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Abstract: In this study, a boil-off gas reliquefaction system that is a part of liquid ethylene gas (LEG)
carriers is evaluated. The reliquefaction system is formed by two thermally interconnected two-stage
refrigeration cycles. The working fluid of the bottoming cycle is ethylene; the working fluid of
the topping cycle is propylene. The research is based on determining the irreversibilities in the
reliquefaction system cycles using the entropy-cycle method of thermodynamic analysis. The impact
of the process performance in the main components on the reliquefaction system energy efficiency has
been evaluated by the entropy-cycle method. The greatest thermodynamic irreversibility is observed
in the two-stage compression process of the bottoming cycle (9%), total throttling irreversibility in
the reliquefaction system (8.5%), and vapor superheating at the suction into the low stage of the
two-stage compressor of the bottoming cycle (8%). The results of the study showed that it is necessary
to improve the design of expansion devices using the replacement of throttle devices with ejectors
when designing cascade ethylene reliquefaction plants. In addition, when operating such systems
much attention should be paid to the condition of the insulation of cargo pipelines and the parameters
of the cooling system of the cargo compressor.

Keywords: reliquefaction system; ethylene; thermodynamic analysis; entropy-cycle method; irre-
versibility

1. Introduction

Ethylene is one of the main products of the petrochemical industry. Liquefied ethy-
lene’s large sea transportations are carried out by specialized gas carriers (LEG carriers).
Shipping by sea is a segment of the ethylene economy. The specialization of vessels is
related to the cargo containment system and is determined by the physical properties
of ethylene (normal boiling temperature is −104 ◦C). A part of the transported ethylene
(0.08–0.3% per day) evaporates, which leads to an increase in pressure and temperature
in cargo tanks. To maintain constant pressure in the tanks, the boil-off gas (BOG) should
be removed, condensated, and returned to the cargo tanks. A reliquefaction system is
used for these purposes. The reliquefaction system is based on a low-temperature cascade
refrigeration machine. The energy efficiency of vessel reliquefaction systems must comply
with Energy Efficiency Design Index (EEDI) and Ship Energy Efficiency Management Plan
(SEEMP) standards [1]. It is possible to increase the energy efficiency of the reliquefaction
system by increasing productivity and reducing energy consumption.

There are studies dedicated to the LEG reliquefaction systems. Saputra and Supra-
mono [2] evaluated an LPG vessel reliquefaction system with a capacity of 20 tons per day.
The vessel carries both liquefied pressurized gases (propane and butane) and cryogenic
liquids (ethylene, ethane, and methane). For the reliquefaction system, a cascade refrigera-
tion machine is used. The thermodynamic analysis of the reliquefaction system has been
conducted using the exergy analysis. Berlinck et al. [3] carried out a numerical simulation
of the reliquefaction system.
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Good agreement has been obtained between the assumed thermodynamic parameters
and the experimental data. Chien and Shih [4] proposed a project for optimizing reliq-
uefaction processes in the ethylene cargo containment systems. As a result of the exergy
analysis, the operating conditions have been determined, in which the energy consumption
is decreased by 16.2%. At the same time, the volumetric flow rates of refrigerant and boil-off
gas are significantly reduced. The optimization of the real cycle for LEG by the exergy
method was carried out by Li et al. [5]. The analysis showed an increase in the exergy
efficiency of BOG liquefaction by 19% and a decrease in refrigerant flow rate by 45% per
hour. Nanowski [6] described the ethylene cycle of a reliquefaction system using a Mollier
diagram. The performance of a system with many refrigerants has been analyzed using
experimental data. Tan et al. [7] proposed options for improving the energy efficiency of an
ethylene reliquefaction system by using an ejector as an expansion device within a cascade
refrigeration machine. The author of this study claims that the installation of an ejector
reduces energy consumption by 15.7–27.9 kW compared to conventional expansion devices.
In the studies of Tan et al. [8,9], three modified cycles of the ethylene reliquefaction system
have been evaluated. The cycle parameters have been optimized to minimize the energy
consumption of the entire system. The results showed that compressors and expansion
devices observed the largest exergy losses. The authors provide background information
on the selection of reliquefaction processes for LEG vessels.

Beladjine et al. presented a thermodynamic analysis of a cascade ethylene reliquefac-
tion system [10]. This study considers various hydrocarbon refrigerants for application in
the topping stage of the cascade. The conclusion is made about the expediency of using
the refrigerant R600a. It is established that increasing the temperature of the tank leads to
increasing the performance of the system. An overview of current maintenance programs
and approaches to reducing the downtime of the main components of the reliquefaction
plant has been carried out by Vorkapić et al. [11]. The importance of modern methods
used in the practice of shipping is explained by the example of a modern reliquefaction
system. The paper shows that ship companies adhere to conservative approaches (calendar
maintenance), although modern systems require constant monitoring and prevention of
equipment downtime. Wieczorek and Giernalczyk studied the problems encountered
during loading and unloading operations when transporting ethylene by gas tankers [12].
The authors state that the most problematic operation in carrying out loading and unload-
ing operations is the operation of gassing since it is associated with significant losses of
ethylene. These losses lead in turn to large financial losses.

A literature review showed that very few works addressed the study of LEG liquefac-
tion systems. The exergy analysis was intensively applied to evaluate the efficiency and
optimize the thermodynamic cycle of the BOG reliquefaction system. The exergy method
in the modern sense includes exergoeconomics; i.e., the analysis should include a lot of
real cost indicators, which are very poorly suited to unification and make thermodynamic
calculations time-consuming. It follows that the use of exergy analysis is appropriate for
assessing the entire vessel energy system.

The purpose of the presented study is a thermodynamic analysis of the ethylene
reliquefaction system cycle. To assess irreversible losses in the reliquefaction plant, in
isolation from the power systems of the vessel, Morosuk et al. proposed using the entropy-
cycle method of thermodynamic analysis [13]. The entropy-cycle method is a new direction
in the development of graph-analytical methods for analyzing components of energy
conversion systems [14–16]. Compared to exergy analysis; this method is less engineering.
However, it provides information that can increase the creativity of the scientists to propose
the option for the structural improvement of the reliquefaction system. In addition, the
entropy-cycle method contains a visualization component for rapid assessment of the
nature of the process. Both methods have the same theoretical basis, which is based on the
Gouy–Stodola theorem, and show the same results.
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2. LEG Reliquefaction System

For the numerical analysis, the data obtained for the vessel LEG reliquefaction sys-
tem of the “ANTIKITIRA” tanker [17] have been used. This tanker belongs to the semi-
refrigerated gas carriers. The tank design is an independent tank of type “C” [18]. To keep
the pressure in the tank of the cargo close to the defined values, the vessel is equipped with
a reliquefaction system. The flow diagram of the cascade direct reliquefaction system is
shown in Figure 1. The reliquefaction system consists of two thermally interconnected two-
stage refrigeration machines. The working fluids are ethylene (R1150) for the bottoming
stage and propylene (R1270) for the topping stage.
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Figure 1. Flow diagram of the reliquefication system.

The bottoming stage of the cascade operates on a two-stage compression cycle with
partial intercooling and parallel throttling. This refrigeration system includes a two-stage
reciprocating crosshead compressor 2K140 by Burckhardt Compression [19], an intermedi-
ate vessel with a coil, an LPG condenser, a shell-and-tube condenser–evaporator, a receiver,
shut-off, and control valves. The topping stage of the cascade operates on a two-stage
compression cycle with incomplete intercooling and an economizer. This refrigeration
system includes a two-stage oil-flooded screw compressor SS102944 by MYCOM [20] with
a corresponding oil cooling system, a brazed-plate condenser, an economizer, shut-off,
and control valves. Condenser–evaporator with intratubal evaporation of propylene is a
common heat exchanger for both cascades.
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The parameters and characteristics of the cycles obtained in real operating conditions
when monitoring cargo operations were used for the thermodynamic analysis of the
reliquefaction system (Figures 2 and 3). Based on these data, a thermodynamic cycle of
the reliquefaction system (Figure 4) has been simulated (Table 1), and the mass flow rate
definition and energy evaluation have been performed (Equations (1)–(7) and Table 2) [21].
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Table 1. Initial data.

Parameter Value

The temperature of BOG (ethylene) in the tank Te, ◦C −38
Condensing pressure in the condenser-evaporator pR

c−e, bar 16
Intermediate pressure in cargo compressor pE

int, bar 4.45
Intermediate pressure in screw compressor pR

int, bar 4.41
Theoretical volumetric capacities of the cargo compressor low stage VLS

h , m3·h−1 609 *
Theoretical volumetric capacities of the cargo compressor high stage VHS

h , m3·h−1 273 *
* Following the vessel’s instructions.

Table 2. System simulation results.

Parameter Value

Refrigeration capacity
.

Qe, kW 92.5

The mass flow rate of the refrigerant in the cargo low-stage compressor
.

mLS
e , kg·s−1 0.240

The mass flow rate of the refrigerant in the coil
.

mR
e , kg·s−1 0.056

The mass flow rate of the refrigerant in the cargo high-stage compressor
.

mHS
e , kg·s−1 3.550

The mass flow rate of the refrigerant in the low-stage screw compressor
.

mLS
r , kg·s−1 0.400

The mass flow rate of the refrigerant in the high-stage screw compressor
.

mHS
r , kg·s−1 0.562

The mass flow rate of the refrigerant through the expansion valve in the topping stage
of the cascade

.
mEV

r , kg·s−1 0.162

Cargo compressor power consumption
.

W
CAR
c , kW 115.17

Screw compressor power consumption
.

W
SCR
c , kW 80.92

Total compressor power consumption ∑
.

Wc, kW 196.09
Coefficient of performance COPact 0.47

The basic equations are written as follows.
The mass flow rate of the refrigerant in the cargo low-stage compressor is:

.
mLS

e =

.
Qe

h0E − h9E
. (1)

The mass flow rate of the refrigerant in the coil is:

.
mR

e =

.
mLS

e ·(h6E − h8E)

h7E′′ − h7E′
. (2)
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The mass flow rate of the refrigerant in the cargo high-stage compressor is:

.
mHS

e =

.
mLS

e ·(1− x7E) +
.

mR
e

1− x7E
. (3)

The mass flow rate of the refrigerant in the low-stage screw compressor is:

.
mLS

r =

.
mHS

e ·(h5E − h6E)

h0R − h8R
. (4)

The mass flow rate of the refrigerant through the expansion valve in the topping stage
of the cascade is:

.
mEV

r =

.
mLS

r ·(h5R − h7R)

h6R′′ − h6R
. (5)

The mass flow rate of the refrigerant in the high-stage screw compressor is:

.
mHS

r =
.

mLS
r +

.
mEV

r . (6)

The actual coefficient of performance (COP) is calculated by Equation (7):

COPact =

.
Qe

∑
.

Wc
. (7)

3. Analysis by the Entropy-Cycle Method

The cycle of the presented cascade reliquefication system with two-stage refrigeration
machines in both stages of the cascades is a group of sequentially connected cycles. The
cumulative effect of these cycles is equivalent to the effect of a single-stage cycle in the
temperature range TE

c and TR
c [21]. The ideal cycle of such a cascade reliquefication

system can be represented based on a group of intersecting isotherms and adiabats in
the p-v coordinate system (Figure 5): Carnot cycle 1, Carnot cycle 2, Carnot cycle 3, and
Carnot cycle 4.
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The COP values can be written as:

1
COPCar

= 1− T4

T5
= 1−

.
Q4
.

Q5

. (8)

For all other cycles, Equation (7) can be conversed as follows:

T4

T5
=

.
Q4
.

Q5

;
T3

T4
=

.
Q3
.

Q4

;
T2

T3
=

.
Q2
.

Q3

;
T1

T2
=

.
Q1
.

Q2

. (9)

In Equation (9), the subscripts indicate the correspondence between the amount of
heat that a particular source receives or rejects. At the same time, the sequence is preserved:

T1 < T2 < T3 < T4 < T5 . (10)

After conversion Equation (10) can be written as:

T5 : T4 : T3 : T2 : T1 =
.

Q1 :
.

Q2 :
.

Q3 :
.

Q4 :
.

Q5 ⇒
5

∑
i=1

.
Qi
Ti

= 0 . (11)

It follows from Equation (10) that for a sequential set of all four Carnot cycles, the
cumulative effect is equivalent to the effect of the cycle operating in a range of temperatures
T1 and T5. It should be noted that the reduced heat

.
Qi/Ti of any cycle does not take into

account either the working fluid or its mass flow rate, but only the total amount of heat
supplied and rejected is taken into account.

Based on the above, the use of the entropy-cycle method of thermodynamic analysis
based on the well-known Gouy–Stodola (or so-called “lost work”) theorem for analyzing
the effectiveness of cascade multistage cycles is beyond doubt. Meanwhile, a detailed
description of such an analysis is not given anywhere.

The entropy-cycle method consists in calculating a component-by-component analysis
of changes (increment) in the entropy of all objects (internal and external) involved in the
process of its functioning and calculating the total change in the entropy of the system
as a whole [13,21]. When forming an actual cycle, it is customary to distinguish between
two types of irreversibility: external irreversibility and internal irreversibility. This kind of
irreversibility classification establishes the sources of energy irreversibilities in the system
component and indicates ways to eliminate them.

The complexity of the analysis of the actual cycle is associated with the presence of
specific working fluids in the stages of the cascade and the change in their mass flow rates.
For thermodynamic analysis of the cascade refrigeration cycle, this cycle is divided into
components: component 1 is the low mechanical compression stage of the bottoming stage
of the cascade; component 2 is the high mechanical compression stage of the bottoming
stage of the cascade; component 3 is the low mechanical compression stage of the topping
stage of the cascade; component 4 is the high mechanical compression stage of the topping
stage of cascade. All characteristics of the individual components are presented relative to
1 kg of the mass flow rate of the refrigerant of component 1 (

.
mLS

e = 1 kg·s−1). Following
the above, the relative mass flow rates of working fluids in the stages of the cascade can be
represented as follows.

The relative mass flow rate of the refrigerant in the cargo high-stage compressor is:

g1 =

.
mHS

e
.

mLS
e

. (12)
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The relative mass flow rate of the refrigerant in the low-stage screw compressor is:

g2 =

.
mLS

r
.

mHS
e

. (13)

The relative mass flow rate of the refrigerant in the high-stage screw compressor is:

g3 =

.
mHS

r
.

mLS
r

. (14)

The coefficient of performance of the cycle with adiabatic processes is calculated
by Equation (15):

COPa =
h0E − h9E

(h4R − h5R)·g1·g2·g3 − (h0E − h9E)
. (15)

The analysis is carried out at an initially assumed constant temperature: evaporating
temperature Te, ambient temperature Tamb, the condensing temperature in the bottoming
stage TE

c , the condensing temperature in the topping stage TR
c , the temperature in the

condenser-evaporator Tc−e, and temperature difference in the heat exchangers of the com-
ponents ∆T. The corresponding Carnot cycle can be used as a cycle model for the studied
components with the processes of heat supply and rejection during phase transformations
of single-component fluids (Figure 6).
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Figure 6. Cycle model of the cascade refrigeration system in the T–s diagram.

The temperature range of the Carnot cycle for component 1 is from Te to TE
int, for

component 2 is from TE
int to Tc−e, for component 3 is from Tc−e to TR

int, and for component
4 is from TR

int to Tamb. According to the working fluids, the cycle models are presented as
Carnot 1 and Carnot 2 for bottoming stage of the cascade as well as Carnot 3 and Carnot
4 for the topping stage of the cascade. The areas of the corresponding Carnot cycles are
equivalent to the works of the cycles. Based on the theoretical studies of Morosuk et al., [13]
should be calculated starting from component 2, taking into account the changed mass
flow rates of working fluids in the stages. In a graphic representation, this corresponds to
an increase in the area along the x-axis (entropy s).

The analysis has been carried out graphically way using the T–s diagram (Figures 7 and 8).
The cycles are compared by step-by-step replacement of growing total irreversibilities by
changing the width of the corresponding Carnot cycle. The actual cycle of the bottoming
stage of the cascade is represented by the contour 0E1E2E3E4E5E6E7E8E9E (Figure 7). The
image of the cycles takes into account external irreversibility in the processes of heat
rejection and supply as well as internal irreversibility of the compression processes in LS(E)
and HS(E) compressors and throttling in EV1(E) and EV2(E) in expansion valves. The
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corresponding Carnot cycle 1 is constructed with the equality of useful effects of the Carnot
cycle, and the actual cycle is:

Area d0E9Eb→ qe = h0E − h9E = Tamb·(s0E − s9E). (16)

Energies 2023, 15, x FOR PEER REVIEW 9 of 14 
 

 

Carnot cycle 2 is built on the temperatures 𝑇𝑐
𝐸 and 𝑇𝑐−𝑒 between the stages and rep-

resented by the area n7n4m5m6. Considering the change in the flow rate of the working 

fluid 𝑔 , Carnot cycle 2 along the x-axis (entropy s) is increased on the right—area 

m3m4m5m6. 

The calculation model on the example of the bottoming stage of the cascade refriger-

ation cycle is represented by Equations (17)–(29). The geometric interpretation of the pa-

rameters obtained in these equations is represented by figures having the appropriate area 

and described by letters in Figure 7. 

 

Figure 7. Determination of irreversibilities in the bottoming stage of the cascade ethylene relique-

faction system. 

The specific work of compression in the LS(E) compressor of the actual cycle is: 

𝑤𝐿𝑆(𝐸) = ℎ2𝐸 − ℎ1𝐸 . (17) 

The specific work in the corresponding Carnot cycle 1 is: 

𝑤𝐶𝑎𝑟
𝐿𝑆(𝐸)

= (ℎ𝑚1
− ℎ0𝐸) − (ℎ𝑚2

− ℎ9𝐸) ⇔ 𝐴𝑟𝑒𝑎 0Е𝑚1𝑚29𝐸 . (18) 

The difference of specific works from Equations (17) and (18) is: 

𝑤cycle
𝐿𝑆(𝐸)

= 𝑤𝐿𝑆(𝐸) − 𝑤𝐶𝑎𝑟
𝐿𝑆(𝐸)

. (19) 

The irreversibility in the LS(E) compressor is: 

𝐼𝑐𝑜𝑚𝑝
𝐿𝑆(𝐸)

= 𝑇𝑐
𝐸 ⋅ (𝑠р − 𝑠е) = 𝑇𝑎𝑚𝑏 ⋅ Δ𝑠𝑐𝑜𝑚𝑝

𝐿𝑆(𝐸)
⇔ 𝐴𝑟𝑒𝑎 𝑝𝑛3𝑛2𝑒. (20) 

The irreversibility due to vapor superheating inlet the LS(E) compressor is: 

𝐼𝑠ℎ
𝐿𝑆(𝐸)

= 𝑇𝑐
𝐸 ⋅ (𝑠е − 𝑠𝑑) = 𝑇𝑎𝑚𝑏 ⋅ Δ𝑠𝑠ℎ

𝐿𝑆(𝐸)
⇔ 𝐴𝑟𝑒𝑎 𝑒𝑛2𝑚1𝑑. (21) 

The irreversibility in the expansion valve EV2(E) is: 

𝐼𝐸𝑉2
𝐿𝑆(𝐸)

= 𝑇𝑐
𝐸 ⋅ (𝑠𝑏 − 𝑠а) = 𝑇𝑎𝑚𝑏 ⋅ Δ𝑠𝐸𝑉2

𝐿𝑆(𝐸)
⇔ 𝐴𝑟𝑒𝑎 𝑎𝑏9𝐸𝑚2𝑛1. (22) 

The specific work of compression in the HS(E) compressor of the actual cycle is: 

𝑤𝐻𝑆(𝐸) = (ℎ4𝐸 − ℎ3𝐸) ∙ 𝑔. (23) 

The specific work in the corresponding Carnot cycle 2 is: 

𝑤𝐶𝑎𝑟
𝐻𝑆(𝐸)

= [(ℎ𝑛4
− ℎ𝑛7

) − (ℎ𝑚5
− ℎ𝑚6

)] ∙ 𝑔 ⇔ 𝐴𝑟𝑒𝑎 𝑚3𝑚4𝑚5𝑚6. (24) 

The difference of specific works from Equations (23) and (24) is: 

Figure 7. Determination of irreversibilities in the bottoming stage of the cascade ethylene reliquefaction
system.

Energies 2023, 15, x FOR PEER REVIEW 11 of 14 
 

 

 

Figure 8. Determination of irreversibilities in the topping stage of the cascade ethylene reliquefac-

tion system. 

Table 4. The analysis of the topping stage of the cascade system. 

Parameter Value 

The difference between specific works 𝑤cycle
𝐿𝑆(𝑅)

, kJ·kg−1 34.31 

The irreversibility in the expansion valve EV2(R) 𝐼𝐸𝑉2
𝐿𝑆(𝑅)

, kJ·kg−1 10.81 

The irreversibility due to vapor superheating inlet of the LS(R) compressor 

𝐼𝑠ℎ
𝐿𝑆(𝑅)

, kJ·kg−1 
27.06 

The difference between specific works 𝑤cycle
𝐻𝑆(𝑅)

, kJ·kg−1 65.58 

The irreversibility in the expansion valve EV1(R) 𝐼𝐸𝑉1
𝐻𝑆(𝑅)

, kJ·kg−1 30.88 

The irreversibility in the condenser-evaporator 𝐼𝑐−𝑒
𝐻𝑆(𝑅)

, kJ·kg−1 18.16 

The irreversibility in the condenser 𝐼𝑐
𝐻𝑆(𝑅)

, kJ·kg−1 43.60 

Note: The specific values of kJ kg−1 are related to 1 kg of refrigerant (propylene). 

Provided that the beneficial effects are equal in the actual cycle (Figure 4) and the 

Carnot cycle, the effectiveness can be defined as: 

𝜂 =
𝑤𝐶𝑎𝑟,𝑇𝑂𝑇

𝑤𝑇𝑂𝑇
, (32) 

where 𝑤𝐶𝑎𝑟,𝑇𝑂𝑇 and 𝑤𝑇𝑂𝑇 are the total specific work of the corresponding Carnot cycles 

and actual cycle for the cascade refrigeration system, respectively: 

𝑤𝐶𝑎𝑟,𝑇𝑂𝑇 = 𝑤𝐶𝑎𝑟

𝐿𝑆(𝐸)
+ 𝑤𝐶𝑎𝑟

𝐻𝑆(𝐸)
+ 𝑤𝐶𝑎𝑟

𝐿𝑆(𝑅)
+ 𝑤𝐶𝑎𝑟

𝐻𝑆(𝑅)
, (33) 

𝑤𝑇𝑂𝑇 = 𝑤𝐿𝑆(𝐸) + 𝑤𝐻𝑆(𝐸) + 𝑤𝐿𝑆(𝑅) + 𝑤𝐻𝑆(𝑅). (34) 

A graphical interpretation of the results of the thermodynamic performance assess-

ment according to calculations is shown in Figure 9. Here, 57% is associated with the spe-

cific work of the corresponding Carnot cycles for the cascade refrigeration machine. The 

analysis shows that in the evaluated actual cycle of the cascade refrigeration machine, the 

greatest impact on energy efficiency (i.e., decreasing the irreversibility) is associated with 

the two-stage compressor of the bottoming stage of the cascade 𝐼𝑐𝑜𝑚𝑝
𝐸  (9%), expansion 

devices 𝐼𝐸𝑉.𝑇𝑂𝑇 (8.5%), and the process of superheating of the vapor at the suction in a 

cargo compressor 𝐼𝑠ℎ
𝐿𝑆(𝑅)

 (8%). 

As follows from the results obtained, when designing cascade ethylene reliquefaction 

systems, first of all, it is necessary to focus on reducing irreversibility in the cargo com-

pressor by diagnosing the cooling system and ensuring its efficient operation. The current 

Figure 8. Determination of irreversibilities in the topping stage of the cascade ethylene reliquefaction
system.

The Carnot cycle1 is represented by the area 0Em1m29E. To construct the corresponding
Carnot cycle 2, it is used the ratio of mass flow rates for the high and low stages of the
bottoming stage of the cascade g1 (Equation (12)).

Carnot cycle 2 is built on the temperatures TE
c and Tc−e between the stages and

represented by the area n7n4m5m6. Considering the change in the flow rate of the working
fluid g, Carnot cycle 2 along the x-axis (entropy s) is increased on the right—area m3m4m5m6.

The calculation model on the example of the bottoming stage of the cascade refrig-
eration cycle is represented by Equations (17)–(29). The geometric interpretation of the
parameters obtained in these equations is represented by figures having the appropriate
area and described by letters in Figure 7.
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The specific work of compression in the LS(E) compressor of the actual cycle is:

wLS(E) = h2E − h1E . (17)

The specific work in the corresponding Carnot cycle 1 is:

wLS(E)
Car = (hm1 − h0E)− (hm2 − h9E)⇔ Area 0Em1m29E. (18)

The difference of specific works from Equations (17) and (18) is:

wLS(E)
cycle = wLS(E) − wLS(E)

Car . (19)

The irreversibility in the LS(E) compressor is:

ILS(E)
comp = TE

c ·
(
sp − se

)
= Tamb · ∆sLS(E)

comp ⇔ Area pn3n2e. (20)

The irreversibility due to vapor superheating inlet the LS(E) compressor is:

ILS(E)
sh = TE

c · (se − sd) = Tamb · ∆sLS(E)
sh ⇔ Area en2m1d. (21)

The irreversibility in the expansion valve EV2(E) is:

ILS(E)
EV2 = TE

c · (sb − sa) = Tamb · ∆sLS(E)
EV2 ⇔ Area ab9Em2n1. (22)

The specific work of compression in the HS(E) compressor of the actual cycle is:

wHS(E) = (h4E − h3E)·g. (23)

The specific work in the corresponding Carnot cycle 2 is:

WHS(E)
Car = [(hn4 − hn7)− (hm5 − hm6)]·g⇔ Area m3m4m5m6. (24)

The difference of specific works from Equations (23) and (24) is:

wHS(E)
cycle = wHS(E) − wHS(E)

Car . (25)

The irreversibility in the HS(E) compressor is:

IHS(E)
comp =

[
Tcc ·

(
sk − sy

)]
·g = Tamb · ∆sHS(E)

comp ⇔ Area kn5n4yg. (26)

The irreversibility in the expansion valve EV1(E) is:

IHS(E)
EV1 =

[
Tc−e ·

(
s f − sg

)]
·g = Tamb · ∆sHS(E)

EV1 ⇔ Area m4n7g f . (27)

The irreversibility in the LPG heat exchanger (see Figure 1) is:

IHS(E)
LPG = [(h4E − h5E)− Tc−e · (sk − sh)]·g = Tamb · ∆sHS(E)

LPG ⇔ Area kn5n6h. (28)

The irreversibility in the condenser-evaporator is:

IHS(E)
c−e =

[
(h5E − h6E)− Tc−e ·

(
sk − sg

)]
·g = Tamb · ∆sHS(E)

c−e ⇔ Area gm5n6h. (29)

The results of calculations of irreversibilities in individual processes of the bottoming
stage of the cascade are presented in Table 3. When calculating the system’s parameters,
the database REFPROP 10.0 software has been used to determine the properties of working
fluids [22].
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Table 3. The analysis of the bottoming stage of the cascade system.

Parameter Value

The difference between specific works from Equations (3) and (4) wLS(E)
cycle , kJ·kg−1 118.52

The irreversibility in the LS(E) compressor ILS(E)
comp , kJ·kg−1 52.42

The irreversibility due to vapor superheating inlet the LS(E) compressor ILS(E)
sh , kJ·kg−1 61.47

The irreversibility in the expansion valve EV2(E) ILS(E)
EV2 , kJ·kg−1 65.92

The difference between specific works from Equations (9) and (10), wHS(E)
cycle kJ·kg−1 17.04

The irreversibility in the HS(E) compressor IHS(E)
comp , kJ·kg−1 34.35

The irreversibility in the expansion valve EV1(E) IHS(E)
EV1 , kJ·kg−1 19.21

The irreversibility in the LPG heat exchanger IHS(E)
LPG , kJ·kg−1 10.97

The irreversibility in the condenser-evaporator IHS(E)
c−e , kJ·kg−1 32.34

Note: The specific values of kJ kg−1 are related to 1 kg of cargo (ethylene).

Analysis of the topping stage of cascade and graphical interpretation of the corre-
sponding cycles Carnot 3 and Carnot 4 is carried out similarly to the above but with the
condition of the influence of the working fluids flow rate over the stages of the topping
cycle of the cascade g2 and g2 (Equations (13) and (14)). The actual cycle is represented by
the contour 0R1R2R3R4R5R6R7R8R (Figure 8). The results of calculations of irreversibilities
in individual processes of the topping stage of the cascade are presented in Table 4.

Table 4. The analysis of the topping stage of the cascade system.

Parameter Value

The difference between specific works wLS(R)
cycle , kJ·kg−1 34.31

The irreversibility in the expansion valve EV2(R) ILS(R)
EV2 , kJ·kg−1 10.81

The irreversibility due to vapor superheating inlet of the LS(R) compressor ILS(R)
sh , kJ·kg−1 27.06

The difference between specific works wHS(R)
cycle , kJ·kg−1 65.58

The irreversibility in the expansion valve EV1(R) IHS(R)
EV1 , kJ·kg−1 30.88

The irreversibility in the condenser-evaporator IHS(R)
c−e , kJ·kg−1 18.16

The irreversibility in the condenser IHS(R)
c , kJ·kg−1 43.60

Note: The specific values of kJ kg−1 are related to 1 kg of refrigerant (propylene).

The effectiveness of a thermodynamic cycle is:

η =
COPa

COPCar
, (30)

where COPCar is the coefficient of performance of the Carnot cycle:

COPCar =
Te

Tamb − Te
. (31)

Provided that the beneficial effects are equal in the actual cycle (Figure 4) and the
Carnot cycle, the effectiveness can be defined as:

η =
wCar,TOT

wTOT
, (32)

where wCar, TOT and wTOT are the total specific work of the corresponding Carnot cycles
and actual cycle for the cascade refrigeration system, respectively:

wCar,TOT = wLS(E)
Car + wHS(E)

Car + wLS(R)
Car + wHS(R)

Car , (33)

wTOT = wLS(E) + wHS(E) + wLS(R) + wHS(R). (34)
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A graphical interpretation of the results of the thermodynamic performance assess-
ment according to calculations is shown in Figure 9. Here, 57% is associated with the
specific work of the corresponding Carnot cycles for the cascade refrigeration machine.
The analysis shows that in the evaluated actual cycle of the cascade refrigeration machine,
the greatest impact on energy efficiency (i.e., decreasing the irreversibility) is associated
with the two-stage compressor of the bottoming stage of the cascade IE

comp (9%), expansion
devices IEV.TOT (8.5%), and the process of superheating of the vapor at the suction in a
cargo compressor ILS(R)

sh (8%).
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As follows from the results obtained, when designing cascade ethylene reliquefaction
systems, first of all, it is necessary to focus on reducing irreversibility in the cargo com-
pressor by diagnosing the cooling system and ensuring its efficient operation. The current
irreversibility value in the cargo compressor seems to be related to improper operation of
the refrigeration system on a particular vessel. A noticeable increase in efficiency can be
obtained by reducing irreversibility in expansion devices (because the expansion device
cannot be improved itself). In particular, Tan et al. propose to use of ejectors as expansion
devices, which leads to an increase in the COP of the system by 5.3% [7]. In addition, when
designing cascade ethylene reliquefaction systems, much attention should be paid to the
insulating design of cargo pipelines.

4. Conclusions

In this study, the entropy-cycle method of thermodynamic analysis has been applied
to assess the energy efficiency of complex multi-stage cascade refrigeration cycles, since
this method has great visual possibilities and associated creativity to develop the options
for structurally improving the systems.

Based on the results of the analysis obtained by the entropy-cycle method, the impact
of all the main components on the energy efficiency of the ethylene reliquefaction system
was evaluated. The following processes have the highest thermodynamic irreversibility:
compression in a two-stage compressor of the bottoming stage IE

comp (9%), the total process
of throttling in the reliquefaction system IEV.TOT (8.5%), and the process of superheating of
the vapor at the suction in a cargo compressor ILS(R)

sh (8%).
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Thus, when designing cascade ethylene reliquefaction systems, first of all, much
attention should be paid to reducing irreversibility in the cargo compressor by diagnosing
the cooling system and ensuring its efficient operation, using ejectors as expansion devices,
and improving the insulating design of cargo pipelines.

Author Contributions: Conceptualization, L.M. and V.S.-Y.; methodology, L.M. and V.S.-Y.; valida-
tion, O.Y. and V.I.; formal analysis, V.I. and L.M.; investigation, O.Y. and L.M.; resources, V.S.-Y.; data
curation, L.M.; writing—original draft preparation, L.M. and V.S.-Y.; writing—review and editing, V.I.
and O.Y.; visualization, V.I.; supervision, O.Y.; project administration, V.I. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

g relative mass flow rates
h specific enthalpy, kJ·kg−1

I irreversibility, kJ·kg−1
.

m mass flow rate, kg·s−1

p pressure, bar
.

Qe refrigeration capacity, kW
s specific entropy, kJ·kg−1·K
T temperature, ◦C
Vh theoretical volumetric capacities of the compressor, m3·h−1

w specific work, kJ·kg−1
.

Wc compressor power consumption, kW
x liquid quality, kg·kg−1

COP coefficient of performance
Acronyms
BOG boil-off gas
EEDI Energy efficiency design index
LEG liquefied ethylene gas
LPG liquefied petroleum gas
SEEMP Ship energy efficiency management plan
Greek symbols
∆ difference
Subscripts
c condenser
Car Carnot
c-e condenser-evaporator
e evaporator
EV expansion valve
int intermediate
r refrigerant
TOT total
1, 2 . . . 9 state of cycle
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Superscripts
‘ saturated liquid
” saturated vapor
CAR cargo compressor
E ethylene
HS high stage
LS low stage
RH high boiling component
R refrigerant
SCR screw compressor
RL low boiling component
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