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This paper presents an energy analysis of the marine refrigeration system as a component of the machi-

nery system of the cruise liner “Scalet Lady”. This type of ship is one of the most complex types from an 

energy point of view, which is associated with a wide variety of energy consumers. The study uses two 

methods of thermodynamic analysis of real cycles: the method of cycles and entropy-statistical method. 

For the analysis, the experimental data on the operating modes of the marine refrigeration system has 

been used. According to the results of processing the experimental data, a thermodynamic cycle has been 

formed and an energy calculation of the cycle has been performed using classical methods for two-stage 

refrigeration machines. With the help of the cycle model, the external irreversibility is determined by suc-

cessively reducing the energy efficiency of the ideal cycle. The Lorentz cycle has been chosen as an ideal 

model, taking into account the variable temperatures of heat supply and removal during heat exchange 

“heat source – phase transformations of the refrigerant R407f”. Along with the evaluation of efficiency, 

the distribution of losses by the components of the refrigeration system has been established, energy 

weaknesses that require improvement has been identified, and the most effective ways to reduce energy 

costs have been outlined. Analytical conclusions have a graphical interpretation of the thermodynamic ef-

ficiency assessment for the real refrigeration cycle. It has been established that in the considered real cy-

cle of a marine refrigeration system, the greatest influence on energy efficiency is exerted by external ir-

reversibility in the condenser, in particular, in the overheating zone (25.64% of the total energy consump-

tion of the plant). The effect of irreversibility in the compressor is not fixed. 

Keywords: Real ship refrigeration system; Cycle method; Entropy-statistical method; Energy efficiency 

 

doi: https://doi.org/10.15673/ret.v58i2.2384 

________________________________________________________________ 
 

© The Author(s) 2022. This article is an open access publication 

This work is licensed under the Creative Commons Attribution 4.0 International License (CC BY)  

http://creativecommons.org/licenses/by/4.0/   

__________________________________________________________________ 

 

Nomenclature: 

h – specific enthalpy, kJ·kg
-1

; 

ṁ – mass flow rate, kJ·kg
-1

; 

Q̇ – heat rate, kW; 

Q̇e – refrigeration capacity, kW; 

p – pressure, bar; 

s – specific entropy, kJ·kg
-1

·°C
-1

; 

T – temperature, °C; 

υ – specific volume, m
3
·kg

-1
; 

Vh – theoretical volumetric capacities of the compres-

sor, m
3
·kg

-1
; 

w – specific work, kJ·kg
-1

; 

Ẇ – power, kW; 

y – refrigerant mass flow rate in the injection line, kg·s
-1
; 

COP – coefficient of performance; 

Δ – difference; 
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ηa – adiabatic efficiency of the screw compressor 

Subscripts: 

ac – actual; 

aver – average; 

aver.plan(c) – average planimetric (condenser); 

aver.plan(e) – average planimetric (evaporator); 

br – coolant (brine); 

com – compressor; 

cond – condenser; 

ec – economizer; 

ev, evap – evaporator; 

exp – expansion; 

in – inlet; 

int – intermediate; 

min – minimum; 

out – outlet; 

w – water; 

1-6 – state of cycle 

Superscripts: 

a – adiabatic; 

min – minimum; 

real – real parameter or value

 

1. Introduction 

 

Shipping is the lifeblood of the global economy. 

Ships are technically complex systems with a large 

amount of energy consumed. Various indicators based 

on different standards or principles are used to assess 

the energy efficiency of technical systems. Most of 

these indicators are used for equipment certification. 

At the global level, the International Maritime Orga-

nization (IMO) evaluates the energy efficiency of ma-

ritime transport using tools such as EEDI (Energy 

Efficiency Design Index), EEOI (Energy Efficiency 

Operational Index), and SEEMP (Shipping Energy 

Efficiency Management Plan) which are regulated by 

IMO circulars MEPC.1/Circ.682, MEPC.1/Circ.684, 

and MEPC.1/Circ.683, respectively [1]. A full perfor-

mance evaluation takes into account rising bunker fuel 

prices. Thus, the maritime industry faces two prob-

lems: environmental and economic. The problem of 

increasing energy efficiency is solved by reducing 

fuel consumption on board ships. 

One of the most complex types of ships from an 

energy point of view are cruise ships, which is asso-

ciated with a wide variety of energy consumers. The 

efficiency of energy saving on ships is largely deter-

mined by the operating modes of machinery systems, 

which also include refrigeration systems. On the scale 

of such a large installation as a ship power complex, 

even a small percentage reduction in energy costs be-

comes a significant savings in absolute terms. Cruise 

ships use large refrigeration systems with multiple 

temperature levels of refrigeration production and va-

rying operating conditions for the condensing heat 

rejection system. They ensure the functioning of refri-

geration and freezing equipment, technological and 

comfortable air conditioning systems on the ship. Mo-

reover, such systems have continuity of cooling pro-

cesses in time. The energy consumption of ship         

refrigeration systems on passenger liners is 4% of the  

total ship energy consumption. 

Increasing the energy efficiency of refrigeration 

systems is achieved by various methods: structural 

improvement of сcomponents, the use of advanced 

automatic control systems, the heat transfer intensi-

fication, and an increase in the thermodynamic effi-

ciency of cycles. The latter method largely depends on 

the type of refrigerant used. Environmental require-

ments for maritime transport are constantly increasing 

in accordance with the International Convention for 

the Prevention of Pollution from Ships (MARPOL 

73/78) [2]. At present, the refrigerant R407f is used as 

a medium-term alternative to HCF-type refrigerants 

used on ships classed by Lloyd’s Register of Shipping 

and GWP below 2500 [3]. This refrigerant is a non-

azeotropic mixture in which phase transition processes 

occur at variable temperatures. Such features should 

be taken into account when determining the parame-

ters of the system operation and operation of heat 

exchange equipment. In view of this, it is relevant to 

conduct a thermodynamic analysis using the experi-

mental data of a real ship refrigeration system opera-

ting on a non-azeotropic mixture. Such an analysis 

will allow assessing the energy efficiency of operating 

modes and identifying ways to reduce the cost of 

maintenance and repair. 

 

2. Literature review and problem statement 

 

Recent publications on the subject matter contain 

the results of studies of the energy and economic 

efficiency of refrigeration systems on board ships. The 

authors propose various methods for improving the 

corresponding efficiency, which, in their opinion, may 

have prospects for their use in marine conditions. 

Yan et al. carried out an analysis of ship air con-

ditioning systems using modeling and simulation 

methods [4]. The technical requirements and the ope-

ration principle of marine air conditioning, as well as 
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a mathematical model of cabin cooling in summer are 

described in detail. This model was tested on a parti-

cular example of the cabin of the senior officer of the 

ship “Yu Kun”. It is proved that the presented mathe-

matical model is reliable. Вaşhan and Parlak perfor-

med an exergy and economic analysis of the ship’s 

refrigeration system paying attention to the problem 

associated with the variable sea water temperature         

[5, 6]. In the first study, it is proposed to use com-

pressors with a variable shaft speed to improve energy 

efficiency [5]. The temperature of the refrigerant at 

the outlet of the condenser is chosen as the main pa-

rameter for frequency control. In the second study, an 

exergy analysis of a mechanical compression refri-

geration system was carried out [6]. The characte-

ristics of the system operation depending on the va-

riable temperature of sea water are studied. The exer-

gy losses in the refrigeration system are determined. It 

has been established that the greatest losses are obser-

ved in the compressor and expansion valve. Ovcha-

renko et al. provided a review of the methods used to 

improve the efficiency of the ship refrigeration plants 

[7]. Two methods are considered: the subcooling of 

the refrigerant after the condenser and the automatic 

control of compressors. The expediency of using these 

methods in the operation of ship refrigeration plants 

using refrigerants R22 and R717 is discussed. 

A performance assessment of a cruise ship 

refrigeration plant using modern alternative refrige-

rants with low GWP was made by Pigani et al. [8]. 

Various cycles with the use of such refrigerants have 

been studied. The results of comparison with the 

parameters of existing systems based on R407f are 

given. It is concluded that the transition from modern 

technologies to systems using low GWP refrigerants 

entails a deterioration in energy performance and is 

not an effective strategy to reduce the overall en-

vironmental impact. Başhan and Kökkülünk studied 

the existing mechanical compression refrigeration sys-

tems on the example of the ship “Ince Ilgaz” in the 

case of variable sea water temperatures [9]. In this 

study were used he exergoeconomic and environ-

mental analysis. On the base of the obtained results 

were proposed some new refrigeration systems with 

condensing heat recovery. Calculations were made for 

15 different refrigerants. The author concluded that 

the use of condensation heat recovery in the refri-

geration system can directly reduce fuel consumption 

and emissions to the atmosphere. A comparative ana-

lysis of the ship mechanical compression refrigeration 

system using refrigerant R435a as an alternative to 

refrigerant R134a has been carried out by Memet [10]. 

The analysis showed that the exergy efficiency of the 

system when operating with refrigerant R435a is 35% 

higher than this value for the system operating with 

refrigerant R134a. 

When analyzing the literature review, it can be 

stated that there are no studies based on real data on 

the operation of existing refrigeration systems. The 

main parameters of the refrigeration system change 

over time and depend on many factors. Therefore, it is 

very important to conduct an experimental verification 

of the operation of the such system to establish the 

reliability of theoretical studies. Thus, it becomes re-

levant to continue research on ship refrigeration sys-

tems based on the available real experimental data 

using scientific tools to improve energy efficiency. 

The authors of studies [4-10] used exergy, thermo-

economic, and environmental analyzes to assess the 

energy efficiency of ship refrigeration systems. Such 

methods include many real cost and environmental 

parameters, which are very difficult to unify. This 

makes the thermodynamic calculations very time con-

suming. The use of such multi-criteria analyzes for 

local ship refrigeration systems is not advisable.  

To estimate irreversibilities in the ship refri-

geration systems in isolation from the entire power 

system of the ship, the authors of this paper propose to 

use entropy methods of thermodynamic analysis. Such 

methods allow, along with efficiency assessment, to 

obtain the distribution of losses over the components 

of the refrigeration cycle. This, in turn, allows to 

determine the weak point of the refrigeration system 

that requires perfection, and finding the most effective 

ways to reduce energy costs [11]. Literature review 

shows that the topic of this research is insufficiently 

studied and needs to be studied in detail to solve 

energy saving problems for real ship refrigeration 

systems. 

 

3. Determination of characteristics of a of 

ship refrigeration cycle 

 

The presented study has been carried out using 

data from a real refrigeration system (chiller) of the 

cruise ship “Scalet Lady” [12]. A schematic diagram 

of this refrigeration system is shown in Fig. 1. The 

presented refrigeration system provides storage of 

frozen goods in 7 provisional chambers. The inter-

mediate coolant (brine) is ethylene glycol. The chiller 

consists of an oil-flooded screw compressor with an 

oil cooling system, a horizontal shell-and-tube con-
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denser, a shell-and-tube economizer, a shell-and-tube 

evaporator with refrigerant boiling inside the pipes, a 

system of expansion valves and fittings. The refrige-

rant in the refrigeration system is R407f. The refri-

geration unit operates on a two-stage compression 

cycle. Two-stage compression is carried out in one ca-

vity of the compressor with injection of the saturated 

vapor at an intermediate pressure. 

 
Figure 1 – A schematic diagram of the ship refrigeration system: 1 – screw compressor; 2 – shell-and-tube 

condenser, 3 – filter drier, 4 – shell-and-tube economizer; 5 – expansion valve 1; 6 – expansion valve 2;  

7 – shell-and-tube evaporator; 8 – oil separator, 9 – oil cooler 10 – mechanical filter 

 

For the thermodynamic analysis of the ship ref-

rigeration system, the parameters and characteristics of 

the cycle obtained in real operating conditions during 

the ship movement were used (Fig. 2 and Table 1). 

 

 
Figure 2 – Parameters of the ship refrigeration system operation conditions  

in real time during the ship movement 
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Table 1 – Measured parameters of the refrigeration system for the storage of frozen goods 

Parameter Value 

Temperature at the compressor inlet T1, °C 

Discharge temperature T2, °C 

Temperature of the coolant (brine) at the evaporator inlet Tbr,in, °C 

Temperature of the coolant (brine) at the evaporator outlet Tbr,out, °C 

–31.9 

79 

–33.4 

–38 

Temperature of the water at the condenser inlet Tw,in, °C 

Temperature of the water at the condenser outlet Tw,out, °C 

Pressure at the compressor inlet p1, bar 

34 

36 

1.12 

Discharge pressure p2, bar 

Intermediate pressure pint, bar 

Temperature at the evaporator inlet Tev,in, °C 

Temperature at the economizer inlet Tec,in, °C 

Temperature at the economizer outlet Tec,out, °C 

Theoretical volumetric capacities of the compressor Vh, m
3
·h

-1
 

Actual volumetric capacities of the compressor Vh,ac, m
3
·h

-1
 

18.2 

1.33 

–42 

38 

6.5 

705.60
*
 

507.96
*
 

*
 In accordance with the ship’s instructions  

 

Based on the results of experimental data pro-

cessing, a thermodynamic cycle has been formed and 

presented in the lgp-h and T-s diagrams (Fig. 3), the 

state parameters have been determined (Table 2), and 

the energy calculation of the cycle has been performed 

using classical methods for two-stage refrigeration 

machines presented in [14] (Table 3). 

To carry out the energy calculation, it is condi-

tionally assumed that 1 kg·s
-1

 of refrigerant circulates 

through the evaporator. Then the refrigerant mass 

flow rate in the compressor is (1 + y) kg s
-1

, where 

y kg s
-1

 is the refrigerant mass flow rate in the in-

jection line. The heat balance of the economizer can 

be written as: 
 

                    
3 4 5 01 1y yh h h h                   (1) 

 

From Eq. (1) the value of the refrigerant mass 

flow rate in the injection line y is define as follows: 
 

                    5 3

4 0

.y
h h

h h 





            (2) 

  
                                  Figure 3 – A real refrigeration cycle in lgp–h and T-s diagrams 

 

Table 2 – Thermodynamic parameters for the states of the marine refrigeration system 

State 0 1 1* 1'' 0'' 2s 2 3 3* 4 5 6 

p, bar 1.12 1.12 1.33 1.33 1.33 18.20 18.20 18.20 18.20 1.33 18.20 1.12 

T, ºC –37.5 –31.9 –25.0 –30.0 –34.0 80.0 79.0 38.0 42.5 –40.0 6.5 –42.0 

h, kJ·kg
-1

 390.0 395.7 400.0 397.9 392.8 475.7 469.0 260.0 418.5 260.0 208.0 208.0 

υ, m
3
·kg

-1
  0.21  0.18  0.0161 0.0159      

s, kJ·kg
-1
·°C

-1
 1.837 1.851 1.851 1.836 1.826 1.836 1.834 1.214 1.721 1.294 1.036 1.067 
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Table 3 – Design characteristics of the real refrige-

ration cycle 

Parameter Value 

Refrigeration capacity Q̇e, kW 

Refrigerant mass flow rate in the evaporator 

ṁev, kg·s
-1

 

Refrigerant mass flow rate in the condenser  

ṁc, kg·s
-1

 

Refrigerant mass flow rate in the economizer 

ṁec, kg·s
-1

 

Oil mass flow rate in the economizer ṁoil, kg·s
-1

 

Condensing heat load Q̇c, kW 

Economizing heat load Q̇ec, kW 

Compressor power consumption Ẇcom, kW 

Coefficient of performance COP 

122.29 

 

0.671 

 

0.934 

 

0.263 

5.27 

191.2 

34.8 

83.84 

1.45 

 

4. Analysis of the real marine refrigeration 

system operation by the entropy-statistical 

method 

 

The actual processes occurring in the marine 

refrigeration system are non-equilibrium and irrever-

sible, and are accompanied by an increase in entropy 

in all components of the system. The degree of ir-

reversibility of the processes and the amount of work 

required to compensate for irreversibility is estimated 

using the Gouy-Stodola theorem (entropy generation 

in each component of the system). This principle is 

the basis of entropy-statistical analysis. This method 

makes it possible to determine the necessary energy 

costs to compensate for the entropy generation as a 

result of the irreversibility of work processes in va-

rious components of refrigeration systems and indi-

cates ways to improve them [13]. 

The study of a real marine refrigeration system 

by the entropy-statistical method has been carried out

using experimental data and calculations (Tables 1-3). 

Evaluation of the efficiency of the cycle is carried out 

according to the specific costs of electricity and the 

value of the of thermodynamic perfection parameter. 

Specific costs are related to 1 kg of refrigerant circu-

lating through the evaporator. 

The use of a non-azeotropic mixture in a refri-

geration system leads to the fact that the isobaric 

processes of supply (boiling) and rejection (con-

densing) of heat in the heat exchangers are non-iso-

thermic. In the presented system, the processes of heat 

supply in the evaporator (cooling of the coolant) and 

heat rejection in the condenser (heating of the water) 

also occur at variable temperatures. To fulfill the con-

ditions of reversibility, the temperature of the working 

fluid must change in the same way as the temperatures 

of the coolant and water. The entropy-statistical analy-

sis is based on the assumptions of the constancy of the 

temperatures of the coolant and water and in the pro-

cesses of phase transitions of the refrigerant. Given 

this condition, to continue the study it is necessary to 

carry out the transition from variable to constant tem-

peratures during heat transfer. To perform this tran-

sition, it is necessary to use the method of cycles [16]. 

As a reversible sample cycle for cycles with variable 

temperatures of heat supply and heat rejection, the 

Lorentz cycle is used. This cycle consists of two adia-

batic processes and two processes with variable tem-

peratures, the nature of which exactly follows the chan-

ges in source temperatures (Fig. 4, Cycle 1, Cycle 3). 

The cycles are built at the corresponding temperature 

levels: for sources of heat supply (brine) and heat 

rejection (water) – Cycle 1, and for the working fluid 

(refrigerant) of the refrigeration system – Cycle 3. 

 
Figure 4 – The method of cycles in determining the temperatures of heat supply and  

heat rejection of the real refrigeration cycle 

 

For any reversible Lorentz cycles, the only limi-

tation is the need for constancy and equality of heat 

capacities in the processes of heat supply and heat 

rejection (lines 4-1 and 3-2 are equidistant). Skipping 

intermediate constructions, the real cycle with a real 

working fluid can be represented by Cycle 5 (Fig. 4). 

In the real cycle, the heat capacities in the processes 

of heat supply and heat rejection are not equal and not 
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constant. For further analysis, it is necessary to 

replace the Lorentz cycles with equivalent Carnot 

cycles (Fig. 4, Cycle 2, Cycle 4), which have the same 

thermodynamic characteristic COPLOR = COPCAR. The 

temperature boundaries in the equivalent Carnot cycle 

are taken equal to the average planimetric tempe-

ratures in the processes of heat supply and heat rejec-

tion in the Lorentz cycle (Fig. 4, Cycle 2, Cycle 4). 

The processes of heat supply and heat rejection in 

the presented refrigeration system are isobaric. In this 

case, it is not required to carry out planimetry, and the 

numerical value of temperatures in the equivalent 

Carnot cycle is determined by the values of enthalpies 

and entropies at the beginning and end of the process 

(Figure 4, Cycle 5). 

To determine the design temperatures of the 

working fluids, it is necessary to use the following 

equations: 

 

                         
* 33

. ( )

3* 3

aver plan c

h h
Т

s s





               (3) 

                         0 6
. ( )

0 6

aver plan e

h h
Т

s s





               (4) 

 

The design temperatures of the brine and water 

are determined as the arithmetic mean values between 

the extreme temperatures, in view of the small heating 

and cooling values of the corresponding flows (Table 1): 

 

                         
, ,

,
2

w in w out

w aver

T T
Т


                (5) 

                         
, ,

,
2

br in br out

br aver

T T
Т


                (6) 

 

Any pressure losses haven’t been taken into 

account in heat exchangers and pipelines when car-

rying out the analysis by the entropy-statistical 

method. Initial data for analysis with considering Eqs. 

(3)-(6) are written as follows. 

The average temperature of the fresh water in the 

condenser of the refrigeration system – Tw,aver = 309 K. 

The average temperature of the refrigerant (ethy-

lene glycol) in the evaporator of the refrigeration sys-

tem – Tbr,aver = 237 K. 

Design evaporating temperature of the working 

fluid – Taver.plan(e) = 236 K. 

Design condensing temperature of the working 

fluid – Taver.plan(c) = 312.62 K. 

The sequence of analysis of the main components 

are written as follows. 

The real specific cooling capacity of the refri-

geration system is: 

 

                              
0 6.

real

eq h h                    (7) 

 

The minimum specific work for cold production is: 

 

                 
, ,

,

.
w aver br averreal

min e

br aver

Т Т
w q

Т


                 (8) 

 

The adiabatic specific work of compression is 

separated into two parts: 

– for compression in the compressor from pres-

sure pe to pe
*
 

 

                             1 1 1*.
a

comw h h                      (9) 

 

– for compression in the compressor from pres-

sure pe
*
 to pc 

 

                       2 2 1 1 .a

com sw h h y                  (10) 

 

The total adiabatic specific work of compression 

in the compressor is: 

 

                            1 2.
а а а

сom сomw w w                 (11) 

 

The minimum required specific work of 

compression to compensate for the entropy generation 

in the condenser when the refrigerant vapor is cooled 

from temperature T2s = 80ºC to saturation temperature 

Tc
max 

= 42.2ºC is defined as follows:  

 

     . 2 3* , 2 3*1 .min

cool cond s w aver sw h h y Т s s        (12) 

 

The minimum required specific work of 

compression to compensate for the entropy generation 

in the condenser during the condensation of the 

refrigerant vapor is: 

 

   , 3* 3

, . ( )

1 1
1 .min

cond w aver

w aver aver plan c

w Т h h y
Т Т

 
         

 

(13) 

 

The minimum required specific work of com- 
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pression to compensate for the entropy generation 

when throttling in expansion valve 1 is: 

 

                       1 , 6 5 .min

exp w averw Т s s                   (14) 

 

The minimum required specific work of 

compression to compensate for the entropy generation 

when throttling in expansion valve 2 is: 

 

                   2 , 4 3 .min

exp w averw Т s s y                    (15) 

 

The minimum specific work of compression to 

compensate for the entropy generation in the eva-

porator is: 

 

,

. ( ) ,

1 1
.min real

evap w aver e

aver plan e br aver

w Т q
Т Т

 
      

 

     (16) 

 

The minimum specific work of compression to 

compensate for entropy generation in the economizer is: 

 

      , 0 4 3 5 .min

econ w averw Т y s s s s              (17) 

 

The total value of the minimum specific work to 

compensate for the entropy generation in all 

components of the refrigeration system describes the 

design adiabatic specific work of compression: 

 

             
* .

1 2 .

а min min

min cool cond cond

min min min min

exp exp evap econ

w w w w

w w w w

   

   
     (18) 

 

The real specific work of compression can be 

found from Eqs. (19) and (20) taking into account the 

adiabatic efficiency of the screw compressor ηa = 0.83: 

– for compression in the compressor from pres-

sure pe to pe
*
 

 

                                   1 1*
1 .real

сom

а

h h
w





               (19) 

 

– for compression in the compressor from pres-

sure pe
*
 to pc 

 

                        2 2 1 1 .real

сomw h h y                   (20) 

 

The total real specific work of compression is: 
 

                      1 2.
real real real

сom сomw w w                 (21) 

 

Coefficient of performance of the real 

refrigeration cycle is: 
 

                         0 .
real

real

real

q
СОР

w



               (22) 

 

The calculation results are presented in Table 4. 

  Table 4 – System calculation results 

Parameter Value 

Real specific cooling capacity of the refrigeration system qe
real

, kJ·kg
-1

 182 

Minimum specific work for cold production wmin, kJ·kg
-1

 55.29 

Adiabatic specific work of compression from pe to pe
*
 w

a
com1, kJ·kg

-1
 4.3 

Adiabatic specific work of compression from pe
*
 to pc w

a
com2, kJ·kg

-1
 109.88 

Total adiabatic specific work of compression Σw
a
, kJ·kg

-1
 114.2 

Minimum required specific work of compression to compensate for the entropy generation in the 

condenser when the refrigerant vapor is cooled Δw
min

cool.cond, kJ·kg
-1

 

 

30 

Minimum required specific work of compression to compensate for the entropy generation in the 

condenser during the condensation of the refrigerant vapor Δw
min

cond, kJ·kg
-1

 

 

2.55 

Minimum required specific work of compression to compensate for the entropy generation when 

throttling in expansion valve 1 Δw
min

exp1, kJ·kg
-1

 

 

9.57 

Minimum required specific work of compression to compensate for the entropy generation when 

throttling in expansion valve 2 Δw
min

exp2, kJ·kg
-1

 

 

9.66 

Minimum specific work of compression to compensate for the entropy generation in the evapora-

tor Δw
min

evap, kJ·kg
-1

 

 

1.0054 

Minimum specific work of compression to compensate for entropy generation in the economizer 

Δw
min

econ, kJ·kg
-1

 

 

9.1 
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  Table 4 continuation 

Parameter Value 

Total value of the minimum specific work to compensate for the entropy generation in all compo-

nents of the refrigeration system w
a
*, kJ·kg

-1
 

 

117 

Real specific work of compression Σw
real

, kJ·kg
-1

 98.57 

Coefficient of performance of the real refrigeration cycle COP
real

 1.59 

 

The discrepancy between the calculated values of 

the adiabatic work of compression obtained by Eq. 

(11) and Eq. (18) does not exceed 2.5%. This result 

indicates a real overspend of work for each compo-

nent of the refrigeration system. 

The distribution of the design specific energy 

consumption by the components of the refrigeration 

system is shown in Figures 5 and 6. It has been found 

that the contribution to the total irreversibility is made 

by the processes in the evaporator (0.85%), in the 

condenser (27.82%), in the compressor (0%), in the 

economizer (7.7%), and in the expansion valves 

(16.4%) when comparing the results of the analysis in 

the components of the refrigeration system (Fig. 5). 

Such a distribution allows, under specific circum-

stances, to focus on the improvement of one or ano-

ther component of the system. 

In the presented real marine refrigeration cycle, 

the external irreversibility in the condenser has the 

greatest impact on energy efficiency; more precisely, 

in the overheat rejection zone. They accounted for 

25.64% of the total energy consumption of the 

refrigeration system. The effect of irreversibility in the 

compressor is not fixed. This is due to the perfect 

design of the oil-flooded screw compressor. 

 

 
Figure 5 – Graphical interpretation of the 

thermodynamic efficiency evaluation of the 

real marine refrigeration cycle 

 

 

In the processes of phase transformations occur- 

ring in the heat exchangers (condenser and evapo-

rator), the minimal irreversibility of the total work in 

the refrigeration cycle has been recorded: 0.85% in 

the evaporator and 2.9% in the condenser. Such 

results are determined by the same nature of the chan-

ge in the temperatures of non-azeotropic mixtures in 

the processes of phase transformations, coolant and 

water. In the graphical representation, the lines of the 

processes are equidistant (Fig. 4). It is known that the 

energy consumption of a refrigeration system largely 

depends on the temperature operation mode. The pre-

sented system operates in a low-temperature mode, so 

the minimum work for cold production is 47.7% of the 

total energy consumption of the refrigeration system. 

 

 
Figure 6 – Diagram of the specific energy 

consumption distribution in the main  

components of the refrigeration system 

 

5. Discussion of the results and conclusions 

 

The study uses two methods of thermodynamic 

analysis of real cycles: the method of cycles and en-

tropy-statistical method. The method of cycles has 

been used as a tool to prepare for the analysis by the 

entropy-statistical method, which made it possible to 
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determine the design parameters of the refrigeration 

system. This combination of methods simplified the 

analysis and ensured the reliability of the results. In 

the entropy-statistical method, the studied characte-

ristics are entropy and compressor operation, which 

are associated with real processes in all components of 

the refrigeration system. These functions determine 

the timing of maintenance of the refrigeration system. 

The amount of work overrun evaluates the decrease in 

the energy efficiency of the cycle and indicates the 

components of the greatest influence on its reduction. 

According to the results of the study, the overheat re-

jection zone in the condenser has the greatest negative 

impact on energy efficiency. The overrun of work in 

this component is 27.7% of the total energy consump-

tion in the refrigeration cycle. The reason for this phe-

nomenon is the thermophysical properties of the ref-

rigerant R407f (low heat capacity of superheated vapor). 

At the same time, due to the fact that the pro-

cesses of phase transformations are non-isothermic at 

changing temperatures of the brine and water, this 

leads to a decrease in heat transfer losses and brings 

the processes closer to reversible ones. The analysis of 

the refrigeration system by the entropy-statistical met-

hod makes it possible to extensively evaluate the in-

fluence of the thermophysical properties of the 

working fluids in each component of the system. The 

analytical solution of a scientific problem is accom-

panied by a presentation of the results in a graphical 

form. This contributes to a clear and precise under-

standing of the thermodynamic patterns of energy 

conversion in the refrigeration system, shows the 

progress of the analysis carried out in the form of a 

geometric image of the distribution of energy costs 

among the components of the system, and allows 

outlining ways to improve their performance. 

The thermodynamic analysis shows that the 

presented real marine refrigeration system under real 

operating conditions has a high energy efficiency for 

low-temperature machines (COPreal = 1.59). Thus, this 

refrigeration system meets the mandatory IMO stan-

dards for the energy efficiency of ships. The impro-

vement of refrigeration systems of this type is within 

the competence of shipbuilding design organizations 

and requires the replacement of the design of heat ex-

change equipment, in particular the condenser. 

 

CRediT author statement 

 

Larisa Morosuk: Conceptualization, Formal analysis, 

Writing – Original Draft. Victoriia Sokolovska-

Yefymenko: Methodology, Writing – Review & Edit-

ing, Project administration, Supervision. Volodymyr 

Ierin: Investigation, Data Curation, Writing – Review 

& Editing. Oleksandr Yefymenko: Funding acquisi-

tion, Resources, Validation. Andrii Moshkatiuk: 

Visualization, Software. 

 

References 

 

1. Annex VI of MARPOL 73/78-Regulations for the 

Prevention of Air Pollution from Ships. Retrived 29 

April 2022 from https://www.maritimenz.govt.nz/ 

rules/MARPOL-Annex-VI/default.asp. 

2. European Commission. EU legislations to control 

fluorinated greenhouse gases (F-gases). 2015. Retri-

ved 29 April 2022 from https://ec.europa.eu/clima/eu-

action/fluorinated-greenhouse-gases/eu-legislation-

control-f-gases_en. 

3. Linde Gases Division. R407F – Genetron® Per-

formax™ LT. Lower Global Warming Potential re-

placement for R404A. Retrived 29 April 2022 from 

https://www.linde-gas.se/en/images/Refrigerants_Bro-

chure_R407F_EN_tcm581-175823.pdf. 

4. Yan, L., Li, J., Zhang, D., Liu, C. (2011) The 

Modeling and Simulation of Marine Air-condition. 

Procedia Engineering 12, 141-148. https://doi.org/10. 

1016/j.proeng.2011.05.023. 

5. Başhan, V., Parlak, A. (2015) Economic Analysis 

of A Ship Refrigeration System in case of Variable 

Sea Water Temperature Conditions. Journal of ETA 

Maritime Science 3, 67-74. https://doi.org/10.5505/ 

jems.2015.29392. 

6. Başhan, V., Parlak, A. (2016) Exergy Analysis of 

the Refrigerating System of a Ship Operating in Vari-

able Sea Water Temperature Conditions. Journal of 

ETA Maritime Science 4, 149-155. https://doi.org/10. 

5505/jems.2016.55264. 

7. Ovcharenko, I., Yenivatov, V., Vyngra, A. (2018) 

Analysis of methods to increase the efficiency of ship 

refrigeration plants. MATEC Web Conf. 239. 

https://doi.org/10.1051/matecconf/201823904017. 

8. Pigani, L., Boscolo, M., Pagan, N. (2016) Marine 

refrigeration plants for passenger ships: Low-GWP re-

frigerants and strategies to reduce environmental im-

pact. International Journal of Refrigeration 64, 80-92. 

https://doi.org/10.1016/j.ijrefrig.2016.01.016. 

9. Başhan, V., Kökkülünk, G. (2020) Exergoecono-

mic and air emission analyses for marine refrigeration 

with waste heat recovery system: a case study. Jour-

nal of Marine Engineering & Technology 19, 147-

160. https://doi.org/10.1080/20464177.2019.1656324. 



Розділ 2. Термодинамічний аналіз та моделювання 

_______________________________________________________________________________________________________________ 

90 

10. Memet, F. (2021) Exergy and energy analysis of a 

vapour compression refrigeration system for the in-

vestigation of a new refrigerant to be used on board 

the ships. IOP Conference Series: Materials Science 

and Engineering 1182, 012046. https://doi.org/10. 

1088/1757-899X/1182/1/012046. 

11. Gohshtejn, D.P. (1969) Modern methods of ther-

modynamic analysis of power plants. M.: Energy, 368. 

12. VesselFinder. SCARLET LADY, Passenger 

(Cruise) Ship, IMO 9804801, 2020. Retrived 29 April 

2022 from https://www.vesselfinder.com/vessels/ 

SCARLET-LADY-IMO-9804801-MMSI-311000807. 

13. Morozyuk, L., Sokolovska-Yefymenko, V., 

Gayduk, S., Moshkatiuk, A. (2018) Entropy­based 

methods applied to the evaluation of a real refrigera-

tion machine. Eastern-European Journal of Enterprise 

Technologies 6, 49-56. https://doi.org/10.15587/1729- 

4061.2018.147710. 

14. Balmer, R. (2011) Modern engineering thermo-

dynamics. Elsevier Inc, 827. 
 

Received  01 May 2022 

Approved  16 May 2022 

Available in Internet 30 June 2022

 

Термодинамічний аналіз циклу дійсної суднової холодильної 

установки круїзного лайнера «Scarlet Lady» 
 

Л.І. Морозюк
1
, В.В. Соколовська-Єфименко

2, В.О. Єрін
3
, О.О. Єфименко

4
, А.В. Мошкатюк

5
 

1,2,4,5
Одеський національний технологічний університет, вул. Канатна, 112, Одеса, 65039, Україна; 

3
Технологічний університет Нінбо, 1 Qian Hu South Road, Нінбо, 315100, Китай  

 e-mail: 
2
kli24062006@gmail.com 

ORCID: 
1
http://orcid.org/0000-0003-4133-1984; 

2
https://orcid.org/0000-0002-7275-5061; 

             
3
http://orcid.org/0000-0001-7941-9725 

 

У статті наведено енергетичний аналіз холодильної установки як елемента системи машинного 

обладнання круїзного лайнера «Scalet Lady», який є одним із найскладніших типів морських суден з 

енергетичної точки зору, що пов’язане з великою різноманітністю споживачів енергії. У дослі-

дженні використовуються два методи термодинамічного аналізу реальних циклів: метод циклів 

та ентропійно-статистичний метод. Для аналізу використані експериментальні дані режимів 

роботи суднової холодильної установки. За результатами обробки експериментальних даних 

сформовано термодинамічний цикл і, виконано енергетичний розрахунок циклу з використанням 

класичних методів для двоступеневих холодильних машин. Для оцінки незворотних втрат у бор-

товій холодильній установці у відриві від усієї енергетичної системи судна використані ентро-

пійні методи термодинамічного аналізу. За допомогою циклової моделі визначено зовнішні незво-

ротності шляхом послідовного зменшення енергетичної ефективності ідеального циклу. Ідеаль-

ним зразком обраний цикл Лоренца, що враховує змінні температури підведення та відведення 

тепла при теплообміні «джерело тепла – фазові перетворення холодоагенту R407f». Поряд з оцін-

кою ефективності отримано розподіл втрат за елементами холодильної установки, визначено 

енергетично слабкі місця, що потребують удосконалення, намічені найефективніші шляхи змен-

шення енерговитрат. Аналітичні висновки мають графічну інтерпретацію оцінки термодинаміч-

ної ефективності циклу дійсної холодильної установки. Встановлено, що у розглянутому дійсному 

циклі суднової холодильної установки найбільший вплив на енергетичну ефективність мають зов-

нішні незворотності в конденсаторі, зокрема, у зоні зняття перегріву (25,64% від загального енер-

госпоживання установки). Впливу незворотності на роботу компресора не зафіксовано. 

Ключові слова: Дійсна холодильна система; Метод циклів; Ентропійно-статистичний метод; 

Енергоефективність 

 

Література 

 

1. Annex VI of MARPOL 73/78-Regulations for the 

Prevention of Air Pollution from Ships. URL: https:// 

www.maritimenz.govt.nz/rules/MARPOL-Annex- 

VI/default.asp (дата звернення: 29.04.2022). 

2. European Commission. EU legislations to control 

fluorinated greenhouse gases (F-gases). 2015. URL: 

https://ec.europa.eu/clima/eu-action/fluorinated-green-

house-gases/eu-legislation-control-f-gases_en (дата  

http://orcid.org/0000-0001-7500-336X
http://orcid.org/0000-0001-7500-336X
https://orcid.org/0000-0002-7275-5061


Холодильна техніка та технологія,  58 (2),  2022 
_______________________________________________________________________________________________________________ 

 

91 

звернення: 29.04.2022). 

3. Linde Gases Division. R407F – Genetron® Per-

formax™ LT. Lower Global Warming Potential re-

placement for R404A. URL: https://www.linde-

gas.se/en/images/Refrigerants_Brochure_R407F_EN_

tcm581-175823.pdf (дата звернення: 29.04.2022). 

4. Yan L., Li, J., Zhang D., Liu C. The Modeling 

and Simulation of Marine Air-condition // Procedia 

Engineering. – 2011. – Vol. 12. – P.141-148. 

https://doi.org/10.1016/j.proeng.2011.05.023 

5. Başhan V., Parlak A. Economic Analysis of A 

Ship Refrigeration System in case of Variable Sea 

Water Temperature Conditions // Journal of ETA 

Maritime Science. – 2015. – Vol. 3. – P.67-74. 

https://doi.org/10.5505/ jems.2015.29392. 

6. Başhan V., Parlak A. Exergy Analysis of the Re-

frigerating System of a Ship Operating in Variable 

Sea Water Temperature Conditions // Journal of ETA 

Maritime Science. – 2016. – Vol. 4. – P.149-155. 

https://doi.org/10. 5505/jems.2016.55264. 

7. Ovcharenko I., Yenivatov, V. Vyngra A. Analy-

sis of methods to increase the efficiency of ship re-

frigeration plants // MATEC Web Conf. 239. – 2018. 

https://doi.org/10.1051/matecconf/201823904017. 

8. Pigani L., Boscolo M., Pagan N. Marine refrigera-

tion plants for passenger ships: Low-GWP refrigerants 

and strategies to reduce environmental impact // Inter-

national Journal of Refrigeration. – 2016. – Vol. 64. –

P.80-92. https://doi.org/10.1016/j.ijrefrig.2016.01.016 

9. Başhan V., Kökkülünk G. Exergoeconomic and 

air emission analyses for marine refrigeration with was-

te heat recovery system: a case study // Journal of Mari-

ne Engineering & Technology. – 2020. – Vol. 19. – P.147- 

160.https://doi.org/10.1080/20464177.2019. 1656324. 

10. Memet F. Exergy and energy analysis of a vapour 

compression refrigeration system for the investigation 

of a new refrigerant to be used on board the ships // 

IOP Conference Series: Materials Science and Engi-

neering. – 2021. – Vol. 1182. – P.012046. https:// 

doi.org/10. 1088/1757-899X/1182/1/012046. 

11. Гохштейн Д.П. Сучасні методи термоди­

намічного аналізу електростанцій. – М.: Енергія, 

1969. – 368 с. 

12. VesselFinder. SCARLET LADY, Passenger (Cruise) 

Ship, IMO 9804801, 2020. URL: https://www.ves-

selfinder.com/vessels/SCARLET-LADY-IMO-9804801- 

MMSI-311000807 (дата звернення: 29.04.2022). 

13. Morozyuk L., Sokolovska-Yefymenko V., 

Gayduk S., Moshkatiuk A. (2018) Entropy­based 

methods applied to the evaluation of a real refrigera-

tion machine // Eastern-European Journal of Enter-

prise Technologies – 2018. – Vol. 6. – P. 49-56. 

https://doi.org/10.15587/1729- 4061.2018.147710. 

14. Balmer R. Modern engineering thermodynamics. 

– Elsevier Inc, 2011. – 827 p. 
 

Отримана в редакції 01.05.2022, прийнята до друку 16.05.2022 


