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ABSTRACT: Legal restrictions on high-GWP refrigerants lead to the widespread use of carbon dioxide 

in commercial refrigeration, where there is a high energy consumption. Although CO2 has many 

benefits, its lower critical temperature and higher operation pressure compared to other refrigerants lead 

to performance reduction. For this reason, studies have been conducted by researchers for performance 

enhancement. This paper presents energy, environmental impact, and exergoeconomic (3E) analysis of 

transcritical CO2 booster and parallel compression supermarket refrigeration cycles based on 

meteorological data of 11 provinces in Türkiye as samples of different climatic regions. Parallel 

compression cycle achieved up to 18.4% higher coefficient of performance than booster cycle between 

the investigated ambient temperatures. Up to 5.6% annual energy consumption and environmental 

impact reduction were obtained using parallel compression. Unit product costs of the parallel 

compression cycles were calculated between 8.2% and 18% lower than booster cycle in investigated 

provinces. Developing energy-efficient systems that use environmentally friendly refrigerants will 

contribute to a sustainable future. 
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1. INTRODUCTION 

Global warming is a serious issue around the world and therefore, legal authorities are taking action 

to avoid it. Commercial refrigerators contribute to 25-60% of the electricity used in stores and the highest 

CO2 emission of all refrigerators [1], [2]. Because the European Commission has prohibited using 

refrigerants with global warming potential (GWP) values higher than 150 for newly installed central 

refrigeration systems starting from 2022 [3], using low-GWP refrigerants has gained importance. Carbon 

dioxide (CO2) is a non-toxic, non-flammable, and cheap refrigerant with a GWP value of only 1 [4]. 

However, CO2 has a lower critical temperature and a higher operation pressure compared to other 

common refrigerants. This case leads to lower performance. There have been improvements made to 

increase the performance of transcritical CO2 refrigeration cycles including parallel compression, 

adiabatic gas cooling, subcooling, and ejector expansion [5]. There are also studies using CO2 in cascade 

and secondary loop cycles in the literature [6], [7]. 

Sharma et al. [8] conducted a theoretical comparison of various supermarket refrigeration systems 

including transcritical CO2 and cascade/secondary loop for various climate zones in the US resulting in 

that transcritical CO2 system with parallel compressor is the most efficient in northern and central 

regions among investigated systems. Fritschi et al. [9] determined that a low evaporation temperature 

and high gas cooler outlet temperature have a positive effect on the parallel compression circuit. Chesi et 

al. [10] found that an ideal cycle with parallel compressor may improve the coefficient of performance 

(COP) and cooling capacity by over 30% and 65%, respectively, provided that there is no pressure loss 

along piping, superheat is constant, and liquid-vapor separation is perfect in the flash tank. 

The use of transcritical CO2 systems in commercial refrigeration is spreading worldwide. 

International supermarket chain Carrefour has installed two CO2 systems in İstanbul. The one installed 
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in Bahçelievler is an R404A/CO2 cascade system while the other one in Kurtköy is transcritical CO2 

booster system with adiabatic gas cooler [11], [12]. The company continues to install transcritical CO2 

refrigeration systems around the world such as Poland, Romania, Italy, and Belgium [13]–[15]. UK-based 

grocery retailer Tesco has installed transcritical CO2 systems at about 1000 stores, with plans to be HFC-

free by 2035 [16]. Longo Brothers Fruit Markets in Canada uses transcritical CO2 systems in 44% of its 

grocery stores, with plans to install CO2 systems in all new stores [17]. It is reported that 6960 locations 

in Japan (including 300 large retail stores, 6330 convenience stores, and 330 industrial facilities) use 

transcritical CO2 refrigeration systems as of the end of December 2022 [18]. 

This paper presents energy, environmental impact, and exergoeconomic analysis of transcritical 

booster and parallel compression CO2 supermarket refrigeration cycles based on meteorological data of 

11 provinces in Türkiye. 

2. MATHEMATICAL MODELS OF THE CYCLES 

Transcritical CO2 booster refrigeration cycle (BRC) is a baseline for supermarket refrigeration 

systems as shown in Figure 1. The cycle consists of two evaporators for frozen and fresh food. No phase 

change occurs above the critical point in the gas cooler, contrary to the condenser. High-pressure 

refrigerant coming from the gas cooler is expanded to intermediate pressure in the high-pressure 

expansion valve (HPXV). In the flash tank, liquid and vapor separation occurs. Vapor is expanded to 

chiller pressure via the flash-gas-bypass (FGB) valve while liquid is sent to the low-pressure expansion 

valve (LPXV) and medium-pressure expansion valve (MPXV). Refrigerant gaining heat in the freezer is 

compressed to chiller pressure via the low-pressure compressor (LPC). Three refrigerant streams are 

mixed in the suction line of the high-pressure compressor (HPC) and compressed to the gas cooler 

pressure. 

 

 
Figure 1. Transcritical CO2 booster refrigeration cycle (BRC) (a) Plant layout, (b) P-h diagram 

 

Transcritical CO2 parallel compression refrigeration cycle (PRC) is an improvement made to BRC as 

shown in Figure 2. Vapor coming from the flash tank is separately compressed to the gas cooler pressure 

via a separate parallel compressor (PC). There is no expansion loss caused by the flash vapor. There is 

also a bypass circuit in case of insufficient mass flow rate in the PC at lower ambient temperatures. It 

works exactly the same as BRC in this case. 
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Figure 2. Transcritical CO2 parallel compression refrigeration cycle (PRC) (a) Plant layout, (b) P-h 

diagram 

 

The cycles were modeled in Engineering Equation Solver (EES) software [19] and the following 

assumptions were made: 

• Cycles are operating in steady-state conditions. 

• Expansion processes in the valves were assumed to be isenthalpic. 

• Heat losses in the piping were neglected. 

• Pressure losses in the piping and evaporators were neglected. 

• Flash tank phase separation efficiency was taken as 100%. 

• Freezer temperature and capacity were taken as -35 °C and 25 kW, respectively [20], [21]. 

• Chiller temperature and capacity were taken as -10 °C and 120 kW, respectively [20], [21]. 

• 5 K of useful superheat was applied to evaporators [21]. 

• Power consumptions of the evaporator and gas cooler fans were taken as 3% of the heat transfer 

ratio of the respective component [21], [22]. 

• Eq. (1) for used for compressor isentropic efficiency (𝜂𝑐𝑜𝑚𝑝,𝑖𝑠) calculations [23] while global 

efficiency correlations were used for energy consumption calculations [21]. 

 

𝜂𝑐𝑜𝑚𝑝,𝑖𝑠 = −0.04478
𝑃𝑐𝑜𝑚𝑝,𝑜𝑢𝑡

𝑃𝑐𝑜𝑚𝑝,𝑖𝑛
+ 0.9343  (1) 

 

Energy analysis of the cycles was made using Eqs. (2-4) [21]. 

 

∑ �̇�𝑖𝑛 + ∑ �̇�𝑖𝑛ℎ𝑖𝑛 + ∑ �̇�𝑖𝑛 = ∑ �̇�𝑜𝑢𝑡 + ∑ �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 + ∑ �̇�𝑜𝑢𝑡  

 
(2) 

𝐶𝑂𝑃𝐵𝑅𝐶 =
�̇�𝐿𝑇+�̇�𝑀𝑇

�̇�𝐻𝑃𝐶+�̇�𝐿𝑃𝐶
  

 
(3) 

𝐶𝑂𝑃𝑃𝑅𝐶 =
�̇�𝐿𝑇+�̇�𝑀𝑇

�̇�𝐻𝑃𝐶+�̇�𝐿𝑃𝐶+�̇�𝑃𝐶+�̇�𝑓𝑎𝑛,𝐿𝑇+�̇�𝑓𝑎𝑛,𝑀𝑇
  (4) 

 

Where �̇� is the heat transfer ratio, �̇� is the mass flow rate of the refrigerant, ℎ is the specific 

enthalpy, and �̇� is the power consumption. Condenser/gas cooler conditions were determined based on 

Table 1. The cycles operate under transcritical conditions at ambient temperatures above 27 °C. 
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Table 1. Evaporator/gas cooler conditions [24] 

𝑻𝒂𝒎𝒃 (℃)  𝑻𝒄𝒐𝒏𝒅/𝑮𝑪,𝒐𝒖𝒕 (℃) 𝑷𝒄𝒐𝒏𝒅/𝑮𝑪 (𝒃𝒂𝒓) 

𝑇𝑎𝑚𝑏 ≤ 5  11 𝑃𝑠𝑎𝑡@(13 ℃) 
5 < 𝑇𝑎𝑚𝑏 ≤ 14  𝑇𝑎𝑚𝑏 + 6 𝑃𝑠𝑎𝑡@(𝑇𝑎𝑚𝑏 + 8 ℃) 
14 < 𝑇𝑎𝑚𝑏 ≤ 27  0.7692𝑇𝑎𝑚𝑏 + 9.23 1.397𝑇𝐺𝐶,𝑜𝑢𝑡 + 32.09 

𝑇𝑎𝑚𝑏 > 27  𝑇𝑎𝑚𝑏 + 3 Optimized 

 

Evaporator loads vary between the minimum and design values based on the ambient temperature 

as shown in Table 2. This is because when ambient temperature deviates from the design point, the 

indoor air temperature and relative humidity will change and this will cause refrigeration loads to 

derivate from the design loads defined by the store refrigeration schedule [25]. 

 

Table 2. Evaporator load fractions [25] 

𝑻𝒂𝒎𝒃 (℃) �̇�𝑴𝑻 (kW) �̇�𝑳𝑻 (kW) 

𝑇𝑎𝑚𝑏 < 5 0.66�̇�𝑀𝑇,𝑑𝑒𝑠𝑖𝑔𝑛  0.80�̇�𝐿𝑇,𝑑𝑒𝑠𝑖𝑔𝑛 

5 ≤ 𝑇𝑎𝑚𝑏 ≤ 30 [1 − (1 − 0.66) (
30 − 𝑇𝑎𝑚𝑏

30 − 5
) ] �̇�𝑀𝑇,𝑑𝑒𝑠𝑖𝑔𝑛 [1 − (1 − 0.80) (

30 − 𝑇𝑎𝑚𝑏

30 − 5
) ] �̇�𝐿𝑇,𝑑𝑒𝑠𝑖𝑔𝑛 

𝑇𝑎𝑚𝑏 > 30 �̇�𝑀𝑇,𝑑𝑒𝑠𝑖𝑔𝑛 �̇�𝐿𝑇,𝑑𝑒𝑠𝑖𝑔𝑛  

 

The Total Equivalent Warming Impact (TEWI) method based on the EN378 standard was used for 

environmental impact calculations. Direct, indirect, and total TEWI were calculated using Eqs. (5-7). 

Emission caused by refrigerant leakage during the system lifetime and disposal contributes to direct 

TEWI while the one caused by energy production to operate the system contributes to indirect TEWI 

[26]. 

 

𝑇𝐸𝑊𝐼𝐷𝑖𝑟𝑒𝑐𝑡 = 𝐺𝑊𝑃 × 𝑚 × [𝐿 × 𝑛 + (1 − 𝛼)] (5) 

  

𝑇𝐸𝑊𝐼𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐸 × 𝐾 × 𝑛 (6) 

  

𝑇𝐸𝑊𝐼𝑡𝑜𝑡 = 𝑇𝐸𝑊𝐼𝐷𝑖𝑟𝑒𝑐𝑡 + 𝑇𝐸𝑊𝐼𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡  (7) 

 

Where 𝐸 is the annual energy consumption. GWP, annual leakage loss (𝐿), operation lifetime (𝑛), 

recovery factor (𝛼), refrigerant charge (𝑚), and CO2 emission coefficient (𝐾) were taken as 1, 15%, 10 

years, 90%, 435 kg, and 0.551 kg CO2/kWh, respectively [22], [27]–[30]. 

Exergy calculations of the cycles were made using Eqs. (8-12) [31]. 

Exergy rate of the mass flow: 

 

�̇�𝑚𝑎𝑠𝑠 = �̇�[ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0)] (8) 

 

Exergy transfer rates from the evaporators and gas cooler: 

 

�̇�𝑀𝑇
𝑄 = �̇�𝑀𝑇 (

𝑇0

𝑇𝐿,𝑀𝑇

− 1) (9) 

�̇�𝐿𝑇
𝑄 = �̇�𝐿𝑇 (

𝑇0

𝑇𝐿,𝐿𝑇

− 1) (10) 

�̇�𝐺𝐶
𝑄 = �̇�𝐺𝐶 (1 −

𝑇0

𝑇𝐻,𝐺𝐶

) (11) 

 

Exergy balance throughout the cycle: 
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∑ �̇�𝑚𝑎𝑠𝑠,𝑖𝑛 + ∑ �̇� = ∑ �̇�𝑚𝑎𝑠𝑠,𝑜𝑢𝑡 + ∑ �̇�𝑜𝑢𝑡
𝑄 + �̇�𝐷 (12) 

 

Dead state temperature and pressure were taken as 𝑇𝑎𝑚𝑏+273 K, and 1.01325 bar, respectively. 

Source temperatures for freezer, chiller, and gas cooler were taken as 249 K, 272 K, and 𝑇𝑎𝑚𝑏  + 275.5 K, 

respectively while air inlet and outlet temperatures were taken as -23 °C and -25 °C for freezer, 2 °C and 

0 °C for chiller, 𝑇𝑎𝑚𝑏  and 𝑇𝑎𝑚𝑏+5 °C for gas cooler, respectively [32], [24], [30]. 

 

The Specific Exergy Costing (SPECO) method was used for exergoeconomic calculations. Capital 

investment and operation and maintenance costs are the non-exergy costs. Hourly capital investment 

(�̇�𝑘
𝐶𝐼) and operation and maintenance (�̇�𝑘

𝑂𝑀) costs of the components were calculated using Eqs. (13-15) 

considering purchased equipment cost (𝑃𝐸𝐶), lifetime (𝑛), operation hours (𝐻), and interest rate of 

money (𝑖𝑒𝑓𝑓) [33], [34]. Table 3 presents PEC calculations of each component. 

 

�̇�𝑘 = �̇�𝑘
𝐶𝐼 + �̇�𝑘

𝑂𝑀 (13) 

  

�̇�𝑘
𝐶𝐼 = 𝑃𝐸𝐶 ×

𝐶𝑅𝐹

𝐻
 (14) 

  

𝐶𝑅𝐹 =
𝑖𝑒𝑓𝑓(1 + 𝑖𝑒𝑓𝑓)

𝑛

(1 + 𝑖𝑒𝑓𝑓)
𝑛

− 1
 (15) 

 

Taxes, operation, and maintenance costs were not considered. 15% was added to the capital 

investment cost of each component for piping, automation, control instruments, and installation [35]. 

Annual interest rate and operation lifetime were taken as 2% and 10 years, respectively [27], [28], [36]. 

 

 

Table 3. Purchased equipment cost (PEC) values of the components 

Component Purchased equipment cost (€) Reference 

Compressor 10167.5�̇�𝑒𝑙,𝑐𝑜𝑚𝑝
0.46  [35], [37] 

Gas cooler 1397𝐴𝐺𝐶
0.89 + 629.05�̇�𝑓𝑎𝑛,𝐺𝐶

0.76  

𝐴𝐺𝐶 =
�̇�𝐺𝐶

𝑈 × 𝐿𝑀𝑇𝐷
 

𝐿𝑀𝑇𝐷 =
(𝑇𝐺𝐶,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡) − (𝑇𝐺𝐶,𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟,𝑖𝑛)

ln (
𝑇𝐺𝐶,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡

𝑇𝐺𝐶,𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟,𝑖𝑛
)

 

𝑈 = 0.575 𝑘𝑊 𝑚2𝐾⁄  

[35], [38] 

Evaporator 19226 € for chiller 

3243 € for freezer 

[39] 

Expansion valve 114.5�̇�𝑒𝑥𝑝 [40] 

Flash tank 280.3�̇�𝑓𝑙𝑎𝑠ℎ
0.67 [40] 

 

Unit electricity price was multiplied by the constant escalation levelization factor (𝐶𝐸𝐿𝐹) 
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considering inflation (𝑟𝑛) and interest (𝑖𝑒𝑓𝑓) rates using Eqs. (16-18) [33], [34]. 

 

𝑐𝑒𝑙 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑘𝑊ℎ × 𝐶𝐸𝐿𝐹 (16) 

  

𝐶𝐸𝐿𝐹 =
𝑘(1 − 𝑘𝑛)

1 − 𝑘
× 𝐶𝑅𝐹   (17) 

  

𝑘 =
1 + 𝑟𝑛

1 + 𝑖𝑒𝑓𝑓

 (18) 

 

Where 𝑘 is the cost correction factor. Annual inflation rate (𝑟𝑛) and electricity price (𝑐𝑒𝑙) were taken 

as 9.2% and 0.2104 €/kWh, respectively according to Eurostat [41], [42]. 

Eqs. (19-23) were used as cost balance equations of the components [33], [34]. 

 

𝑐𝑐𝑜𝑚𝑝,𝑖𝑛�̇�𝑐𝑜𝑚𝑝,𝑖𝑛 + 𝑐𝑒𝑙�̇�𝑐𝑜𝑚𝑝,𝑒𝑙 + �̇�𝑐𝑜𝑚𝑝 = 𝑐𝑐𝑜𝑚𝑝,𝑜𝑢𝑡�̇�𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 (19) 

  

𝑐𝑒𝑣,𝑖𝑛�̇�𝑒𝑣,𝑖𝑛 + 𝑐𝑄𝑒𝑣
�̇�𝑒𝑣 (1 −

𝑇0

𝑇𝐿

) + 𝑐𝑒𝑙�̇�𝑓𝑎𝑛,𝑒𝑣 + �̇�𝑒𝑣 = 𝑐𝑒𝑣,𝑜𝑢𝑡�̇�𝑒𝑣,𝑜𝑢𝑡 (20) 

  

𝑐𝐺𝐶,𝑖𝑛�̇�𝐺𝐶,𝑖𝑛 + 𝑐𝑒𝑙�̇�𝑓𝑎𝑛,𝐺𝐶 + �̇�𝐺𝐶 = 𝑐𝐺𝐶,𝑜𝑢𝑡�̇�𝐺𝐶,𝑜𝑢𝑡 + 𝑐𝑄𝐺𝐶
�̇�𝐺𝐶 (1 −

𝑇0

𝑇𝐻

) (21) 

  

𝑐𝑒𝑥𝑝,𝑖𝑛�̇�𝑒𝑥𝑝,𝑖𝑛 + �̇�𝑒𝑥𝑝 = 𝑐𝑒𝑥𝑝,𝑜𝑢𝑡�̇�𝑒𝑥𝑝,𝑜𝑢𝑡 (22) 

  

𝑐𝑓𝑙𝑎𝑠ℎ,𝑖𝑛�̇�𝑓𝑙𝑎𝑠ℎ,𝑖𝑛 + �̇�𝑓𝑙𝑎𝑠ℎ = 𝑐𝑓𝑙𝑎𝑠ℎ,𝑜𝑢𝑡,𝑙�̇�𝑓𝑙𝑎𝑠ℎ,𝑜𝑢𝑡,𝑙 + 𝑐𝑓𝑙𝑎𝑠ℎ,𝑜𝑢𝑡,𝑔�̇�𝑓𝑙𝑎𝑠ℎ,𝑜𝑢𝑡,𝑔 (23) 

 

Where 𝑐 is the hourly exergy cost, �̇� is the exergy rate, �̇� is the hourly non-exergy cost of the 

component. Eqs. (24-26) were used as auxiliary equations [43]. 

 

𝑐𝑒𝑣,𝑖𝑛 = 𝑐𝑒𝑣,𝑜𝑢𝑡 (24) 

  

𝑐𝐺𝐶,𝑖𝑛 = 𝑐𝐺𝐶,𝑜𝑢𝑡 (25) 

  

𝑐𝑓𝑙𝑎𝑠ℎ,𝑜𝑢𝑡,𝑙 = 𝑐𝑓𝑙𝑎𝑠ℎ,𝑜𝑢𝑡,𝑔 (26) 

 

3. RESULTS AND DISCUSSION 

As temperature and pressure are independent of each other above the critical point, gas cooler outlet 

pressure needs to be optimized for maximum performance. Optimum gas cooler pressures for each gas 

cooler outlet temperature were obtained using the Golden Section Search method and Eqs. (27-28) were 

derived with curve-fitting. Intermediate pressure was taken as 𝑃𝑀𝑇 + 5 bar for BRC, and 55 bar under 

transcritical conditions for PRC [30]. Intermediate pressure for PRC, however, was taken as 45 bar under 

subcritical conditions. 

 

𝑃𝐺𝐶,𝑜𝑝𝑡,𝐵𝑅𝐶 = 2.6529𝑇𝐺𝐶,𝑜𝑢𝑡 − 4.80083 (27) 

  

𝑃𝐺𝐶,𝑜𝑝𝑡,𝑃𝑅𝐶 = 2.35073𝑇𝐺𝐶,𝑜𝑢𝑡 + 1.85568 (28) 

 

Figure 3 shows COP comparison of the modeled cycles with the study done by Gullo et al. [21] 

under the same evaporator and gas cooler conditions. The results exhibited a satisfactory agreement 
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with the literature. 

 

 
Figure 3. COP comparison of the investigated cycles with the literature 

 

Figure 4 presents COP and total power consumption values of the cycles under different ambient 

temperatures. PRC was modeled as the same as BRC at ambient temperatures below 14 °C due to the 

insufficient mass flow rate in the PC. The cycles perform similarly under subcritical conditions. The 

performance difference increases under transcritical conditions with the increase in the ambient 

temperature. COP improvement and total power consumption reduction of PRC are up to 14.8% and up 

to 12.9%, respectively within the investigated ambient temperatures. 
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Figure 4. COP and total power consumption comparison of the cycles 

 

Figure 5 presents bin-hour data for 11 provinces of Türkiye, which are in different climate zones. 

Bin-hours were derived using hourly dry-bulb temperatures of the provinces for the years 2016-2020 

gathered from the Meteorological Data Information, Presentation and Sales System of Türkiye [44]. 

Temperature values were grouped into temperature bins with 3 °C increments and then the number of 

occurrence hours for each temperature bin was calculated. Power consumptions at the mid-point of each 

temperature bin were multiplied by the occurrence hours, and then these values were summed to 

calculate annual energy consumptions of the cycles. 
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Figure 5. Bin-hour data for 11 provinces of Türkiye 

 

Figure 6 shows the number of occurrence hours of the temperatures below and above 14 °C, which is 

the operating threshold of PC, for 11 provinces as well as annual mean temperatures. Erzurum and Van 

have the lowest annual mean temperatures while Antalya, Mersin, and Şanlıurfa have the highest. PC 

has the highest operation hours in Mersin and lowest in Erzurum. 

 

 
Figure 6. Number of hours at ambient temperatures below and above 14 °C, and annual mean 

temperatures of 11 provinces 
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Annual energy consumption values of the cycles for 11 provinces are presented in Figure 7. PRC 

outperforms BRC in all provinces. The difference is more identical in İzmir, Antalya, Mersin, and 

Şanlıurfa, which have warm climates. An increase in the ambient temperature increases the mass flow 

rate of PC which has a lower pressure difference compared to HPC. This results in higher performance 

compared to BRC in warmer provinces. In Erzurum and Van, which are cooler provinces, there is a 

small amount of difference as PC operation hours are low. Consumption for Erzurum and Van is below 

400 MWh while it exceeds 500 MWh for Antalya, Mersin, and Şanlıurfa. PRC consumed 5.6% less energy 

than BRC in Şanlıurfa. Since GWP value of CO2 is 1, direct TEWI of CO2 cycles is negligible and total 

TEWI highly depends on the energy consumption. Figure 8 shows 10-year TEWI values of the cycles for 

11 provinces. TEWI for Erzurum is below 2000 tons while it is above 2500 tons for İzmir, Antalya, 

Mersin, and Şanlıurfa. 

 

 
Figure 7. Annual energy consumption of the cycles for 11 provinces 
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Figure 8. 10-year TEWI values of the cycles for 11 provinces 

 

Figure 9 presents PEC values of the cycles for 11 provinces. Maximum ambient temperatures for the 

provinces were considered to ensure the proper operation of the cycles. The cost of PRC is higher than 

BRC as compressors are expensive components. 

 

 
Figure 9. Purchased equipment costs of (a) BRC, (b) PRC 

 

Unit product exergy costs of the cycles for 11 provinces at maximum ambient temperatures are 

presented in Table 4. Levelized electricity price was calculated as 0.3474 €/kWh. Although the equipment 

cost of PRC is higher than BRC, reduced energy consumption leads to lower product cost. Cost 

reduction in PRC varies between 8.2% and 18%. Provinces that have higher ambient temperatures have 

higher product costs due to higher energy consumption. 
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Table 4. Unit product exergy costs of the cycles for 11 provinces 

  Unit product exergy cost (€/kWh)  

Province 𝑻𝒂𝒎𝒃,𝐦𝐚𝐱 (℃) BRC PRC Reduction 

İstanbul 31.5 1.957 1.748 10.7% 

İzmir 34.5 2.021 1.75 13.4% 

Samsun 28.5 1.894 1.739 8.2% 

Ankara 34.5 2.021 1.77 12.4% 

Konya 34.5 2.021 1.766 12.6% 

Kayseri 34.5 2.021 1.779 12% 

Antalya 37.5 2.088 1.752 16.1% 

Mersin 34.5 2.021 1.743 13.8% 

Erzurum 31.5 1.957 1.796 8.2% 

Van 31.5 1.957 1.77 9.6% 

Şanlıurfa 40.5 2.159 1.77 18% 

4. CONCLUSIONS 

In this paper, transcritical CO2 booster (BRC) and parallel compression (PRC) supermarket 

refrigeration cycles were modeled in EES software and annual energy, TEWI, and exergoeconomic 

analysis were made deriving bin-hour data of 11 provinces in Türkiye. Up to 14.8% higher COP was 

obtained with PRC compared to BRC between the investigated ambient temperatures. Annual energy 

consumption in Erzurum and Van is below 400 MWh while It is above 500 MWh in Antalya, Mersin, and 

Şanlıurfa. Similarly, TEWI value in Erzurum is below 2000 tons while it is above 2500 tons in İzmir, 

Antalya, Mersin, and Şanlıurfa. PRC has lower energy consumption and TEWI values between 0.7% and 

5.6% compared to BRC in the investigated provinces. The equipment cost of PRC is higher than BRC 

between 18% and 23% due to the additional compressor. Unit product exergy cost difference at the 

maximum ambient temperatures is between 8.2% and 18%. It was seen that since parallel compressor 

operates above the ambient temperatures of 14 °C, there is no significant annual consumption reduction 

in cooler provinces such as Erzurum and Van. The advantage of the use of parallel compressor is more 

significant in warmer provinces such as Antalya, Mersin, and Şanlıurfa. The performance of the cycles 

can be improved more by applying more advanced solutions such as ejector expansion, which is used 

for expansion work recovery, especially in warm climates [30]. Performance enhancement of the cycles 

using environmentally friendly refrigerants will contribute to a sustainable future. 
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