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Abstract: In this study, exergy and economic analysis were conducted to gain insight on small-scale
movable LNG liquefaction considering leakage. Optimization and comparison were performed to
demonstrate the quantitative results of single mixed refrigerant, dual nitrogen expansion, and the
propane pre-cooling self-refrigeration processes. For the optimization, exergy efficiency was used as
the objective function; the results showed that exergy efficiencies are 38.85%, 19.96%, and 13.65%,
for single mixed refrigerant, dual nitrogen expansion, and propane pre-cooling self-refrigeration,
respectively. Further, the cost analysis showed that the product cost of each process is 4002.3 USD/tpa,
5490.2 USD/tpa, and 9608.5 USD/tpa. A sensitivity analysis was conducted to determine parameters
that affect exergy and cost. The SMR process is the most competitive in terms of exergy efficiency,
product cost, and operability, without considering makeup facilities.

Keywords: small-scale movable liquefied natural gas plant; particle swarm optimization; economic
analysis; exergy analysis; single mixed refrigerant liquefaction process; nitrogen expansion liquefaction
process; propane pre-cooling self-refrigeration process

1. Introduction

Energy demand has gradually increased from the last decade because of the economic development
and population growth around the world [1]. Liquefied natural gas (LNG) is becoming a primary
energy resource in the global energy market owing to its cleanness, ease of transportability, and lower
greenhouse gas emissions compared to other fossil fuels [2]. These positive advantages of LNG have
attracted considerable attention in view of the current energy crisis.

Liquefying natural gas and pipeline transportation are two major methods for transporting natural
gas. However, the pipeline method is not economical for long-distance transportation because of
unstable gas flow rates [3]. Therefore, liquefying natural gas can be the best method to transport
natural gas across the ocean.

The international gas union reported that various countries are constructing LNG liquefaction
plants because of their rapidly growing reliance on natural gas from Asia to America [4]. Thus far,
centralized large-capacity LNG liquefaction plants have been widely used; however, there has been
an increasing interest toward distributed LNG liquefaction systems because of isolated small natural
gas reservoirs [3], energy supply to isolated areas, and LNG bunkering systems [5]. Distributed LNG
liquefaction plants can be classified into small-scale liquefaction plants with capacities of less than
40 million standard cubic feet per day or about 700 tonne per day (tpd) [6]. To satisfy the growing
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demand of LNG, movable and economically efficient small-scale LNG processes such as single mixed
refrigerant (SMR) process and expander cycle have been studied [7].

Energy and exergy efficiencies are key factors for evaluating the performance of small-scale LNG
processes [8]. Khan and Lee employed particle swarm optimization (PSO) on the SMR process to
enhance exergy efficiency, and the result of enhanced exergy efficiency was 50.77% after optimization [9].
Qyyum et al. [10] proposed a dual effect SMR (DSMR) LNG liquefaction cycle that has relatively
lower cost and energy efficiencies. The DSMR process uses a SMR loop that separates into dual
cooling and subcooling loops, and it can replace the classical dual mixed refrigerant process. Further,
they reported that the exergy efficiency of the DSMR process is 36.62% and the total annualized cost
is 1565 MM USD/year. Qyyum et al. [11] attempted to replace a Joule-Thomson (JT) valve with a
hydraulic turbine (HT) in the SMR process to improve energy and exergy efficiencies. The energy
consumption reduced up to 16.5% and the exergy efficiency can be improved up to 10.95% compared
to the conventional SMR process. The effect of the number of mixed refrigerant (MR) components
in the SMR process was investigated by Tianbiao et al.; they concluded that energy and exergy
efficiencies increased with an increase in the number of MR components [12]. Qyyum et al. [13]
proposed a hybrid modified coordinate descent (HMCD) algorithm to optimize the SMR process.
They compared the optimization performance of the HMCD to other optimization algorithms such as
PSO, knowledge-based optimization, and genetic algorithm. The HMCD showed better performance
in terms of energy savings and coefficient of performance compared to other optimization algorithms.

Although the SMR process has higher energy and exergy efficiency compared to the nitrogen
expansion cycle, the nitrogen expansion cycle is suited for small-scale LNG liquefaction because it
is more safe and easy to operate [14]. The nitrogen expansion cycle has been studied by several
researchers. He and Ju [15] proposed a novel conceptual design of parallel nitrogen expansion
liquefaction for small-scale plants. They installed expanders in parallel to reduce the temperature
difference, which can help achieve high exergy efficiencies. Thus, their proposed process could reduce
the unit energy consumption by 4.69% compared to the conventional nitrogen expansion liquefaction.
Further, He and Ju [16] investigated the performance of the two different refrigerants (R410a and
propane) for pre-cooling the nitrogen expansion cycle. They optimized three different processes using
specific energy consumption as the objective function and proved that nitrogen expansion with the
R410a pre-cooling cycle is better than that with or without the propane pre-cooling cycle. Yuan et al. [17]
proposed a novel small-scale liquefaction that uses single nitrogen expansion with a carbon dioxide
pre-cooling cycle. They compared the energy consumption of the proposed process with three different
small-scale LNG liquefaction cycles such as a propane pre-cooling MR cycle, an N2-CH4 expander
cycle, and a modified mixed refrigerant cycle (MRC). They concluded that the proposed cycle achieved
the lowest energy consumption (9.90 kWh/kmol) among all compared processes and insisted on the
advantages of considerable stability and simple capability of their process. Qyyum et al. [18] proposed
the closed-loop self-cooling recuperative N2 expander cycle, wherein they added a recuperator to the
single nitrogen expansion cycle to reduce exergy losses. In addition, after performing optimization
configurations of the proposed process, they concluded that a configuration with a natural gas feed
expander can save up to 22.2% of the required energy compared to the base case.

Self-refrigeration LNG liquefaction based on the Linde-Hampson cycle is another improvement in
the natural gas liquid (NGL) recovery process [19]. The gas from the separator is partially vaporized,
and this vapor is then used as the refrigerant in the cycle to cool the inlet gas. This process is called
self-refrigeration, and it can reduce the refrigeration duty of the cooling cycle and the required amount
of refrigerants [19]. Unfortunately, there have been few studies regarding the self-refrigeration process.
The LNG production and transportation company Galileo Technologies developed a small-scale
movable LNG liquefaction plant by applying the self-refrigeration technology to their product called
Cryobox®; this is an actual commercialized movable LNG production plant [20].

Although various studies developed the LNG liquefaction process, only a few studies focus on the
leakage problem on the compressors. Previous studies focused on developing new processes with high
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exergy or energy efficiency, performing optimizations to increase efficiency, or varying the composition
of the refrigerant. Ravukumar et al. [21] pointed out that the potential problem of LNG liquefaction
plants is the refrigerant leak from the compressors. Further, the leakage problem can cause considerable
problems for entire system, especially in small-scale LNG liquefaction systems where the compressors
and seal systems are not leak-tight [22]. Consequently, the sustainability of the LNG liquefaction plants
can be improved by solving this leakage problem. The refrigerant leakage problem can be resolved
using a makeup system. Although it is easy for large-scale LNG plants to compensate for the leaked
refrigerant using an NGL fractionation unit; this is not an economical option for small-scale LNG
plants [23]. Therefore, small-scale LNG plants or movable LNG plants need to consider extra external
makeup facilities for the leaked refrigerant or to use less leaking compressors [22].

In this study, three LNG liquefaction processes for a small-scale movable LNG liquefaction plant:
SMR, dual nitrogen expansion, and propane pre-cooled self-refrigeration are investigated considering
compressor leakage. To analyze the thermodynamics and economics, exergy efficiency, and product
cost of all three processes are calculated in this study. The product cost of a small-scale movable LNG
plant is not very economically favored compared to medium to large-scale businesses. However,
small-scale movable LNG plant can be considered the first alternative for businesses that require a
lower CAPEX and relatively simple on-site infrastructure [24]. Therefore, this paper analyzes whether
it is reasonable to have a makeup system to resolve the leakage problem in terms of product cost.
This paper is expected to provide more realistic insight into small-scale movable LNG liquefaction
plants considering leakage problems to meet the growing demand for small-scale movable LNG plants.

The rest of this paper is organized as follows: The process descriptions of the three LNG
liquefaction processes are proposed in Section 2. Further, in this section, the initial conditions of the
simulation models and the optimization framework are introduced in detail. Exergy analysis and the
cost analysis results are shown with the optimized model in Section 3. The effect of the refrigerant
compositions, ambient temperature, electricity cost, and leakage rate on the thermodynamics and
economics are investigated via a sensitivity analysis in Section 4. Finally, the conclusion of this study is
provided in Section 5.

2. Methods

2.1. Process Description

Since most energy supply systems are operated under a centralized energy system concept [25],
the movable LNG liquefaction plant is considered as an alternative for a distributed energy system.
This plant can be used to supply LNG to an energy-supply isolated area or in transportation such as
on trucks or ships. This study aims to investigate a movable LNG liquefaction plant that comprises
compressors/expanders, JT-valves, separators, LNG storage drums, and a motor room as shown in
Figure 1.
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The SMR, N2 expansion, and propane pre-cooled self-refrigeration processes for the movable
LNG liquefaction plant are considered in this study because they have been extensively studied for
small-and medium-scale LNG plants owing to their low capital expenditures [26], low equipment
count, and simple process configuration [27].

2.1.1. Single Mixed Refrigerant (SMR)

Figure 2 shows a schematic of the SMR process, which is the simplest natural gas liquefaction
system. The SMR process comprises a MR compressor with an associated after-cooler, a main cryogenic
heat exchanger (MCHE), JT valves, and a separator. In this process, the feed gas is liquefied in the
MCHE, and the liquefied feed gas is then expanded by the JT-NG to separate non-condensable gases
from the final product to meet the required LNG conditions. The required cold energy is provided by
the MR, that consists of nitrogen, methane, ethane, propane, and butane.
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2.1.2. Dual Nitrogen Expansion

Dual nitrogen expansion uses a reverse Brayton cycle to liquefy natural gas using nitrogen as a
refrigerant [28]. The reverse Brayton cycle uses only the sensible heat of the refrigerant to transfer cold
energy to natural gas so that the volume of the refrigerant is relatively larger than that of the SMR
process. In this process, the external work is provided by an N2 compressor, and then, a cold and
warm expander transforms the pressure energy to cold energy [29]. Dual nitrogen expansion uses two
expanders working at different range of temperature, endeavor to extract the maximum sensible heat
from the refrigerant to liquefy natural gas [30]. A schematic of the dual nitrogen expansion cycle is
shown in Figure 3.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 25 
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2.1.3. Propane Pre-Cooled Self-Refrigeration

Propane pre-cooled self-refrigeration is based on the Linde-Hampson liquefaction cycle and the
overall process is shown in Figure 4. In the Linde-Hampson liquefaction cycle, the highly compressed
gas is cooled down in heat exchangers using the returned low-pressure stream, and it is then moved
to the JT valve to expand [29]. This process is the enhanced Linde-Hampson liquefaction cycle that
adopts a propane precooling loop to achieve better performance [30]. This liquefaction process requires
higher pressure (>200 bar) than other liquefaction processes to produce cold energy by expansion.
Thus, a low process efficiency is inevitable.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 25 

 
Figure 3. Process flow diagram of the dual nitrogen expansion system. 

2.1.3. Propane Pre-Cooled Self-Refrigeration 

Propane pre-cooled self-refrigeration is based on the Linde-Hampson liquefaction cycle and the 
overall process is shown in Figure 4. In the Linde-Hampson liquefaction cycle, the highly compressed 
gas is cooled down in heat exchangers using the returned low-pressure stream, and it is then moved 
to the JT valve to expand [29]. This process is the enhanced Linde-Hampson liquefaction cycle that 
adopts a propane precooling loop to achieve better performance [30]. This liquefaction process 
requires higher pressure (>200 bar) than other liquefaction processes to produce cold energy by 
expansion. Thus, a low process efficiency is inevitable. 

 
Figure 4. Process flow diagram of the propane pre-cooled self-refrigeration system. 

2.1.4. Compressor Leak Consideration 

The potential problem of a movable LNG liquefaction plant is a refrigerant leak from the 
compressor. Compressor leaks without refrigerant make-up causes severe operational problems such 
as poor efficiency and variations in operating conditions [31]. All compressors in the liquefaction 
processes compared in this study are assumed to be reciprocating compressors because of their small 
capacity. 

The main cause of leaks in reciprocating compressors is valve leakages. Therefore, according to 
[32], newly installed packing has been reported to leak an average of 2 m3/h and worn packing may 
leak up to an average of 26 m3/h. Further, the leakage rates vary with production size; thus, the 

Figure 4. Process flow diagram of the propane pre-cooled self-refrigeration system.

2.1.4. Compressor Leak Consideration

The potential problem of a movable LNG liquefaction plant is a refrigerant leak from the compressor.
Compressor leaks without refrigerant make-up causes severe operational problems such as poor
efficiency and variations in operating conditions [31]. All compressors in the liquefaction processes
compared in this study are assumed to be reciprocating compressors because of their small capacity.

The main cause of leaks in reciprocating compressors is valve leakages. Therefore, according
to [32], newly installed packing has been reported to leak an average of 2 m3/h and worn packing may
leak up to an average of 26 m3/h. Further, the leakage rates vary with production size; thus, the average
leakage rate for a small-size production compressor is 0.31–0.34 m3/h, and it is the large compressors
may leak 0.68–4.25 m3/h for large compressors [33]. Ferreira [34] reported that the leakage through the
clearance of the compressor depends on the actual radial clearance and thus, the total leak mass varies
in the range of 0.017–0.443 kg/h with 2.75–12 µm of radial clearance. Based on previous studies and
our project experience, the leakage rate of reciprocating compressors is fixed to 0.05 wt. % of the total
amount of refrigerant in this study. The compressor leak can be also solved using compressors with
high leakage resistance such as a Labyrinth sealed compressor; however, this solution is not considered
in this paper [22].

As the target LNG liquefaction plant is movable, an additional leakage makeup system for each
process is required to make up the refrigerants. The schematics for each refrigerant make up system
are shown Figure A1(3). The SMR system is supposed to have separate tanks for all component of the
refrigerants and a mixing tank for mixing the refrigerants [35]. In the case of dual nitrogen expansion,
liquid nitrogen is supplied for the leakage make up [36]; for propane pre-cooled self-refrigeration, only
propane makeup facilities are required.
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2.1.5. Initial Process Condition

To investigate the processes, all LNG liquefaction processes are simulated using a commercial
simulator ASPEN PLUS V11 and the thermodynamic property Peng-Robinson (PR) equation of state
is applied since PR is a widely used in the LNG processes [37–39]. All common parameters for each
simulation case are summarized in Table 1. The process is based on actual project experience that
produces 626 kg/h (15 tons per day) of LNG.

Table 1. Common parameters for all simulation cases.

Parameters [40,41] Unit Value

Feed NG compositions Table 2

Feed NG flowrate kg/h 626.4

Feed NG temperature ◦C 20

Feed NG inlet pressure bar 60

LNG production pressure bar 1.05

LNG production temperature ◦C Saturated

Ambient temperature ◦C 20

Pressure drop in heat exchangers bar 0.2

Compressor adiabatic efficiency 0.8

Expander adiabatic efficiency 0.8

Table 2. Different feed natural gas compositions [40].

Component Mole Fraction

Lean Normal (1) Rich

Nitrogen 0.0037 0.00185 0.000

Methane 0.9589 0.92345 0.888

Ethane 0.0296 0.0428 0.056

Propane 0.0072 0.0221 0.037

n-Butane 0.0003 0.0049 0.0095

i-Butane 0.0003 0.0049 0.0095
(1) The normal composition is the average value of lean and rich feed streams.

This study used three different natural gas compositions: lean, normal, and rich. The lean stream
is chosen for the base case, and the others are adopted in the sensitivity analysis to investigate the
effect of the natural gas compositions on the proposed processes.

2.2. Optimization Framework

Optimization was performed using the concept of exergy to determine the best operating conditions
of the liquefaction processes.

Exergy analysis has been widely studied to evaluate the performance of a liquefaction
system [8,42–44]. Exergy is defined as the maximum amount of useful energy that can be extracted
from a reversible process [8]. Exergy can be calculated as [45]

Ex = (hx − h0) − T0(sx − s0) (1)
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where h is the enthalpy of the stream, s is the entropy of the stream, and T is the temperature of the
stream; subscript “0” indicates the reference state (at ambient temperature, 20 ◦C in this study) of
enthalpy and entropy.

Exergy efficiency is an important factor for performing exergy analysis, and it is calculated as [14].

ηex =
∆Ex
Wnet

(2)

where ηex is the exergy efficiency, ∆Ex is the total exergy supplied to the system, and Wnet is the net
power consumed. The total exergy supplied to the system can be formulated as

∆Ex =
∑

Ex f eed −
∑

ExProduct (3)

where Exfeed is the exergy of feed streams, and Exproduct is the exergy of the product streams. The total
net power produced by the system can be formulated as

Wnet =
∑

Wexpander −
∑

Wcompressor −
∑

Wpump (4)

where Wexpander is the energy produced by expanders, Wcompressor is the energy consumed by compressors,
and Wpump is the energy consumed by pumps.

Finally, the objective function can be defined as

Maximize. f(x) = Minimize(−ηex) (5)

subject to
10 ≤ PSMR

MR2 ≤ 80 (6)

− 160 ≤ TSMR
LNG1, MR4 ≤ −150 (7)

1.25 ≤ PSMR
LNG2 ≤ 10 (8)

100 ≤ mSMR
MR, nitrogen ≤ 800 (9)

100 ≤ mSMR
MR, methane ≤ 800 (10)

500 ≤ mSMR
MR, ethane ≤ 2000 (11)

0 ≤ mSMR
MR, propane ≤ 100 (12)

500 ≤ mSMR
MR, butane ≤ 2000, (13)

10 ≤ PDUAL
R1 ≤ 20 (14)

3000 ≤ mDUAL
R1 ≤ 10000 (15)

40 ≤ PDUAL
R2 ≤ 80 (16)

− 20 ≤ TDUAL
FEED ≤ 20 (17)

− 30 ≤ TDUAL
R3 ≤ 0 (18)

− 120 ≤ TDUAL
NG1 ≤ −80 (19)

− 160 ≤ TDUAL
NG2 ≤ −150 (20)

0.5 ≤ xDUAL
R9 ≤ 0.8 (21)

200 ≤ PSELF
NG2 ≤ 400 (22)
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5 ≤ PSELF
PG2 ≤ 20 (23)

− 40 ≤ TSELF
NG4 ≤ −20 (24)

− 100 ≤ TSELF
LNG1 ≤ −70 (25)

1.25 ≤ PSELF
PG4 ≤ 5 (26)

900 ≤ mSELF
PG1 ≤ 1300 (27)

v finlet, compressors = 1 (28)

v finlet/outlet, expanders = 1 (29)

MITA of the MCHE ≥ 2K, (30)

where x is a set of the decision variables of the objective function, x∈{xSMR, xDUAL, xSELF}.
Equations (6)–(27) are boundary limits for decision variables; Equations (6)–(13) are for SMR

(xSMR∈{PSMR
MR2 , TSMR

LNG1, MR4, PSMR
LNG2, mSMR

MR, nitrogen, mSMR
MR, methane, mSMR

MR, propane, mSMR
MR, butane

}
), Equations (14)–

(21) are for dual nitrogen expansion (xDUAL∈{PDUAL
R2 , mDUAL

R1 , PDUAL
R2 , TDUAL

FEED , TDUAL
R3 , TDUAL

NG1 ,
TDUAL

NG2 , xDUAL
R9 }), and Equations (22)–(27) are for propane-precooling self-refrigeration process

(xSELF∈{PSELF
NG2 , PSELF

NG2 , TSELF
NG4 , TSELF

LNG1, PSELF
PG4 , mSELF

PG1 }). Equations (28)–(30) are the constraints set up for
practical optimization results. Equations (28) and (29) are for protecting the compressors and expanders
from the damage caused by liquid droplets, and Equation (30) [44] is for avoiding irreversibility and
achieving better exergy efficiency. Therefore, the number of decision variables for SMR is 7, 8 for
dual nitrogen expansion, and 6 for propane-precooling self-refrigeration. In addition, the number of
constraints for SMR is 2, 6 for dual nitrogen expansion, and 5 for propane-precooling self-refrigeration.

In the sensitivity analysis, additional constraints are added to consider liquefaction as an as-built
plant, which means the duty of the motor-driven equipment and heat transfer area of the heat
exchangers are fixed. The additional constraints are

MCH E′ s UAs = UA values from the optimized base case (31)

Compressors and expanders duties
≤ Compressors and expanders duties from the optimized base case

(32)

Since the UA values of the MCHE (overall heat transfer coefficient, U, multiplied by the heat
transfer area, (A) are fixed, Equation (31) is deactivated in the sensitivity analysis. The specific
constraint values for Equations (31) and (32) are summarized in Appendix A.2.

In this paper, optimization was performed using the PSO algorithm because of the high nonlinearity
of the optimization problem formulated in this study [15,17–19]. The flowchart of the PSO algorithm is
provided in Figure A2 and the detailed parameters used in this study are summarized in Table 3.

Table 3. Particle swarm optimization algorithm parameters used in this study.

Parameters Value

Number of particles 10 × the number of decision variables

Maximum iteration 200
Self-adjustment weight 1.49

Social-adjustment weight 1.49

Stop criteria 1.0 × 10−6
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2.3. Economic Analysis Framework

The economic analysis is conducted to evaluate the different processes because it provides a
comprehensive understanding of the process [46]. The cost estimation framework used in this study
is illustrated in Figure 5. The assumptions considered for the economic analysis are summarized in
Table 4 [47–49].
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Table 4. Assumptions for economic analysis.

Assumptions

• All costs are presented in USD (2017).

• Plant availability of 95% corresponds to an operation time of 8322 h/year [49].

• Total equipment cost (TEC) is evaluated using Aspen process economic analyzer (2017) [49,50].

• As the land and labor costs vary depending on the scenario; they are not considered in this study.

• Total raw material costs include the initial charge and make-up costs of the material: the compressor
leakage rate of 0.05 wt. % is assumed [32–34].

• Electricity costs are based on the average retail electricity prices in the US ($0.1048 per kWh) in 2017 [51].

The amortization factor (α) represents the annual repayment of the total capital cost (TCC); it is
computed as

α =
i(1 + i)n

(1 + i)n
− 1

(33)

where i represents the interest rate (8%) and n represents the plant lifetime (25 years) [51].
To calculate the raw material cost, this study considered both the initial charge cost and the

leakage makeup cost as mentioned earlier. The total raw material cost of variable cost can be calculated

Raw material cos t =
(

initial charge cos t
n

+ leakage makeup cos t
)
×

CEPCI (2020)
CEPCI (2017)

(34)

The raw material cost is adjusted based on the chemical engineering plant cost index (CEPCI)
because some material costs are based on 2007 and 2020 prices [52]. The CEPCI for 2020 is 599.5; 2017
is 567.5; and 2007, 525.4 [53].

The considered raw materials in this study are: methane and natural gas, $0.21/kg [54]; ethane,
$0.534kg [55]; propane, $0.679/kg [56]; butane, $0.702/kg [57]; and nitrogen $0.546/kg [58]. As methane
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has the largest proportion in the composition of the natural gas, the price of the methane is assumed to
be the price of the natural gas.

The total annualized cost (TAC) is calculated as

TAC =
TCC

n
+ TOC (35)

Product cost is a useful index to compare LNG liquefaction plants regardless of its capacity [24];
the product cost is calculated as

Product cost
(

USD
tpa

)
=

TCC + TOC ∗ n ∗ plant availability
LNG production rate

(36)

where n represents the plant lifetime and the plant availability is 95%.

3. Results

Base Case

To verify the performance of the PSO algorithm, the performance of three different optimization
algorithms are compared and results are shown in Figure 6. The performance comparison between
the pattern search (PS), the genetic algorithm (GA), and the PSO algorithm was investigated for the
base case. Also, the execution time of each algorithm for the base case is summarized in Table 5.
As shown in Figure 6 and Table 5, the PSO algorithm shows the best performance work and the shorted
execution time compared to the other two algorithms. Consequently, this paper conducted the rest of
the optimization by utilizing the PSO algorithm.
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Table 5. Execution time comparison of optimization algorithms for the base case.

Optimization Algorithm Execution Time (Min.)

Patter search 241.8
Genetic algorithm 533.2

Particle swarm optimization 132.2

The base case adopts the lean natural gas and the optimized results of each process are summarized
in Table A4(6); Figure 7 shows exergy efficiency and TAC of each case. As shown in Figure 6, SMR has
the highest exergy efficiency (38.85%) and the lowest TAC (0.888 MM USD/year). In contrast, propane
pre-cooled self-refrigeration has the lowest exergy efficiency (13.65%) and the highest TAC (2.179 MM
USD/year).
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The details of TAC are summarized in Table 6 and Figure 8 shows total equipment cost (TEC)
breakdown of each process. As shown in Table 6, TAC of SMR (0.888 MM USD/year) is considerably
lower than that of the others because of the low direct cost contributed by the simple process layout.
According to Figure 8, the compressor costs comprises a significant portion of the TEC regardless of
the process, and therefore, Wnet and the number of compressors is the most important factors in the
cost analysis. Further, Wnet affects the variable cost because the energy cost comprises a large portion
of the variable cost. The proportion of the makeup system in TEC of SMR is about 38.98%, which is
remarkably higher than that of other processes because of mixed refrigerant. In contrast, the proportion
of the makeup system in propane pre-cooled self-refrigeration does not seem to be significant (3.39%)
because of the single (propane) refrigerant.

The product cost for propane pre-cooled self-refrigeration (10,213.5 USD/tpa) has the highest
value, followed by that for dual nitrogen expansion (5645.4 USD/tpa) and SMR (4162.5 USD/tpa).
According to the Oxford institute for energy studies [59], a capital expenditure (CAPEX) of small-scale
movable LNG liquefaction usually ranges between 200–1600 USD/tpa. The CAPEX can be calculated
by dividing TCC by the annual LNG production rate. The CAPEX for SMR, dual nitrogen expansion,
and propane pre-cooled self-refrigeration investigated in this paper are 858.5 USD/tpa, 1069.9 USD/tpa,
and 2064.9 USD/tpa, respectively. Therefore, the results of the CAPEX for the three processes are
approximately in the range of 200–1600 USD/tpa, the economic analysis in this study appears reliable.
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Table 6. Summary of the cost analysis results.

SMR Dual Nitrogen
Expansion

Propane Pre-Cooled
Self-Refrigeration

Total capital cost (TCC, MM USD) 4.394 5.477 10.568

Direct cost 3.329 4.149 8.006

Indirect cost 0.666 0.830 1.601

Contingency 0.399 0.498 0.961

Total operating cost (TOC, MM USD/yr) 0.712 0.986 1.756

Variable cost 0.182 0.326 0.483

Raw material cost 0.014 0.021 0.004

Energy cost 0.168 0.305 0.479

Fixed cost 0.463 0.577 1.113

Maintenance 0.067 0.083 0.160

Total annualized cost (TAC, MM USD/yr) 0.888 1.205 2.179

Product cost (USD/tpa) 4162.5 5645.4 10213.5
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Figure 9 shows the compassion of TAC differences between the case with and without the
refrigerant leakage consideration. As shown in Figure 8, TOC and TCC differences between both cases
in SMR are significant because of the complex refrigerant make-up system. In contrast, TOC and
TCC differences between both cases in other processes are not significant because of the simple
make-up system.
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4. Sensitivity Analysis

4.1. Effect of Natural Gas Compositions

The analysis of the effect of natural gas composition on exergy efficiency is important because the
target LNG plant in this study is movable, and because the uncertain effect of natural gas composition
on exergy has already been reported [60]. As illustrated in Figure 10, the process most sensitive to
natural gas compositions is SMR, which varies in the range of 36.85–37.46% (0.61%); propane pre-cooled
self-refrigeration is the least sensitive and it varies in the range of 13.65–14.07% (0.42%). Overall, the
effect of natural gas composition changes on exergy efficiency do not seem to be significant.
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Figure 11 shows the effects of natural gas compositions on the product cost of each process.
As shown in Figure 11, the product cost of all three processes tends to decrease as the composition
becomes richer. However, the differences are not significant (about 3%) for all three processes.
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Figure 12 shows the effects of different natural gas composition on the variable cost. Even if
leakage is considered, the raw material cost of all three processes is not affected by the composition of
the natural gas. However, the energy cost of all three processes seems to be highly, and it tends to
decrease from lean to rich. The largest differences in the variables cost can be seen for SMR (15.5%),
followed by propane pre-cooled self-refrigeration (15%) and dual nitrogen expansion (9.18%).
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4.2. Effect of Ambient Temperature

The temperature of the air cooler outlet stream varies according to ambient temperature. Therefore,
the sensitivity analysis conducted to investigate the effect of ambient temperature on the exergy efficiency
of each process and the results are illustrated in Figure 13. The air cooler discharge temperature is
defined to be 10 ◦C higher than the ambient temperature. With an increasing ambient temperature
value in the range of 0–40 ◦C with 5 ◦C step sizes, the exergy efficiency decreases in all three processes.
The increase in the ambient temperature leads to an increment of the duties of the compressor and
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the rise in the inlet temperatures of the MCHEs. Therefore, the required energy for liquefying the
same natural gas capacity increases accordingly. The largest differences in the exergy efficiency can
be observed in SMR (34.4%), followed by dual nitrogen expansion (22.3%) and propane pre-cooled
self-refrigeration (5.08%). Each process has a certain temperature ranges that make the process
infeasible because of the compressor duty constraint. The SMR process can operate over the wide range
(10–40 ◦C) because it can adjust the MR composition according to the ambient temperature changes.
However, the operation availability range of propane pre-cooled self-refrigeration is relatively small
because of the refrigeration duty of the main compressor.
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Figure 13. Effects of ambient temperature on exergy efficiency of each process.

The effects of ambient temperature on the product cost are illustrated in Figure 14. As stated
earlier, an increase in the required energy affects the energy cost that leads to an increase in product
cost. The largest difference in product cost can be observed for SMR, 5.9%; this is followed by dual
nitrogen expansion (4.5%) and propane pre-cooled self-refrigeration (1.1%). Overall, the effect of the
ambient temperature on the product cost does not seem to be significant.
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4.3. Effect of Electricity Cost

Sensitivity analysis for the electricity cost is conducted because the energy cost occupies a large
percentage of the total cost (Table 6), and the electricity cost varies widely within a given range.
Figure 14 shows the effect of changes in the electricity cost on the product cost. The electricity cost
varies between 0.08 and 2 $/kWh, and this range is referred from the previous studies [45,61]. As shown
in Figure 15, the effect of the electricity cost on the product cost is to be significant. The SMR is the most
affected with a 24.1% difference, followed by dual nitrogen expansion (23.9%) and propane pre-cooled
self-refrigeration (21.7%).
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4.4. Effect of Compressor Leakage

Compressor leakage of the base case of the fixed to 0.05% to refrigerant mass flow rate, and it can
differ within a range under certain conditions such as worn packing, product capacity, and actual radial
clearance. To analyze the effect of different compressor leakage on the product cost, nine different
weight percentages of leakage (0.01–1 wt. %) were selected to perform the sensitivity analysis.

Figure 15 shows the results of the product cost differences with respect to the compressor leakage.
According to Figure 16, the effect of the compressor leakage on the product cost is not significant
in propane pre-cooled self-refrigeration compared to other two processes. The largest differences in
product cost among three processes was observed for SMR (3%), followed by dual nitrogen expansion
(2.6%) and propane pre-cooled self-refrigeration (0.2%). This is because SMR requires an MR that
consists of multiple hydrocarbon components to form the refrigerant, whereas dual nitrogen expansion
only requires pure nitrogen as the refrigerant. Further, propane pre-cooled self-refrigeration requires a
small amount of pure propane for the refrigerant leakage makeup.
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5. Conclusions

In this study, SMR, dual nitrogen expansion, propane pre-cooled self-refrigeration are investigated
for a small-scale movable plant considering the compressor leakage. This paper presents a quantitative
investigation of the three processes from the perspectives of exergy efficiency and cost analysis
considering leakage problems.

The following conclusions were drawn based on the results of this study.

1. Optimization results indicated that SMR is the most efficient in terms of the exergy efficiency
and economics even considering the makeup system. The addition of an extra makeup system
significantly affects TAC of SMR compared to those of the others because SMR requires complex
makeup facilities because of the MR. Yet, SMR is considered a competitive LNG liquefaction
process for movable LNG plants.

2. Sensitivity analysis was performed to identify parameters that affect exergy and cost significantly.
The results showed that natural gas composition, ambient temperature, and compressor leakage
rate does not significantly affect product cost. However, effect of electricity cost on the product
cost was found to be significant for all processes.

3. The effect of ambient temperature is noticeable from the perspective of exergy efficiency because
the required energy tends to increase with an increase in ambient temperature. The SMR can
operate within a wider range of ambient temperature changes compared to other processes.

This paper revealed that adding an extra external makeup system for small-scale movable LNG
liquefaction not only solves the compressor leakage problem but also does not require significant
financial expenditure compared to conventional small-scale movable LNG plants. Further, SMR is
concluded to be the most suitable process for small-scale movable LNG plants because it exhibits
the highest exergy efficiency, the lowest product cost considering makeup facilities, and the widest
operation range. In future work, the safety and environmental issues of the refrigerant will be further
investigated as these were excluded in this study.
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Nomenclature

Abbreviation Description (Unit)
CAPEX Capital expenditure (USD/tpa)
CEPCI Chemical engineering plant cost index
COP Coefficient of performance
DC Direct cost (MM USD)
DSMR Dual single mixed refrigerant
Gbest Global best
GA Genetic algorithm
HMCD Hybrid modified coordinate descent
HT Hydraulic turbine
IC Indirect cost (MM USD)
IGU International gas union
JT Joule-Thomson
LNG Liquefied natural gas
MCHE Main cryogenic heat exchanger
MITA Minimum internal temperature approach (K)
MM US Million US dollars (MM USD)
MR Mixed refrigerant
MRC Mixed refrigerant cycle
NG Natural gas
NGL Natural gas liquid
Pbest Particle best
PG Propane gas
PS Patter search
PSO Particle swarm optimization
SMR Single mixed refrigerant
TAC Total annualized cost (MM USD)
TCC Total capital cost (MM USD)
TEC Total equipment cost (MM USD)
TOC Total operating cost (MM USD)
UA Overall heat transfer coefficient, U, multiplied by heat transfer area, A (kJ/sec-K)
Greek symbols
α Amortization factor
Symbols
Ex Exergy
h Enthalpy
i Interest rate (%)
mDUAL

R1 Mass flow or stream R1 in dual nitrogen expansion process
mSMR

MR, butane Mass flow of stream MR’s butane in SMR process

mSMR
MR,ethane Mass flow of stream MR’s ethane in SMR process

mSMR
MR, methane Mass flow of stream MR’s methane in SMR process

mSMR
MR, nitrogen Mass flow of stream MR’s nitrogen in SMR process

mSMR
MR, propane Mass flow of stream MR’s propane in SMR process

ηex Exergy efficiency (%)
n Plant lifetime (year)
PDUAL

R1 Pressure of stream LNG2 in dual nitrogen expansion process
PDUAL

R2 Pressure of stream LNG2 in dual nitrogen expansion process
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PSELF
NG2 Pressure of stream NG2 in propane-precooling self-refrigeration process

PSELF
PG2 Pressure of stream PG2 in propane-precooling self-refrigeration process

PSELF
PG4 Pressure of stream PG4 in propane-precooling self-refrigeration process

PSMR
LNG2 Pressure of stream LNG2 in SMR process

PSMR
MR2 Pressure of stream MR2 in SMR process

s Entropy
TDUAL

FEED Temperature of stream FEED in dual nitrogen expansion process
TDUAL

NG1 Temperature of stream NG1 in dual nitrogen expansion process
TDUAL

NG2 Temperature of stream NG2 in dual nitrogen expansion process
TDUAL

R3 Temperature of stream R3 in dual nitrogen expansion process
TSELF

LNG1 Temperature of stream LNG1 in propane-precooling self-refrigeration process
TSELF

NG4 Temperature of stream NG4 in propane-precooling self-refrigeration process
TSMR

LNG1, MR4 Temperature of stream LNG1 and MR4 in SMR process
vfequipment Vapor fraction of equipment
W Net power consumed/produced (kW)
xDUAL

R9 Split ratio of stream R9 in dual nitrogen expansion process

Appendix A

Appendix A.1. Schematics for Each Refrigerant Make up System
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Appendix A.2. Additional Constraints Values Used in the Sensitivity Analysis of Each Process

Table A1. Additional constraints for SMR.

Constraints Value Unit

UA of MCHE1 242.4 kJ/s-K

MR compressor duty 192.7 kW

Table A2. Additional constraints for dual nitrogen expansion.

Constraints Value Unit

UA of MCHE1 25.6 kJ/s-K
UA of MCHE2 22.7

UA of MCHE2 5.5

kWWarm expander duty −100.1

Cold expander duty −14.8

N2 compressor duty 464.5

Table A3. Additional constraints for propane pre-cooled self-refrigeration.

Constraints Value Unit

UA of MCHE1 7.3 kJ/s-K
UA of MCHE2 3.5

Main compressor duty 154.4
kWC3 compressor duty 57.6

Booster compressor duty 339.1
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Appendix A.3. Flowchart of PSO Algorithm
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Appendix A.4. Optimization Results of Each Process

This study conducted optimization to acquire the optimal value of the decision variables. The initial and
optimized values for the decision variables of each process are summarized in Tables A1–A3.

Table A4. Optimization results for single mixed refrigerant.

Decision Variables Initial Value Optimized Value

Refrigerant mass flowrate (kg/h)
Nitrogen 361.62 332.17
Methane 1056.19 456.65
Ethane 194.08 1303.89

Propane 512.32 0.01
N-Butane 1875.79 1936.80

JT-MR outlet pressure (bar) 2.5 3.76
Compressors discharge pressure (bar) 40 19.68

Hot stream outlet temperatures from MCHE (◦C) −148 −160.00
LNG production rate (tonne/year) 5346.6
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Table A5. Optimization results for dual nitrogen expansion.

Decision Variables Initial Value Optimized Value

Refrigerant mass flowrate (kg/h) 7068 7361.56
N2 compressors suction pressure (bar) 3 16.24

N2 compressors discharge pressure (bar) 80 79.92
Warm/Cold expanders split ratio (R9) 0.42 0.75

Hot stream outlet temperatures from MCHE (◦C)
NG1 −22 −19.74
R4 −20 −25.29

NG2 −102 −101.95
R6 −95 −101.95

LNG1 −148 −158.68
LNG production rate (tonne/year) 5301.8

Table A6. Optimization results for propane pre-cooled self-refrigeration.

Decision Variables Initial Value Optimized Value

Propane mass flowrate (kg/h) 1100 1098.55
JT-PG outlet pressure (bar) 2 1.25

Main compressors discharge pressure (bar) 251.01 261.68
C3 compressor discharge pressure (bar) 20.01 11.01

Hot stream outlet temperature from MCHE1 (◦C) −20 −35.33
Hot stream outlet temperature from MCHE2 (◦C) −69 −80.08

LNG production rate (tonne/year) 5487.3
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