refrigerants  

 

 The comparison of the results presented in Figs. 3–6 showed that refrigeration system (b) achieved 

higher energy and exergy performance than refrigeration system (a) under the same operating conditions. The 

influence of the system configuration was observed for all the investigated refrigerants. Based on the overall 

results, R1234yf was selected for the component-level exergy analysis of the two refrigeration systems. 

 The relative exergy destruction associated with the individual processes of refrigeration system (a) is 

presented in Fig. 7. The relative exergy destruction associated with the first and second throttling processes 

increased considerably with ambient temperature. The contribution of the high-stage compressor remained 

almost constant, whereas the relative contributions of the condenser, low-stage compressor and evaporators 

generally decreased over the investigated temperature range. 
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Fig. 7 - Relative exergy destruction associated with the individual processes of refrigeration system (a)  

using R1234yf  

𝜓𝑎– relative exergy destruction associated with system 𝑎 

 

 For refrigeration system (b), the distribution of relative exergy destruction is shown in Fig. 8. The 

contribution of the first throttling process increased with ambient temperature, while the third throttling process 

also showed an increasing tendency. The relative exergy destruction of the second throttling process remained 

comparatively low. The high-stage compressor represented one of the largest individual contributions, but its 

variation with ambient temperature is limited.  
 

 

Fig. 8 - Relative exergy destruction associated with the individual processes of refrigeration system (b)  

using R1234yf  

𝜓𝑏– relative exergy destruction associated with system 𝑏  

 

 

 The total relative exergy destruction associated with the throttling processes of the two refrigeration 

systems is compared in Fig. 9. In both configurations, the total value increased with ambient temperature and 

followed a similar tendency. However, refrigeration system (b) maintained lower values throughout the 

investigated temperature range. For refrigeration system (a), the total relative exergy destruction of the 

throttling processes increased from approximately 24.6 % at 35 °C to approximately 31.1 % at 45°C. For 

refrigeration system (b), the corresponding values increased from approximately 19.1 % to approximately 

25.2%. 
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Fig. 9 - Total relative exergy destruction associated with the throttling processes of refrigeration systems (a) 

and (b) using R1234yf 

𝜓𝑡𝑣
𝑡𝑜𝑡 – total relative exergy destruction associated with the throttling processes; superscripts 𝑎 and  

𝑏 denote refrigeration systems (a) and (b), respectively.  

 

 The comparison of Figs. 3–6 confirms the superior performance of refrigeration system (b) under the 

same operating conditions. For R1234yf, the COP of system (b) was approximately 10.4% higher than that of 

system (a) at 35 °C and 13.1% higher at 45 °C, while the corresponding improvements in exergy efficiency 

were approximately 10.1% and 12.6%, respectively. This performance advantage is consistent with the lower 

irreversibilities associated with the throttling processes in configuration (b), for which the total relative exergy 

destruction remained below that of configuration (a) over the entire investigated temperature range. These 

results indicate that the modified flow arrangement and intermediate-pressure separation in system (b) provide 

a thermodynamically more favourable distribution of irreversibilities. 

 
 

 

CONCLUSIONS 

 An energy and exergy analysis was carried out for two refrigeration system configurations capable 

of simultaneously providing the temperature levels required for refrigeration and freezing. Their 

performances were evaluated using R448A, R449A, R454C and R1234yf under different ambient-

temperature conditions. 

 The comparative analysis showed that the working fluid had a significant influence on the overall 

energy and exergy performance of both systems. Among the investigated refrigerants, R1234yf provided 

the highest energy and exergy coefficients of performance over the entire ambient-temperature range, 

while both indicators decreased as ambient temperature increased. 

 Although refrigeration systems (a) and (b) contained the same main components, their different 

structural arrangements led to different overall performances. Under the same operating conditions, system 

(b) provided higher energy and exergy coefficients of performance than system (a). 

 The process-level exergy analysis showed that the relative exergy destruction associated with the 

throttling processes presented the greatest sensitivity to ambient temperature. The staged throttling 

arrangement adopted in refrigeration system (b) reduced the total relative exergy destruction associated with 

these processes throughout the investigated temperature range. This reduction explained the improved overall 

performance of system (b). 

 Therefore, refrigerant selection and system configuration should be considered jointly when designing 

and optimising two-temperature-level refrigeration systems. Exergy analysis proved useful for identifying the 

main sources of irreversibility and supporting the development of more efficient systems for simultaneous 

refrigeration and freezing. 

 As a final conclusion, out of the two configurations investigated in the present paper, configuration (b) 

is the one recommended to be used in the food industry where both freezing and refrigeration are needed. 

Among the two configurations investigated, configuration (b) is recommended for food-industry applications 

requiring simultaneous refrigeration and freezing under the operating conditions and cooling capacities 

considered in this study. Further analysis is required before extending this conclusion to significantly larger-

capacity refrigeration systems. 
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