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A B S T R A C T   

Cryogenic organic Rankine cycle (ORC) is considered as one of the most attractive solutions to utilize LNG cold 
energy for power generation. However, its thermodynamic performance is affected by cooling and heating 
sources and working fluid selection significantly. Thus, it is crucial to quantify the effects of these factors on 
cryogenic ORC performance. In this work, we proposed a single-stage cryogenic ORC system to utilize LNG cold 
energy for sustainable power generation. The effects of LNG vaporization pressure, seawater temperature, 
minimum temperature approach (MTA), and working fluid selection on cryogenic ORC performance were 
explored quantitatively. The proposed system adopting different single working fluids and binary working fluids 
was optimized by particle swarm optimization algorithm to maximize specific net power output (SNPO) with 
respective to different cooling and heating source properties. The results indicated that the LNG vaporization 
pressure had the most significant influence on ORC performance. Moreover, R1270 exhibited the highest SNPO 
(89.34 kJ/kg) and exergy efficiency (18.96%), while C2H6 showed the highest thermal efficiency (14.51%). The 
overall performance was improved significantly by using R1270 and C2H6 (30% and 70%) as binary mixture 
working fluid at 4000 kPa LNG vaporization pressure. However, performance intensification was marginal for a 
higher LNG vaporization pressure. These results revealed that binary working fluids were not always superior to 
single working fluids. Hence, this study provided valuable insights on choosing proper working fluids and 
optimizing design parameters for cryogenic ORC at different operation conditions.   

1. Introduction 

With the development of economy and deterioration of the envi-
ronment, the demand of clean and sustainable power generation tech-
nologies has increased significantly [1]. Natural gas, as a cleaner fossil 
fuel, has been widely utilized in natural gas power plants [2]. Liquefied 
natural gas (LNG) is the preferred method for long distance and cross 
ocean natural gas transportation [3] owing to its high energy density 
and ease for transport [4]. Therefore, many countries import LNG as the 
implement of their energy supply systems [5]. As reported by the In-
ternational Gas Union, the global LNG trade increased by 13% and 
reached 354.73 million tonnes in 2019 [6]. LNG, as in liquid form, 
cannot be used directly and needs to be regasified in LNG terminals 
before sending to distribution networks [7]. A massive cold energy 

(around 830 kJ/kg) will be discharged when LNG is heated from − 162 
◦C to 25 ◦C at 1 atm by absorbing heat from the seawater in vaporizors 
[8]. However, most of LNG terminals waste these valuable energy source 
by releasing them into ocean [9]. How to utilize the wasted LNG cold 
energy to further enhance the LNG supply chain performance becomes 
an interesting topic. 

Recently, LNG cold energy utilization methods, including cryogenic 
power generation [10], cryogenic carbon dioxide capture [11,12], 
desalination [13,14], air liquefaction [15], and energy storage [16,17], 
have received considerable attentions [18]. Among these technologies, 
cryogenic power generation is one of the most attractive solutions to 
generate electricity in a sustainable way. Many researchers have 
designed and proposed numerous systems to generate power by recov-
ering the LNG cold energy. Angelino and Invernizzi [19] investigated 
the possibility of real gas Brayton cycles to recover LNG physical exergy. 
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Using nitrogen as the working fluid, 0.30 MW/(kg/s) of LNG cold uti-
lization was obtained. However, the heat source temperature was up to 
800 ◦C which made it not accessible near LNG terminals. Gómez [20] 
designed a closed Brayton cycle combined with a steam Rankine cycle to 
exploit LNG cold exergy for compressor inlet temperature cooling. 
Moreover, Ghaebi et al. [21] proposed a Kalina cycle to co-generate 
cooling and power by utilizing LNG cold exergy. The exergy efficiency 
was 22.51% with the power to cooling ratio of 0.794. Parikhani et al. 
[22] optimized a cooling, heating, and power multi-generation system 
based on Kalina cycle driven by LNG cold energy and geothermal heat. 
The optimal energy efficiency and exergy efficiency was 62.74% and 
33.82%, respectively when the geothermal temperature was 160.5 ◦C. 
On the other hand, Lee et al. [23] presented a combined steam Rankine 
cycle and CO2 organic Rankine cycle to recover the waste heat from a 
coal power plant and LNG cryogenic exergy. The gross power was 
increased by 115% compared with the conventional power plant. 
Although various systems have been adopted to utilize LNG cold energy, 
the complex configuration of proposed systems bring about operational 
issues and high capital investments. Therefore, maneuverable systems 
with simple configuration like organic Rankine cycles (ORCs) are more 
desirable for this application. 

ORC is regarded as the most auspicious thermodynamic cycle to 
recover LNG cold energy due to its simple configuration [24], ease of 
operation [25], and abundant selection of working fluid [26]. The ORC 
consists of expander, condenser, pump, and evaporator, and employs 
low boiling point substances as working fluid [27]. This underpins its 
widespread utilization of ORC for cryogenic power generation using 
LNG cold energy as its heat sink and various thermal sources as its heat 
source [28]. In recent years, there has been an increasing interest in 
investigating the effects of cycle configuration, working fluid selection, 
LNG cold energy property, and heat source temperatures on ORC overall 
performance [29]. 

Several studies have been carried out to improve ORC net power 
output and exergy efficiency. García et al. [30] proposed a cascaded 

Rankine cycles followed by direct expansion process to recover the LNG 
cold exergy to maximize the specific power. They showed that the 
specific power reached 235 kW/kg-LNG with a pinch point of 2 ◦C at 30 
bar. Moreover, they found that the pinch point had a significant impact 
on overall power output, but minor impact on exergy efficiency. Bao 
et al. [31] proposed a two-stage condensation ORC for LNG cold energy 
utilization. With two condensers at different condensation tempera-
tures, the exergy losses in the condensers could be reduced remarkably. 
The results indicated that the net power output of the proposed system 
was 45.27% higher than the traditional ORC system. Sun et al. [32] 
compared cascade two-stage ORC, parallel two-stage ORC, and two- 
stage condensation ORC with ten different potential working fluids. By 
using ammonia as the working fluid under 200 ◦C of heat source, the 
two-stage condensation ORC had the highest exergy efficiency of 
30.54%. Tomków and Cholewiński [33] modeled a multi-stage ORC 
with ethane-krypton binary mixture as working fluid to recover LNG 
cold energy. The results showed that 9.3% increase in exergy efficiency 
and 15.4 kWh/t net power output were achieved at 8.5 MPa natural gas 
distribution pressure. 

Working fluid selection has a significant impact on ORC system 
performance. Sun et al. [34] studied eight potential working fluids and 
compared the ORC performances at different low-grade waste heat 
temperatures (50–200 ◦C) for LNG cold energy utilization. Bao et al. 
[35] optimized the mixed working fluid components and compositions 
for ORC simultaneously. Sung and Kim [36] proposed a novel dual-loop 
ORC system for LNG cold energy and engine waste heat recovery. They 
employed six single component fluids for high temperature ORC and 
seven single component fluids for low temperature ORC. He et al. [37] 
investigated the performance of ORC adopting single working fluid and 
binary mixed working fluid in a sustainable energy-water nexus process 
for LNG cold exergy recovery. The results showed that binary mixed 
working fluid could match heat transfer curves of cold and hot streams 
better than single working fluid and generate more power and fresh 
water. Xue et al. [38] optimized a three-stage ORC system employing 

Nomenclature 

Acronym 
E Expander 
HEX Heat exchanger 
LNG Liquefied natural gas 
MTA Minimum temperature approach 
ORC Organic Rankine cycle 
P Pump 
PSO Particle swarm optimization 
SORC-LNG Single-stage organic Rankine cycle utilizing LNG cold 

energy 
WF Working fluid 

Superscripts 
ph physical 
ch chemical 

Symbols 
Ẇ Power, kW 
ṁ Mass flowrate, kg/h 
Q̇ Heat, kW 
Ė Exergy, kW 
ṅ Molar flowrate, kmole/h 
ηen Thermal efficiency 
ηceu LNG cold exergy utilization efficiency 
ηex Exergy efficiency 
ζ Isentropic efficiency 

h Specific enthalpy, kJ/kg 
e Specific exergy, kJ/kg 
P Pressure, kPa 
s Specific entropy, kJ/(kg⋅K)

SNPO Specific net power output, kJ/kg 
T Temperature, K 
VF Vapor fraction 
X A vector containing decision variables 
x Molar fraction 

Subscripts 
s Isentropic 
p Product 
P Pump 
WF Stream of working fluid 
L Stream of LNG 
SW Stream of seawater 
0 Dead state 
in Inlet 
q Heat 
out Outlet 
i Index of the stream or component in working fluid 
j Index of the heat flow 
k Index of power 
d Destruction 
u Utilized 
net Net power output 
f Fuel  
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binary and ternary mixed working fluid to utilize LNG cold energy, 
which enhanced ORC thermal and exergy efficiencies by 3.5% and 
7.16%, respectively. 

As discussed above, many studies employed waste heat as ORC’s heat 
source for cryogenic power generation, while it is usually not available 
for most of LNG regasification terminals. Since LNG regasification ter-
minals are normally built near the coastal area at different latitudes, 
seawater with different temperature is widely used as common heat 
source for regasification and cryogenic power generation. However, 
previous studies have not dealt with the effect of seawater temperature 
on ORC performance and optimal working fluid selection. Moreover, 
LNG vaporization pressure determines its evaporation curve shape 
which impacts the available amount of LNG cold energy that could 
provide to ORC system. Currently, the effect of LNG vaporization pres-
sure on ORC performance is studied by fixing its working fluids. How-
ever, there is no guarantee that the selected working fluid is optimal for 
a wide range of LNG vaporization pressures. Furthermore, the minimum 
temperature approach (MTA) in the evaporator and condenser signifi-
cantly impacts ORC net power output and exergy efficiency. Nonethe-
less, to the best of our knowledge, no studies in the open literature have 
investigated the effect of MTA on ORC performance for LNG cold energy 
utilization. Finally, how cooling and heating source properties, and heat 
exchanger design parameter will influence the working fluid selection in 
ORC is still unknown. All these research gaps should be addressed to 
bring a comprehensive understanding on ORC performance associated 
with working fluid selection under different cooling and heating 
conditions. 

This study aims to: (1) conduct a comprehensive study to showcase 
the effects of LNG and seawater properties as well as working fluid se-
lection on ORC performance for LNG cold energy utilization; (2) reveal 
the performance intensification possibility by using mixed working fluid 
in ORC for cryogenic power generation from LNG cold energy. The main 
contribution of this study is that it quantifies the effects of LNG cold 
energy property (LNG pressure), heating stream property (seawater 

temperature), and heat exchanger design parameter (MTA) on the 
overall performance of a single cryogenic ORC system with optimal 
working fluid selection. This work can provide valuable insights and 
guidance on ORC design and optimization for different LNG vapor-
ization pressures and seawater temperatures. 

The remainder of this work is organized as follows. Section 2 pre-
sents a single-stage cryogenic ORC system, while Section 3 introduces 
performance indexes for system evaluation and process optimization. 
Thermodynamic and exergy analyses are conducted to examine the in-
fluences of system design parameters and optimal working fluids for 
enhancing system performance are discussed in Section 4. Finally, 
conclusions of this study are drawn in Section 5. 

2. System description and assumption 

2.1. Single-stage cryogenic ORC system 

Fig. 1 illustrates a single-stage cryogenic ORC system employing LNG 
cold energy as its heat sink and seawater as its heat source (SORC-LNG 
system). This system consists of LNG regasification process, cryogenic 
ORC, and seawater heating process. It converts the wasted LNG cold 
energy to valuable power in a sustainable way and also reduces the 
greenhouse gas emission. LNG from the storage tank is pressurized to the 
vaporization pressure by the LNG pump (P2) and converted into vapor 
(L-3) by absorbing the heat from the ORC working fluid in the condenser 
(HEX1). However, the temperature of L-3 stream from the condenser is 
still low and cannot satisfy the temperature requirement of the natural 
gas distribution network. Thus, an additional heater (HEX3) is used to 
increase the natural gas temperature by the seawater. 

The working principle of cryogenic ORC is similar to the conven-
tional steam Rankine cycle. The cryogenic ORC adopts organic working 
fluid with a lower boiling point and utilizes cryogenic heat sink. In the 
cryogenic ORC, the working fluid is pressurized by the WF pump (P1) to 
the evaporation pressure. Then, the high-pressure working fluid is 

Fig. 1. Schematic representation of the cryogenic ORC system for LNG cold energy utilization.  
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evaporated in the evaporator by absorbing the heat from the seawater 
(heat source). The high-pressure and high-temperature working fluid 
(WF-3) passes through the expander (E1) to reduce its pressure and 
generate power. Finally, the resulting low-pressure working fluid (WF- 
4) is condensed by releasing its sensible and latent heat to the LNG (heat 
sink) and completes the cycle. The seawater is adopted as the heat 
source of the SORC-LNG system, and is pumped from the ambient 
pressure to 300 kPa [31] for providing heat to the ORC working fluid in 
the evaporator (HEX2) and LNG in the heater (HEX3). 

2.2. Known parameters and assumptions 

The inlet temperature, pressure, and mass flow rate of LNG is − 162 
◦C, 101.325 kPa, and 1 kg/s, respectively. The components and com-
positions of the LNG are shown in Table 1. The investigated LNG 
vaporization pressures varies from 4000 kPa to 10000 kPa, with a step 
increase of 1000 kPa. To account for the seasonal variation, the seawater 
temperatures are assumed to be 15, 20, 25, 30, and 35 ◦C. Moreover, as 
the MTA of heat exchangers in cryogenic process normally ranging from 
2–5 K, they are set to 1, 2, 3, 4, and 5 K in this work, respectively. 

Working fluid selection is crucial for the SORC-LNG system because 
it impacts on the system performance significantly. To explore the effect 
of working fluid selection on SORC-LNG performance, nine promising 
single substances and their binary mixtures are considered in this study, 
as shown in Table 2. 

To simplify the simulation and optimization, several assumptions are 
adopted as follows:  

1. The system is at a steady state and thus ignores kinetic and potential 
energy.  

2. The outlet temperature of the natural gas for the distribution 
network is 10 ◦C [32].  

3. The working fluid in the ORC is at subcritical condition.  
4. The isentropic efficiency of the pump and expander is 80% and 80%, 

respectively [31].  
5. The discharged temperature of the seawater from HEX2 and HEX3 is 

assumed to be 5 ◦C lower than the inlet temperature [38].  
6. The pressure drop in the heat changer is 5 kPa [39].  
7. The dead states for exergy calculation are 25 ◦C and 101.325 kPa 

[27]. 

3. Modeling and optimization 

3.1. Process modeling 

The SORC-LNG system proposed in this study comprises four pumps, 
three heat exchangers, and one expander. In this section, energy and 
exergy analysis are applied to each component in the SORC-LNG system. 

3.1.1. Energy analysis 
The power consumed by the working fluid pump (P1) is determined 

by using the following equation: 

ẆP1 = ṁWF(hWF− 2,s − hWF− 1) =
ṁWF(hWF− 2 − hWF− 1)

ζp,s
(1)  

where Ẇ, ṁ, and h refer to power (kW), mass flowrate (kg/s), and spe-
cific enthalpy (kJ/kg), respectively. The subscripts P1, WF, WF − 1,
WF − 2, and s are working fluid pump P1, working fluid, stream WF-1, 
stream WF-2, and isentropic, respectively. The item hWF− 2,s is the spe-
cific enthalpy at the pump discharge pressure after an isentropic 
compression. The Greek symbol ζp,s refers to the isentropic efficiency of 
pumps. 

The evaporator (HEX2) is used to transfer the heat from the seawater 
to the ORC working fluid, turning it into saturate vapor. The heat input 
to the ORC is given by: 

Q̇HEX2 = ṁWF(hWF− 3 − hWF− 2) = ṁSW − 2(hSW− 3 − hSW− 2) (2)  

where Q̇ is the heat flow of the heat exchanger (kW). The subscripts 
SW − 2 and SW − 3 are stream SW-2 and SW-3, respectively. 

The expander in the ORC is the key component that determines the 
power output. The power generated in the expander (E1) is calculated 
by: 

ẆE1 = ṁWF(hWF− 4,s − hWF− 3) = ζe,sṁWF(hWF− 4 − hWF− 3) (3)  

where ζe,s refers to the isentropic efficiency of the expander. 
The working fluid leaving the expander requires to release its heat to 

LNG and is condensed into saturate liquid in the condenser. Thus, the 
heat rejected from the working fluid to the LNG is defined as: 

Q̇HEX1 = ṁWF(hWF− 1 − hWF− 4) = ṁLNG(hL− 3 − hL− 2) (4)  

The LNG pump is used to increase LNG’s pressure to the distribution 
pressure. The power required by the LNG pump (P2) is given by: 

ẆP2 = ṁLNG(hL− 2,s − hL− 1) =
ṁLNG(hL− 2 − hL− 1)

ζp,s
(5)  

The power consumed by two seawater pumps (P3 and P4) is defined by 
Eqs. (6) and (7), respectively. 

ẆP3 = ṁSW− 2(hSW − 3,s − hSW− 2) =
ṁSW − 2(hSW− 3 − hSW − 2)

ζp,s
(6)  

ẆP4 = ṁSW− 5(hSW − 6,s − hSW− 5) =
ṁSW − 5(hSW− 6 − hSW − 5)

ζp,s
(7)  

The heater (HEX3) is adopted to rise the natural gas temperature when 
the temperature of stream L-3 is lower than the specified value for 
downstream distribution. The heat obtained by LNG is calculated by: 

Table 1 
Molar fractions of the LNG [31].  

Components Molar fraction 

CH4  0.9133 
C2H6  0.0536 
C3H8  0.0214 
i − C4H10  0.0047 
n − C4H10  0.0046 
i − C5H12  0.0001 
n − C5H12  0.0001 
N2  0.0022  

Table 2 
Potential working fluids for the SORC-LNG system.  

Components Formula Critical 
temperature 
(◦C) 

Critical 
pressure 
(MPa) 

Normal boiling 
temperature (◦C) 

Ethane C2H6  32.28 4.88 − 88.73 
Propane C3H8  96.75 4.26 − 42.19 
Ethylene C2H4  9.21 5.03 − 104.09 
Carbon 

dioxide 
CO2  31.10 7.39 − 56.55 * 

R1270 C3H6  91.06 4.56 − 47.62 
R134a C2H2F4  101.06 4.06 − 26.07 
R143a C2H3F3  72.71 3.76 − 47.24 
R152a C2H4F2  113.26 4.52 − 24.02 
R23 CHF3  26.14 4.83 − 82.09 

[*] The boiling temperature of CO2 is at 0.51 MPa. 
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Q̇HEX3 = ṁLNG(hL− 4 − hL− 3) = ṁSW− 5(hSW− 6 − hSW− 5) (8)  

3.1.2. Exergy analysis 
Exergy analysis of a power generation system can quantify the 

quality of the heat transfer process from the heat source to the heat sink. 
Neglecting the potential and kinetic exergies, the exergy of each stream 
is defined by [40]: 

Ė = ṁe = ṁ(eph + ech) (9)  

where Ė and e refer to exergy (kW) and specific exergy (kJ/kg), 
respectively. The superscripts ph and ch represent physical exergy and 
chemical exergy, respectively. 

Since there is no chemical reaction occurs and no component 
changes in the proposed system, the chemical exergy does not vary in 
any process and thus can be ignored. The physical exegy can be given by: 

eph = (h − h0) − T0(s − s0) (10)  

where T and s refer to temperature (K) and specific entropy (kJ/(kg⋅K)), 
respectively. The subscript 0 refers to the dead state or the ambient 
environment. 

Exergy destructions are induced by thermodynamic irreversibilities 
associated with compression, expansion, and heat transfer in the SORC- 
LNG system. The exergy destruction for each equipment is determined 
by exergy balance as follows: 

∑I

i=1
Ėin,i +

∑J

j=1
Ėq,j =

∑I

i=1
Ėout,i +

∑K

k=1
Ẇk +ΔĖd (11)  

where the subscripts in, out, q, and d denote inlet, outlet, heat, and 
destruction, respectively. The symbols i, j, and k denote the ith exergy 
stream, jth exergy associated with heat transfer, and kth power, 
respectively. 

For pumps, exergy destructions are given by: 

ΔĖP
d = Ėin − Ėout − ẆP (12)  

For expander, the exergy destruction is defined as: 

ΔĖE
d = Ėin − Ėout + ẆE (13)  

For heat exchangers, exergy destructions are described by: 

ΔĖHEX
d =

∑I

i=1
(Ėin,i − Ėout,i) (14)  

The exergy destructions of each equipment of the SORC-LNG system are 
listed in Table 3. By summation the exergy destruction of each equip-
ment, the total exergy destruction of the SORC-LNG system is obtained: 

ΔĖd = ΔĖP1
d +ΔĖP2

d +ΔĖP3
d +ΔĖP4

d +ΔĖE1
d +ΔĖHEX1

d +ΔĖHEX2
d +ΔĖHEX3

d

(15)  

3.2. Performance indicator 

In this section, several key process performance indicators are used 
to evaluate the performance of the SORC-LNG system. 

Conventionally, the net power output is adopted to estimate the 
performance of the cryogenic power generation system for LNG cold 
energy utilization. However, the value of the net power output varies 
with the flowrate of LNG, making it difficult to compare the performance 
of different systems. Thus, the specific net power output (SNPO) is 
introduced as the first indicator in this study. The definition of the SNPO 
is the ratio of the net power output to the mass flowrate of LNG, as 
described in Eq. (16). 

SNPO =
Ẇnet

ṁLNG
(16)  

where Ẇnet refers to the net power output of the SORC-LNG system, 
which is given by: 

Ẇnet = ẆE1 − ẆP1 − ẆP2 − ẆP3 − ẆP4 (17)  

The second indicator is the thermal efficiency, which reflects the capa-
bility of the heat engine converting heat to power, as described in Eq. 
(18). 

ηen =
Ẇnet

Q̇in
=

Ẇnet

Q̇HEX2
(18)  

LNG cold exergy utilization efficiency, as the third indicator, can be used 
to evaluate the heat transfer efficiency of the condenser. If the LNG cold 
exergy is totally utilized by the SORC-LNG system, the LNG cold exergy 
utilization efficiency equals to 1. Otherwise, a fraction the LNG cold 
exergy is wasted. It is defined as the ratio of the utilized cold exergy in 
the condenser to the total provided cold exergy to the system, which is 
given by Eq. (19): 

ηceu =
Ėu

ĖLNG,in − ĖLNG,out
=

ĖWF− 1 − ĖWF− 4

ĖL− 2 − ĖL− 4
(19)  

Exergy efficiency is the ratio of the product exergy to the fuel exergy. For 
the SORC-LNG system, the most important fuel exergy is the LNG cold 
exergy and the product exergy is the net power output. Thus, by ignoring 
the fuel exergy of the seawater, the exergy efficiency is given by: 

ηex =
Ėp

Ėf
=

Ẇnet

ΔĖLNG
(20)  

3.3. Process optimization 

The SORC-LNG system is modeled in a process simulator Aspen 
HYSYS V10 [41]. The thermodynamic properties of the LNG and 
working fluid are calculated by the Peng-Robinson equation of state 
[42], while those of the seawater are calculated by the Electrolyte NRTL 
equation of state [43]. 

The optimization is implemented in Matlab [44] by using Particle 
Swarm Optimization algorithm (PSO). Matlab can interactive with 
Aspen HYSYS via ActiveX to exchange data [17]. The flow chart of the 
optimization process is shown in Fig. 2. 

In this study, the objective is to maximize the SNPO, which can be 
described as: 

max[f (X)] = SNPO (21)  

The symbol X is a vector consisting of decision variables, namely the 

Table 3 
Exergy destructions of each equipment of the SORC-LNG system.  

Equipment Exergy destruction equation 

Working fluid pump (P1) ΔĖP1
d = ĖWF− 2 − ĖWF− 1 − ẆP1  

LNG pump (P2) ΔĖP2
d = ĖL− 2 − ĖL− 1 − ẆP2  

Seawater pump (P3) ΔĖP3
d = ĖSW− 2 − ĖSW− 1 − ẆP3  

Seawater pump (P4) ΔĖP4
d = ĖSW− 5 − ĖSW− 4 − ẆP4  

Working fluid exapnder (E1) ΔĖE1
d = ĖWF− 4 − ĖWF− 3 + ẆE1  

Condenser (HEX1) ΔĖHEX1
d = ĖWF− 4 − ĖWF− 1 + ĖL− 2 − ĖL− 3  

Evaporator (HEX2) ΔĖHEX2
d = ĖWF− 2 − ĖWF− 3 + ĖSW− 2 − ĖSW− 3  

Heater (HEX3) ΔĖHEX3
d = ĖL− 3 − ĖL− 4 + ĖSW− 5 − ĖSW− 6   
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composition, evaporation pressure, condensation pressure, and molar 
flow rate of the working fluid, which is given by: 

X = [xi,PWF− 2,PWF− 4, ṅWF− 1] (22)  

where xi refers to the composition of ith component in the working fluid. 
If single component is used as the working fluid, xi = 1 . 

The lower and upper bounds of decision variables are listed in 
Table 4. Since nine potential working fluids are optimized at different 

conditions, the search spaces of the decision variables are not specified. 
For the evaporation pressure, the lower bound is the saturate pressure 
when the working fluid temperature is (TSW− 3 − MTA) and vapor fraction 
is 1, while the upper bound is the critical pressure of the working fluid. 
For the condensation pressure, the lower bound is 110 kPa to avoid the 
vaccum condtion for the system. 

Constraints are introduced to avoid the algorithm searching infea-
sible area and eliminating the undesirable particles. The first constraint 
is that the MTA of three heat exchangers should be larger or equal to the 
specified value, which can be described as Eq. (23). 

MTAi⩾MTAs ∀i = (HEX1,HEX2,HEX3)
MTAs ∈ [1, 2, 3, 4, 5] (23)  

where MTAs refers to the specified MTA value, which equals to [1, 2, 3, 
4, 5]. 

The second constraint is that the working fluid entering the expander 
(stream WF-3) should be saturate vapor without any liquid, as given by 

Fig. 2. Flow chart of the particle swarm optimization process.  

Table 4 
The lower and upper bounds of the decision variables.  

Decision variable Lower bound Upper bound 

xi  0 1 
PWF− 2 (kPa)  Pb(TSW− 3 − MTA) Pcri  

PWF− 4 (kPa)  110 Pb(TSW− 3 − MTA)
ṅWF− 1 (kmole/h)  0.01 200  
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Eq. (24). 

VFWF− 3 = 1 (24)  

where VF refers to the vapor fraction of the stream. 
When constraints are violated, the algorithm will use the penalty 

function to replace the objective function. The penalty function is 
defined by Eq. (25): 

p(X) = − SNPO × e100×max(|MTAs − MTAi |,|1− VFWF− 3 |) (25)  

4. Results and discussion 

In this section, results are presented concerning the following in-
dicators of comparison: SNPO, thermal efficiency, LNG cold exergy 
utilization efficiency, and exergy efficiency. The effects of LNG vapor-
ization pressure, seawater temperature, and MTA on the SORC-LNG 
performance are presented in Section 4.1, 4.2, and 4.3, respectively. 
In Section 4.4, we investigate the performance of the best single working 
fluid selected from nine potential substances. The performance en-
hancements by adopting binary mixed working fluid are discussed in 
Section 4.5. 

4.1. Effect of LNG vaporization pressure on SORC-LNG performance 

The LNG vaporization pressure not only determines the maximum 
available cold exergy that could be provided to the ORC system, but also 
affects the shape of the evaporation curve, as shown in Fig. 3. 

In this section, the seawater temperature and MTA are 25 ◦C and 3 K, 
respectively. In Fig. 4, the SNPO, thermal efficiency, LNG cold exergy 
utilization efficiency, and exergy efficiency are presented, which is 
varied from 4000 kPa to 10000 kPa. For the nine single working fluids 
considered here, the SNPO generally decreases with the increase of the 
LNG vaporization pressure, as illustrated in Fig. 4(a). This is because the 
available cold exergy for the SORC system decreases with the LNG 
vaporization pressure, thereby reducing the net power output from the 
expander. For working fluids such as C2H6, C2H4, and R23, the SNPO 
decreases rapidly when the LNG vaporization pressure increases and 
then the decrements are more flat. Among the nine single working fluids, 
R1270 shows the highest SNPO (89.34 kJ/kg at 4000 kPa and 38.86 kJ/ 
kg at 10000 kPa). 

In the term of the thermal efficiency, the SORC-LNG system is less 
efficient as the increase of the LNG vaporization pressure. Although the 
required heat input also decreases with the LNG vaporization pressure, 
the decrease of the net power output is more rapidly than the required 

heat input, leading to the decrease of the thermal efficiency. Obviously, 
C2H6 produces the highest thermal efficiency at 4000 kPa. Although the 
SNPO of C2H6 is significantly lower than R1270 when LNG vaporization 
pressure is larger than 5000 kPa, the thermal efficiency of C2H6 is the 
highest at different pressures. It is because the evaporation pressure of 
C2H6 is around 3788 kPa and is much higher than that of R1270 (981 
kPa), which results in smaller heat input in the evaporator and thus 
achieves higher thermal efficiency. Moreover, it should be noted that the 
thermal efficiency difference between C2H6 and R1270 reduces with the 
increase of the LNG vaporization pressure. The thermal efficiency of 
C2H6 and R1270 is 8.29% and 7.88% at 10000 kPa, respectively. For 
working fluids such as R134a and R152a, their thermal efficiencies are 
significantly lower than other working fluids. It indicates that these two 
working fluids are not suitable for the SORC-LNG system from the 
perspective of thermal efficiency. 

LNG cold exergy utilization efficiency reflects the heat transfer effi-
ciency in the condenser. If the working fluid condensation curve 
matches the LNG evaporation curve properly, the LNG cold exergy uti-
lization efficiency is high, and vice versa. For working fluid such as 
R143a, R1270 and C3H8, the LNG cold exergy utilization efficiency 
decreases with the LNG vaporization pressure. However, the LNG cold 
exergy utilization efficiency of C2H6,C2H4 and R23 first decrease and 
then increase slightly when the pressure increases from 4000 kPa to 
6000 kPa. Moreover, the LNG cold exergy utilization efficiency of R134a 
and R152a increase firstly and then decrease with the LNG vaporization 
pressure. The working fluids considered here can be classified into high 
boiling point (R134a and R152a), medium boiling point (R143a, R1270 
and C3H8), and low boiling point (C2H6,C2H4,CO2 and R23). For high 
boiling point working fluids, the condensation pressure is limited to 110 
kPa which leads to the condensation temperature is around − 20 ◦C and 
thereby a large gap between the condensation curve and LNG evapo-
ration curve. It can be seen from Fig. 3(b) that the gap between the 
working fluid condensation curve and LNG evaporation curve reduces 
firstly and then increases with the increase of LNG vaporization pres-
sure. For low boiling point working fluids, the condensation tempera-
ture is close to the turning point on LNG evaporation curve at lower 
pressure, which results in a small gap between them and a high LNG cold 
exergy utilization efficiency. The condensation temperature increases 
significantly with the increase of LNG vaporization pressure (4000 kPa 
to 6000 kPa), leading to the decrease of LNG cold exergy utilization 
efficiency. However, at pressure higher than 7000 kPa, the LNG evap-
oration curve becomes smooth, and thus a smaller gap between the 
working fluid and LNG and increasing the LNG cold exergy utilization 
efficiency are observed. 

Fig. 4(d) illustrates the variation of exergy efficiency with LNG 
vaporization pressure. It can be seen that the exergy efficiency decreases 
with higher LNG vaporization pressure. The exergy efficiency exhibits 
the similar trends as the SNPO, as shown in Fig. 4(a) and (d). Since the 
net power output and available LNG cold exergy decrease with the LNG 
vaporization pressure, their synergistic effects result in the similar 
trends of the exergy efficiency and SNPO. Moreover, the exergy effi-
ciency of R1270 is the highest among the nine single working fluids. 

4.2. Effect of seawater temperature on SORC-LNG performance 

Fig. 5 illustrates the effect of seawater temperature on SNPO, thermal 
efficiency, LNG cold exergy utilization efficiency, and exergy efficiency 
at 7000 kPa LNG vaporization pressure and 3 K MTA. 

The SNPO increases with the increase of the seawater temperature, 
as shown in Fig. 5(a). This is because the higher seawater temperature 
leads to higher expander inlet temperature and thereby results in more 
power generated in the expander. However, the effect of seawater 
temperature on different working fluids is distinctive. For low boiling 
point working fluids such as CO2,C2H4,C2H6, and R23, the increment of 
the SNPO is very small. For instance, the SNPO of C2H6 increases by 
15.45% from 40.27 kW at 15 ◦C to 46.49 kW at 35 ◦C. For medium and Fig. 3. Maximum available cold exergy and LNG evaporation curve.  
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Fig. 4. SNPO (a), thermal efficiency (b), LNG cold exergy utilization efficiency (c) and exergy efficiency (d) as a function of the LNG vaporization pressure for nine 
potential single-component working fluids and MTA = 3 K and SW T  = 25 ◦C. 

Fig. 5. SNPO (a), thermal efficiency (b), LNG cold exergy utilization efficiency (c) and exergy efficiency (d) for nine potential single-component working fluids and 
MTA = 3 K and LNG pressure  = 7000 kPa. 
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high boiling point working fluids, the increase of the seawater temper-
ature has significant influences on their SNPOs. The largest SNPO 
(71.97 kW) is achieved by R1270 at 35 ◦C seawater temperature. 

In terms of the thermal efficiency, the SORC-LNG system is generally 
more efficient with higher seawater temperature, despite the seawater 
pumps consume much power to deliver the heat source. When the 
seawater temperature is lower than 30 ◦C,C2H6 shows the highest 
thermal efficiency among nine working fluids. However, R1270 sur-
passes C2H6 and hold superior the thermal efficiency when the seawater 
temperature is higher than 30 ◦C. 

In Fig. 5(c), it is clear that the seawater temperature does not impact 
the LNG cold exergy utilization efficiency significantly. The LNG cold 
exergy utilization efficiency remain constant irrespective of the 
seawater temperature. The reason is that the seawater temperature only 
increases the expander inlet pressure, but the condensation pressure 
does not affect by the seawater temperature. Thus, the LNG cold exergy 
utilized by the working fluid in the condenser remains unchanged and 
this directly results in a constant LNG cold exergy utilization efficiency. 

For the exergy efficiency of the SORC-LNG system, it increases with 
the seawater temperature and has the same trend as the SNPO, as shown 
in Fig. 5(d). This is because the LNG cold exergy provided to the system 
keeps constant and the net power output increases with the increase of 
the seawater temperature. Thus, the exergy efficiency variation curve 
has the same slop as the SNPO. 

4.3. Effect of MTA on SORC-LNG performance 

The MTA in the evaporator and condenser of the SORC-LNG system 
influences the flowrate, evaporation temperature, and condensation 
temperature of the working fluid. Fig. 6 shows the SNPO, thermal effi-
ciency, LNG cold exergy utilization efficiency and exergy efficiency at 
7000 kPa LNG vaporization pressure and 25 ◦C seawater temperature. 

It can be seen that the SNPO decreases with the increase of the MTA 

in heat exchangers. The reason is that the flowrate of the working fluid 
reduces with the increase of the MTA and thus the SNPO decreases. 
R1270 provides the largest SNPO across all the MTA among nine single 
working fluids. Its SNPO is 56.80 kW at MTA  = 5 K, but is 14.68% lower 
than that at MTA  = 1 K. In addition, C3H8 and R143a exhibit the second 
and third highest SNPO, while C2H4 possess the lowest SNPO (32.65 
kW) at MTA  = 5 K. 

Fig. 6(b) illustrates the variation of the thermal efficiency with the 
MTA. It is clear that the SORC-LNG system is generally less efficient with 
a larger MTA. This can be explained from two aspects. One aspect is that 
the increase of the MTA reduces the evaporation pressure in HEX2 and 
thereby increases the heat input. However, the working fluid flowrate 
decreases with the increase of the MTA which tends to decrease the heat 
input. Due to the larger impact on working fluid flowrate, the required 
heat input declines slightly with the increase of the MTA. The other 
aspect is that the net power output decreases with the MTA. These two 
factors synergistically result in a much flat drop of the thermal effi-
ciency. The system thermal efficiency with C2H6 as working fluid is 
reduced by 6.97% from 11.34% at 1 K MTA to 10.55% at 5 K MTA. 

The LNG cold exergy utilization efficiency decreases with the in-
crease of the MTA, as shown in Fig. 6(c). The LNG cold exergy utilization 
efficiency represents the exergy destruction in HEX1. The larger the 
MTA, the larger the exergy destruction in HEX1 and thereby a lower 
utilization efficiency. The LNG cold exergy utilization efficiency of 
R1270 is the highest across all MTAs which indicates the most efficient 
heat transfer between R1270 and LNG. 

In terms of the exergy efficiency, it has the same trend as the SNPO 
since the LNG cold exergy provided to the SORC-LNG system does not 
change with the MTA. The SORC-LNG system adopting R1270 provides 
the highest exergy efficiency among nine working fluids. The exergy 
efficiency of R1270 decreases by 14.67% from 16.49% to 14.07% when 
the MTA raises from 1 K to 5 K. 

Fig. 6. SNPO (a), thermal efficiency (b), LNG cold exergy utilization efficiency (c) and exergy efficiency (d) for nine potential single-component working fluids and 
SW T = 25 ◦C and LNG pressure  = 7000 kPa. 
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4.4. Optimal working fluid selection 

According to the above analyses, R1270 has the highest SNPO and 
exergy efficiency regardless of the variations of the LNG vaporization 
pressure, seawater temperature and MTA. In other cases, C2H6 shows 
the highest thermal efficiency among nine single working fluids. Since 
the objective is to maximize the SNPO, R1270 is considered as the 
optimal single working fluid for the SORC-LNG system. The detailed 
system performance using R1270 as working fluid is discussed in the 
following. 

Table 5 shows the decision variables and performance indicators of 
the SORC-LNG using R1270 as working fluid at different LNG vapor-
ization pressures, seawater temperatures and MTAs. Regardless of LNG 
vaporization pressure variation, the condensation and evaporation 
pressure of R1270 remain at 110 kPa and 981 kPa. Because the lower 
bound of condensation pressure is 110 kPa to avoid vacuum condition 
and the evaporation pressure is determined by the seawater tempera-
ture. As the LNG vaporization pressure increases, R1270 M flowrate 
decreases due to the reduction of the available LNG cold exergy. 
Furthermore, the exergy destruction decreases from 400.34 kW to 
340.27 kW when the LNG vaporization pressure increases from 4000 
kPa to 10000 kPa. 

By investigating the effect of the seawater temperature on the system 
performance, it can be seen that the evaporation pressure increases from 
743 kPa to 1270 kPa when the seawater temperature increases from 15 
◦C to 35 ◦C. However, R1270 molar flowrate remains nearly unchanged. 
The exergy destruction also increases as the input exergy from seawater 
rises. 

With the increase of the MTA in heat exchangers, the evaporation 
pressure of R1270 decreases from 1032 kPa to 929 kPa and the molar 
flowrate decreases from 103.71 kmole/h to 97.42 kmole/h. The reason 
is that the evaporation temperature reduces with the MTA, leading to a 
decrease in the evaporation pressure. In addition, with larger MTA, less 
exergy could be utilized by the SORC-LNG system, which results in a 
smaller molar flowrate of R1270. 

Fig. 7 illustrates the main performance indicators at seawater 

temperature of 25 ◦C. It seems that the optimal design of the SORC-LNG 
system using R1270 as the working fluid is obtained with the low LNG 
vaporization pressure and small MTA. To obtain the SNPO larger than 
90 kW, the LNG vaporization pressure and MTA should be smaller than 
4200 kPa and 2.7 K, respectively, which is represented by the small 
triangle area with red color as shown in Fig. 7(a). For the other three 
indicators, the areas to provide the highest efficiency level are signifi-
cantly larger than the SNPO. It indicates that the synergistic effect of the 
LNG vaporization pressure and MTA on the SNPO is much weaker than 
the other indicators. 

Fig. 8 shows the four indicators versus LNG vaporization pressure 
and seawater temperature. The results imply that the SNPO, thermal 
efficiency, and exergy efficiency increases with a lower LNG vapor-
ization pressure and higher seawater temperature. However, the LNG 
cold exergy utilization efficiency is only affected by the LNG vapor-
ization pressure regardless of the variation of the seawater temperature. 
It can be seen that when the LNG vaporization pressure is 4000 kPa, the 
SNPO can be larger than 90 kW even if the seawater temperature is 25.5 
◦C. However, when the LNG vaporization pressure raises to 5200 kPa, 
the seawater temperature has to be higher than 35 ◦C to ensure the 
SNPO is larger than 90 kW. In terms of the thermal efficiency and exergy 
efficiency, the variation ranges of the LNG vaporization pressure and 
seawater temperature are much broader than that for the SNPO. 

The SNPO, thermal efficiency, LNG cold exergy utilization efficiency 
and exergy efficiency versus the seawater temperature and MTA is 
shown in Fig. 9. The SNPO, thermal efficiency and exergy efficiency 
reach the highest level at smaller MTA and higher seawater temperature. 
However, the range of the seawater temperature and MTA to reach the 
highest level for the SNPO is broader than those for the thermal effi-
ciency and exergy efficiency, as can be seen in Figs. 7 and 8. 

4.5. Performance enhancement by binary mixed working fluids 

Having considered using single working fluids to utilize LNG cold 
energy in the SORC-LNG system, it is fascinating to investigate what 
opportunity it can provide to enhance system performance by mixing 

Table 5 
The decision variables and performance indicators of the SORC-LNG system using R1270 as working fluid.  

PLNG (kPa)  MTA (K) TSW(
◦C) ṅR1270 (kmole/h)  PWF− 4 (kPa)  PWF− 2 (kPa)  SNPO (kJ/kg) ηen  ηceu  ηex  ΔĖd (kW)  

Effect of the LNG vaporization pressure 
4000 3 25 124.72 110.00 981.00 89.34 12.29% 40.77% 18.96% 400.34 
5000 3 25 118.03 110.00 981.00 80.93 11.76% 40.90% 18.25% 380.76 
6000 3 25 110.60 110.00 981.00 71.87 11.15% 40.24% 17.05% 367.40 
7000 3 25 101.83 110.00 981.00 61.64 10.38% 38.63% 15.27% 359.02 
8000 3 25 93.45 110.00 981.00 51.74 9.50% 36.77% 13.33% 353.09 
9000 3 25 88.16 110.00 981.00 44.57 8.67% 35.84% 11.89% 346.59 
10000 3 25 84.55 110.00 981.00 38.86 7.88% 35.38% 10.70% 340.27  

Effect of the seawater temperature 
7000 3 15 100.50 110.00 743.00 50.57 8.68% 38.63% 12.53% 343.36 
7000 3 20 101.04 110.00 856.00 56.27 9.57% 38.63% 13.94% 351.16 
7000 3 25 101.83 110.00 981.00 61.64 10.38% 38.63% 15.27% 359.02 
7000 3 30 100.87 110.00 1118.00 67.05 11.19% 38.63% 16.62% 366.58 
7000 3 35 101.24 110.00 1270.00 71.97 11.91% 38.63% 17.83% 374.36  

Effect of the MTA 
7000 1 25 103.71 110.00 1032.00 66.57 10.85% 39.76% 16.50% 354.19 
7000 2 25 102.28 110.00 1007.00 64.26 10.64% 39.21% 15.92% 356.46 
7000 3 25 101.83 110.00 981.00 61.64 10.38% 38.63% 15.27% 359.02 
7000 4 25 100.14 110.00 955.00 59.17 10.15% 38.02% 14.66% 361.44 
7000 5 25 97.42 110.00 929.00 56.80 9.92% 37.38% 14.07% 363.76  
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Fig. 7. The contours of SNPO (a), thermal efficiency (b), LNG cold exergy utilization efficiency (c) and exergy efficiency (d) for R1270 versus LNG pressure and MTA.  

Fig. 8. The contours of SNPO (a), thermal efficiency (b), LNG cold exergy utilization efficiency (c) and exergy efficiency (d) for R1270 versus LNG pressure and SW 
temperature. 
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these fluids. Mixed working fluids presents a better thermal match with 
LNG and heat source in the ORC system because of their temperature 
glide during isobaric condensation and evaporation and thereby results 
in a smaller exergy destruction and larger net power output. 

From the above analysis, R1270 shows the highest SNPO and exergy 
efficiency and C2H6 leads to cycle design with the highest thermal ef-
ficiency. Thus, we start the inspection of binary mixed working fluid 

(R1270 and C2H6) for the SORC-LNG system. The binary mixed working 
fluid here and hereafter is defined on a molar fraction basis. 

The performance comparisons between the single working fluid 
(R1270) and mixed working fluid at 7000 kPa LNG vaporization pres-
sure, 3 K MTA, and 25 ◦C seawater temperature, are shown in Table 6. 
The optimal molar fraction for the mixed working fluid is 0.4 of R1270 
and 0.6 of C2H6 with the molar flowrate of 116.55 kmole/h, which is 
14.45% larger than that of R1270. The condensation pressure and 
evaporation pressure of the mixed working fluid are higher than the 
single working fluid. In addition, the LNG cold exergy utilization effi-
ciency by using mixed working fluid is increased by 15.97% indicating 
that the condensation curve of mixed working fluid could match the LNG 
evaporation curve better due to the non-isothermal condensation, as 
shown in Fig. 10(a). The exergy destruction incurred by adopting mixed 
working fluid is 355.88 kW, which is only 0.87% lower than the single 
working fluid. 

The heat transfer curves in the condenser and evaporator have a 
significant impact on the SORC-LNG system performance. Fig. 10 illus-
trates the condensation and evaporation process of the mixed working 
fluid and R1270 in HEX-1 and HEX-2, respectively. The condensation 
curve of the R1270/C2H6 mixture matches the LNG evaporation curve 
better than that of R1270. This leads to a reduction of 13.6 kW exergy 
destruction in HEX-1. This benefit is caused by the non-isothermal 
condensation of the mixed working fluid. However, the evaporation 
curve of the mixed working fluid does not match the seawater profile 

Fig. 9. The contours of SNPO (a), thermal efficiency (b), LNG cold exergy utilization efficiency (c) and exergy efficiency (d) for R1270 versus LNG pressure and SW 
temperature. 

Table 6 
The SORC-LNG performance comparison between the single working fluid 
(R1270) and mixed working fluid (0.4 of R1270 and 0.6 of C2H6).  

Parameters xR1270 = 1  xR1270 : xC2H6 = 0.4 : 0.6  

ṅWF− 1 (kmole/h)  101.83 116.55 
PWF− 4 (kPa)  110.00 226.15 
PWF− 2 (kPa)  981.00 2022.07 
SNPO (kJ/kg) 61.64 64.85 
ηen  10.38% 10.94% 
ηceu  38.63% 44.80% 
ηex  15.27% 16.07% 

ΔĖd (kW)  359.02 355.88  
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Fig. 10. The heat transfer curves in HEX-1 and HEX-2: (a) LNG and R1270/C2H6, (b) R1270/C2H6 and seawater, (c) LNG and R1270, (d) R1270 and seawater when 
the LNG vaporization pressure is 7000 kPa. 

Fig. 11. The performance indicators versus C2H6 molar fraction and LNG vaporization pressures when MTA  = 3 K and seawater temperature is 25 ◦C.  
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well due to the non-isothermal evaporation characteristic. The exergy 
destruction of HEX-2 by using mixed working fluid is 34.67% higher 
than R1270, as shown in Fig. 10(b) and (d). 

The performance indicators versus C2H6 molar fraction and LNG 
vaporization pressure are shown in Fig. 11. It is clear that the SNPO, 
thermal efficiency, LNG cold exergy utilization efficiency and exergy 
efficiency first increase and then decrease with the increase of C2H6 
molar fraction. The optimal system performance is achieved at xC2H6 =

0.7 for 4000 kPa and at xC2H6 = 0.6 for 7000 kPa and 10000 kPa. 
Moreover, the performance enhancement by R1270/C2H6 is distinctive 
with different LNG vaporization pressures. Compared to R1270, the 
increment of the SNPO by adopting R1270/C2H6 as working fluid is 
20.11%, 5.21%, and 10.19% for 4000 kPa, 7000 kPa, and 10000 kPa, 
respectively. 

Fig. 12 shows the variations of performance indicators versus C2H6 
molar fraction and MTAs. The SNPO and exergy efficiency of the SORC- 
LNG system increase slightly first and then decrease dramatically with 
the increase of the C2H6 molar fraction. The highest SNPO and exergy 
efficiency at MTA  = 1 K is 69.69 kW and 16.56%, respectively. This is 
4.68% higher than those of R1270. However, the highest SNPO and 
exergy efficiency at MTA  = 3 K and 5 K are achieved at a C2H6 molar 
fraction of 0.6. It indicates that the optimal molar fraction of the mixed 
working fluid varies with different MTAs. In terms of the thermal effi-
ciency, it first hits the peak value, then decreases and finally increases as 

C2H6 molar fraction rises. It means that adopting mixed working fluid in 
the SORC-LNG system does not always benefit the thermal efficiency. 
Furthermore, the highest LNG cold exergy utilization efficiency at MTA 
= 1 K, 3 K and 5 K is 46.37%, 44.80%, and 43.31% at a C2H6 molar 
fraction of 0.6, respectively, which is 16.62%, 15.97%, and 15.89% 
higher than that adopting pure R1270 as working fluid. The result im-
plies that mixed working fluid could match the LNG evaporation curve 
better and therefore increase the LNG cold exergy utilization efficiency. 
Moreover, the smaller MTA, the larger benefit for the LNG cold exergy 
utilization efficiency. 

Fig. 13 demonstrates the variation of the SNPO, thermal efficiency, 
LNG cold exergy utilization efficiency, and exergy efficiency versus 
C2H6 molar fraction and seawater temperature. Their variation trends 
are similar with Fig. 12. The only difference is that the LNG cold exergy 
utilization efficiency is almost the same for the seawater temperature at 
15 ◦C, 25 ◦C, and 35 ◦C, as shown in Fig. 11(c). 

From Figs. 10–13, we can draw some conclusions concerning the 
performance enhancement by adopting mixed working fluid. For the 
case of lower LNG vaporization pressure (4000 kPa), the SNPO, thermal 
efficiency, LNG cold exergy utilization efficiency, and exergy efficiency 
are improved significantly by using binary mixed working fluid. How-
ever, with a higher LNG vaporization pressure (7000 kPa and 10000 
kPa), the performance enhancement is marginal by mixing the working 
fluids with the highest SNPO (R1270) and thermal efficiency (C2H6). 

Fig. 12. The performance indicators versus C2H6 molar fraction and MTAs.  
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5. Conclusions 

This paper conducted a comprehensive study to investigate the ef-
fects of LNG vaporization pressure, seawater temperature, MTA, and 
working fluid selection on SORC-LNG performance by global optimiza-
tion using PSO. The energetic and exergetic analyses of nine single 
working fluids were carried out for different LNG vaporization pres-
sures, seawater temperatures, and MTAs. Moreover, the performance 
intensification by adopting binary working fluids were studied. The 
main conclusions and key findings were gained as follows:  

1. The LNG vaporization pressure had the most significant influence on 
the SORC-LNG performance since it determined the evaporation 
curve and available cold exergy and thereby affected the optimal 
working fluid. 

2. R1270 exhibited the highest SNPO (89.34 kJ/kg) and exergy effi-
ciency (18.96%) among single working fluids while C2H6 had the 
highest thermal efficiency.  

3. SNPO, thermal efficiency, LNG cold exergy utilization efficiency, and 
exergy efficiency were improved by 20.11%, 36.66%, 33.92%, and 
20.01%, respectively, by using binary mixture of R1270/C2H6=0.3/ 
0.7 as working fluid when LNG vaporization pressure was 4000 kPa. 
However, the performance intensification was marginal for a high 
LNG vaporization pressure (7000 kPa and 10000 kPa).  

4. The non-isothermal condensation of the mixed working fluid could 
match the LNG evaporation curve appropriately and thereby reduce 
the exergy destruction in the condensation. However, the non- 
isothermal evaporation of the mixed working fluid did not always 
show a better match with the seawater cooling curve and thus 
resulted in a larger exergy destruction in the evaporator. 

This work could provide a theoretical guide to choose appropriate ORC 
working fluid in future practical applications for LNG terminals with 
different downstream purposes at different locations. However, several 

challenges are still needed to be addressed: (1) dynamic behaviors and 
part-load performance of the SORC-LNG system should be investigated; 
(2) economic analysis and life-cycle assessment are also required to 
illustrate its economical and environmental performance; (3) efficient 
condenser and evaporator should be designed to reduce the exergy 
destruction. 
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