


Table 2: Thermo-physical properties of the selected storage material 

PCM MW (kg/kmol) Tf (°C) ΔHf (kJ/kg) ρ (kg/m3) Cp (kJ/kg.k) k (W/m.K) 
n-Butane 58.122 -138.25 80.18 735 1.973 0.17656 
n-Pentane 72.149 -129.68 116.44 762 1.970 0.17502 
i-Hexane 86.175 -153.55 72.76 807 1.775 0.14681 
Ice 18.015 - - 934 1.141 0.603 
*Data in this table are collected from (NIST, 2018)

4. Parametric study

A pseudo-static energy modeling is used to monitor the different states of the storage material (SM) during the 
LNG evaporation (charging) and the BOG liquefaction (discharging) at various operating conditions. The actual 
SM is static inside the TES unit; hence, high mass flow rates are assigned to ‘Hot SM’ and ‘Cold SM’ streams 

on HYSYS. The behavior of the SM during the charging and discharging is unknown. However, the SM 
temperature profiles at the initial and final stages of each operating mode can be projected by monitoring the 
forced LNG evaporation (FLNG-in/out) and the excess BOG (EBOG-in/out) condensation temperature profiles. 
During the charging phase, the SM temperature drops until it reaches that of the LNG, where the charging 
terminates. Subsequently, this temperature will be the initial SM temperature of the discharging mode. During 
discharging, the SM temperature increases until it reaches that of the Excess BOG undergoing condensation, 
and then the discharging terminates. Afterward, the charging and discharging cycling continue. Consequently, 
the SM temperature at the end of charging/start of discharging can be represented by the LNG evaporation 
profile. Moreover, the SM temperature at the end of discharging/start of charging is expressed using the Excess 
BOG condensation profile. These curves are used instead of homogenized temperature profiles to present 
incomplete charging or discharging at the end of each phase, yielding more conservative energy results. 
During both operating modes, the pressure of the flows entering the TES unit is a critical design constraint that 
should be set to achieve the highest energy storage. During charging, the pressure of the forced LNG 
evaporating (FLNG-in) is incremented from 1 to 21 bar by a step of 2 bar and considering the temperature of 
the SM at -120 °C. During discharging, the pressure of the ‘Excess BOG’ is varied using the compressor ‘BOG 

Booster’. This pressure is increased by a step of 5 bar from 13 to 43 bar. Unlike the charging mode, it is observed 
that not only the pressure has an impact on the performance, but also the SM temperature ‘Cold SM-in’. As the 

SM temperature increases, the total amount of excess BOG liquefied (EBOG-out) decreases. Consequently, 
the amount of vapor recycled to the system increases and the temperature and properties of the Excess BOG 
entering (EBOG-in) are affected. The ‘Cold SM-in’ stream temperature is increased from -160 °C by a step of 3 
°C at each pressure step. This increase is subjected to two constraints: the first is to avoid the temperature 
cross inside the heat exchanger. The second is the amount of vapor recycled to the system, which is limited to 
50 % of the inlet flow since it increases the load on the compressors and decreases the flow quality.  
At each pressure and temperature step, the different parameters such as composition, pressure, temperature, 
flow rates, power of the streams, and equipment are monitored by the link established between Excel and 
HYSYS using VBA. Tracking these parameters helps in assessing their impact on the storage system. Moreover, 
the temperature versus the power profiles at each pressure step are plotted as appears in Figure 2 to calculate 
the system energy storage capacity. 

5. Performance results and discussion

The impact of the operating pressure is first assessed using the temperature versus the power profiles for the 
evaporation and liquefaction at each pressure step, as appears in Figure 2. Results showed that during charging, 
as the pumping pressure decreases, the final temperature of the SM attained, which is presented by the 
evaporating temperature profiles, also decreases. On the other hand, results in the discharging mode show that 
as the discharging pressure increases, a higher SM temperature can be attained for acceptable recycling 
percentages. The maximum SM temperature reached at 43 bar is -121 °C for 50 % recycling, while only -145 
°C can be attained at 13 bar.  
Higher energy storage capacity can be achieved with a larger temperature difference in the SM. Thus, the lower 
the SM temperature reached at the end of charging and the higher this temperature is at the end of discharging, 
the larger the temperature difference would be. Based on the above data, the lowest evaporation pressure and 
the highest liquefaction pressure provide the highest temperature difference. The low pressure can be attained 
easily without increasing the pumping costs. However, increasing the discharging pressure increases the 
compression costs by a minimum of 250 kW, which consequently raises the operating costs and arises the need 
for a further economic assessment. Selecting the liquefaction pressure is a matter of precise dynamic modeling 
and economic study to see if its impact on energy storage is worth paying the extra compression charges. 
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Figure 2: LNG evaporation and Excess BOG liquefaction temperature profiles 

The energy assessment is proceeded considering 1 bar charging pressure and over all the discharging pressure 
range, and the comparison is established based on the different SM specific energy results. The calculation is 
carried out for 1 kg of SM by integrating the obtained temperature profiles using Eq(1) and Eq(2). Results 
presented in Figure 3 show that at 13 bar discharging pressure, both n-Butane and i-Hexane offer the highest 
specific energy capacities. However, when higher pressures are considered, n-Butane becomes a better 
candidate. For pressures higher than 18 bar, n-Pentane shows a significant enhancement in its performance 
and offers the best results with specific energy reaching 180 kJ/kg at 43 bar. The main reason for the variation 
of the PCMs performance with pressure is their fusion temperature and its consequent effect on the percentage 
of material undergoing fusion. For example, at 13 bar, n-Pentane stores energy only in the form of sensible heat 
since its fusion temperature lies outside the operating temperature range (-162 °C to -130 °C). When the 
pressure is further increased, n-Pentane undergoes a phase change and stores a higher amount of energy. The 
same applies to n-Butane, which partially undergoes fusion at low discharging pressure. On the other hand, all 
the PCMs outperformed Ice due to the additional latent heat provided during fusion, which contributes to more 
than 60 % of their total energy storage capacity. 

Figure 3: SM specific energy storage capacity at different discharging pressure steps 

The mass and volume of the TES unit constitute limitations on the LNG carrier and should be considered in 
characterizing the system. These parameters are calculated for an operating liquefaction duration of 24 h and 
assuming that the tanker is at rest, which is equivalent to a goal of 4 MWh of cold energy storage. The SM mass 
and the total storage volume are presented using Figure 4a and Figure 4b, respectively. The total storage 
volume is calculated considering the SM expansion at 45 °C and a 20 % increase in the construction volume. 
Results show that the SM mass function of the discharging pressure varies inversely to that of the energy 
storage capacity. The mass of the different PCMs used does not exceed 200 tons for pressure above 18 bar, 
whereas the Ice mass remained very high at all pressure ranges reaching a minimum value of 380 tons. 
Similarly, the Ice total storage volume is elevated compared to the PCMs. Moreover, n-Butane and i-Hexane 
possess the lowest storage volumes below 18 bar, while n-Pentane offers the lowest volume at high pressures. 
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a. b. 

Figure 4: TES parameters to attain the energy storage goal: a. SM mass b. Total storage volume 

6. Conclusion

Throughout this study, a new on-board BOG reliquefaction technology is presented based on thermal energy 
storage. The thermal energy storage unit operates on two modes: charging and discharging. Cold energy is 
stored in the form of latent and/or sensible energy when LNG is evaporated to be used later in reliquefying the 
excess BOG. A parametric energy assessment of the system performance was carried out for variable operating 
conditions and different types of storage materials. Results showed that maintaining a charging pressure of 1 
bar and increasing the discharging pressure increases the energy storage capacity. The latter parameter should 
be subjected to further economic assessment due to the additional compression power needs and implicit 
investment costs. The storage material performance remarkably varied with these conditions; however, all 
PCMs showed better energy storage capacity offering a more compact system than Ice. n-Butane and i-Hexane 
showed good performance at all discharging pressures with a specific energy capacity ranging between 95 and 
150 kJ/kg. n-Pentane presented optimum results at high pressures with a specific energy up to 180 kJ/kg at 43 
bar. Regarding the environmental constraints, this system can eliminate the use of the gas combustion unit and 
decrease the ship’s CO2 emissions. 
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