
1. Introduction

With global economic growth, the number of cargo ships required for 

maritime transportation has increased, resulting in a larger problem of 

greenhouse gas (GHG) emissions. As the maritime transport sector has 

become a significant contributor to global GHG emissions, the 

International Maritime Organization, which is responsible for 

environmental regulations, has made continuous efforts to reduce GHG 

emissions from ships (Wada et al., 2021). The Marine Environment 

Protection Committee (MEPC) has reviewed the emission regulations, 

including the Energy Efficiency Design Index (EEDI), Energy 

Efficiency Operating Indicator (EEOI), Energy Efficiency Existing- 

ship Index (EEXI), Energy Efficiency Performance Indicator (EEPI), 

and Ship Energy Efficiency Management Plan (SEEMP), and also 

simultaneously discussed the environmentally friendly frameworks for 

cargo ships (Ahn et al., 2021).

Liquefied natural gas (LNG) is an environmentally friendly fuel with 

the unique benefit of reducing CO2 emissions by 10–20% (Lee et al., 

2020). However, the use of LNG as a ship fuel necessitates the process 

of bunkering, and treatment of boil-off gas (BOG) during bunkering is 

essential. The currently available BOG treatment methods are venting, 

use of a gas combustion unit (GCU), and re-liquefaction.

However, BOG treatment or the transport of LNG as an 

environmentally friendly fuel entails increased methane emissions, 

although the emissions of conventional pollutants such as NOx and 

SOx are reduced (Yu et al., 2020). Compared to CO2, methane leads to 

an approximately 25-fold higher GHG effect due to its high global 

warming potential (GWP) (Jang et al., 2021). Despite efforts to 

minimize the release of methane into the atmosphere, the following 

scenarios of potential leakage are possible (Herdzik, 2018).

(1) Pipeline leakage upon connection or separation during the LNG 

loading/unloading operations

(2) Leakage from the LNG tank during BOG removal 

(3) Leakage through the liquefaction system in operation during 

loading or sailing

(4) Leakage during the gas-freeing operation inside the LNG tank

(5) Leakage during LNG bunkering

(6) Leakage by incomplete combustion when dual fueling or using 

LNG as fuel

Therefore, the methane emission throughout the entire LNG supply 

network or the ship engine exhaust gas offsets the benefits of using 

LNG and makes LNG a less desirable alternative to marine gas oil 
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(MGO). In other words, the advantages of LNG as an environmentally 

friendly fuel are reduced (Edfors and Bremberg, 2021). Therefore, it is 

important to compare the use of LNG fuel with the use of conventional 

marine fuels in terms of GHG emissions (Winnes and Fridell, 2009). 

Moreover, the effects of emissions related to marine fuel processing, 

its GHG emissions, and their correlations should be examined.

From the perspective of the LNG-fueled ships, this study considered 

the integration of bunkering and operation processes and identified the 

environmental indicators using for making comparisons with 

conventional fuels. Indicators for comparison between different fuels 

need to be provided to enable ship owners and operators to determine 

potentials on demand. If the perspective is extended to include ship 

bunkering and operation, the results are likely to be more complex than 

other conventional results, i.e., follow-up studies with a wider scope 

and case studies may be required.

Numerous studies have investigated the gases directly emitted by 

ships. Chang et al. (2013) estimated the GHG emissions by ship type 

based on the data of the ships treated at ports, taking an approach 

relying on the characteristics of individual ships. Styhre et al. (2017) 

analyzed the level of GHG emissions for ships at ports based on annual 

port data. They also presented the results of dynamic modelling in 

addition to the actual field measurements. Shao et al. (2018) simulated 

the influence of temperature variation in the bunkering of LNG-fueled 

ships on the production of BOG. Shao et al. (2019) used dynamic 

simulation to identify the optimum ship-to-ship bunkering time and 

provided a reference guideline of bunkering to minimize BOG 

production. Lee et al. (2020) performed dynamic simulation to estimate 

the collected amount of BOG produced during ship-to-ship LNG 

bunkering and assessed the contribution of each parameter, including 

temperature variation, transportation rate, and pipe insulation 

performance. By combining the approaches of the two previously 

described studies, several simulations and cycle assessments have been 

conducted to suggest useful environmental indicators. Ryste (2012) 

applied the screening life cycle assessment (LCA) technique to 

determine the range of the LNG life cycle and establish the LNG value 

chain in the interpretation of climate change and related environmental 

issues. El‐Houjeiri et al. (2019) applied the LCA approach to conduct an 

environmental assessment of the liquefaction, transportation, and 

re-liquefaction of LNG. Beyond ships, Arteconi et al. (2010) used the 

LCA approach in an investigation of trailers on land to make a life cycle 

comparison from the aspects of GHG emissions from diesel and LNG 

engines.

Nevertheless, there is a general paucity of studies on the long-term 

assessment of measures for reducing GHG emissions. The prediction of 

GHG emissions mandates prediction, from operational perspectives, 

beginning from the preparation stage of fuel use. Thus, indicators are 

required to determine whether LNG ship fuel is a practical solution in 

comparison with other fuels from environmental perspectives that 

complies with emission regulations.

Taking the aforementioned factors into consideration, this study 

investigated the GHG emissions from methane leakage during 

bunkering, the GHG emissions associated with the BOG treatment 

method, and the GHG emissions associated with engine use. The 

bunkering and operation processes of LNG-fueled ships were 

integrated so that environmental indicators of GHG emissions could 

be recommended for the entire life cycle depending on the size of the 

fuel tank. The results showed that the contribution varies according to 

fuel tank size, which distinguishes this study from previous studies as 

more specific conditions were used in this study to describe the GHG 

emissions that affect the environment from the perspective of ship 

operation.

2. Simulation Method

2.1 Determination of LNG Bunkering

Fig. 1 shows an overview of the process for the LNG bunkering 

scenario. The system consists of two LNG storage tanks (bunkering 

and receiving), an LNG pump, the bunkering pipeline, and the BOG 

pipeline (Jeong et al., 2017). The LNG pump transports the LNG 

loaded in the bunkering tank to the receiving tank. The pump as a 

transportation device is advantageous because it reduces LNG 

transport time (Sharafian et al., 2019). Safety valves are attached to 

Fig. 1 Schematic of LNG tank-to-tank bunkering 
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prevent overpressure in the LNG tank, and the corresponding line 

leads to emission or treatment according to the BOG treatment 

method. 

2.2 Tank Geometry

The fuel tanks eligible for LNG-fueled ships are listed in the 

International Gas Carrier (IGC) code and the International Code of 

Safety for Using Gases or Other Low-Flash-Point Fuels (IGF) code. In 

general, the Type C tank is used. The Type C tank has a maximum 

allowable working pressure (MAWP) of 700 kPa or higher and is thus 

regarded as a pressure container (Chorowski et al., 2015). The capacity 

of the bunkering tank is 500 m3. The two receiving tanks may have 

different capacities of 500 m3 and 1,000 m3 (Kwak et al., 2018; Jung et 

al., 2018). Prior to bunkering, the levels of the bunkering tank and the 

receiving tank are 98% and 10%, respectively. The initial pressure in 

the bunkering tank is 300 kPa, and the initial temperature is –146.4℃. 

The pressure and temperature in the receiving tank are 101 kPa and –
162.1℃. 

The LNG inside the tank is stored at a very low temperature 

(approximately –160℃) and pressure (100–1,000 kPa). The main 

components of the LNG in the bunkering and receiving tanks are 

methane and light hydrocarbons (mainly C1–C4 hydrocarbons) in a 

mixture with N2, as presented in Table 1 (Noh et al., 2014).

2.3 LNG Bunkering Pipeline

The LNG transport line connecting the bunkering tank and the 

receiving tank consists of the liquid line, the vapour return line, and the 

N2 line. In the liquid line, transport is mediated through a loading arm or 

flexible hose (Wood and Kulitsa, 2018). The transport line is often 

connected to the quick-connect coupling (QC)/disconnect coupling 

(DC) and the emergency release coupling (ERC) to allow hose 

separation in an emergency. In addition, to prevent a loss of LNG, each 

separate section contains a disconnection valve for automatic 

shutdown. With the exception of the aforementioned devices, the 

Table 1 Typical composition of natural gas (%) 

Composition Mole composition

Methane 94

Ethane 4.7

Propane 0.8

Butane 0.2

Nitrogen 0.3

Table 2 Specifications of liquid line and vapour return line

Buoy Liquid line Vapour return line

Diameter (mm) 200 100

Equivalent length (m) 29 25

Overall heat transfer 
coefficient, U pipe (W/m2‧℃)

0.0215 35.0

Initial temperature (℃) 25

transport line leads the flow of LNG through the pipeline, and the 

simulation considerate the flow velocity to prevent any additional surge 

pressure due to friction or cavitation (Lee et al., 2020). The single 

material of the pipe for transporting cryogenic LNG is stainless steel. 

The details are presented in Table 2 (Sharafian et al., 2019).

2.4 Greenhouse Gas (GHG) Emission by LNG Bunkering 

Procedure 

For LNG bunkering operation, a detailed manual containing the 

operation procedures, safety and emergency protocols, and 

maintenance requirements should be provided. The manual should 

contain the procedures for inerting, gassing up, cooling down, 

pumping LNG, LNG spraying, vapour return management, draining, 

purging, and disconnecting, in addition to the validation and risk 

assessment procedures (Vairo et al., 2020). The procedure in this study 

was applied based on certain simplified steps of the aforementioned 

procedures and of the bunkering process suggested in the 2018 

guideline of the European Maritime Safety Agency (EMSA). Table 3 

describes the steps. The gas emission was interpreted for the loading, 

line purging, and operating of the IMP Type C tank.

For the loading in Step 1, transport to the receiving tank is 

performed, and heat ingress occurs due to the temperature difference 

of the external walls of the tank. The heat ingress through the tank wall 

causes the production of BOG and increases the tank pressure (Zincir 

and Dere, 2015). The BOG should be treated appropriately but 

difficulties exist. Venting, with the advantage of simple release to the 

atmosphere, could cause problems such as LNG fuel loss, 

environmental pollution, and increased risks of fire and explosion. 

Most LNG-fueled ships with the Type C tank lack the addition of a 

GCU as they are designed based on the concept of maintaining the 

pressure rise caused by heat ingress. The treatment of BOG using a 

GCU is problematic from an environmental perspective because the 

gas from the combustion is released to the atmosphere (Ryu et al., 

2016). Moreover, ship owners may be reluctant to perform re- 

liquefaction, which demands extra space and an initial investment cost.

Data pertaining to CO2 emission in the BOG treatment in LNG 

bunkering are insufficient, and the GHG effect is likely to be 

underestimated. In this study, the level of CO2 emission according to 

the BOG treatment method was established through simulation. 

Venting releases BOG to the atmosphere to control the internal 

pressure of the tank. In reference to the guideline of the 

Intergovernmental Panel on Climate Change (IPCC), the 100-year 

GWP of CH4 (the main component of BOG) is 25, indicating a 25-fold 

higher GHG effect than CO2 (Penteado et al., 2012). The GWP 

Table 3 Procedure of LNG bunkering operation

Step Scenario

Step 1
Loading LNG from the bunkering tank to the fuel 
tank of the LNG fuelled ship

Step 2 Line purging the LNG bunkering line

Step 3 Operating LNG fuelled ship 
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indicates the global warming effect of a given GHG in comparison to 

the effect of CO2 (Unseki, 2013). For consideration of venting, the 

GWP was converted to  (kg) using Eq. (1):

    ‧ (1)

where  is 25 in 100 years, and  is the content (kg) of CH4 

in BOG.

In the case of a GCU, the gases are released to the atmosphere 

through complete combustion (CH4 + 2O2 → CO2 + 2H2O) to prevent 

immediate emission of the GHG. For 1 mole of reactant CH4, 1 mole 

of product CO2 is produced (Dissanayake et al., 1991). The conversion 

to  (kg) according to Eq. (2) assumes complete 

combustion by the GCU:

 

 · (2)

where  is the number of moles of CO2 (mol),  is the number of 

moles of CH4 (mol), and  is the molecular mass of CO2 (44.01 

g/mol).

In the case of re-liquefaction, a technique to liquefy BOG for storage 

in the cargo tank, the N2 cycle is used. The devices required for 

re-liquefaction are a power-supplied compressor, expander, and heat 

exchanger. The operation of these devices demands a power supply, 

and a certain amount of CO2 is produced in the generation of the 

electricity. The amount of CO2 produced in generating the power 

required by BOG re-liquefaction was calculated according to Eq. (3):

  ‧ ‧  (3)

where   is the power consumption in using the N2 cycle as 

the refrigerant cycle (1.44 kWh/kgBOG),   is the mass of BOG (kg) 

(Kwak et al., 2018), and   is the CO2 emission index (0.466 kg 

CO2/kWh) (Im et al., 2020).

In Step 2 of the procedure, line purging is the process that follows 

loading to the receiving tank. The pipe used for LNG loading should 

be detached from the system at the end of the operation. To remove 

residual LNG before detaching the pipe, substitution using inert gas is 

performed. The purging process is necessary for the safe removal of 

residual LNG, which is flammable and explosive. The release of LNG 

or NG from the pipe during this process has an effect on the GHG 

problem. Lowell et al. (2013) stated that there is no effective way to 

eliminate the methane leakage that occurs during the process, and a 

loss of approximately 0.03% occurs according to calculation based on 

the methane inside the tank. This methane can act as a powerful GHG. 

This study performed conversion according to Eq. (4):

  ·  · (4)

where  and   are the mass of CH4 inside the tank and the density 

of the loaded LNG, respectively, and  is 25 in 100 years.

In Step 3, the operating process is the sailing of the LNG-fueled 

ship, which is equipped with a dual-fuel engine. Despite the use of 

environmentally friendly fuels, the engine  (kg) as a result 

of fuel consumption. The CO2 emission for this step can be estimated 

using Eq. (5):

   ·  ·   (5) 

where   is the output of the engine (kW),   is the time (h) 

of sailing of the ship using the fuel loaded in the tank, and   is 

an indicator of the CO2 emission (g/kWh) for the respective engine.

BOG, which leads to the GHG effect, results from the combination 

of the following causes. In bunkering, CO2 is produced in each 

procedure due to such varied causes as the heat ingress of the tank and 

other devices and water level fluctuation. In this study, a dynamic 

model was developed to analyze the influences of the causes in each 

procedure according to the amount and composition of the BOG. The 

GHG effect was estimated after conversion to the equivalent CO2 

emission.

3. Dynamic Simulation

3.1 Aspen Hysys Simulation of LNG Bunkering

Aspen Hysys is a chemical process simulator used in the 

mathematical modelling of a complete chemical process in unit 

operation. Hysys allows numerous core calculations of chemical 

engineering, including mass balance, energy balance, vapour–liquid 

equilibrium, heat transfer, mass transfer, mass fraction, and pressure 

drop (Naji et al., 2019). The thermodynamic interpretation of the 

process was based on the Peng–Robinson state Eqs. (6)–(11), which 

are known to lead to relatively accurate analyses of the thermodynamic 

properties of hydrocarbons, including LNG (Lee, 2017):





∘

(6)

where the parameters , , , and  are defined as follows: 

 




(7)

 

 (8)

 
  (9)

  (10)

 


(11)
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where  is pressure,  is temperature,  is the gas constant, and   is 

the mole volume.  and  indicate the energy parameter and the size 

parameter as a function of the critical temperature and pressure

3.2 LNG Bunkering Input Preparation

For LNG stored as a cryogenic liquid, heat ingress continuously 

induces BOG (Ryu et al., 2016). To incorporate the increase in vapour 

pressure inside the tank due to BOG in the modelling, the heat ingress 

was modeled using Eqs. (12) and (13) (Al-Breiki and Bicer, 2020). For 

dynamic simulation of the fuel tank, the tank model was constructed in 

consideration of the heat volume according to the water level 

(Cadafalch et al., 2015):

 tan ‧ tan   (12)

   
  ‧  (13)

where   and   are heat ingress (kJ/s),  is the total heat transfer 

coefficient of each tank (W/m2·℃),  is the area of tank (m2), and 

 is the difference between the surrounding temperature 

and the internal temperature of the tank (℃). Eq. (13) reflects the 

increase in heat ingress caused by the increase in the water level of the 

receiving tank, with 98% as the reference, while real-time changes are 

taken into account.

The causes of BOG include the increased water level in the tank, the 

heat ingress due to the input device, and the heat ingress through the 

pipe from the surrounding environment. The heat ingress due to the 

water level as the tank is being filled and the heat ingress through the 

pipe are reflected in Eq. (14):

   ‧        (14)

where   is the heat ingress (kJ/s),  is the total heat transfer 

coefficient of the transport pipeline (W/m2·℃),  is the area of pipe 

(m2), and  is the difference between the surrounding 

temperature and the internal temperature of the pipe (℃).

The pump used to transport the LNG increases the pressure, and the 

mechanical energy transferred from the pump shaft is partially lost in 

the form of heat. The pressure conversion leads to heat ingress, as 

reflected in Eq. (15) (Lee et al., 2020).

 
 

  
      (15)

In the equation,   is the heat ingress (kJ/s),  is the mass flow 

(kg/s),      is the specific enthalpy (kJ/kg), and  

indicates the efficiency of the pump. The heat ingress is incorporated 

as follows. The previously described  ,  , and   correspond to the 

heat ingress that induces BOG, and these factors combine to have an 

effect on the BOG, which ultimately leads to the GHG effect. To 

transport the LNG, a pump, as a pressure increasing device, is used, 

and power is consumed as the cryogenic LNG is transported to the 

tank. As mentioned previously, a certain amount of CO2 is produced 

through the power generation, and the required power supply causes 

GHG emission. The CO2 emission via heat ingress of the pump is 

reflected in Eq. (16): 

   · · (16)

where   is the power consumed (kW),   is the pump 

operation time (h), and     is the CO2 emission 

index per generated power (0.466 kgCO2/kWh) (Im et al., 2020).

4. Result

4.1 LNG Bunkering CO2 Emission

Fig. 2 shows the properties of the tank with time through the 

bunkering process based on a receiving tank size of 500 m3. The 

increases in water level and pressure accompanying the loading of 

LNG are apparent. The increased water level of the tank, pressure 

increasing device, and piping that induce heat ingress cause the overall 

heat ingress to increase.

Fig. 3 shows the pressure, heat ingress, and BOG flow according to 

time during bunkering. As bunkering progresses, the water level of the 

tank increases, resulting in an increase in the heat ingress related to the 

transport device and the heat ingress related to the increased water 

level. The production of BOG attributable to heat ingress thus 

increases the level of BOG, along with an increase in the internal 

pressure of the tank. If BOG treatment is not available during the 

loading of LNG to the receiving tank, the continuous increase in heat 

ingress leads to a continuous increase in tank pressure. Unless the 

pressure is controlled, the design pressure is reached, causing the 

safety valve to operate, which leads to even more production of GHG. 

For these reasons, treatment of the BOG is essential. Fig. 4 shows the 

changes with time of the BOG components in the receiving tank that 

require treatment.

Fig. 2 Changes in tank pressure, level, and heat ingress according 

to time of bunkering of the receiving tank (500 m3)
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Fig. 3 Changes in tank pressure, level heat ingress, pump heat 

ingress, and BOG mass flow according to bunkering time 

of the receiving tank (500 m3)

Fig. 4 Changes in BOG composition according to bunkering time 

of the receiving tank (500 m3)

Table 4 presents the mass of the BOG components that should be 

treated to prevent a pressure rise in the receiving tank. The BOG 

composition in Table 4 differs from the LNG composition in Table 2. 

The main component is methane, so it may be safely conjectured that 

the BOG produced during bunkering is pure methane. The three major 

ways to treat BOG and the corresponding CO2 conversion of each 

BOG treatment are shown in Table 5. The method of venting with its 

atmospheric release causes the highest GHG emission.

Table 4 Composition of BOG of the receiving tank (500 m3)

Methane Ethane Propane Butane

Mass of BOG 
composition (kg)

3676.1 1.8 0.0095 0.00021

Table 5 CO2 Emission from each BOG treatment method (500 m3 tank)

Venting GCU Re-liquefaction

CO2 Equivalent (kg) 91,903 10,086 2,649

Fig. 5 Changes in pressure, water level, and heat ingress through 

time for a 1,000 m3 receiving tank

Fig. 5 shows the changes in pressure, water level, and heat ingress in 

the 1,000 m3 receiving tank through time. At the beginning of 

bunkering, the inflow of cryogenic LNG and the heat ingress due to the 

compressor device lead to an increase in overall heat ingress. The 

pressure and water level also show a trend of increase.

As shown in Fig. 6, the heat ingress values related to the water level 

and the compressor device and the BOG flow increase with time. The 

transported flow increases with operation of the pump, which in turn 

increases the pump heat ingress, and the consequent rise in water level 

increases the level-related heat ingress. It is also apparent that the 

amount of BOG to be treated increases with the resulting increase in 

tank pressure. Fig. 7 shows the amount of BOG to be treated according 

to time for the receiving tank. Methane, the most abundant component, 

requires the highest level of treatment, and the amount of methane to 

be treated increases as the volume increases.

The amount of methane to be treated for the receiving tank in LNG 

bunkering is approximately 6,000 kg, as shown in Table 6. The content 

of methane is the highest content among the BOG components, and it 

is even higher in comparison to the LNG composition. This allows the 

Fig. 6 Changes in tank pressure, level heat ingress, pump heat 

ingress, and BOG mass flow according to time with the 

1,000 m3 receiving tank
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Fig. 7 Changes in BOG composition according to time with the 

1,000 m3 receiving tank

assumption that the BOG is composed entirely of methane. As 

methane is the main GHG, its treatment is indispensable. Table 7 

presents the result of quantifying the CO2 emission in accordance with 

each BOG treatment method. Compared to venting, GCU and 

re-liquefaction, which release CO2 through combustion, are more 

advantageous, reducing the GHG at a rate of 50% or higher.

Table 6 BOG composition of the receiving tank (1,000 m3)

Methane Ethane Propane Butane

Mass of BOG 
composition (kg) 

5974.6 3.0 0.015 0.00033

Table 7 CO2 emission from each BOG treatment method (1,000 m3 tank)

Venting GCU Re-liquefaction

CO2 Equivalent (kg) 149,365 16,393 4,314

4.2 LNG Line Purging

Ships using LNG as fuel emit a large amount of GHG during the line 

purging process for disconnecting the bunkering line, as well as in 

bunkering. After a 98% filling of the receiving tanks, line purging is 

performed, and methane and CO2 are released, as shown in Table 8.

Table 8 GHG emission during line purging

Procedure Tank capacity CH4 mass (kg) CO2 Equivalent (kg)

Line purging
500 60.6 1514.3

1,000 121.1 3028.7

4.3 Operating

The engine selected for the LNG-fueled ship was the Hyundai 

5H22CFP, which is a dual-fuel engine. The GHG emission for the 

ship’s fuel consumption based on the fuel type is as follows: 630 g 

CO2e/kWh for MGO, 620 g CO2e/kWh for heavy fuel oil (HFO), and 

412 g CO2e/kWh for LNG (El‐Houjeiri, Hassan et al., 2019; Jang et al., 

2021). The CO2 emission varied according to the tank size and the 

BOG treatment method, as shown in Table 9. The fuel consumption is 

the amount of fuel required by the selected engine to the consumption 

at which a trace amount of LNG remains inside the tank (heel), i.e., 

10% from the 98% filling of the receiving tank. The operation time per 

tank size can be estimated based on the engine use. When the tank size 

is larger, the sailing time is larger, which is a benefit from the 

operational perspective; however, the BOG increases due to the heat 

ingress related to the water level and the compressor device. This 

increases the amount of BOG to be treated and ultimately leads to CO2 

emission. Among the BOG treatment methods, venting results in the 

highest level of GHG emission, and the variation among methods 

becomes more apparent as the fuel tank size decreases. The use of 

LNG is known to reduce CO2 emissions, but the results in this study 

showed a GHG emission increase of approximately 32% when using 

venting for BOG treatment in LNG-fueled ships in comparison to the 

use of the conventional fuels (MGO/HFO). Therefore, to maximize the 

advantages of LNG as an environmentally friendly fuel, GCU or 

re-liquefaction, with a reduction effect of approximately 25–30%, 

seems appropriate for BOG treatment.

5. Discussion

This study investigated the impact of LNG fuel tank size on the 

generation of GHG in terms of fuel consumption and gas emission in 

varying conditions and in accordance with BOG treatment methods. 

Furthermore, the problems associated with using LNG as an 

Tank
Capacity

Fuel consumption ×103 
(kg/h)

Operating 
time
(h)

BOG or CO2 mass by procedure × 102

(kg)
GHG emission of marine engine 

(g/kWh Engine)

Bunkering
BOG 

Line purging
CO2

Operating
CO2

Venting GCU Re-li MGO HFO

500 196 186 39.5 15.1 842 896.1 437.4 432.4

620 630

600 235 223 44.4 18.2 1,010 840.7 436.3 431.6

700 274 260 49.4 21.2 1,178 820.8 435.5 431.0

800 313 297 54.4 24.2 1,347 806.0 434.9 430.6

900 352 334 59.3 27.3 1,515 794.4 434.4 430.2

1,000 391 372 64.3 30.3 1,684 784.9 434.0 430.0

Table 9 GHG emission generated during LNG-fueled ship operation
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environmentally friendly fuel were examined. In particular, the focus 

was the analysis of CO2 emission according to changes in BOG 

production and BOG treatment method. LNG bunkering was described 

through dynamic simulation, and the entire set of CO2 indicators, 

including CO2 emission during bunkering as well during other 

procedures, including operation procedures, was defined. The results 

are summarized below.

(1) With the focus on the analysis of CO2 emission according to 

changes in BOG production and BOG treatment method based on fuel 

tank size, LNG bunkering was described through dynamic simulation 

and representative CO2 indicators were determined in consideration of 

the procedures leading to the generation of GHG during bunkering and 

during sailing.

(2) From the operational perspective, re-liquefaction is the treatment 

method that generates the lowest GHG emission if the priority is set as 

bunkering, whereas venting led to a more clearly distinguished GHG 

emission in comparison to re-liquefaction as the size of the ship 

decreased.

(3) From the environmental perspective, the feasibility of replacing 

HFO or MGO with LNG was verified. The BOG treatment of venting 

for LNG-fueled ships led to an increase in GHG emission of 

approximately 32% compared to MGO, implying that the potential of 

LNG as alternative environmental solution is not ensured. 

(4) The BOG treatments of GCU and re-liquefaction led to 

approximately 25% and 30% reductions in GHG in comparison to 

HFO and MGO, thus satisfying the criteria for environmentally 

friendly fuels and supporting the potential of LNG as an alternative 

environmental solution.

(5) The impact of the BOG treatment method on the GHG emission 

was shown to be greater than the impact of tank size. From the 

perspective of EEDI, the lowest GHG emission may be ensured by a 

larger tank size and the selection of re-liquefaction as the BOG 

treatment method.

In this study, the fuel tank type was limited to the Type C tank 

commonly used in LNG-fueled ships. In addition, the GHG emission 

from the ship was estimated for the two tank sizes and for the gas 

engine. The estimates were then used to estimate the GHG emission 

throughout the operation cycle in accordance with the BOG generation 

and BOG treatment method. Thus, care should be taken in generalizing 

the results of this work to all ships or engine conditions. To obtain 

additional significant results, future studies should investigate main 

carbon-based components other than methane in the set conditions and 

use an extended scope.

6. Conclusions

This study investigated the GHG emission associated with fuel 

bunkering and operation procedures for different sizes of the Type C 

fuel tank. The level of GHG impact was analyzed separately for 

methane leakage during bunkering, the treatment of BOG generated 

during bunkering and operation, and with respect to engine use. From 

the perspective of the operation cycle, the GHG emission was 

comparatively analyzed against conventional ship fuels with 

consideration of the BOG treatment method and each tank size. 

Operators can use the findings in this study to assess environmental 

alternatives and select the optimum BOG treatment method to 

minimize GHG emissions from the respective ship.
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