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Abstract: 

This paper presents a thermodynamic analysis of a CO2 boil-off gas (BOG) reliquefaction plant installed on 
board an LCO2 carrier, based on sea trial data. The study addresses the emerging field of marine CO2 
transportation, where the number of dedicated vessels remains limited and validated assessments of 
shipboard system performance are still scarce. Unlike existing studies that rely mainly on steady-state 
simulations and parametric optimization, this work, for the first time, uncovers the actual structure of 
thermodynamic irreversibilities under real operating conditions. The analysis is performed using combined 
energy and exergy models developed from measured process data. The results show that plant efficiency is 
constrained by localized sources of exergy destruction, despite the high exergy efficiency of most system 
components, including compressors and key elements of the refrigeration cycle. The dominant source of 
irreversibility is the throttling of CO2 upstream of the cargo compressor, which exhibits the highest exergy 
destruction ratio in the system (app. 21%). This irreversibility is unavoidable and results from the operating 
constraints imposed by the multi-gas ship design: the suction pressure of the cargo compressor must be 
reduced to an acceptable level while preventing CO2 from approaching the triple-point region. A second 
major source of irreversibility is the heat transfer in the condenser–evaporator. To enhance system 
performance, it is essential to implement engineering solutions that minimize irreversibilities in pressure 
control and optimize thermodynamic matching in heat exchangers, while ensuring operational reliability. 
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1. Introduction 

The development of technologies for carbon dioxide capture and geological storage (CCS) drives the need 
for effective solutions to transport carbon dioxide (CO2) from emission sources to disposal or injection sites. 
In areas with limited pipeline infrastructure, sea transportation is viewed as a flexible and cost-effective 
alternative for certain distances and transport scales [1,2]. At the same time, CO2 shipping is part of an 
integrated CCS chain that encompasses liquefaction, storage, transportation, and preparation of CO2 for 
storage or injection conditions [2,3]. In recent years, there has been a shift from theoretical solutions to 
practical applications. Notably, the first specialized ships have been commissioned as part of the Northern 
Lights project, alongside the development of a new generation of large-capacity LCO2 carriers [4-6]. This 
marks the commencement of the operational verification stage for technologies and the development of a 
new maritime transport segment. Shipboard cargo handling systems are essential for maintaining 
transportation stability, regulating the CO2 state within permissible thermodynamic ranges, and controlling 
the liquid-vapour phase. At the same time, the regulatory framework is largely based on the requirements of 
the IGC Code, while specialized provisions for the transportation of CO2 are still in the early stages of 
development within the IMO [7,8]. The permissible temperature and pressure ranges for CO2 transportation 
are significantly limited due to the proximity of operating conditions to the triple point [3]. According to [9], two 
pressure levels of about 7 barg and 15 barg are considered the main ones for marine transportation of CO2, 
which correspond to different temperature levels and storage system requirements. A compromise among 
the liquid CO2 density, the tank design, and the total energy and economic costs determines the choice of 
mode. Even with effective thermal insulation, heat transfer inevitably leads to the formation of a vapour 



phase (boil-off gas, BOG) and an increase in tank pressure [10]. In the case of CO2, the formation of BOG is 
directly related to the system exiting the permissible phase range, which requires mandatory treatment of the 
vapour-gas phase and its return to the liquid state. Thus, reliquefaction systems are integral to ensuring the 
safe and sustainable operation of CO2 gas carriers. 

Current studies focus on the development and optimization of CO2-BOG reliquefaction systems. It has been 
shown that column-flow separation schemes achieve high CO2 recovery but are associated with increased 
energy intensity and equipment complexity. In contrast, systems with an external refrigeration circuit are 
better adapted to ship conditions [11]. The configuration choice is determined by the layout limitations, 
available power, and cooling medium parameters [10]. 

Exergy analysis of such systems shows that the main losses are concentrated in evaporators, throttling 
devices, and compressor stages, and that efficiency significantly depends on interstage pressures and heat-
exchange parameters [12]. Additional studies demonstrate that impurities affect condensation deterioration 
and increase energy costs [13,14]. At the same time, it was found that the efficiency of reliquefaction 
systems is determined not only by the cycle structure, but also by external operational factors, including the 
cooling medium temperature and the equipment operating modes [15]. A separate area of research focuses 
on integrating BOG processing systems into the ship’s power plant. In particular, the use of cryogenic 
working media (such as LNG and liquid ammonia) as cooling streams in integrated marine energy and 
refrigeration systems has been considered [16-18]. Approaches to managing BOG generation are also being 
developed, including subcooling schemes and accounting for non-condensable chemical components that 
affect the condensation processes [19,20]. 

However, the complexity of configurations requires assessment of ship integration, reliability, and operational 
limitations [21]. The existing research focuses on structural and parametric optimization and relies on 
stationary models. Such approaches do not reflect the actual conditions of ship operation, characterized by 
variable loads, changes in cooling medium temperature, and operation of equipment outside design 
conditions. This leads to a discrepancy between the calculated and actual efficiency of the systems. At the 
same time, the distribution of irreversibility under actual operating conditions remains insufficiently studied, 
especially given the system's integration into the ship's power plant. 

The purpose of this study is to conduct a thermodynamic assessment of the ship’s CO2-BOG processing 
system using marine trial data. 

2. System description of the CO2 reliquefaction plant 
The CO2 reliquefaction plant analysed in this study is installed on board a semi-refrigerated LPG/LCO2 
carrier designed for the transportation of liquefied gases at moderate pressures and reduced temperatures. 
Vessels of this type are widely employed in the marine transport of liquefied petroleum gases and other low-
temperature cargoes requiring controlled pressure and temperature conditions during the voyage. The 
vessel is certified to carry various liquefied gases, including CO2, ammonia (NH3), butane (C4H0), propane 
(C3H8), propylene (C3H6), and vinyl chloride monomer (VCM). The cargo containment system comprises 
three independent Type C cargo tanks designed as bi-lobe cylindrical pressure vessels for the storage and 
transportation of liquefied gases at low temperatures. Such an arrangement ensures safe operation under 
variable thermal and mechanical loads arising during marine transportation and cargo handling operations. 
The main particulars of the LPG/LCO2 carrier considered in this study are given in Table 1. 

Table 1. Main characteristics of the LPG/LCO2 carrier. 

Parameter Value 
Cargo capacity 22,000 m³ 
Deadweight 27,900 t 
Gross tonnage 21,034 GT 
Main engine MAN B&W 6S50ME-C  
Specified maximum continuous rating (SMCR) 8,000–9,000 kW 
Cargo containment system Independent Type C pressure tanks 
Number of cargo tanks 3 

 

The process flow diagram of the reliquefaction plant operating in the CO2 carriage mode is shown in Figure 
1. The reliquefaction plant is intended for treating BOG generated in cargo tanks due to the heat transfer with 
the surroundings. Its primary function is to remove CO2 vapour from the cargo tanks, compress and 
condense it, and finally return the liquid CO2 to the cargo system. The plant cargo cycle may be regarded as 
an open cycle, since the working fluid is removed directly from the cargo containment system and, after 



reliquefaction, returned to it. The plant operates on a cascade thermodynamic cycle. The working fluid in the 
bottoming cascade is CO2, which condenses the cargo vapour. The topping cascade is the refrigeration 
cycle that operates on propane (R290) and removes heat during CO2 condensation. 

The cargo stage of the cascade includes a three-stage oil-free reciprocating compressor (I) with an 
intercooling system, the first and second intercoolers (II, III), the LPG condenser (IV), the suction heater (VII), 
the CO2 liquid separator (VI), the suction separator (VIII), the pressure control valve EV1CO2, and the 
expansion valve EV2CO2. The cargo tank (XVI) is connected to the reliquefaction system and serves as the 
source of the CO2 (BOG), which is returned to the cargo system after condensation. The refrigerant stage of 
the cascade includes a single-stage, oil-injected, rotary screw refrigerant compressor (IX), an oil separator 
(X), a refrigerant condenser (XI), a refrigerant receiver (XII), an oil cooler (XIV), and an oil treatment and 
filtration unit (XV). The condenser–evaporator (V) provides thermodynamic coupling between the cargo and 
refrigerant, and serves as the heat-exchange interface between the two circuits. Heat transfer in the 
intercoolers and the suction heater is provided by a circulating water–glycol mixture. Heat rejection in the 
LPG condenser and the refrigerant condenser is ensured by seawater cooling. 

 

Figure 1. Schematic diagram of the cascade CO2 reliquefaction system of the LCO2 carrier. 

The cargo stage of the cascade operates on a three-stage compression cycle with incomplete intercooling in 
the intercoolers. A characteristic feature of this cycle is the superheating of the BOG in the suction heater, 
followed by vapour throttling in the pressure control valve EV1CO2, which ensures stable regulation of the 
suction pressure at the cargo compressor inlet. The refrigeration stage of the cascade operates according to 
a conventional single-stage vapour-compression refrigeration cycle using propane (R290) as the refrigerant. 

3. Experimental conditions 
The experimental data were obtained during the loading operation of liquefied CO2. At the time of data 
acquisition, approximately 700 tons of cargo were contained in the cargo tanks. The system was operating 
under quasi-steady-state conditions, characterized by stable pressure and temperature levels with only 
minor fluctuations. Process parameters were recorded using the vessel’s integrated automation and cargo 
monitoring system. The analysed dataset comprises cargo tank pressures, the temperature distribution along 
the tank height, and temperature measurements at the key points of the reliquefaction plant process flow. 



The recorded operational data were subjected to preliminary processing, including the selection of a steady 
operating interval, validation of measurement consistency, and the formation of a set of operating 
parameters used as input data for the subsequent thermodynamic analysis. 

4. Modelling methodology 
A thermodynamic model of the CO2 reliquefaction system was developed based on the experimental data. 

The following have been assumed for the model: 

▪ changes in kinetic and potential energy are negligible; 

▪ steady-state operation conditions; 

▪ pressure drops in pipelines and heat exchangers are neglected, as they are small compared to the 
operating pressures; 

▪ heat exchange with the surroundings is neglected. 

The thermodynamic behaviour of the system is evaluated based on the developed energy and exergy models. 

4.1. Energy model 
The energy model of the CO2 reliquefaction system was formulated based on the operating parameters of 
CO2 and the refrigerant R290 specified at the states the thermodynamic cycle. The thermodynamic 
properties of CO2 and R290 were calculated using the NIST REFPROP 10.0, which is based on fundamental 
equations of state [23]. The thermodynamic cycle of the reliquefaction system is represented in the lgp–h 
diagrams (Figure 2). 

 

 

Figure 2. Thermodynamic cycle of the cascade BOG reliquefaction system in lgp–h diagrams: (a) CO2 
cascade; (b) R290 cascade. 

 

The energy balances of the reliquefaction system are presented below. 

The mass flow rate of CO₂ is determined for the cargo stream at the suction of the first compression stage: 
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where V̇act,CCI is the actual volumetric capacity of the compressor; υ
����  is the specific volume of CO₂ at the 

suction of the first compression stage. 

The cooling capacity of the reliquefaction system was determined from the energy balance of the cargo 
stream, which is: 
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where hliq
CO2 is the specific enthalpy of liquefied CO2 returned to the cargo tanks; hBOG

CO2  is the specific enthalpy 

of the BOG. 



The mass flow rate of the refrigerant R290 was obtained from the energy balance of the condenser–
evaporator: 
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where hin
CO2 and hout

CO2  are the specific enthalpies of CO2 at the inlet and outlet of the condenser–evaporator 

(hot side); hin
R  and hout

R  are the specific enthalpies of the refrigerant R290 at the inlet and outlet of the 
condenser–evaporator (cold side). 

The heat duty of the k-th heat exchanger is: 
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where ṁj is the mass flow rate of working stream j, through component k; hin,j
k  and hout,j

k  are the specific 
enthalpies of stream j at the inlet and outlet of component k. 

The mass flow rate of the cooling medium (seawater, fresh water, or water-glycol mixture) is: 
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where c denotes the cooling medium. 

The power consumption of the cargo compressor stages is: 
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where index i denotes the compression stage: first (I), second (II), and third (III); hin,i
CO2  and hout,i

CO2  are the 
specific enthalpies at the inlet and outlet of the corresponding compression stage. 

The total power of the cargo compressor is: 
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The power of the refrigerant compressor is: 

 ɺ ɺ
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where hR,in
R  and hR,out

R  are the specific enthalpies at the inlet and outlet of the refrigerant compressor. 

The total power consumption of the reliquefaction system is: 

ɺ ɺ ɺ
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The isentropic efficiency of the cargo compressor stages is: 
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where hout,s,i
CO2  is the specific enthalpy at the outlet of the i-th stage under isentropic conditions. 

The isentropic efficiency of the refrigerant compressor is: 
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where hout,s,i
R  is the specific enthalpy at the outlet under isentropic conditions. 

The specific power consumption of the reliquefaction plant per 1 kg of BOG is: 
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The minimum liquefaction power is: 
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where T0 is the ambient temperature. 

The thermodynamic effectiveness of the cascade cycle is: 
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4.2. Exergy analysis 
Exergy analysis is applied to evaluate the performance of the BOG reliquefaction system and to identify 
sources of irreversibility [23-26]. 

The total exergy of the k-th material stream consists of physical and chemical components. Since no 
chemical reactions occur in the system, only the physical exergy is considered: 
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where 0 refers to the values of the substance properties for the same mass flow rate at the reference state 
(ambient temperature T0 = 25°C, ambient pressure P0 = 1.013 bar). 

The specific physical exergy is expressed as: 
PH T M
j j je =e +e .  (16) 

The exergy balance for the system and individual components is written as: 
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where ĖF, ĖP, ĖD, and ĖL represent the exergy of fuel, product, destruction, and losses, respectively. 

The thermodynamic efficiency ɛth and exergy destruction ratio y are: 
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The overall exergy e*iciency of the BOG reliquefaction system is: 
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The exergy balance relations used to determine the fuel, product, and exergy destruction for each 
component of the BOG reliquefaction system are summarized in Table 2. 

 

 

 

 



Table 2. Equations for exergy analysis of the BOG reliquefaction plant. 

Component 
Parameter 

Exergy of fuel ĖF,k Exergy of product ĖP,k Exergy destruction ĖD,k 

CO₂ Suction 
Heater(1) 

– –  ɺ ɺ
CO CO2 22

PH PH
D,SH CO 0 1

E =m e -e  

CO₂ line 
superheating 

– –  ɺ ɺ
CO CO* 2 22 2

PH PH
D,CO ls CO 2 2

E =m e -e  

Cargo 
compressor 
first stage 

ɺ ɺ ɺ
CO22

T
F,CCI CCI CO 2

E = W +m e  
 



ɺ ɺ

ɺ

CO CO2 22

CO22

M M
P,CCI CO 3 2

T
CO 3

E = m e - e +

+m e
 ɺ ɺ ɺ

D,CCI F,CCI P,CCIE =E -E  

Cargo 
compressor 
second stage 

ɺ ɺ ɺ
CO22

T
F,CCII CCII CO 4

E = W +m e  
 



ɺ ɺ

ɺ

CO CO2 22

CO22

M M
P,CCII CO 5 4

T
CO 5

E = m e - e +

+m e
 ɺ ɺ ɺ

D,CCII F,CCII P,CCIIE =E -E  

Cargo 
compressor 
third stage 

ɺ ɺ ɺ
CO22

T
F,CCIII CCIII CO 6

E = W +m e  
 



ɺ ɺ

ɺ

CO CO2 22

CO22

M M
P,CCIII CO 7 6

T
CO 7

E = m e - e +

+m e
 ɺ ɺ ɺ

D,CCIII F,CCIII P,CCIIIE =E -E  

Cargo 
compressor 
(in total) 

ɺ ɺ ɺ ɺ
F,CC F,CCI F,CCII F,CCIIIE =E +E +E  ɺ ɺ ɺ ɺ

P,CC P,CCI P,CCII P,CCIIIE =E +E +E  ɺ ɺ ɺ
D,CC F,CC P,CCE =E -E  

Interstage 
cooler1 (1) 

– –  ɺ ɺ
CO CO2 22

PH PH
D,IC1 CO 3 4

E =m e -e  

Interstage 
cooler2 (1) 

– –  ɺ ɺ
CO CO2 22

PH PH
D,IC2 CO 5 6

E =m e -e  

LPG 
condenser (1) 

– –  ɺ ɺ
CO CO2 22

PH PH
D,LPGC CO 7 8

E =m e -e  

Condenser–
evaporator 

 



ɺ ɺ

ɺ

R *R

CO22

T T
F,C-E R 4 1

T
CO 8

E = m e - e +

+m e
 ɺ ɺ

CO22

T
P,C-E CO 9

E =m e  ɺ ɺ ɺ
D,C-E F,C-E P,C-EE =E -E  

Expansion 
valve EV1СО2  ɺ ɺ

CO CO *CO2 2 22

M M
COF,EV1 1 2

E =m e -e   ɺ ɺ
CO CO CO*2 2 22

T T
COP,EV1 2 1

E =m e -e  ɺ ɺ ɺ
CO CO CO2 2 2D,EV1 F,EV1 P,EV1

E =E -E  

Expansion 
valve EV2СО2 

 



ɺ ɺ

ɺ

CO CO CO2 2 22

CO22

M M
COF,EV2 9 10

T
CO 9

E = m e - e +

+m e
 ɺ ɺ

CO CO2 22

T
COP,EV2 10

E =m e  ɺ ɺ ɺ
CO CO CO2 2 2D,EV2 F,EV2 P,EV2

E =E -E  

Refrigerant 
compressor  

ɺ ɺ ɺ
R

T
F,R R R 1

E = W +m e  
 





ɺ ɺ

ɺ

R

R R

T
P,R R 2

M M
R 2 1

E = m e +

+m e - e
 ɺ ɺ ɺ

D,R F,R P,RE = E -E  

Refrigerant 
condenser (1) 

– –  ɺ ɺ
R R

PH PH
D,RC R 2 3

E =m e -e  

Expansion 
valve EV1R 
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

ɺ ɺ

ɺ

R R R

R

M M
RF,EV1 3 4

T
R 3

E = m e - e +

+m e
 ɺ ɺ

R R

T
RP,EV1 4

E =m e  ɺ ɺ ɺ
R R RD,EV1 F,EV1 P,EV1

E =E -E  

Refrigerant 
line 
superheating (1) 

– –  ɺ ɺ
*R R

PH PH
D,Rls R 1 1

E =m e -e  

Overall 
system 

ɺ ɺ ɺ ɺ
CO22

RS T
F,tot CC R CO 0

E = W +W +m e  ɺ ɺ
E

2

RS T
P,tot CO 10

E =m e  ɺ ɺRS
D,tot D,k

k

E = E  

(1) The component is dissipative, for which no exergy of fuel or exergy of product can be defined 

 

5. Results and discussion 
The thermodynamic analysis was performed to evaluate the efficiency of the CO2 reliquefaction plant on an 
LCO2 gas carrier under marine trial conditions. The main results of the energy analysis are given in Table 3. 
The total power consumption of the plant’s compressors is Ẇtot=406.16 kW, of which the three-stage CO2 
cargo compressor accounts for ẆCC=206.59 kW, and ẆR=199.57 kW is for the screw compressor of the 
refrigeration stage of the cascade. The isentropic efficiencies of the cargo compressor stages are 
ηis,CCI=0.659, ηis,CCII=0.819, and ηis,CCIII=0.836. In contrast, for the compressor of the refrigeration stage of the 
cascade, the value ηis,R=0.771 was obtained. The values obtained correspond to the range characteristic of 
compressors of the corresponding designs, indicating that the compressor equipment is operating in normal 
mode during marine trials. The specific energy consumption of the liquefaction process is SPCBOG = 348.33 



kJ/kg BOG, and the thermodynamic efficiency of the plant is ηth = 0.270. For cascade reliquefaction plants 
operating at lower liquefaction temperatures around -100°C, the literature reports thermodynamic efficiencies 
ηth in the range of 0.30-0.45 [27]. This indicates a low thermodynamic efficiency for the system being studied. 

An exergy analysis was performed to identify the sources of thermodynamic irreversibilities. The distribution 
of exergy efficiency εk across the main productive components of the BOG reliquefaction system is shown in 
Figure 3. The components are ranked by εk and grouped into three zones: Poor, Acceptable, and Excellent. 

As can be seen in Figure 3, most components are located in the Acceptable and Excellent zones based on 
the exergy efficiency of the components εk. These include the second and third stages of the cargo 
compressor with εk=85.19% and 86.86%, the cargo compressor as a whole — 80.87%, the refrigerant 
compressor — 80.81%, as well as the expansion valve EV2CO2: 94.8 %. The first stage of the cargo 
compressor is characterized by a reduced εk value of 70.09 %, but remains above the conditional limit for 
unsatisfactory operation. The minimum exergy efficiency values are observed for the pressure regulator 
EV1CO2 (pressure control valve) εk=0.39% and the cascade heat exchanger (condenser–evaporator) 
εk=65.55%, indicating their decisive influence on the overall thermodynamic efficiency of the reliquefaction 
plant. 

 

Table 3. Energy analysis results of the BOG reliquefaction plant. 

Parameter Value 
Cooling capacity Q̇E, kW 340.32 
CO₂ mass flow rate in the cargo cascade ṁCO2, kg/s 1.166 
Propane mass flow rate in the refrigerant cascade ṁR, kg/s-1 1.416 
Mass flow rate of FW/GL through the CO2 suction heater ṁFW/GL,SH, kg/s 3.962 
Mass flow rate of FW/GL through the interstage cooler 1 ṁFW/GL,IC1, kg/s 3.710 
Mass flow rate of FW/GL through the interstage cooler 2 ṁFW/GL,IC2, kg/s 4.190 
Fresh water mass flow rate through the LPG condenser ṁSW/LPGC, kg/s 3.140 
Fresh water mass flow rate through the refrigerant condenser ṁSW/RC, kg/s 20.254 
Heat load of the CO2 suction heater Q̇SH, kW 52.34 
Heat load of the interstage cooler 1 Q̇IC1, kW 49.15 
Heat load of the interstage cooler 2 Q̇IC2, kW 69.55 
Heat load of the LPG condenser Q̇LPGC, kW 92.00 
Heat load of the refrigerant condenser Q̇R, kW 593.06 
Isentropic efficiency of the compressor first stage ηis,CCI 0.659 
Isentropic efficiency of the compressor second stage ηis,CCII 0.819 
Isentropic efficiency of the compressor third stage ηis,CCIII 0.836 
Isentropic efficiency of the refrigerant compressor ηis,R 0.771 
Power consumption of the compressor first stage ẆCCI, kW 66.52 
Power consumption of the compressor second stage ẆCCII, kW 68.75 
Power consumption of the compressor third stage ẆCCIII , kW 71.32 
Total power consumption of the cargo compressor ẆCC, kW 206.59 
Power consumption of the refrigerant compressor ẆR, kW 199.57 
Total power consumption of the cascade cycle Ẇtot, kW 406.16 
Specific power consumption of the reliquefaction plant SPCBOG, kJ/kgBOG 348.33 
Minimum liquefaction power Ẇmin, kW 110.50 
Thermodynamic effectiveness of the reliquefaction plant ηth 0.270 

 

The distribution of the exergy destruction ratio yk (Figure 4) confirms this conclusion. The largest part of 
exergy destruction is accounted for by the pressure control valve EV1CO2, where yk=20.86% of the total 
destruction of the system. A significant contribution is made by the refrigerant compressor (9.64%), the cargo 
compressor as a whole (9.54%), and the condenser–evaporator (8.36%). For individual stages of the cargo 
compressor, the yk values are 4.84%, 2.46%, and 2.27%, respectively. The remaining components of the 
system form a significantly smaller proportion of the total yk. Thus, the main sources of thermodynamic 
irreversibility are: process pressure reduction before the cargo compressor and interstage heat exchange. 

The increased exergy destruction ratio yk and the relatively low exergy efficiency of the cascade heat 
exchanger are due to its operation at significant temperature and pressure differences between the two 
stages. According to marine trial data, the calculated logarithmic mean temperature difference (LMTD) for 
this heat exchanger is about 28.1°C, while the design documentation indicates a corrected LMTD of 8.8°C. 
Thus, the actual temperature and pressure exceed the calculated values by 3.2 times, indicating a significant 
temperature mismatch between the flows and leading to an increase in exergy destruction in this component. 

 



 

Figure 3. Exergy efficiency of the productive components of the BOG reliquefaction plant. 

 

 

Figure 4. Distribution of the exergy destruction ratio yk among the components of the BOG reliquefaction plant. 

The dominant source of thermodynamic irreversibility is the pressure control valve EV1CO2. The minimum 
value of exergy efficiency εk and the maximum value of exergy destruction ratio yk for this component show 
that the process of reducing the vapor pressure of the CO2 phase in front of the compressor is the most 
thermodynamically unfavourable in the presented system. Unlike in classic expansion valves, where two-
phase flow is formed, superheated steam is throttled in the EV1CO2, leading to additional irreversibility. 

At the same time, this pressure control method is used due to design limitations in the ship’s system. The 
vessel is a universal gas carrier designed to transport various liquefied gases, which determines the 
pressure range of the cargo compressor. When transporting CO2, the pressure in the cargo tanks reaches 
about 6 barg, exceeding the compressor’s allowable suction pressure. Under these conditions, a preliminary 
pressure reduction is required. Reducing the storage pressure of CO2 to atmospheric levels should not be 
considered due to the risk of transition to the triple point of co₂ and the formation of a solid phase. 
Consequently, throttling in the pressure control valve EV1CO2 constitutes a forced operational compromise 
given the versatility of the ship’s cargo system and the thermodynamic properties of CO2. 
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To visually represent the distribution of exergetic flows in the system, Figure 5 shows the Grassmann 
diagram of exergy flows. It follows from the diagram that the total fuel exergy supplied to the system is about 
ĖF,tot≈414 kW, while product exergy ĖP,tot is about 118 kW. The rest of the supplied exergy is converted to 

exergy destruction: ĖD,tot≈296 kW. 

Taking into account the revealed distribution of irreversibilities, the potential directions for increasing the 
reliquefaction plant’s efficiency primarily involve improving interstage heat exchange and the pressure-
reduction process upstream of the compressor. An increase in the efficiency of the interstage heat 
exchanger can be achieved by matching the mass flow rates and improving the temperature matching of the 
flows. For the expansion valve EV1CO2, a theoretically feasible improvement direction is the use of partial-
pressure-drop recovery devices (for turboexpanders or ejector-based systems). However, the use of 
turboexpanders in such marine systems is limited by the lack of commercially available solutions designed 
for CO2 operating modes. The use of ejector-based systems, in turn, may be accompanied by operational 
stability problems under variable load and dynamic marine operating conditions. Thus, further research 
should focus on developing compromise engineering solutions that reduce the irreversibility of the pressure-
reduction process while maintaining the structural simplicity and operational reliability of the BOG 
reliquefaction system. A particular difficulty of this task is the universal nature of the gas carrier's cargo 
system, which requires efficient operation of the reliquefaction plant across a range of thermodynamic cargo 
conditions. 

 

Figure 5. Grassmann diagram of exergy flows and exergy destruction in the BOG reliquefaction system. 

6. Conclusions 
The paper presents, for the first time, a thermodynamic analysis of a CO2-BOG reliquefaction plant installed 
on board an operating LCO2 carrier, based on sea-trial data. The use of measured operational parameters 
enabled the system’s energy and exergy efficiencies to be quantified during actual ship operation and the 
identification of the components that form the structure of thermodynamic irreversibilities. 

The energy analysis showed that the reliquefaction plant’s cooling capacity is 340 kW, the total compressor 
power consumption is 406 kW, and the specific energy consumption of the liquefaction process is 348 
kJ/kgBOG. The isentropic efficiency of the compressors is 0.66–0.84, which aligns with the performance 
characteristics of this type of compressor equipment and confirms the system's stable operation in sea-trial 
mode. 

Exergy analysis showed that the total fuel exergy of the system is 414 kW, product exergy — 118 kW, and total 
exergy destruction — 296 kW, corresponding to a thermodynamic efficiency of 0.27. The values obtained 
reflect the influence of irreversible processes characteristic of marine reliquefaction systems, in which a 
significant part of the supplied exergy is destroyed during heat exchange and pressure regulation. 

At the same time, most of the plant's productive components exhibit high exergy efficiency, including 
compressors and the main components of the refrigeration circuit. The exergy efficiency values of the cargo 
compressor reach 80.9%, the refrigerant compressor — 80.8%, and the individual components of the 
refrigeration circuit exceed 90%, confirming the high thermodynamic efficiency of a significant part of the 
equipment. 

The greatest contribution to the structure of exergetic irreversibilities is made by the pressure control valve 
EV1CO2 and the interstage heat exchanger (condenser–evaporator). For EV1CO2, exergy efficiencies of 0.39% 
and exergy destruction ratios of 20.86% were obtained, due to throttling of superheated CO2 vapor before 



the compressor and the complete loss of potential expansion work. For a condenser–evaporator, the exergy 
efficiency is 65.55%, and the exergy destruction ratio is 8.36%, due to the operation of the device at a 
temperature and pressure exceeding the design value. 

The results show that the main limitation of the plant's efficiency is related to the irreversibility of the 
processes of lowering the CO2 pressure in front of the compressor and condenser–evaporator. For ships of 
the LCO2 carrier type, efficiency improvements should be considered while accounting for operational 
reliability, equipment stability, and the versatility of the cargo system. 

The study shows that using sea-trial data enables the identification of the real sources of thermodynamic 
irreversibilities in marine CO2 reliquefaction plants. The results obtained can be used in the design and 
optimization of BOG processing systems on ships of the LCO2 carrier type, as well as in the development of 
energy-efficient technologies for the marine transportation of liquefied CO2. 

Nomenclature 
e specific exergy, kJ/kg 

Ė exergy, kW 

h enthalpy, kJ/kg 

ṁ mass flow rate, kg/s 

P pressure, bar or barg 

Q̇ heat load, kW 

T temperature, K or °C 

Ẇ power consumption, kW 

y exergy destruction ratio, % 

Greek symbols 

η efficiency 

ε exergy efficiency 

Subscripts and superscripts 

CC cargo compressor 

D destruction 

E evaporator 

F fuel 

in inlet 

k component 

out outlet 

P product 

R refrigerant compressor, refrigerant 

th thermodynamic 

tot total 
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