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Abstract: Natural gas plays a vital role in the economically and environmentally sustainable future
of energy. Its reliable deliveries are required, especially nowadays, when the energy market is
so volatile and unstable. The conversion of natural gas to its liquefied form (LNG) allows its
transport in greater quantities. Affordability and reliability of clean energy is a key issue even for
developed markets. Therefore, natural gas usage enables to implement green solutions into countries’
economies. However, the LNG-production process consumes a considerable amount of energy.
This energy is stored in LNG as cold energy. After LNG unloading into storage tanks at receiving
terminals, it is vaporised and compressed for transmission to a natural gas pipeline system. During
the regasification process, the large part of the energy stored in LNG may be recovered and used
for electricity generation, seawater desalination, cryogenic air separation, hydrogen liquefaction,
material freezing, carbon dioxide capture, as well as for combined LNG cold energy utilization
systems. Moreover, increased efficiency of LNG terminals may attract potential clients. In the
presented paper, a mathematical model is performed to determine the influence of LNG composition
and regasification process parameters on the quantity of released LNG cold energy in a large-scale
floating storage and regasification units (FSRU)-type terminal “Independence” (Lithuania). Flow rate
of LNG regasification, pressure, and boil-off gas recondensation have been considered. Possibilities
to reduce the energy losses were investigated to find the ways to improve the regasification process
efficiency for real FSRU. The results analysis revealed that potential of LNG cold energy at FSRU
could vary from 20 to 25 MW. A utilisation of industrial and urban waste heat for the heat sink FSRU
is recommended to increase the energy efficiency of the whole regasification process.

Keywords: liquefied natural gas; transport infrastructure; FSRU; exergetic analysis; regasification;
released energy utilization; efficiency improvement

1. Introduction

Natural gas delivered in liquefied form (LNG) plays a significant role for the economy
of developed and developing countries that do not have enough of their own deposits
of this raw material. Its implementation allows to replace coal and liquid fuel power
generation, allowing to reduce the emissions level [1]. Natural gas usage has several
advantages. It produces fewer than 10% of the particulates [2], and compared to coal, its
usage allows to achieve 50% less greenhouse gas emission for power generation [3]. In
maritime transport, it is possible to reduce emissions up to 21% by using engines fuelled
by gas rather than heavy fuel oil [4]. It is assumed that its efficiency is about 95% when
it is applied for heating houses [5]. Natural gas imported in LNG form can also help to
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balance the fluctuations in electricity produced from renewable energy sources as well as
meet peak electricity needs.

The floating storage and regasification unit (FSRU) allows to store LNG and convert
it to gaseous form. These units have become popular over the last two decades and now
account for 6.3% of the global LNG fleet [1]. FSRUs offer better flexibility, lower capital
costs, and faster conversion of LNG procured gas compared to onshore regasification
terminals [1]. Large offshore terminals are used for LNG transfer and enable effective
onshore gas supplies for land-limited regions or areas with difficult access to special
infrastructure. Thirty-four FSRUs are currently in operation within the global LNG fleet.
These special ships are expected to remain popular storage and regasification solutions in
near future. In the European Union (EU), FSRUs have become important equipment for
natural gas trade and diversification of its deliveries. Lithuania is one of the first European
countries that, in 2014, started operation of an LNG carrier designed as a floating LNG
storage and regasification unit used as LNG import terminal.

Regasification of LNG is a final process in the LNG supply chain, where efficiency of
the supply could be increased, and some of the wasted energy could be recovered. Wasted
energy is described as the energy consumed in the liquefaction of natural gas and generated
as LNG cold energy in LNG vaporisers during the regasification process [6].

Considering the thermophysical properties of natural gas, the amount of usable
recoverable LNG cold energy may reach around 830 kJ/kg [7,8]. From an environmental
point of view, LNG cold energy causes energy waste and pollution [9]. It also leads to
higher natural gas prices and reduces the efficiency of the primary energy source [10]. In
addition, LNG cold energy is a unique form of energy because it is cryogenic. It can be
used to provide the thermal energy needed for low-temperature applications [6,10,11].
More attention is being paid to LNG cold energy systems that use this energy for electricity
generation [8,12], seawater desalination [13], cryogenic air separation [14,15], freezing of
material [16], carbon capture [17,18], as well as for combined LNG cold energy utilization
systems [19], storage for liquid air energy [20], pumped thermal energy storage [21], etc.
However, it should be noted that application of these systems needs their installation on
the FSRU deck. In the case that the FSRU is in operation and is connected to a special
onshore small-scale LNG terminal, installation of these systems is challenging or even
impossible. Such a terminal is operated in Klaipeda port (Lithuania) and forms a modified
LNG carrier with very limited space on board [22,23]. The alternative transport of LNG,
from the FSRU to potential consumers in an above-mentioned onshore facility, is very costly.
The operator of the FSRU in Klaipeda port implements this approach on a small scale in
order to supply with gas the off-grid users of Lithuania, which, for historical reasons, are
not connected to the national gas distribution network, or to provide fuel for vessels, buses,
cars, etc. [24]. Therefore, it could be very problematic to modify FSRU according to the
suggestions of the literature mentioned above. It was estimated that 2.7 EJ (7500 TWh)
of industrial waste heat is available in Europe per year [25]. Furthermore, 1.2 EJ/y are
available as low-temperature waste heat from urban heat sources in Europe (e.g., heat from
infrastructure such as wastewater and metro systems, service sector buildings, and data
centres) [26], so it could be stated that sufficient technical sources are available to deal with
these challenges.

It should be noted that regardless of existing advantages and disadvantages of FSRU,
operation of large-scale regasification plants should be continuously improved. It is partic-
ularly important to find ways to reduce energy losses and to make LNG terminals more
energy efficient.

Many scientists and engineers are focusing on various projects to improve energy
efficiency of onshore regasification systems in order to use LNG cold energy and make
them more flexible. In theoretical studies, most scientists consider implementation of
innovative technologies in LNG terminals model but not in the existing one. Exergy
analysis is often used as a method to investigate the flow of the energy in systems allowing
for LNG cold energy utilization. A number of studies has been performed to verify
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exergy [7,27–29] and evaluate the maximum available work potential of investigated
energy systems [30]. Therefore, based on the available literature analysis, the research gap
was identified that deals with the lack of studies on exergetic analysis for real-life offshore
LNG terminal facilities.

The aim of this article is to investigate the possibilities to reduce the energy losses
and to find the ways to improve the regasification process efficiency for real-life FSRU.
To this end, the influence of LNG composition and regasification process parameters on
possibility to use LNG cold energy was investigated and discussed. Thermodynamic
and exergetic analysis was carried out to determine the release of LNG cold energy in
large-scale FSRU-type terminals. The case study was considered, covering five real cases of
the operation of the FSRU “Independence” (Lithuania). Different compositions of LNG
and regasification process parameters were considered. Conducted analysis and discussion
allowed to broaden the knowledge of community researchers and industry experts related
to realised LNG cold energy utilisation options in a large-scale FSRU terminal, which is an
important node of the natural gas supply chains. Moreover, a solution to extend the limits
of FSRU “Independence” is also proposed.

2. Research Methodology
2.1. Description of Regasification Process on the FSRU

The typical scheme of regasification process in FSRU is presented in Figure 1. Pumps
transport the LNG at high pressure to a vapour–liquid separator (suction drum) (1) on
deck. From there, the booster pump (2) delivers the LNG with approx. 10 MPa at −160 ◦C
to the boil-off gas (BOG) recondenser (3).
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Figure 1. Simplified scheme of regasification process in FSRU. Note: the suction drum, including in-
and outputs L1, L2, L3, and B1, is presented to illustrate the completeness of regasification process
scheme; however, in the presented study these elements will not be analysed in detail.

The LNG regasification process takes place in an LNG vaporiser (4), where there is a
heat exchange between propane, and the LNG temperature during this process increases
up to −10 ◦C. Hereinafter, the LNG evaporates, while the initially 0 ◦C warm propane gas
cools down to about −5 ◦C and condenses. Evaporated natural gas (NG) is then supplied
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to the NG trim heater (5). Therein, the NG is brought to a final temperature of +5 ◦C and a
pressure of 3.4–6.5 MPa by preheated propane. Propane runs in a closed circuit. After LNG
evaporation into a gas, the condensed propane is collected in the propane buffer tank (8).
The propane circulation pump (7) increases the pressure of the propane from about 0.2 MPa
to 1.1 MPa at a constant speed. Propane then enters the propane preheater (6), where it
extracts heat from the seawater and raises its temperature from about −15 ◦C to 11 ◦C.
Preheated propane is supplied to natural gas trim heater (5), is mixed with cold propane
from the propane pump (7), and is transferred to the propane vaporiser (9). Repeatedly,
heat is exchanged between seawater and propane, and then, the last bit evaporates. The
propane vapor is sent to the LNG vaporiser (4) for the heat exchange with LNG. This closes
the propane cycle.

The heat required for the evaporation of LNG is extracted from the seawater. The
minimum seawater inlet temperature into the heat exchanger must be 13 ◦C; therefore,
seawater extraction without additional temperature control is worthwhile [31]. If the
seawater is colder than 13 ◦C, it must be heated and circulated in a closed circuit, and such
a situation may occur in the winter period. In summer, seawater is directly supplied to the
propane closed loop.

In the analysed terminal, four trains are working within the same LNG regasification
flow. A train is a group of the regasification equipment that is working in parallel. In this
study, one train was selected for detailed investigation.

2.2. Mathematical Modelling of LNG Regasification Process

For mathematical modelling of the thermodynamic properties of LNG, the Klosek–
McKinley method and the standard ISO 6976:1995 “Natural Gas—Calculation of Values,
Density, Relative Density and Wobbe Index from Composition” was used [32,33]. The
values were calculated using Maple software. The mathematical model was introduced
and applied to analyse five different real-life regasification cases at FSRU. Based on se-
lected cases analysis, it was possible to compare achieved results and identify the most
suitable case for exergy analysis (Table 1). Criteria for regasification cases analysis were
selected according to technological procedures and physical parameters to verify LNG cold
energy release.

Table 1. Criteria of analysed LNG regasification cases at FSRU.

Case Composition of LNG, % Flow Rate of LNG, kg·h−1 Pressure, MPa (g) BOG Recondensation

Case 1
Methane—86; ethane—8;

propane—4;
i-butane—1; n-butane—1

120,000 3.5 No recondensation

Case 2 Methane—99.6; nitrogen—0.4 102,666 6.5 With BOG circulation

Case 3 Methane—96; nitrogen—4 105,666 6.5 No recondensation

Case 4
Methane—86; ethane—8;

propane—4;
i-butane—1; n-butane—1

50,000 6.5 Partly recondensation

Case 5
Methane—86; ethane—8;

propane—4;
i-butane—1; n-butane—1

120,000 5.5 Partly recondensation

Analysed cases consider different LNG flow rates. The maximum LNG flow of
120,000 kg·h−1 was observed in Case 5 and Case 1, and the minimum was 50,000 kg·h−1

in Case 4. The methane content of LNG was an important parameter for regasification
cases selection. Three cases (Case 1, Case 4, Case 5) were selected with 86% methane in
LNG as well as two other cases that had more than 90% of methane (Case 2, 99.6%; Case
3, 96% methane).

The LNG vaporisation pressure is extremely important parameter that could influence
LNG cryogenic exergy [14,34]. Li et al. analysed variations of LNG cold energy released
with different regasification pressure [35]. The results showed that with increasing regasifi-
cation pressure by 1.0 MPa(g), the cold LNG energy decreases. The pressure drops increase
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in the LNG vaporisers or propane preheater, so more work has to be consumed by pumps
or compressors. Therefore, Case 1 (3.5 MPa(g)) Case 5 (5.5 MPa(g)) consider different
regasification pressure when natural gas is sent to the gas transmission station. In turn,
regasification pressure reaches 6.5 MPa(g) in Case 2, Case 3, and Case 4.

In this study, the propane short-circuits flows (presented in Figure 1: P3—pressurised
propane is sent back to a propane tank; P4—propane mixing with P7 flow after NG trim
heater) were not analysed for all cases. In Cases 1–3 and 5, after the propane pressurization
by a propane pump, a part of propane flow is sent back to the propane tank (P3), another
part is directed to the propane vaporiser for mixing (P4), and the rest flow (P5) is sent to
the propane preheater. In Case 4, because of the low LNG flow, the circulating propane
flow rate is also low and, therefore, is directly transferred by propane pump to propane
preheater, ignoring P3 and P4. Precooling could be done to decrease the work of the
pump and the propane temperature after NG heating in the NG trim heater. This process
decreases the maximum work, which is of interest in this study.

Boil-off gas recondensation is an important operation, which requires electric power
for pumps and compressors to work [36]. Hereby, Case 2, Case 4, and Case 5 were selected
with BOG recondensation to observe technological changes in the regasification system at
FSRU. The physical parameters of LNG (volume, density, individual gas constant) were
calculated by combination of Klosek–McKinley and ISO 6976:1995 methods to verify initial
conditions in every case.

Table 2 shows the calculation results of LNG physical properties for selected cases. In
Case 3, LNG with high methane (96%) and nitrogen amount (4%) was considered. Nitrogen
is an inert component that reduces gross heating value [37]. A high amount of nitrogen
impacts BOG generation, and it could make LNG unmarketable [32]. Furthermore, the
density is the indicator of LNG composition, which determines the quality of LNG stored in
FSRU. The density calculation of gas mixture includes other variables, which are estimated
according to Klosek–McKinley method.

Table 2. Results of calculated physical properties of LNG for selected regasification cases.

Regasification Case M V
(Without Correction) Vmix K1 K2 ρLNG Rg

Units kg·kmol−1 L·mol−1 L·mol−1 L·mol−1 L·mol−1 kg·m−3 kJ·(kmol·K)−1

Case 1 * 19.1290 0.0400 0.0398 0.00718 0.00129 480.26 0.435

Case 2 16.0000 0.0400 0.0380 0.00001 0.00032 423.42 0.520

Case 3 16.4220 0.0360 0.0352 −2.66·10−6 1.07·10−5 432.40 0.506

* The composition of LNG is the same as in Case 4 and Case 5; M, molecular mass of mixture (kg·kmol−1); V
(without correction), molar volume of LNG at the reference temperature (L·mol−1); Vmix, molar volume of mixture
(L·mol−1); K1, K2, volume correction factors (L·mol−1); ρLNG, density of LNG by reference temperature (L·mol−1);
Rg, individual gas constant kJ·(kmol·K)−1.

The estimated physical properties of LNG were used for energy and exergy calcula-
tions. The reference state for exergy calculations was set T0 = 15 ◦C and p0 = 0.101 MPa(g).
According to technical sheets of equipment, variables such as pressure (p), temperature
(T), and flow rate of LNG were selected as similar true values. These values were used to
estimate energy and exergy values. The flow rate of propane was selected as the nominal
value of the equipment’s technical working parameters.

The thermodynamic parameters of working fluids (propane, methane, and seawa-
ter) and exergy of flows were calculated for analysed cases using the database program
REFPROP version 9.0. The higher aliphatic components, such as ethane, propane, and
i- or n-butane, were neglected because of their small quantities. In addition, the current
literature [38] states that influence of ethane on the exergy is lower than 1%. Therefore,
it can be assumed that the influence of the other working fluids’ compounds with lower
content is even less and will not be considered in further analyses.
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The Peng–Robinson equation was used to calculate properties of fluids and estimated
parameters needed for exergy analyses. Modelling was carried out under assumptions that
were discussed in [39,40], including:

- The heat transfer between the environment and the system is not feasible;
- Heat exchangers are the counter-flow type and adiabatic;
- The isentropic efficiency of pumps, turbines, and compressors is equal to 0.9.

2.3. Thermodynamic Calculation of LNG Regasification System

The determination of energetic and exergetic analysis was conducted using the follow-
ing methodology.

According to [14,41,42], modelling of different regasification pressure of LNG va-
poriser and NG trim heater should be analysed to observe LNG cold energy changes.
The complete change in enthalpies in heat exchangers could be calculated as follows
(Equation (1)):

Q = mcp∆T = mcp(Tout − Tin), (1)

where: ∆T—change in temperature (K); cp—specific heat capacity (kJ·(kg·K)−1); m—mass
flow rate (kg·h−1); Tout—working fluid output temperature (K); Tin—working fluid input
temperature (K).

LNG cold energy changes may be determined as follows (Equation (2)):

Q = UA·LMTD = mhot·(hin − hout) = mcold·(hin − hout), (2)

where: Q—amount of heat transferred (kW); UA—result of the multiplication between the
convective heat transfer coefficient and heat transfer area (kJ·(K·s)−1); LMTD—logarithm
mean temperature difference (K); mhot—flow rate of hot fluid (kg·h−1); mcold—flow rate of
cold fluid (kg·h−1); hin—specific enthalpy of inlet fluid (kJ·kg−1); hout—specific enthalpy
of outlet fluid (kJ·kg−1).

The logarithm mean temperature difference (LMTD) is a parameter allowing to deter-
mine the amount of heat transfer in heat exchangers and shows the temperature’s driving
force. It was assumed that hot and cold flows of fluids are counter flows in heat exchanger.
Therefore, the LMTD may be estimated using Equation (3):

LMTD =
(Thot,out − Tcold,inlet)− (Thot,inlet − Tcold,outlet)

ln (Thot,out−Tcold,inlet)
(Thot,inlet−Tcold,outlet)

, (3)

where: Tout—working fluid output temperature (K); Tin—working fluid input temperature (K).
The central component of the LNG regasification process is the LNG flow from L4

to L8 via L5, L6, and L7 (Figure 1). LNG regasification starts when LNG is transferred by
booster pump to BOG recondenser from L5 to L6. The booster pump power consumption
could be calculated applying Equation (4) [7,14]:

WL pump =
m(hL5 − hL4)

ηisLpump
=

V(PL5 − PL4)

ηisLpump
, (4)

where: WLpump—booster pump power consumption (kW); ηisLpump—thermal efficiency;
mLNG—LNG flow (kg·h−1); hL5—specific LNG enthalpy after booster pump work (kJ·kg−1);
hL4—specific LNG enthalpy before booster pump transfer (kJ·kg−1); V—LNG volume (m3);
PL5—LNG pressure in point L5 after booster pump transfer (MPa(g)); PL4—LNG pressure
in point L4 before booster pump transfer (MPa(g)).

BOG recondensation process may be assessed as follows (Equation (5)):

QLNG(3) = mLNG(hL6 − hL5) = QBOG(3), (5)
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where: QLNG(3)—heat absorbed by LNG from BOG in BOG recondenser (kW); mLNG—LNG
flow (kg·h−1); hL6—specific LNG enthalpy after BOG recondensation (kJ·kg−1); hL5—specific
LNG enthalpy before BOG recondensation (kJ·kg−1); QBOG(3)—heat released from BOG (kW).

After BOG recondensation, LNG is sent to LNG vaporiser, flowing from L6 to L7
(Figure 1). The heat absorbed by LNG from propane (P) in the LNG vaporiser (4) may be
determined using Equation (6) [10,13,14]:

QLNG(4) = mLNG(hL7 − hL6) = QP(4), (6)

where: QLNG(4)—heat absorbed by LNG from propane in LNG vaporiser (kW); mLNG—LNG
flow (kg·h−1); hL7—specific LNG enthalpy after NG production (kJ·kg−1); hL6—specific
LNG enthalpy before NG production (kJ·kg−1); QP(4)—heat released from propane (kW).

The heat released to LNG in LNG vaporiser could be calculated as follows (Equation (7)):

QP(4) = mP(hP9 − hP1), (7)

where: QP(4)—heat released from propane (kW); mP—propane mass flow in LNG vaporiser
(kg·h−1); hP1—specific propane enthalpy after NG production (kJ·kg−1); hP9—specific
propane enthalpy after propane vaporisation (kJ·kg−1).

After LNG regasification, NG is sent to NG trim heater (flowing from state L7 to L8)
to reach send-out conditions of the high-pressure gas pipeline that is connected to the
gas-metering station. The heat absorbed by NG from propane in the NG trim heater (5)
may be assessed as follows (Equation (8)):

QLNG(5) = mLNG(hL8 − hL7) = QP(5) , (8)

where: QLNG(5)—heat absorbed by NG from propane in NG trim heater (kW); mLNG—NG
flow in NG trim heater (kg·h−1); hL7—specific NG enthalpy before NG heating (kJ·kg−1);
hL8—specific NG enthalpy after NG heating (kJ·kg−1); QP(5)—the heat released from
propane (kW).

The heat released to NG in NG trim heater may be determined using Equation (9):

QP(5) = mP(hP7 − hP6) , (9)

where: QP(5)—heat released from propane (kW); mP—propane mass flow in NG trim heater
(kg·h−1); hP7—specific propane enthalpy after NG heating (kJ·kg−1); hP6—specific propane
enthalpy after propane preheating (kJ·kg−1).

The closed propane loop supplies the LNG regasification process with heat. The heat
absorbed by propane from seawater in the propane preheater (plate heat exchanger) may
be assessed using Equation (10):

QP (6) = mP(hP6 − hP5) = QSW(6), (10)

where: QP(6)—heat absorbed by propane (kW); mP—propane flow (kg·h−1); hP6—specific
propane enthalpy after propane preheating (kJ·kg−1); hP5—specific propane enthalpy after
propane pump work (kJ·kg−1); Q SW(6)—heat released from seawater (kW).

The heat released from seawater to propane in propane preheater could be calculated
as follows (Equation (11)):

QP(7) = mSW(hSW7 − hSW8) , (11)

where: QP(7)—heat absorbed by propane (kW); mSW—seawater mass flow (kg·h−1); hsw7—specific
seawater enthalpy before propane preheating (kJ·kg−1); hSW8—specific seawater enthalpy
after propane preheating (kJ·kg−1).
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The heat absorbed by propane from seawater in the propane vaporiser (plate and
frame heat exchanger) that is marked number 9 in Figure 1 and may be assessed as follows
(Equation (12)):

QP(8) = mp
(
hp8 − hp9

)
= QSW(9), (12)

where: QP(8)—heat absorbed by propane (kW); mP—propane flow (kg·h−1); hP9—specific
propane enthalpy after propane vaporisation (kJ·kg−1); hP8—specific propane enthalpy
before propane vaporisation (kJ·kg−1); QSW(9)—heat released from seawater (kW).

The heat released to propane in propane vaporiser may be determined using Equation (13):

QP(9) = mSW(hSW5 − hSW6), (13)

where: QP(9)—heat absorbed by propane (kW); mSW—seawater mass flow (kg·h−1); hsw5—
specific seawater enthalpy before propane vaporisation (kJ·kg−1); hSW6—specific seawater
enthalpy after propane vaporisation (kJ·kg−1).

The propane throttle valve, which controls the level in the propane tank, could be
calculated as follows (Equation (14)):

HP in = hPout, (14)

where: hPin—specific propane enthalpy inlet (kJ·kg−1) in throttle valve; hPout—specific
propane enthalpy outlet (kJ·kg−1) in throttle valve.

The propane pump power consumption may be determined as follows (Equation (15)) [7,32,41]:

WP pump =
m(hP5 − hP2)

ηisPxpump
=

V(PP5 − PP2)

ηisPxpump
, (15)

where: WPpump—propane pump power consumption (kW); ηisLpump—thermal efficiency;
mP—propane flow (kg·h−1); hP5 —specific propane enthalpy after propane pump work
(kJ·kg−1); hP2 —specific propane enthalpy before propane pump transfer (kJ·kg−1); Vp—
propane volume (m3); PP5—propane pressure in point P5 (Figure 1) after propane pump
transfer (MPa(g)); PP2—propane pressure in point P2 before propane pump transfer
(Mpa(g)).

The exergy analysis of the regasification system includes calculation of input, output
exergy losses, and efficiency under the mentioned conditions.

The exergy consists of physical and chemical exergy; however, in the regasification
process, there is no chemical reaction, so chemical exergy is not considered in this research.
Only physical parts of the exergy occur [26]. Rejecting kinetic and potential energy changes,
the flow exergy of natural gas at any state may be calculated as follows (Equation (16)) [42,43]:

Eex = m(h − h0)− T0(s − s0) = ∆h − T0∆s + RgT0 ln
p
p0

. (16)

The exergy analysis conditions may be set considering reference conditions (T0 = 15 ◦C
(288.15 K) and (p0 = 0.101 MPa(g)), considering Equations (17) and (18):

H − h0 = cp·(T − T0), (17)

S − s0 = cp· ln
T
T0

− Rg· ln
p
p0

. (18)

Then, the temperature exergy (e(T)x ) and pressure exergy (e(p)x ) could be expressed
applying Equations (19) and (20) [32]:

e(T)x = cp·
[

T − (T0·
(

1 + ln
T
T0

)]
, (19)
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e(p)x = Rg·T0· ln
p
p0

, (20)

where: m—mass flow rate (kg·h−1); h—specific enthalpy at reference pressure p and
temperature T (kJ·kg−1); s—specific entropy at reference pressure p and temperature
T (kJ·K−1·mol−1); h0—enthalpy at ambient temperature T0 and pressure p0 (kJ·kg−1);
s0—entropy at ambient temperature T0 and pressure p0 (kJ·K−1·mol−1); cp —specific heat
capacity (kJ·kg−1·K−1); Rg—individual gas constant (kJ·(kmol·K)−1); T0—ambient tem-
perature (K); T—reference temperature (K); p0—ambient pressure (MPa(g)); p—reference
pressure (MPa(g)).

The main aim of exergy analysis is to calculate and determine the values of exergy
losses of system’s equipment [39,43]. In addition, the results of exergy losses calculation
could provide information about the overall performance of the thermodynamic system.
Exergy losses could be calculated on the basis of exergy balance described in [44–47].

Moreover, the exergy efficiency should be assessed as an important parameter that al-
lows to determine improvement possibility of the regasification system. Exergy efficiencies
could be combined with flow diagrams, which make it possible to identify thermody-
namic performance of single equipment of regasification process or whole regasification
process [32]. When exergy losses are calculated, the exergy efficiency of the equipment
could be determined using Equation (21) [7,14]:

ηex =
exgain

expain
=

∑ Exergy output
∑ Exergy input

= 1 − ∑ Exergy loss rate in each device
∑ Exergy input

(21)

where: ηex—exergy efficiency (%); exgain—sum of exergy outputs (kW); expain—sum of
exergy inputs (kW).

3. Results and Discussions

Based on proposed methodology, the calculations were carried out, and results were
analysed in detail.

At the beginning, the attention was paid to the differences in the set of parameters of
the analysed five cases (Section 2.2), which influenced research outcomes. For instance,
Case 1 was characterised by the highest regasification flow (120,000 kg h−1) compared
to Case 4 with the lowest flow of 50,000 kg·h−1 (ratio of 2.4). It was concluded that the
regasification flow of LNG cold energy of Case 1 is higher than in Case 4.

Although Case 2 and Case 3 had similar pressure conditions at every flow point of
regasification, the boiling temperature was different. The higher amount of nitrogen in
LNG was observed in Case 3, while the fluid boiled at minus 196 ◦C (boiling temperature of
methane is minus 162 ◦C). This resulted in slightly lower LNG cold energy (L8 in Figure 1)
in Case 3 (131.17 MWh·kg−1) compared to Case 2 (136.52 MWh·kg−1).

3.1. Results of Energy Analysis and Yield of Cold Energy

The next step of investigation covered the analysis of processes performed within
propane closed loop as the main part of the regasification plant influenced by the LNG and
the seawater side-cycles. This loop includes many thermodynamic processes (vaporisation,
heating, condensation, expansion) that influence propane flow. Therefore, the detailed
analysis of LNG regasification process, conducted using equipment (pumps, vaporisers,
heaters, etc.), was carried out. According to Equations (10)–(15), the energy values were
calculated to verify thermodynamic process changes and analyse the energy input and
output values in all propane closed loops. Estimated energy balance values are presented
in Table 3.
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Table 3. Energy input at the propane tank in reference conditions: 257.95 K and 0.2 MPa and energy
output in reference conditions: propane vaporiser at 271.75 K and 0.4 MPa.

Case Energy Input, MW Energy Output, MW

1 224.98 201.21

2 183.78 164.36

3 198.51 177.53

4 79.96 71.58

5 214.78 192.09

It should be noted that the maximum flow rate of propane (287,212 kg·h−1) oc-
curred in Case 1. It was 2.8 times higher than in Case 4 with the minimum propane
flow (100,000 kg·h−1). Initial flow of propane (from LNG vaporiser into propane tank)
was 220,000 kg·h−1 in Case 2, 250,000 kg·h−1 in Case 3, and 270,000 kg·h−1 in Case 5.
Comparing the achieved results, small differences between flows were determined that
induce different energy input and output values (Table 3). These values depend on pressure
and temperatures changes.

During the propane vaporisation process, it was noticed that the energy output was
2.8 times higher in Case 1 than in Case 4 (Table 3). In other cases, the energy output was
similar comparing with Case 1. These energy changes showed the amount of absorbed
heat by propane from seawater.

It was determined that regasification with simultaneous BOG recondensation (Case 2,
Case 4, Case 5) requires only a small amount of energy for the regasification of LNG. The
reason is that the recondensation process warms up cold LNG. If, for example, Case 1 and
Case 5 are compared with the same LNG regasification stream (120,000 kg·h−1), a higher
energy demand can be observed in Case 1 than in Case 5. It could be caused by partly BOG
recondensation in Case 5.

Furthermore, released LNG cold energy was determined by comparing LNG energy
input and output values of the whole regasification system (starting with the LNG transfer
using booster pump and finishing with the NG heating process). The maximum value of
released energy was estimated in Case 5 (24.78 MW). However, Case 3 was characterised
by higher amount of LNG cold energy than Case 2 due to higher nitrogen content in LNG.
The difference between these two cases was estimated as 1.15 MW.

The minimum amount of released LNG cold energy was observed in Case 4. The
difference between minimum and maximum values of released energy was determined
(2.15 MW). The average value of LNG cold energy for all analysed cases reached 22.34 MW.

3.2. Results of Exergy Analysis

To evaluate drawbacks of the regasification system at FSRU, the exergy analysis was
performed. The estimated values of exergy were calculated for every flow indicated in the
regasification system (Figure 2) in order to determine the losses in the regasification system
in exergy balance. The Case 2 was selected for further detailed analysis because it showed
the highest values of exergy flow. The other cases had similar exergy progression at a lower
level, as it can be observed in Figure 2, showing the exergy flow values of Case 2.

While transferring LNG by booster pump to the BOG recondensation unit, the exergy
decreased from 47.40 MW to 47.11 MW (Figure 2). The exergy change in the BOG reconden-
sation unit reached the value of 291 kW. The highest exergy flow changes were observed
between LNG input flow from BOG recondenser to LNG vaporiser as well as during natural
gas flow from LNG vaporiser to NG trim heater. These changes were found to affect the
production of natural gas from LNG. These processes consumed about 12.68 MW. It was
also found that the further natural gas heating needs up to 0.54 MW. This was estimated as
a difference between natural gas flow from the LNG vaporiser to the NG trim heater as
well as natural gas flow from the NG trim heater to the natural metering system.
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Figure 2. Composition of the LNG exergy flow in regasification system: L4, LNG flow transfer to
LNG booster pump; L5, LNG input to BOG recondenser; L6, LNG output from BOG recondenser and
input to LNG vaporiser; L7, NG flow from LNG vaporiser and input to NG trim heater; L8, NG flow
from NG trim heater to natural metering system.

Figure 3 illustrates propane exergy flows indicated for the Case 2. The flow difference
between P2 and P5 resulted from a decrease of exergy value from 23.10 MW to 18.56 MW.
The attention should be paid to fact that increase in pressure at the propane pump did
not lead to an increase in exergy but even to its reduction. During the propane preheating
process observed in exergy flows (P5 and P6), the changes were not visible. The increase
in exergy flow took place between P7 and P8 (4.70 MW) and resulted from the mixing
of the propane from the NG trim heater with fresh propane from the propane buffer
tank. The exergy changes could be seen during the propane vaporisation process, which
is represented by P8 and P9 flows. For these flows, the exergy decreased by 9% from
23.06 MW and 21.04 MW, achieving a difference of 2.02 MW. This value is justified because
the exergy is transmitted from propane to LNG.
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Figure 3. The values of propane exergy flow in the regasification system: P1, propane flow from LNG
vaporiser to propane tank; P2, propane flow transfer by propane pump; P5, propane flow to propane
preheater; P6, propane flow from propane preheater to NG trim heater; P7, propane flow from NG
trim heater to propane evaporator; P8, propane flow to propane evaporator; P9, propane (liquid and
vapours) flow from propane evaporator to LNG vaporiser.

Calculation results of the seawater exergy are illustrated in Figure 4. Exergy flow was
divided into two sections. The first dealt with the seawater flow to the propane preheater
(Figure 4a) and the second with the seawater flow to the propane evaporator (Figure 4b).
The exergy flow was observed in propane vaporiser due to the heat transfer. It was found
that in all analysed sections (propane vaporiser, propane preheater), exergy decreased
because the energy was taken up by propane.
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Figure 4. The Case 2 of seawater exergy flow in the regasification system. (a) The values of seawater
exergy flow in regasification system: SW2, seawater inlet to the regasification system from heaters;
SW5, seawater flow to propane evaporator; SW6, seawater output flow from propane evaporator.
(b) The values of seawater exergy flow in the regasification system: SW2, seawater inlet to the
regasification system from heaters; SW7, seawater flow to propane preheater; SW8, seawater flow
output flow from propane preheater.

Table 4 shows the exergy input and output of the regasification process for Case 2.
It was found that the exergy input reached 47.40 MW and the exergy output 47.11 MW,
taking into account the operation of the booster pump. That part of the thermal exergy is
transferred into pressure exergy in the booster pump when LNG is pressurised, and its
temperature drops. For the BOG recondenser, the smallest exergy was calculated for the
input (47.11 MW) and the output (46.65 MW). This is due to the small impact of the BOG’s
condensation on the temperature and pressure of LNG.

Table 4. Exergy balance of the regasification process in Case 2.

Equipment Exergy Input, MW Exergy Output, MW Losses, %

Booster pump 47.40 47.11 1

BOG recondenser 47.11 46.65 1

LNG vaporiser 68.51 58.90 14

NG trim heater 53.66 53.15 1

Propane preheater 51.95 51.82 >1

Propane vaporiser 142.43 140.73 1

It could be also observed that the highest exergy input (142.43 MW) and exergy output
(140.73 MW) were in the propane vaporiser, but the exergy losses (1.70 MW) reached smaller
values compared to the LNG vaporiser (9.61 MW). The effect of high exergy demand could
be caused by high seawater flow and propane precooling before the propane vaporisation
process. The precooling is presumably performed to decrease system work and propane
temperature after NG heating in the NG trim heater. Furthermore, the large exergy input
(68.51 MW) and exergy output (58.90 MW) were indicated in the LNG vaporiser, where
high heat transfer between LNG and propane flows were observed.

The exergy losses in the FRSU regasification process were verified. In contradiction to
the high exergy losses at evaporators suggested in the literature [48–50], the estimated value
of the exergy loss in the propane evaporator of the FSRU “Independence” is only about 1%.
Exergy losses in other regasification equipment (different than the LNG evaporator) also
did not exceed 1%. Energy demand of analysed LNG regasification cases at FSRU is shown
in Table 5.
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Table 5. Energy demand of the analysed LNG regasification cases at FSRU.

Cases
LNG Subsystem Propane Closed Loop Total Amount of LNG

Cold Energy Verifying
Initial and Final
Conditions, kW

Power Consumption
by Booster Pump, kW

Absorbed Heat by
BOG Recondenser, kW

Absorbed Heat by
LNG Vaporiser, kW

Absorbed Heat by NG
Trim Heater, kW

Power Consumption
by Propane Pump, kW

Released Heat by
Propane Preheater, kW

Released Heat by
Propane Vaporiser, kW

Case 1: LNG
flow—120,000 kg·h−1,
regasification pressure

3.5 MPa(g), no BOG
recondensation, methane

content of LNG—86%

160 0 23,804 1343 160 4021 20,504 22,630

Case 2: LNG
flow—102,666 kg·h−1,
regasification pressure
6.5 MPa(g), with BOG

recondensation, methane
content of LNG—99.6%

130 342 19,450 941 130 3285 16,879 21,360

Case 3: LNG
flow—105,666 kg·h−1,
regasification pressure

6.5 MPa(g), no BOG
recondensation, methane

content of LNG—96%

141 0 20,419 799 141 3548 18,091 22,513

Case 4: LNG
flow—50,000 kg·h−1,

regasification pressure
6.5 MPa(g), partly BOG

recondensation, methane
content of LNG—86%

114 236 8389 472 114 1563 7161 20,429

Case 5: LNG
flow—120,000 kg·h−1,
regasification pressure
5.5 MPa(g), partly BOG

recondensation, methane
content of LNG—86%

152 34 22,696 1309 152 3839 19,955 24,777
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On the basis of conducted research, it can be concluded that within the analysis of the
regasification process, the heat flow starts when the heat is taken from the seawater and
is transferred from the propane to the LNG or NG via the LNG evaporator and the trim
heater. The exergy efficiency of the regasification plant’s equipment was estimated (Table 4).
It should be noted that it was influenced by the interfaces of heat transfer from propane
to LNG or NG, where the greatest exergy losses occur. The calculated values correspond
roughly to research results shown in the available literature. However, it is influenced
by interfaces of heat transfer from propane to LNG or NG, where the greatest losses of
exergy occur [48–50]. The thermal energy must be supplied continuously in addition to the
thermal energy for evaporation and heating of the NG. Furthermore, it can be concluded
that considering the location of the FSRU “Independence”, in the colder seasons, energy
must be used to keep the evaporation process running. Due to the continuous demand for
thermal energy, especially in winter, it would be reasonable to use the FSRU regasification
plant as an economical and environmentally friendly heat sink for industrial and urban
waste heat [25], as the EU has the target of climate neutrality by using waste heat. Therefore,
major structural changes in FSRU are not necessary, in contrast to the proposals for its
usage presented in the literature [6,8,10–19].

4. Conclusions

In order to conclude, it could be stated that a high amount of heat is required to heat
the LNG unit considering its flow process and set requirements. The specified cases’ analy-
ses allow to draw the conclusion that the highest thermal energy quantity of 24.78 MW was
required in Case 5, which has an NG send-out flow of 120,000 kg·h−1 and a regasification
pressure of 5.5 MPa (g), a methane content of LNG of 86%, and partial BOG recondensa-
tion. Although the examined technical parameters of the regasification process differed
significantly in analysed cases, the energy demands, however, did not differ in the same
way. This shows that the influence is rather small. The thermal energy demand decreased
by only 18%, when NG send-out flow dropped by 41% from 120,000 kg·h−1 (Case 5) to
50,000 kg·h−1 (Case 4). The demand for thermal energy decreased even less (by 9%) when a
partial BOG recondensation was added (as calculated in Case 1). The heat energy demand
decreased even less in the case where the LNG mixture of 96% methane and 4% nitrogen
was applied as calculated in Case 3, and therefore, the heat energy demand was 2.3% higher
than for pure methane (Case 2).

Based on Case 4 analysis, it could be noted that the minimum thermal energy demand
reached 20.429 MW, but the average value was 22.34 MW, while Cases 1, 2, and 3 had
similar results. In particular, it has been shown that the influence on the thermal energy of
the pump’s work is relatively small. For example, the flow rate of the emitted gas depends
mainly on the energy input by the propane cycle but to a lesser extent on the booster pump.

The maximum exergy input of the regasification system at FSRU was determined at a
level of 75.99 MW in the propane vaporiser and 37.44 MW in the propane preheater. The
last-mentioned value in the propane preheater was the lowest calculated exergy input value.
Meanwhile, the exergy input was estimated to be 47.40 MW in the booster pump, 47.11 MW
in the BOG recondenser, 52.32 MW in the NG trimming water heater, and 65.00 MW in the
LNG evaporator.

The analysed regasification plant is essentially efficient; however, in view of climate
neutrality and the EU’s objectives in this respect, it is recommended to obtain the heat
necessary for the heating of LNG not only from the seawater of the Baltic Sea, but it should
be combined with industrial and urban waste heat. For example, connection via pipelines
to the seawater input of the FSRU, in accordance with the technology used for district
heating or remote cooling, would be cheaper than constructing of additional installation on
the deck of the FSRU, as often is proposed in the literature. Further investigation of FSRU
efficiency will form the direction of our further research.
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