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Abstract

A thermodynamic assessment of an integrated heat recovery system, which simultaneously recovers both the cold energy of LNG re-
leased into seawater and the exhaust gas heat of diesel generator released into ambient air during the regasification process in a LNG-
FSRU vessel, has been carried out. For the LNG regasification unit consisting of two-stage heat exchangers, a primary Rankine cycle
was applied as a typical power cycle of the type A for recovering cold energy to the first-stage heat exchanger. A secondary Rankine
cycle of the type B was serially inserted between the first-stage and the second-stage heat exchangers for recovery of the remaining cold
energy of preheated LNG. Then, in the type C, the exhaust gas, which had a relatively high temperature, was applied as the heat source of
the secondary Rankine cycle, instead of seawater. In such a sequential procedure, the type C was finally suggested as an integrated heat
recovery system, in which the seawater and exhaust gas were combined as the heat sources. When the net outputs produced from each
heat recovery system were maximized by changing the pressure and mass flow rate of working fluid, the thermal efficiency of the inte-
grated heat recovery system of the type C was 7, ., = 0.0741. The results showed an improvement of approximately 13.3% (25.6%) in
the thermal efficiency compared to the value of 7, = 0.0654 (7, = 0.0590) for the conventional cold energy recovery system of the
type B (the type A), which only used seawater as the heat source. Based on this finding, a possibility of utilizing the integrated heat re-

covery system with the combined cycle within the LNG-FSRU was confirmed.

Keywords: LNG-FSRU; Heat recovery; LNG; Seawater; Exhaust gas; Rankine cycle

1. Introduction

The Liquefied natural gas (LNG) supply chain consists of
natural gas exploration and production, liquefaction, shipping,
regasification and distribution. LNG is generally produced
through a liquefaction process of Natural gas (NG), which has
a boiling point of approximately -162°C at atmospheric pres-
sure. The electrical energy consumed during production proc-
esses such as chilling and pressurizing is stored as the cold
energy of LNG. Many studies have been conducted to recover
and reuse the available energy during the regasification proc-
esses.

Rocca [1] suggested an LNG regasification system based on
a power generation cycle working with ethane to be applied in
food freezing industry and in air conditioning of commercial
sector far from the regasification facility. Szargut and Szczy-
giel analyzed a cascade system with ethane as working fluid
for the production of electricity [2]. They performed an opti-
mization with a pinch analysis of heat exchangers. An eco-
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nomic evaluation was conducted with the value of generated
electricity and the reduction of CO, emission. Choi et al. [3]
proposed and optimized a cascade Rankine cycle consisting of
multiple stages of the organic Rankine cycle in a layered
structure. It was found that the thermodynamic efficiency
generally increased as the number of stages increased. Com-
binations of cascade stages with various working fluids were
investigated for the thermal efficiency. Shi et al. [4] proposed
a hybrid thermal power system integrated with the inlet air
cooling, compressor inter-cooling and LNG cold energy utili-
zation. The system consisted of a gas turbine cycle, a heat
recovery steam generator, a steam turbine cycle and LNG
regasification. The LNG was used both to cool the steam and
to be directly expanded.

On the other hand, for the reuse of the cold energy of LNG,
Kim and Ro [5] analyzed the feasibility of a combined cycle
power plant with a gas turbine, a heat recovery steam genera-
tor and a steam turbine. The power augmentation was demon-
strated using LNG as source of cold energy for the inlet air
cooling process of gas turbine to increase the performance of
plant. A heat exchanger between air and LNG was applied in
the inlet chilling process instead of a refrigeration system. The
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Fig. 1. Schematic of an LNG-FSRU between an LNG carrier and NG pipe-line.

concept of mirror gas turbine was proposed by Kaneko et al.
[6] as a combined cycle of a conventional gas turbine and an
inverted Brayton cycle. LNG was used in cooling the exhaust
gas from a turbine of the inverted cycle to generate electricity
with the removal of an evaporation system using seawater.

Studies that comprehensively consider low grade waste heat
and renewable energy are also being conducted. Miyazaki et
al. [7] developed a power generation cycle using LNG cold
energy recovery cycle combined with refuse incineration. The
combined cycle is based on Rankine cycle with an ammonia-
water mixture as working fluid. They did parametric analysis
to increase the thermal and exergy efficiencies compared to
the conventional cycle. A power system was proposed to util-
ize the low grade waste heat with LNG as its heat sink by
Wang et al. [8]. They conducted a multi-objective optimiza-
tion using a genetic algorithm to maximize the thermody-
namic efficiency, and minimize the economic cost of Rankine
cycle power generator. Oliveti et al. [9] proposed three se-
quential cycles of a water-steam-closed Rankine cycle in the
waste incinerator plant, an intermediate ammonia-closed
Rankine cycle, and a methane-open Rankine cycle to capture
the thermal energy released from an LNG regasification ter-
minal. Dispenza et al. [10, 11] conducted a feasibility study of
a combined heat and power cycle using the cryogenic stream
of LNG during the regasification as a cold source in a gas
turbine with helium as working fluid. Wang et al. [12] investi-
gated the use of LNG cold energy as a heat sink to a Rankine
cycle with transcritical CO, as working fluid employing the
heat of geothermal water. Franco and Casarosa [13] modeled
the direct expanding power generation of LNG. They ana-
lyzed a multistage direct expansion cycle with three pressure
level configuration.

Generally, in cases of the regasification terminals on land,
when LNG is unloaded from the carrier and its cold heat en-
ergy is recycled, approximately 240 kWh of electricity can be
generated from the stored cold energy in 1 ton of LNG [14].
However, not enough studies have been done on the recovery

of cold energy of LNG in LNG-FSRU (Floating storage &
regasification unit), a floating LNG processing facility utiliz-
ing seawater for its regasification process. When compared to
LNG-FPSO’s (Floating production storage & offloading),
LNG-FSRU has simple topside and hull constructions for
severe offshore conditions. Besides, the core processes and
components for the regasification have relatively low com-
plexity. Thus, it may be comparatively easier to explore vari-
ous technical attempts with the LNG-FSRU’s. Also, because
the LNG-FSRU needs to produce electricity on its own, the
economic values of technology to enhance the thermal effi-
ciency of the system by recovering cold energy in the LNG-
FSRU may be higher than those of on-land facilities, consider-
ing fuel transportation and power generation efficiencies. With
this motivation, the cold energy of LNG regasification and the
low grade heat of exhaust gas wasted from its electric power
generators were defined as limited quantities in an LNG-
FSRU with practically feasible design specification. We also
investigated the availability of an integrated heat recovery
system with a combined cycle of the exhaust gas and LNG
through a thermodynamic approach.

2. FSRU vessel
2.1 LNG regasification process

As shown in the schematic in Fig. 1, LNG is unloaded from
LNG carriers to storage tanks through loading arms. The
stored LNG is regasified using the heat of seawater to be
transported to onshore through metering, turrets, and pipelines.
The pressurizing and condensation of boil-off gas is also in-
cluded in the LNG-FSRU. A large capacity generator is nec-
essary for providing electricity not only for the LNG regasifi-
cation process but also for the on-board utilities and the ac-
commodations for crews of the vessel.

The basic capacity of processing LNG of the FSRU used in
the present study is consistently set at 198.26 kg/s (approxi-
mately 800 mmSCFD) [15]. Table 1 shows the chemical



Table 1. Chemical composition of the LNG.
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LNG composition Mole fraction
Methane (CH,) 0.9133
Ethane (C,Hp) 0.0536
Propane (C;Hs) 0.0214
i-Butane (i-C4H,0) 0.0047
n-Butane (n-C4H;) 0.0046
i-Pentane (i-CsH,») 0.0001
n-Pentane (n-CsH;,) 0.0001
Nitrogen (N,) 0.0022

composition of LNG [3]. The initial and final temperatures of
LNG are defined as -165°C and 0°C, respectively. The inlet
and outlet temperatures of seawater for the heat of regasifica-
tion are fixed at 15°C and 5°C, respectively [3]. In addition,
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two diesel generators, with a maximum output of 8.55 MW
each, are installed to provide electricity required for the LNG
regasification and the ship operation. They generate 12.825
MW of electricity together at all times by concurrently operat-
ing at 75% load in normal operation mode [15]. From the
generators, a total of 26.8 kg/s of exhaust gases with a tem-
perature of 351°C is released into ambient air [16].

2.2 Thermodynamic cycles for the energy recovery

Fig. 2 shows process diagrams of three types (A, B and C)
of thermodynamic cycles for recovering waste heats released
from the FSRU vessel. First, P-100 pump shown in Fig. 2(a)
(Type A) increases the pressure of LNG 1 in 0.50 MPa to the
pressure of LNG_2 in 5.00 MPa. Then, LNG _2 is preheated to
LNG 3 through the first-stage heat exchanger within a pri-
mary Rankine cycle. The primary Rankine cycle consists of a
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Fig. 2. Process diagram for the heat recovery systems consisted of (a) type A: The primary Rankine cycle and the secondary Rankine cycle with; (b)
type B: Seawater or; (c) type C: Exhaust gas in the LNG regasification.
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typical Rankine cycle which uses propane as its working fluid.
So, P-101 pump increases pressure, and vaporization is carried
out by Q1 vaporizer using seawater as its heat source. The
pressurized and vaporized working fluid produces electricity
with expansion work in K-100 turbine and is resupplied to the
pump after being reliquefied at low temperature and low pres-
sure through heat exchanges with LNG at the first-stage heat
exchanger. In the next stage, the preheated LNG of LNG 3 is
produced as natural gas of predetermined specification
through reheating by seawater at the second-stage heat ex-
changer of LNG-101.

To enhance the electricity production rate from the waste
heat, a secondary Rankine cycle in serial type has been em-
ployed. In Fig. 2(b) (Type B), the secondary Rankine cycle
consists of P-103 pump, Q2 vaporizer, K-101 turbine, and
LNG-102 condenser. It uses the temperature difference be-
tween the preheated LNG after the primary Rankine cycle and
seawater to produce additional electricity with the same work-
ing fluid of propane. On the other hand, Fig. 2(c) (Type C)
considers an increase of temperature difference within the
cycle by replacing SW_7 and SW_8, which is the inlet and
outlet of seawater as a heat reservoir, with the exhaust gas of
the generator EG_In and EG_Out, which has a heat source of
limited capacity with higher temperatures, in the secondary
Rankine cycle. To produce natural gas with a certain specifi-
cation, the output of the secondary Rankine cycle, the heating
of LNG_4 is commonly controlled by the second-stage heat
exchanger.

2.3 Calculation condition

For the modelling and thermodynamic analysis of LNG re-
gasification processes, a commercial simulation tool of Aspen
HYSYS (ver. 7.3) was used with the Peng-Robinson Equation
of State, which is known to provide a prediction with rela-
tively high accuracy for thermodynamic properties of hydro-
carbons, including LNG [17-19]. The thermodynamic proper-
ties were calculated on a basis of the energy balance of the
each mechanical component under the steady-flow condition
with the mass balance, as given in Eq. (1).

O-W=H, -H,=nm(h, —h,), (1)

where the changes in the kinetic and potential energies were
negligible.

In investigating the thermodynamic performance of waste
heat recovery systems applied to the regasification process of
the constant capacity, the restraints shown in Table 2 were
applied. In this estimation, the qualities of working fluids at
inlets of pumps C3 1 and C3_5, and the outlets C3 2 and
C3_6 were restricted to x = 0 (no vapor). The inlets of turbines
C3 3 and C3_7 were also restricted to x = 1 (no liquid). On
the other hand, the efficiencies of turbines and pumps were
fixed at 0.75 each, and it was assumed that the power gener-
ated at the turbine would be directly converted into electricity

Table 2. Constraint conditions on maximum outputs of the power
cycles.

Condition Constraint
Quality of C3_1,C3_2,C3_5,C3_6 x=0
Quality of C3_3,C3_7 x=1
Efficiencies of pumps and turbines 0.75
Seawater Pure H,O
Exhaust gas l;i:ztneg ;ilru/(:g)z/;
Temperature of C3_1 -150.00°C
Temperature of C3_3 10.00°C
Temperature of C3_7 in case of the seawater 10.00°C
Temperature of C3_7 in case of the exhaust gas 346.00°C

without any loss.

As heat sources, seawater was treated as a pure H,O and
exhaust gas was treated as heated air. Plate-fin type heat ex-
changers were used for counterflow LNG, and shell-tube type
heat exchangers were used for seawater and exhaust gas in
evaporators of Rankine cycles. Heat losses from the heat ex-
changers were neglected. In addition, for the inlets and outlets
of the heat exchangers, temperatures were fixed at the follow-
ing values: C3_1= - 150°C, C3_3 = 10.00°C, seawater case:
C3 7 = 10.00°C, and exhaust gas case: C3 7 = 346.00°C.
Overall, all pressure and heat losses within pipes of the proc-
esses were neglected.

3. Results and discussion

3.1 Primary Rankine cycle

When the primary Rankine cycle is in operation alone, the
output of K-100 turbine W, , the power of P-101 pump
W,_.,» and the power of P-102 pump W,_,, for supplying
seawater to the first and second stage heat exchangers are
given as the following Egs. (2)-(4).

WK—mo = mcsg (hcsfs - hc374)’ (2)
W./ILIOO = mCLl (hc372 - hC371 )’ (3)
VI./I’—IOZ = msw71 (hswiz - hSWfl) . (4)

Therefore, the net output W, produced from the primary
Rankine cycle while the LNG with a constant mass flow rate
is gasified into NG can be defined as Eq. (5) given below.

Wncn = Wmloo - W}le - WHOZ' (%)

In this regard, when the mass flow rate of working fluids at
C3 3, the inlet of K-100, was fixed at 197.22 kg/s as the max-
imum value satisfying the conditions of Table 2, the power
characteristics of Egs. (2)-(5) with the change of C3 3 pres-
sure are shown in Fig. 3. As the P-101 pump increased the

pressure at the inlet of K-100 turbine from 0.15 to 0.60 MPa,
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the primary Rankine cycle when pressure at C3_3 is varied for a fixed
mass flow rate at C3_3 =197.22 [kg/s].

the output of turbine W, ,, noticeably increased from 3.045
to 11.677 MW. Here, the power consumed by the pump in-
creased almost linearly from 0.019 to 0.190 MW, but it was
lower than approximately 1.6% compared to the turbine out-
put W,_,,. However, the net output W, produced by the
primary Rankine cycle not only increased from 1.131 to 9.489
MW as the pressure of the turbine inlet increased, but also
showed a big difference in the magnitude depending on the
changes in pressure of the turbine inlet. Therefore, controlling
the pressure of the turbine inlet can also be an important pa-
rameter in the stability of the electric power generated by the
power cycle.

On the other hand, the power of P-102 seawater pump
W,., showed a slight increase of 1.896-1.998 MW with a
steady trend. This indicated that it did not respond sensitively
to the changes of pressure in propane, as a heat transfer me-
dium of the intermediate loop in supplying the thermal capac-
ity required for preheating the LNG in the first-stage heat ex-
changer. This also reveals that the power produced by the
primary Rankine cycle, in which propane with a constant mass
flow rate is vaporized by seawater and condensed by LNG,
might be small in transferring the heat of seawater to the LNG.
This implies that the thermodynamic efficiency of the primary
Rankine cycle, applied to utilize the temperature difference of
seawater and LNG, can be relatively low. This issue will be
further discussed in Sec. 3.4.

To find the maximum net output of the primary Rankine
cycle, a mapping was performed by changing the mass flow
rate and pressure of working fluid at the turbine inlet. As re-
sults, the primary Rankine cycle showed the maximum net
output when the pressure was 0.63 MPa and the mass flow
rate was 196.94 kg/s at the turbine inlet C3_3. Table 3 shows
the thermodynamic properties for each state in the condition.
The maximum output was max(W,,)=9.728 MW, which
suggests that more than 75% of electricity can be replaced by
the operation of the primary Rankine cycle alone, when com-
pared to the 12.825 MW of electricity generated by the 2 die-
sel generators of this study.

In the following, the characteristics of the additional output

Table 3. Thermodynamic properties at each state for the maximum net
power of the primary Rankine cycle applied to the LNG regasification
unit.

State Tem[[;«g;iture P[r;[s}s)l;;e Masikﬂg(/):i/ rate| :Iﬂi(;{;;
[kV/kg]
LNG 1 -165.50 0.50 198.26 -5184.54
LNG 2 -163.23 5.00 198.26 -5171.59
LNG 3 -45.13 4.50 198.26 -4545.04
NG _Out 0 4.00 198.26 -4398.62
C3 1 -150.00 0.10 196.94 -3091.14
C32 -149.77 0.63 196.94 -3090.12
C33 10.00 0.63 196.94 -2399.94
C3 4 -39.78 0.10 196.94 -2460.39
SW_1 15.00 0.10 3807.47 -15930.96
SW 2 15.03 0.50 3807.47 -15930.44
SW 3 15.03 0.50 3137.45 -15930.44
SW_4 5.00 0.50 3137.45 -15973.76
SW_5 15.03 0.50 670.02 -15930.44
SW_6 5.00 0.50 670.02 -15973.76

produced by serially inserting a secondary Rankine cycle in
front of the second-stage heat exchanger of LNG 101, were
examined with all the thermodynamic states fixed at the cer-
tain condition that the primary Rankine cycle produces maxi-
mum output.

3.2 Secondary Rankine cycle with seawater

For the type B of Fig. 2(b), for the secondary Rankine cycle
using seawater as its heat source, the output of K-101 turbine
W, . the power of P-103 pump W, and the power

change of P-102 seawater pump AW, ,, by the secondary
Rankine cycle are given as the following Egs. (6)-(8).

-103 2

WKfun = mczj (hczj - hczix)v (6)
W}Lloz = ”.1(:375 (hcsia - hc375)= (7)
AWP—IOZ = Amst A(hs,wiz - hswg) . (8)

Therefore, while the LNG is regasified into NG with the
uniform specification, the net output produced by the secon-
dary Rankine cycle with seawater as a heat source W, q,
can be defined as Eq. (9).

VVuelZ,SW = WK—IOI - WMO} - AVVP—IOZ . (9)

Fig. 4 shows the power characteristics in accordance with
Egs. (6)-(9) when the pressure of the working fluid at the K-
101 turbine inlet C3_7 is changed with its mass flow rate fixed
at 33.06 kg/s. As the P-103 pump increased the pressure of K-
101 turbine inlet from 0.21 to 0.57 MPa, the turbine output

sharply increased in W, ,, =0.062-1.185 MW, and the net
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output of the secondary Rankine cycle with seawater im-
proved in W, ,, =0.060-1.142 MW. At this time, the chang-
es in the power of P-103 pump and the P-102 seawater pump
caused by the secondary Rankine cycle were, respectively,
W,.; = 0.001-0.028 MW and AW,,, = 0.001-0.014 MW.
The ratio of the net output of the secondary Rankine cycle to
the turbine output was maintained to be almost close to unity
at sz,gw /W, = 0.968-0.964. Therefore, any additional
power consumed by pumps of the secondary Rankine cycle
can be ignored in comparing to the ratio of W_ /W, , =
0.371-0.813 for the primary Rankine cycle.

In methods similar to the primary Rankine cycle, a mapping
was performed for the secondary Rankine cycle with seawater
as a heat source by changing the mass flow rate and the pressure
of working fluid at the turbine inlet. The secondary Rankine
cycle showed the maximum net output max(W,,, )= 1.142
MW when the pressure was 0.60 MPa and the mass flow rate
was 33.06 kg/s at the turbine inlet C3 7. Table 4 shows the
thermodynamic properties for each state in the condition.
Therefore, for the heat recovery system applied in LNG re-
gasification, using the double operation with a secondary
Rankine cycle implies 11.74 % improvement of the maximum
net output as compared to the single operation of primary
Rankine cycle, of which the maximum net output
max(W,,) = 9.728 MW.

n

3.3 Secondary Rankine cycle with exhaust gas

For type C of Fig. 2(c), the net output sz,m produced by
the secondary Rankine cycle, in which the exhaust gas was
applied as the heat source in replacement of seawater, can be
defined as Eq. (10).

VVnc(Z,EG = WK*]O] W — AWpfloz' (10)

Fig. 5 shows the power characteristics of Egs. (6)-(8) and
(10) when the mass flow rate of the working fluid was
changed with the inlet pressure of K-101 turbine C3_7 fixed at
19.00 MPa. As the mass flow rate of the turbine inlet in-

Table 4. Thermodynamic properties at each state for the maximum net
power of the secondary Rankine cycle with seawater.

State Temperature | Pressure  [Mass flow rate] Slf;(;ll{;;
[°C] [MPa] [kg/s] [kI/kg]
LNG 1 -165.50 0.50 198.26 -5184.54
LNG 2 -163.23 5.00 198.26 -5171.59
LNG_3 -45.13 4.50 198.26 -4545.04
LNG 4 -26.26 430 198.26 -4472.30
NG_Out 0 4.00 198.26 -4398.62
C3_1 -150.00 0.10 196.94 -3091.14
C3 2 -149.77 0.63 196.94 -3090.12
C3.3 10.00 0.63 196.94 -2399.94
C3 4 -39.78 0.10 196.94 -2460.39
C35 -35.13 0.20 33.06 -2872.46
C3_6 -34.85 0.60 33.06 -2871.53
C3.7 10.00 0.60 33.06 -2398.91
C3 8 -21.12 0.20 33.06 -2436.23
SW_1 15.00 0.10 383523 -15930.96
SW_2 15.03 0.50 383523 -15930.44
SW_3 15.03 0.50 3137.45 -15930.44
SW_4 5.00 0.50 3137.45 -15973.76
SW_5 15.03 0.50 337.18 -15930.44
SW_6 5.00 0.50 337.18 -15973.76
SW_7 15.03 0.50 360.60 -15930.44
SW_8 5.00 0.50 360.60 -15973.76
3.0 1.0 E
= Pressure at C3_7 = 19.00 [MPa] -
E; 27| {08 = g
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Fig. 5. Turbine power of K-101 (WK—101)7 pump power of P-103 (Wp,m),

difference in pump power of P-102 (AWP 102)> and net output of Wmmj

for the secondary Rankine cycle with exhaust gas when mass flow rate at
C3_7 is varied for a fixed pressure at C3_7 = 19.00 [MPa].

creased from 5.83 to 8.61 kg/s, the turbine power output
showed significant increase in W, _,, =1.785-2.634 MW. In
addition, the power consumed by the P-103 pump within the
secondary Rankine cycle was W, ,,, = 0.255-0.376 MW, and
the change in the power of P-102 seawater pump AW, ,
decreased from -0.060 to -0.089 MW at the same time. Thus,
since the powers of pumps offset each other, the final net out-
put of the secondary Rankine cycle with the exhaust gas in-
creased in W, =1.590-2.347 MW.

net2,EG
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Table 5. Thermodynamic properties at each state for the maximum net
power of the secondary Rankine cycle with exhaust gas.

State Temperature | Pressure  [Mass flow ratel Srﬁi‘;llf;;
°cl [MPa] [ke/s] k]
LNG 1 -165.50 0.50 198.26 -5184.54
LNG 2 -163.23 5.00 198.26 -5171.59
LNG_ 3 -45.13 4.50 198.26 -4545.04
LNG 4 -37.25 430 198.26 -4508.02
NG_Out 0 4.00 198.26 -4398.62
C3_1 -150.00 0.10 196.94 -3091.14
C32 -149.77 0.63 196.94 -3090.12
C3.3 10.00 0.63 196.94 -2399.94
C3 4 -39.78 0.10 196.94 -2460.39
C3.5 -35.13 0.20 8.61 -2872.46
C3_6 -22.70 19.00 8.61 -2828.74
C3.7 346.00 19.00 8.61 -1714.36
C3_8 190.36 0.20 8.61 -2020.29
SW_1 15.00 0.10 3638.09 -15930.96
SW_2 15.03 0.50 3638.09 -15930.44
SW_3 15.03 0.50 3137.45 -15930.44
SW_4 5.00 0.50 3137.45 -15973.76
SW_5 15.03 0.50 500.64 -15930.44
SW_6 5.00 0.50 500.64 -15973.76
EG_In 351.00 0.11 26.80 333.49
EG_Out 0.48 0.10 26.80 -24.56

Mapping was performed in the same methods by changing
the mass flow rate and pressure of the working fluid at the
turbine inlet. Table 5 shows the thermodynamic properties for
each state in the condition when the maximum net output is
reached in the secondary Rankine cycle with exhaust gas as its
heat source.

The maximum output of max(Wnetz»EG)=2.347 MW was
reached when the pressure was 19.00 MPa and the mass flow
rate was 8.61 kg/s at the turbine inlet C3_7. Therefore, for the
waste heat recovery system used in LNG regasification, appli-
cation of exhaust gas as a heat source yielded an improved
performance of approximately two times compared to the
secondary Rankine cycle with seawater as a heat source, of
which the maximum net output was max(W,,,,)= 1.142
MW.

For a purpose of reference, the heat losses within the heat
exchangers were neglected in these calculations. However,
from a practical point of view, the changes in the heat losses,
in the occurrence of the phase transition of propane, can be
larger especially during the vaporization process of propane in
the Q2 evaporator of the secondary Rankine cycle, since the
change in temperature of the exhaust gas from the inlet to the
outlet is approximately 351-0°C, and it is rather large com-
pared to the change in the temperature of seawater, which is
15-5°C [20]. In addition, the physical characteristics of the

exhaust gas having vapor phase of relatively high temperature
also involve a relatively low specific heat and density at con-
stant pressure, as compared to those of water. This indicates
the necessity for more systematic studies on the optimization
of the second Rankine cycle, which simultaneously utilizes
both exhaust gas and the cold energy of the preheated LNG.
For more details, the next section will discuss the comparative
analysis of thermodynamic efficiencies of each waste heat
recovery system.

3.4 Comparison of thermodynamic efficiencies

As discussed before about the waste heat recovery systems
in the LNG regasification process, the net outputs produced by
the heat recovery systems of Fig. 2 showed improvements in
the order of type A, B and C. This section compares the ther-
modynamic efficiencies of each heat recovery system with the
maximum outputs by considering the 1% and 2™ laws of ther-
modynamics. First, the heat O o1 supplied from the seawater
through the Q1 evaporator of the primary Rankine cycle, the
heat of seawater Qoz,sw supplied through the Q2 evaporator
of the secondary Rankine cycle, the exhaust gas heat Q QLEGs
and the heat of seawater Q inG-101 transferred to the LNG-101
heat exchanger to produce NG of the target specification are
defined as the following Egs. (11)-(14).

Oq =ity (g 5=y ), (11
O =ity 1y 5 = hgyy ) (12)
O = T 1 10 = P o) (13)
Ounoion = Msy s(hy s =y o) (14)

For the three types of waste heat recovery systems, the effi-
ciency of the 1% law of thermodynamics #,, the efficiency of
the 2™ law of thermodynamics 7, » and the Carnot efficiency
7. are defined as the following.

For type A:
=W /(QQ] + Oingao) (152)
My =1 /77c =1 /(I_TLNGJ / Tswfz)- (15b)
For type B:
Thsw = W + VVH&[Z,SW) / (QQl + QQz,sw + Oixgaorsw) (16a)
Thisw = Thsw /Uc,sw =Misw /(1 - TLNGJ /Tswiz)- (16b)
For type C:
Thee = W + VVnelZ,EG) / (QQI + QQz.EG + QLNG*IOI,EG) (17a)
Mg = Thee /77C,EG =Mk /(1 _TLNG 2 /TEG In)' (17b)

The defined thermodynamic efficiencies are shown in Fig. 6
for each of the type A, B and C systems. The thermal efficien-
cies of the waste heat recovery systems showed increasing
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Fig. 7. Comparison of heat transfer rate for the major heat exchangers.

trends with values of 7, = 0.0590, 7, = 0.0654, and
75c = 0.0741, depending on the systematic configurations of
the seawater and the exhaust gas. The 7,,; for an integrated
heat recovery system combining seawater and exhaust gas,
showed an improvement of thermal efficiency by 13.3% in
comparison with the 7, for the system with only seawater
as its heat source. This shows that both the net output and the
thermal efficiency improve when the heat of exhaust gas
wasted from the FSRU vessel, which has a relatively higher
temperature than that of seawater, is recovered with the cold
energy of LNG.

In cases of the 2™ law of thermodynamics, the type B
showed an improvement of about 11%, from 7, = 0.0953 to
Nysw = 0.1058, as compared to the type A, however, the type
C showed a decrease with a value of 7, ,, = 0.0877. Note that
it is difficult to assign any significance on this comparison
since the value of Carnot efficiency, which is defined as a
function of the maximum and minimum temperatures, rises
only numerically by applying the exhaust gas instead of sea-
water. That is, there can be differences in exergy rate fed in
from the heat sources since the exhaust gas has a limited heat
capacity compared to the seawater, a naturally unlimited heat
reservoir [20]. Therefore, it is necessary to further study the
exergy analysis.

Additionally, as shown in Fig. 7, when the Q'Q1 has a con-
stant value of 135.914 MW at the vaporizer of the primary
Rankine cycle, the heat transfer rate of LNG-101 in the sec-
ond-stage heat exchanger of the type A is O, =29.025
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Table 6. Thermodynamic properties at each state for the maximum net
power of the secondary Rankine cycle with exhaust gas when the
working fluid of propane in the secondary Rankine cycle was replaced

with R134a.
Specific
State Tem}zerature Pressure  [Mass flow rate| enthalpy
[°C] [MPa] 2 I
LNG 1 -165.50 0.50 198.26 -5184.54
LNG 2 -163.23 5.00 198.26 -5171.59
LNG 3 -45.13 4.50 198.26 -4545.04
LNG 4 -37.00 4.30 198.26 -4507.05
NG_Out 0.00 4.00 198.26 -4398.62
C31 -150.00 0.10 196.94 -3091.14
C3 2 -149.77 0.63 196.94 -3090.12
C33 10.00 0.63 196.94 -2399.94
C3 4 -39.78 0.10 196.94 -2460.39
C35 -35.13 0.20 17.22 -9051.24
C3 6 -26.77 19.00 17.22 -9033.39
C3 7 346.00 19.00 17.22 -8479.31
C3 8 193.54 0.20 17.22 -8613.95
SW_1 15.00 0.10 3633.64 -15930.96
SW 2 15.03 0.50 3633.64 -15930.44
SW_3 15.03 0.50 3137.45 -15930.44
SW 4 5.00 0.50 313745 -15973.76
SW_5 15.03 0.50 496.19 -15930.44
SW_6 5.00 0.50 496.19 -15973.76
EG In 351.00 0.11 26.80 333.49
EG_Out 2.50 0.10 26.80 -22.57

MW. For type B, in which seawater is applied as an additional
heat source for the secondary Rankine cycle, a heat of
Q'QZSW =15.621 MW is transferred from the seawater and the
value of Q05w decreases to 14.607 MW. On the other
hand, for type C supplied with the heat of 0, ,, =9.596 MW
from the exhaust heat, the heat of seawater required for the
second-stage heat exchanger shows relatively less decrease as
Q'LNG,,OLEG =21.688 MW. This suggests that solutions not only
to minimize the heat loss which occurs in the secondary
Rankine cycle mentioned in the Sec. 3.3 but also to concur-
rently recover the cold energy of preheated LNG in the
LNG _4 heated by the seawater of SW_5 in the second-stage
heat exchanger of LNG-101 must be explored to optimize the
efficiency of the waste heat recovery system combining LNG
and exhaust gas.

3.5 Considerations for the working fluids

For type C, the net power W, for the secondary
Rankine cycle was examined by the replacement with R134a
and R245fa, respectively, as the representative organic work-
ing fluids. Tables 6 and 7 show the thermodynamic properties
for each state in the maximum condition.
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Table 7. Thermodynamic properties at each state for the maximum net
power of the secondary Rankine cycle with exhaust gas when the
working fluid of propane in the secondary Rankine cycle was replaced
with R245fa.

State Temperature | Pressure  [Mass flow rate| Specific en-
[°C] [MPa] [kg/s] |thalpy [kJ/kg]
LNG 1 -165.50 0.50 198.26 -5184.54
LNG 2 -163.23 5.00 198.26 -5171.59
LNG_3 -45.13 4.50 198.26 -4545.04
LNG 4 -36.42 430 198.26 -4504.84
NG_Out 0.00 4.00 198.26 -4398.62
C3_1 -150.00 0.10 196.94 -3091.14
C32 -149.77 0.63 196.94 -3090.12
C33 10.00 0.63 196.94 -2399.94
C3 4 -39.78 0.10 196.94 -2460.39
C35 -35.13 0.20 1833 -8447.28
C3 6 -22.13 20.00 1833 -8425.44
C3 7 346.00 20.00 1833 -7903.48
C3 8 232.14 0.20 1833 -8012.56
SW_1 15.00 0.10 3623.51 -15930.96
SW_2 15.03 0.50 3623.51 -15930.44
SW_3 15.03 0.50 313745 -15930.44
SW_4 5.00 0.50 313745 -15973.76
SW_5 15.03 0.50 486.06 -15930.44
SW_6 5.00 0.50 486.06 -15973.76
EG In 351.00 0.11 26.80 333.49
EG_Out 1.49 0.10 26.80 -23.57

For R134a, the net output of the secondary Rankine cycle
was maximized at max(Wm)m) =2.103 MW when the pres-
sure was 19.00 MPa and the mass flow rate was 17.22 kg/s at
the turbine inlet C3_7. Besides, in case of the R245fa, the
secondary Rankine cycle showed the maximum net output
max(WMYEG) =1.696 MW when the pressure was 20.00 MPa
and the mass flow rate was 18.33 kg/s at the turbine inlet
C3 7. The value of the maximum net power was reduced to
10.4% for the R134a and 24.1% for the R245fa, respectively,
compared to that of the propane. Therefore, this indicates that
the additional investigation about the effect of various work-
ing fluids on the optimization of the secondary Rankine cycle
is also required.

4. Conclusions

For the LNG-FSRU vessel, waste heat recovery systems of
the type A, B and C have been proposed for generating power
from the cold energy of LNG and the heat of exhaust gas dur-
ing the regasification process. The thermodynamic character-
istics were investigated for the type A in which the primary
Rankine cycle was applied for the first-stage heat exchanger,
the type B in which the secondary Rankine cycle using sea-
water as its heat source was serially inserted between the first-

and second-stage heat exchangers, and the type C in which the
heat source for the secondary Rankine cycle was replaced with
the exhaust gas from the diesel generators. Notable conclu-
sions of the present study are as follows.

(1) The maximum net output produced by the type A was
max(W,,,)=9.728 MW. The maximum net output addition-
ally produced by the secondary Rankine cycle of the type B,
applying seawater as the heat source, was max(Wne‘z’SW) =
1.142 MW as an increase of net power by approximately
11.74% compared to the type A. In the type C, the secondary
Rankine cycle replaced the heat source with exhaust gas; the
maximum output was max(anz’EG) =2.347 MW, approxi-
mately two times the maximum output of the secondary
Rankine cycle of the type B.

(2) When comparisons were made for the efficiencies of the
1" and 2™ laws of thermodynamics in cases where the three
types of waste heat recovery system had the maximum net
outputs, the thermal efficiencies of the type A, B, and C
showed an increasing trend with 7, =0.0590, 7, = 0.0654,
and 7,,, = 0.0741, respectively.

(3) The results for type C, in which the thermal efficiency
was relatively high, suggested the feasibility of the application
of the integrated heat recovery system combining the cold
energy of LNG and the heat of exhaust gas in the FSRU.

(4) Additionally, for the type C, the necessity was found for
continuing future studies on optimization of waste heat recov-
ery for the second-stage heat exchanger and its system, includ-
ing a variety of the organic working fluids.
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Nomenclature

Q : Heat transfer rate

C3 : Propane

FPSO  : Floating production storage & offloading
FSRU : Floating storage & regasification unit
H : Enthalpy

h : Specific enthalpy

LNG  :Liquefied natural gas

m : Mass flow rate

1 c : Camot efficiency

NG : Natural gas

I : 1% law efficiency

o : 2" law efficiency

/4 : Power

Subscripts

EG : Exhaust gas (Type C)

K-100  : Turbine in the primary Rankine cycle
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K-101  : Turbine in the secondary Rankine cycle
LNG-101: Second-stage heat exchanger

netl : Net output for the primary Rankine cycle (Type A)
net2 : Net output for the secondary Rankine cycle
P-101  :Pump in the primary Rankine cycle

P-102  : Pump for the vaporizers

P-103  : Pump in the secondary Rankine cycle

Q1 : Vaporizer in the primary Rankine cycle

Q2 : Vaporizer in the secondary Rankine cycle
SW : Seawater (Type B)
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