Article
Cite This: Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

pubs.acs.org/IECR

Comprehensive Review of the Design Optimization of Natural Gas
Liquefaction Processes: Current Status and Perspectives
Muhammad Abdul Qyyum,† Kinza Qadeer,† and Moonyong Lee*,†
†

School of Chemical Engineering, Yeungnam University, Gyeongsan 712-749, Republic of Korea
ABSTRACT: Globally, liqueﬁed natural gas (LNG) has drawn interest
as a green energy source in comparison with other fossil fuels, mainly
because of its ease of transport and low carbon dioxide emissions.
However, LNG production is an energy and cost intensive process because
of the huge power requirements for compression and refrigeration.
Therefore, a major challenge in the LNG industry is to improve the
energy eﬃciency of the LNG processes through economic and ecological
strategies. Optimizing the design and operational parameters of the natural
gas liquefaction cycles has been considered as one of most eﬀective and
popular approaches to address this issue. This paper reviews recent
developments in the design optimization of LNG processes. In the choice
of the most suitable and competitive LNG process, the operating costs,
capital costs, environmental impact, and safety concerns must be considered
for the optimal design and operation of LNG processes. The challenges in
comparing recent researches are also discussed, along with suggestions for future directions to improve the energy eﬃciency of
natural gas liquefaction processes.

1. INTRODUCTION
Globally, energy demand is increasing because of the growing
population and improving living standards. According to the
International Energy Agency, living standards and population
growth will increase by around 30% between 2016 and 2040.1
The U.S. Energy Information Administration has projected that
global energy consumption will grow by 48% between 2012
and 2040.2 To fulﬁll this projected energy demand, natural gas
(NG) has become an attractive energy source in comparison
with other fossil fuels because of its lower CO2 and other air
pollutant emissions. For example, for the same amount of
electricity generated using NG, half the greenhouse gas
emissions and less than one-tenth of the air pollutants are
produced compared to using coal as a fuel.1 Therefore, compared to the demand for coal and oil, that for NG is increasing
rapidly.3,4 It is also expected that investment to ﬁnd new NG
reserves across the globe will increase in the next few decades.
To date, NG reserves have been found in remote areas. Thus,
there is a huge geographical mismatch between NG reservoirs
and customer location. This geographic mismatch is a major
reason for the increase in global NG trade. In NG trading, an
economically feasible transportation method is a crucial factor.
Generally, NG is transported from remote areas to the
customer in the form of gas (through pipelines) or liquid
(liqueﬁed natural gas). NG is converted into a liqueﬁed natural
gas (LNG) at a cryogenic temperature of −160 °C and atmospheric pressure by shrinking its volume by a factor of approximately 600. This reduction in volume makes the transportation
of NG over long distances as a liquid preferable for several
reasons, including economic, technical, political, and safety
factors. In 2016, global LNG trade reached a record value of
© XXXX American Chemical Society

258 million tonnes (MT), which is 5% higher than the 2015
LNG trade value.5 In contrast, in the previous four years, the
global LNG trade growth rate was only 0.5%. Furthermore, by
2020, Shell has projected that the global LNG trade will grow
by 50%.1 However, the high cost involved in the LNG value
chain is the major issue associated with LNG trading. If this
high cost could be reduced, the growth rate of global LNG
trade (i.e., 50%) could increase dramatically.
Generally, the LNG value chain (also known as a supply
chain) consists of the exploration, production, liquefaction and
refrigeration, shipping, regasiﬁcation, and storage. The total
LNG project cost is calculated by including the individual cost
of each step involved in the supply chain. The average cost
breakdown of LNG project by expense category5,6 is shown
schematically in Figure 1.
As shown in this ﬁgure, liquefaction and refrigeration account
for around 42% of the total LNG project cost. This cost value
varies from 40 to 60% depending on the LNG plant site
conditions and the type of available liquefaction processes, such
as N2 expander, single mixed refrigerant, or propane-precooled
mixed refrigerant processes. These available liquefaction
processes are used depending on speciﬁc requirements from
small-scale to large-scale LNG production, and each LNG
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considered. However, great eﬀorts have been exercised to
analyze as much important and relevant literature as possible.

2. LNG PRODUCTION PROCESSES
On the basis of the refrigerants and refrigeration cycle units
used (e.g., Joule−Thompson (JT) valve and expander), LNG
processes are categorized on the basis of the type of refrigeration cycle:
I. N2-expander-based processes
II. mixed-refrigerant-based processes
The main distinguishing characteristics of these LNG processes
are the energy eﬃciency, environmental impact of the
refrigerants, capacity, and degree of complexity. These
processes will be brieﬂy explained and analyzed in the following
sections.
2.1. N2-Expander-Based LNG Processes. The selection
of key design parameters for an oﬀshore LNG plant, in terms of
the process ﬂexibility, compactness, process safety, simplicity,
and LNG and makeup refrigerant storage, is diﬀerent from
that of an onshore liquefaction plant. In several studies,7−9
N2-expander-based LNG processes have been reported and
developed as the most promising candidates for oﬀshore
applications. In N2-expander-based LNG processes, pure N2 is
used as a refrigerant in a single refrigeration loop/cycle to
liquefy the NG. The N2 refrigerant is maintained in the gaseous
phase throughout the refrigeration loop; thus, sensible heat
is transferred at a gliding temperature level. The N2 expander
refrigeration cycle (also known as the reverse Brayton cycle)
mainly consists of multistage compression units equipped
with an interstage cooling system (air- or water-based). Highpressure N2 gas is used as the coolant by utilizing a turboexpansion system. Thermodynamically, isentropic, rather than
isenthalpic, expansion is involved in N2-expander-based LNG
processes. Besides the isentropic expansion, during expansion,
some useful shaft work is produced as a bonus, and this can be
integrated to overcome the compression power load. This bonus
work is another positive point of N2 expander LNG processes.
The most basic N2-expander-based LNG process is known as
the “N2 single expander LNG process,” and a schematic of this
process is shown in Figure 2.
This basic N2 single expander process has been used in
several optimization-based research studies7,9−12 to improve the
energy eﬃciency further by applying only optimization techniques or by modifying or adding refrigeration cycle units.
For example, the N2 single expander LNG process has been
improved by introducing one more independent turbo-expansion
system,10,13 as shown in Figure 3. This process is known as the
“N2 dual expander LNG process”. The main concept behind
this process is that expansion occurs at two diﬀerent pressures
by splitting the refrigerant stream (N2) into low- and highpressure streams. This splitting of N2 at two diﬀerent pressures
reduces the required amount of energy at a small capital cost
(i.e., the extra turbo-expander). Nevertheless, the high energy
eﬃciency, arising from the near reversible operation, compensates for the additional capital cost of the expander.
The energy eﬃciencies of N2-expander-based LNG plants
using either single expander or dual expander processes have
been further improved by introducing propane/carbon dioxide
precooling refrigeration cycle into the conventional N2 expansion process, as shown in Figure 4.
Precooling cycles allow the exergy loss in the main cryogenic
exchanger to be minimized by reducing the temperature gradient.

Figure 1. Average cost breakdown of LNG projects by expense.5,6

process is unique in terms of the degree of complexity, capacity,
environmental impacts, and energy eﬃciency.
As shown in Figure 1, a major issue associated with LNG
plants is the high energy consumption, as reported in the most
recent survey of the International Gas Union (IGU).5
Therefore, LNG plants are considered as energy intensive
facilities. Much energy is wasted because of the nonoptimal
design and operating variables, which contribute to process
irreversibility. However, the energy eﬃciency of an LNG
process for a given structure can be improved signiﬁcantly by
eﬃcient optimization. Therefore, any small improvement in
the performance of an LNG process through optimization or
design modiﬁcation can increase the global competitiveness of
the process and enhance the economic beneﬁts by reducing the
energy consumption. Among several ways to enhance the
energy eﬃciency of LNG plants, optimization algorithms can
be used, and numerous algorithms, both deterministic and
stochastic, have been used to optimize the LNG process.
In addition, optimization techniques based on process knowledge
(thermodynamics) have also been used to improve the energy
eﬃciency of LNG plants.
In the past few years, many new optimization techniques
with improved searching, which can be implemented to optimize
the design of complex thermodynamic and nonlinear processes,
have been developed and applied to the processes involved in
LNG processing in the academic research community, whereas
these advanced optimization techniques have still not been widely
applied and implemented to optimize the design of LNG
processes in real LNG industry because of the information gap
between process design practitioners and academic researchers,
which leads to the need for a review regarding the design
optimization of LNG processes from a practical and research
viewpoint. This is the ﬁrst review study that is speciﬁcally intended
to give an overview of the optimal design for LNG processes
that have been optimized using diﬀerent optimization strategies.
Furthermore, this review is organized in a way to provide
literature references for design engineers regarding optimization techniques for LNG processes. Using this review, we hope
that the research community can better align their research
directions and goals according to the requirements of LNG
process design engineers. In this study, performance enhancements based on the use of diﬀerent conﬁgurations alone are not
B
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Figure 2. Schematic diagram of the N2 single expander LNG process.10

Figure 3. Schematic diagram of the N2 dual expander LNG process.10

Furthermore, several researchers have successfully improved
the energy eﬃciency of N2-expander-based LNG processes
through optimization techniques alone or improvements to the
refrigeration cycle, as discussed in section 4.
2.2. Mixed-Refrigerant-Based LNG Processes. This type
of LNG process uses a mixture of refrigerants in one or more
loop refrigeration cycles. Mixed refrigerants were ﬁrst used in
the 1960s in large-scale natural gas liquefaction.15 The components of conventional single mixed refrigerant (MR) are
given in Table 1. Accordingly, with the optimal mixture of
components with diﬀerent volatilities, a high speciﬁc refrigeration eﬀect (SRE) can be achieved at a relatively low operating
pressure.15

The high critical temperature or a high SRE and a high dew
point temperature is achieved by using high-boiling components, whereas low refrigeration temperature or low bubble
point is obtained from the use of low-boiling components in
the mixture of refrigerants. Furthermore, in comparison with
pure refrigerant (e.g., nitrogen) or binary mixture of refrigerant
such as nitrogen−methane, the bubble point of the refrigerant
can be increased near the subcooling temperature of feed
natural gas by the addition of high-boiling components (less
volatile), which gives SRE as same to pure refrigerant at lower
operating pressure.
Mixed-refrigerant-based LNG processes have higher eﬃciency in comparison with N2-expander-based LNG processes
C
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Figure 4. Schematic diagram of the CO2/C3/R410a precooled N2 expander LNG process.7,9,14

exchanges the latent heat of vaporization with the MR. NG
leaves the exchanger as a subcooled (stream-2) liquid and is
then ﬂashed to a pressure slightly higher than atmospheric
pressure through the JT valve. LNG is obtained in stream-3.
In a mixed refrigerant loop, the MR stream is compressed at
high pressure through multiple compressor stages, each equipped
with after-coolers. After the pressure through the JT valve is
lowered, the MR (stream-5) is vaporized inside the LNG heat
exchanger and leaves as a superheated (stream-6) vapor for
recompression, thus completing the cycle.
The SMR process has lower energy eﬃciency as compared to
cascade, DMR, and C3MR processes; nevertheless, SMR is less
complex and involves lower capital investment. The optimization
of refrigerant composition and operating pressure can enhance
the performance of the SMR process by reducing the temperature gradient between the refrigerant stream and NG stream
composite curves in the cryogenic heat exchanger,17,18 as
discussed in section 4. In terms of energy eﬃciency, the SMR
process has also been improved by modifying the refrigeration
cycle conﬁguration, such as in the KSMR process.
2.2.2. Korea Single Mixed Refrigerant (KSMR) Process. This
is an improved version of the SMR process, which was introduced
by the Korea Gas Corporation (KOGAS). The simple design of
the SMR process was used as a base design to improve the
energy eﬃciency by splitting the MR stream into more and less
volatile components at two diﬀerent pressures.19,20 The process
ﬂow diagram of the KSMR process is shown in Figure 6.
Initially, two streams are generated from a single MR stream
at two diﬀerent pressures, and only the MR stream, which
is required to liquefy NG, is compressed at high pressure.
The remaining stream is compressed at low pressure, which is
suﬃcient to achieve the desired precooling of NG. The splitting/
ﬂashing of the MR stream means that only the required portion
of less volatile MR expands through the JT valve at low pressure.
In contrast, the more volatile MR stream expands at the intermediate pressure level. By using the two diﬀerent pressure level
streams to liquefy NG into separate cryogenic heat exchangers,
the KSMR process is more eﬃcient than the DMR process.20

Table 1. Speciﬁc Refrigeration Eﬀect (SRE) of the Pure
Refrigerants15
pure
component

normal boiling point
(°C)

operating pressure (bar) for SRE
of 1 kJ/mol

nitrogen
methane
ethane
propane

−195.806
−161.49
−88.6
−42.04

246.0
63.5
16.5
7.9

because two types of heat transfer (sensible and latent) occur,
allowing close matching of cold (mixed refrigerant) and hot
(feed natural gas) composite curves inside the cryogenic heat
exchangers, even in a single stage. Further potential beneﬁts of
MR in terms of high energy eﬃciency and large capacity LNG
trains can be achieved by using a mixed-refrigerant-based LNG
processes, and these have been developed with diﬀerent conﬁgurations of refrigeration cycles, for example, the addition of
one or more refrigeration cycles. On the basis of the type of
mixed refrigerant and number of refrigeration cycles, MR-based
LNG processes can be further categorized into the following
well-established processes:
• single mixed refrigerant (SMR) process
• Korea single mixed refrigerant (KSMR) process
• propane-precooling mixed refrigerant (C3MR) process
• dual mixed refrigerant (DMR) process
• cascade process
• AP-X process
These all process are brieﬂy explained in the following section.
2.2.1. Single Mixed Refrigerant (SMR) Process. In the early
1970s, Black and Veatch introduced the SMR process. Figure 5
shows a basic schematic diagram of the conventional SMR process.
This process is also known as the polyrefrigerant integrated
cycle operation (PRICO) process. The SMR process mainly
consists of a cryogenic multistream exchanger (plate-ﬁn), expansion (or JT) valves, compressors, and coolers (air or water).
In a typical SMR process, NG enters the LNG heat
exchanger at elevated pressure and ambient temperature and
D
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Figure 5. Schematic diagram of single mixed refrigerant LNG process.16

Figure 6. Schematic diagram of Korea single mixed refrigerant LNG process.19

2.2.3. Propane-Precooled Mixed Refrigerant (C3MR)
Process. C3MR technology is licensed by Air Products and
Chemicals, Inc. (APCI) and is considered one of the dominant
technologies for base load LNG production. Because of its high
energy eﬃciency, a base load of about 81% LNG can be
produced using the C3MR process.21 The major highlight of
this process is that two refrigeration cycles are used to produce
LNG: a pure propane (C3) refrigeration cycle and a mixedrefrigerant (MR)-based refrigeration cycle. The propane cycle is
used to precool the NG and partially liquefy the MR stream.
Then, the liquefaction and subcooling of the NG stream are

carried out in the MR cycle. The process is shown schematically
in Figure 7.
The SMR and C3MR processes are similar in terms of
the MR cycle, but the degree of complexity of C3MR is high
compared to that of the SMR process. The same type of
cryogenic heat exchanger (plate and ﬁn brazed with an
aluminum core) is used in both the SMR and C3MR process.22
Because of the high degree of complexity, the C3MR process
is less attractive for oﬀshore LNG production. The performance of the C3MR process is better than other available LNG processes because of its ability to match hot
E
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Figure 7. Schematic diagram of propane precooled mixed refrigerant LNG process.22

Figure 8. Schematic diagram of the dual mixed refrigerant LNG process.23

(NG condensation curve) composite and cold (MR boiling
curve) composite curves.
2.2.4. Dual Mixed Refrigerant (DMR) Process. The DMR
process for LNG production was introduced in 1978. In the
ﬁrst designs of the DMR process, the high-temperature MR
components were boiled at diﬀerent pressure levels with
interstage compression.23 Because of this boiling, multiple zone
heat exchangers, vessels, and valves are used. The DMR process
uses two loops of refrigeration cycles, in which mixed refrigerants
are circulated to liquefy the NG, as shown in Figure 8.

Actually, the DMR process was developed to remove the
propane compressor bottleneck in the C3MR process.21 In this
process, a warm mixed refrigerant (WMR) composed of methane,
ethane, propane, and butane is introduced to precool the NG
stream and partially liquefy the cold mixed refrigerant (CMR)
rather than the propane precooling cycle used in the C3MR
process. This process also signiﬁcantly reduces the propane
inventory, making this process attractive for ﬂoating LNG
(FLNG) production. The dual MR loop produces LNG
eﬃciently, even in remote and cold areas.23 Other than design
F
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Figure 9. Schematic diagram of the pure-refrigerant-based cascade (ConocoPhillips optimized) LNG process.25

has a single train capacity of 4.3 MTPA. The major disadvantage
of this process over the pure-refrigerant-based cascade process
is that it requires the optimization of the MR composition
whenever feed gas composition ﬂuctuates. The MR-based
cascade LNG process is shown schematically in Figure 10.
2.2.6. AP-X Process. The AP-X processes were developed by
APCI using the C3MR process as a base design. These AP-X
processes are also classiﬁed into two types: AP-N and AP-HN.27,28
The AP-N process was developed by adding a nitrogen
refrigeration loop to the C3MR process, which increases the
base-load plant capacity by more than 50%.27,28 This nitrogen
refrigeration loop provides a refrigeration eﬀect equivalent to a
1−2 MTPA capacity LNG plant. The AP-N process has been
demonstrated by the installation of six trains in Qatar, which
are currently in operation.21,27,28 The AP-N process uses a
propane cycle for precooling, an MR cycle for liquefaction, and
a nitrogen refrigeration cycle for subcooling. For the subcooling
process, the nitrogen is compressed through compressors and
introduced into an economizer, where it is cooled. The major
portion of this nitrogen is withdrawn at an intermediate point;
then, this nitrogen undergoes isentropic expansion through
a turbo-expander, generating a suﬃcient refrigeration eﬀect
and liquefying the natural gas. The remaining portion of the
nitrogen is further cooled and used for subcooling purposes, as
shown in Figure 11. Because of the nonﬂammability of nitrogen,
this process is a promising candidate for oﬀshore LNG production. However, the energy eﬃciency of this process is lower
than MR precooled liquefaction processes.
The AP-HN process was developed to improve the overall
energy eﬃciency of the AP-N process because, in the AP-N
process, nitrogen is also used in the precooling process at
higher temperatures, which leads to lower energy eﬃciency.
Therefore, a second refrigerant loop was introduced for
precooling. This improves the eﬃciency of the process, making
it equivalent to that of the SMR process.27 This process is
illustrated in the process ﬂow diagram in Figure 12.
A hydroﬂuorocarbon (HFC) refrigerant is used as a second
loop refrigerant. This is preferred to propane because HFCs are

optimization, recent developments in the DMR process involve
the use of fewer heat exchangers, a three-stage expansion in the
precooling section, and the direct utilization of the available
cold energy to cool down the boil-oﬀ gas.
2.2.5. Cascade Process. Cascade LNG processes are mainly
categorized into two types with respect to the refrigerants: one
based on pure refrigerant, known as the pure refrigerant cascade
LNG process, and the other, the mixed refrigerant (MR) cascade
LNG process.
The pure-refrigerant-based cascade process uses methane,
ethylene, and propane to liquefy NG more eﬃciently and was
ﬁrst introduced by ConocoPhillips in 1969.21,24 The Kenai
LNG plant with 1.4 million tonnes per annum (MTPA)
capacity uses the original version of this pure-refrigerant-based
cascade process. The major feature of this process is that
propane cycle is used to precool the NG stream and condense
the ethylene refrigerant. Then, the ethylene refrigeration cycle
is used to condense both feed NG stream and methane in the
third refrigeration loop. This condensed methane is then
employed to subcool the LNG. The process ﬂow diagram of
the pure-refrigerant-based cascade LNG process is shown in
Figure 9.
The operational advantages of pure-refrigerant-based cascade
processes include the easy to understand process, simpliﬁed
training, simple control system, and the ability to shift heat load
to optimize driver power or refrigeration loops.24 Furthermore,
this process can be used with both plate-ﬁn and kettle type heat
exchangers with respect to train size. The largest train size
utilizing this process is approximately 5.2 MTPA with a speciﬁc
power requirement range of 0.29−0.35 kWh/kg of LNG.
In contrast, MR-based cascade LNG processes use mixed
refrigerants to provide the refrigeration load in each precooling,
liquefaction, and subcooling section of the LNG production
process. This process has a higher energy eﬃciency in comparison with the pure-refrigerant-based cascade process because
of its ability to closely match the MR and NG composite curves
inside the cryogenic heat exchanger. This process has been
installed in northern Norway in the Snøhvit LNG plant, which
G
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Figure 10. Schematic diagram of mixed-refrigerant-based cascade LNG process.26

before the front end engineering design (FEED) deﬁnition
stages. The LNG process should be selected from alternative
processes on the basis of the operating units, the type of
equipment involved, and process utilities. Section 2 brieﬂy
summarizes available, well-established LNG processes categorized by the refrigerants used and the number of refrigeration
cycles. The LNG processes diﬀer from each other regarding the
energy eﬃciency, degree of availability, degree of complexity,
start-up and shutdown procedures, and inherent safety
concerns. Furthermore, LNG processes cannot be compared
solely on the basis of energy eﬃciency because the energy
eﬃciency of any LNG process depends strongly on site
conditions, feed NG composition, and operating parameters.
However, the energy eﬃciency of an LNG process has a key
importance in the selection and installation of an LNG plant;
nevertheless, this is not the sole criterion in the design of an
LNG plant, and several other factors are also important because
of their inﬂuence on the commercial aspects of an LNG project.
Some of the key factors are listed below.
• process safety and reliability
• environmental impact of the refrigerants and ﬂue gases
• site conditions
• availability of operational equipment
• equipment lifetime
• availability of a cost-eﬀective cooling medium for the
intercoolers
• availability of refrigerant(s) for makeup
• type and size of cryogenic heat exchanger
• type and size of compressors
• train ﬂexibility
• required area/space

Figure 11. Schematic diagram of the AP-N LNG process.27

nonﬂammable. However, there are some environmental and
cost concerns involved in the refrigerant makeup process during
FLNG operation.

3. CRITERIA FOR LNG PROCESS SELECTION
For the installation of a successful, economic, and eﬃcient
LNG plant, the most suitable LNG process should be selected
H
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Figure 12. Schematic diagram of the AP-HN LNG process.27

Figure 13. Qualitative comparison of available processes for oﬀshore LNG plants.29

• LNG bunkering system
• facility to integrate natural gas liquid (NGL) recovery
• ease of operational optimization under varying process
conditions and feed compositions
• degree of complexity
• startup/shutdown time
• operational training
• capital and operating costs
• period of return
In the case of oﬀshore LNG production, major key factors for
the process selection in terms of quality are energy eﬃciency,
single train capacity, and complexity.29 Figure 13 shows a qualitative comparison of available processes for oﬀshore LNG plants,
adapted from a diagram by David Wood and Associates.29
As shown in Figure 13, there is a trade-oﬀ between the energy
eﬃciency and the degree of complexity of the process, as well as
the single train size. Thus, highly eﬃcient but more complex

LNG processes, such as CEMR, are less attractive for oﬀshore
applications compared to other expander-based and SMR
processes. Furthermore, Lim et al.30 presented an available
portfolio for the selection of LNG processes with respect to
single-train capacity, which is shown in Figure 14.

4. DESIGN OPTIMIZATION OF LNG PROCESSES
This section includes a brief introduction of design optimization, optimization problem formulation, general types of optimization techniques, and design optimization analysis of LNG
processes.
4.1. Design Optimization. The design of any physical and
proﬁtable system involves some key variables (controlled and
uncontrolled) that fulﬁll the system requirements or characteristics, which are deﬁned beforehand by an end-user (customer).
In the case of LNG plant design, the highest performance in
terms of low energy consumption with the highest possible
I
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Figure 14. Portfolio for the selection of LNG processes with respect to single-train capacity.30,31

variables for simple and linear systems are selected on the basis
of experience and the designer’s intuition based on limited
design variables. Nevertheless, based on experience and conventional approaches, it is diﬃcult (or impossible) to choose or
ﬁnd the optimal design variables for highly nonlinear and
complex systems, such as LNG processes. The design variables
are varied between lower and upper bound values for each
design variable to ﬁnd the optimum objective function(s).
During optimization problem formulation, design engineers
tend to give very conservative boundary values (upper and
lower) for design variables. This is mainly due to the lack of
information and knowledge of the interactions between the
objective and constraint functions in relation to the design
variables and insuﬃcient knowledge of the objective function
behavior, especially in the early stages of design engineering
optimization.33 Eﬀective and robust optimization can only be
achieved when the behavior of the objective and constraint
functions on the variation of decision variables (between the
lower and upper bounds) is known. Some design variables are
associated with uncertainty, and knowledge of this is critical in
the selection of an appropriate optimization technique; e.g.,
in real LNG plant optimization, there is a high possibility of
uncertainty in the feed NG composition. In design engineering
optimization, there are some variables that are assumed to be
constant or ﬁxed, and these variables are called “design
parameters”. The identiﬁcation of design variables and design
parameters is made by analyzing the degrees of freedom
(DOF). Equation 1 determines the total number of degrees of
freedom available in an LNG process.34

liquefaction rate (i.e., usually greater than 90%) is considered
the major requirement and objective. The design of an LNG
plant can be considered “optimal” if it achieves the objective
in terms of energy eﬃciency. The process of searching for the
optimal values of the design variables for any well-deﬁned system
is known as “optimization.”
4.2. Optimization Problem Formulation. Any design
optimization technique is chosen on the basis of the optimization problem. This optimization problem can be categorized
on the basis of many important factors, e.g., constrained, objective
(single or multi), or determinacy based. Yang32 classiﬁed the
optimization problems in a systematic way on the basis of the
following:
I. objective (single and multiobjective)
II. constraint (constrained and unconstrained)
III. landscape (unimodal and multimodal)
IV. function form (linear and nonlinear)
V. variables/response (discrete, continuous, and mixed)
VI. determinacy (deterministic and stochastic)
The eﬀectiveness of an optimization technique is also strongly
dependent on the problem formulation in terms of mathematical
language. The major components of an optimization problem are
considered to be
• the objective function(s) or goal(s)
• the constraint function(s) and limit(s)
• the design variables
• the lower and upper bounds (search area) of each design
variables
• the design parameters
The objective function(s) or goal(s) should be optimized in
terms of a maximum or minimum; for example, in the optimization of an LNG process, the overall energy consumption as
an objective function should be minimized and the proﬁt should
be maximized. In some cases, there is more than one objective
function, and these types of optimization tasks are called
“multi-objective optimizations”. These multiobjective optimization algorithms are also known as multicriteria or even
multiattribute optimizations.32 The constraint function(s)
should be satisﬁed by the optimum objective function(s) at
the values of the optimal design variables. Generally, the design

n

DOF =

∑ di − (k − 2)(NC) − 2
i=1

(1)

Here, di = DOF of the unit operation involved in the LNG
process, k = number of interconnecting streams in the
refrigerating cycle, and NC = number of components involved.
Mathematically, the optimization of the LNG process
concerning overall energy consumption (deﬁned by eq 2) as
an objective function is formulated as
⎛ n
⎞
min f (X) = min⎜⎜∑ Wi /mLNG⎟⎟
⎝ i=1
⎠
J

(2)
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infeasibilities, Khan et al.22 introduced a knowledge-based
optimization (KBO) algorithm, which is speciﬁc only for LNG
processes. The KBO approach is simple and reliable and works
on the basis of knowledge of the entire process. The KBO is
preferable when numerical optimization algorithms cannot
easily handle objective functions with highly nonlinear
operational constraints. Meanwhile, the eﬃciency of the KBO
methodology is dependent on a deep understanding of the
LNG process and the inﬂuential parameters, such as design
variables. However, the KBO approach may have diﬃculties
overcoming a local optimum point.22,39 Furthermore, Khan et al.21
reported the pros and cons of deterministic, stochastic, and KBO
optimization algorithms, as listed in Table 2.

subject to
hk (X) = 0, the equality constraints function

(3)

gk (X) > 0, the inequality constraints function

(4)

and
ak < Xk < b k , the lower and upper bounds

(5)

Here, “X” is the vector of design variables.
Generally, the ﬂow rates of the refrigerant component(s),
operating pressures (such as condensation pressure) and
evaporation pressure, and operating temperatures are selected
as the key design variables. A minimum internal temperature
approach (MITA) value of between 1 and 3 °C in the main
cryogenic LNG exchanger and the zero-liquid fraction at the
inlet of each compressor are chosen as the constraints during
LNG process optimization.
4.3. Types of Optimization Algorithms. Generally,
optimization algorithms are divided into two types: deterministic and stochastic. These two types of optimization algorithms
can be further categorized as32
I. Deterministic
a. linear programming
b. nonlinear programming
c. gradient based
d. gradient free
II. Stochastic
a. heuristic
b. metaheuristic (population and trajectory based)
Deterministic algorithms are also known as “conventional or
classic optimization algorithms”. In optimization using these
algorithms, it is assumed that there is no uncertainty in the
design parameters and design variables.35 These algorithms
follow a rigorous procedure, and the values and path of both
functions and design variables are repeatable.32 In contrast,
stochastic algorithms concern the uncertainties in the design
variables and parameters values. Robust optimization is a type of
stochastic algorithm that provides a solution to the optimization
problem that is feasible for all variations of the uncertain variables
and parameters. Furthermore, stochastic algorithms always initiate
the optimization from random points and values of the design
variables. Nowadays, another approach, the so-called “hybrid
optimization algorithm”, has been introduced to take advantage of
the beneﬁts of deterministic and stochastic approaches.36−38
All optimization algorithms belonging to the deterministic
and stochastic types are achieved through numerical programming without embedding any prior knowledge of the process
associated with the physical, chemical, and thermodynamic
properties as well as process constraints. This can cause failure
or less robust result particularly when solving the issues closely
related to the process limitations, technicalities and infeasible
approach temperature inside the main cryogenic LNG exchanger.
The eﬃciency and robustness of the numerical optimization
algorithms depend on the interactions between the design
variables, design parameters, constraints, and the objective
function in the process associated with the search area and the
initial values. Furthermore, during LNG process optimization,
numerical-based algorithms often reveal their limitations
concerning highly nonlinear and complex system, such as the
SMR, DMR, and C3MR processes, owing to the termination
in the infeasible region (usually negative MITA values) before
achieving an optimal, meaningful solution. To avoid these

Table 2. Pros and Cons of Deterministic, Stochastic, and
KBO Approaches21
property

deterministic
approach

stochastic
approach

KBO
approach

ease of implementation
constraint handling
connection ease with hysys
calculation time
multiobjective handling
need good initial estimate
robustness of convergence
turning parameters

same
easy
same
small
no
yes
premature
few

same
relative diﬃcult
same
large
yes
no
mature
many

same
easy
same
intermediate
yes
no
mature
few

Optimization algorithms (deterministic, stochastic, and KBO)
that have been employed for the design optimization of LNG
processes are further analyzed in section 4.4.
4.4. Design Optimization Analysis of LNG Processes.
With a trial and error approach, the optimization of LNG
processes can be achieved without using any special optimization algorithm. Reports24,26,40−43 are available concerning
optimized LNG processes obtained by modifying the structure
and operating parameters without applying any deterministic or
stochastic algorithms. However, to avoid confusion, in this
study, we have focused on deterministic, stochastic, and KBObased design optimization studies of LNG processes. For the
design optimization analysis, we have included all optimization
studies of LNG processes since 1979.
The rigorous optimization of refrigerant ﬂow rates and
operating pressures can improve the energy eﬃciency of LNG
processes by reducing the gap between composite curves inside
the LNG cryogenic exchanger,17,22 which ultimately increases
the global competitiveness of the process, yielding high economic
beneﬁts related to low energy consumption. This was attempted
by Ait-Ali44 in 1979 to optimize the MR system for natural gas
liquefaction using the deterministic optimization algorithm.
He used a two-dimensional numerical search approach to ﬁnd
the optimal design of MR-based LNG process. The method used
by Ait-Ali provided a deep understanding of the MR systems.
Nevertheless, the ideal solution assumption has limited the
applicability of this method in real MR-based LNG processes.
Design optimization analyses of LNG processes with the
parameters that most inﬂuence the objective function(s), such
as NG feed conditions, composition, LNG rate/temperature,
isentropic/adiabatic eﬃciencies of the compressor/expander,
and MITA values, are summarized in Table 3.
The ﬁrst attempt toward the design optimization of the LNG
process was made in 1979 by Ait-Ali.44 Table 3 and Figure 15
show that the design optimization of LNG processes has
K
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considering the design parameters that correspond to objective
functions. We found that, for diﬀerent design parameters, the
objective functions were diﬀerent. Thus, it was challenging to
identify each design parameter during analysis, especially
because some optimization studies have not included all design
parameters and have considered only decision (design)
variables, constraints, and objective functions.
A comparison of the operating and total annual costs was also
diﬃcult because of the diﬀerences in cost correlations, cost index,
and utility prices used; therefore, the consistent cost evaluation of
1 kg of LNG is diﬃcult. The evaluation of the optimal design of
diﬀerent LNG processes becomes easy when the same research
group or engineers present competing optimized alternatives,
such as Pham et al.20,39 and Khan et al.,10,16−18 who belong to the
same research group and used consistent design parameters for
the same LNG processes. Similarly, Cao et al.12,88 and Lee
et al.45,60,77,84,90,97 also used consistent design parameters to
present their optimal LNG process designs.
In addition, the authors recommend the following important
parameters to facilitate the reproducibility of the simulation−
optimization framework and accurate comparison, which will,
ultimately, lead to practical implementation.
• The NG ﬂow rate and its composition, temperature, and
pressure should be declared.
• The LNG process should be modeled and simulated as
realistically as possible.
• The chosen thermodynamic method (e.g., PR or SRK)
should be stated in simulation and modeling.
• The design parameters and variables necessary to satisfy
the degree of freedom should be declared for rigorous
convergence of the model.
• For optimization, using either an external technique or
internal technique, the chosen interface, optimization
algorithm, constraints, decision variables, and objective
function(s) should be declared in the research paper.
• The units of the objective function(s) should be the
same to allow a fair comparison with other optimized
objective function(s); e.g., in most studies, the total
energy consumption as an objective function is given as
kg of LNG production, whereas, in some studies, it is
given as N m3 LNG production. This inconsistency in
units also creates confusion for comparative studies, as
well as allowing unfair comparison.
• If cost analysis is considered, the capital and operating
costs both should be optimized, and the cost index, cost
correlations, payback period, interest rate, and equipment
life should be declared.
• Finally, for each LNG process alternative, the design
criteria should be the same, and the processes should be
optimized as rigorously as possible.

matured since 2002. Furthermore, since 2013, improvements in
the energy eﬃciency of the LNG process through optimization
approaches alone have remained a hot topic for process
engineers and researchers. As shown in Figures 16 and 17,
investigations have focused on the SMR process, considering it
the most promising candidate for small scale and oﬀshore LNG
production. In addition to the SMR process, the N2-expanderbased LNG processes are also considered promising candidates
for small-scale and oﬀshore LNG production because, of all the
LNG processes, they are green and safe processes, although the
relatively low energy eﬃciency is a major issue. Therefore,
following the SMR process, N2-expander-based LNG processes
have been considered for optimization. As shown in Figure 16,
21% of optimization studies concern the design optimization of
N2-expander-based processes. Currently, APCI’s C3MR process
is the dominant technology and the most energy eﬃcient.
Consequently, approximately 77% of LNG plants use the
C3MR process.105 Nevertheless, many researchers have reported
that the energy eﬃciency of the C3MR process can be improved
through optimization. Therefore, as shown in Figures 16 and 17,
20% of optimization studies have concerned the C3MR process.
Because of the complexity in the handling of the degrees of freedom in the DMR and cascade LNG processes, few researchers
have attempted to optimize these processes.
As shown in Figure 18 and Table 3, most LNG process
optimization studies (more than 20) have used genetic-algorithm (GA)-based optimization approaches because of their
simplicity and ease of implementation. In addition to GA, a
well-known commercial simulator, Aspen Hysys, is often used
for optimization. This simulator has built-in optimization algorithms, such as the BOX method, and many researchers and
processes engineers prefer Hysys for optimization because of its
simplicity and integrated simulation−optimization framework.
In particular, in optimization using Hysys, there is no need for
an interface/connection. More than 15 optimization studies
have used the Hysys optimizer for the design optimization of
LNG processes, as shown in Figure 18.

5. CHALLENGES IN THE OPTIMAL DESIGNS
COMPARISON OF LNG PROCESSES
As listed in Table 3, the most optimization studies have focused
on the minimization of operating cost in terms of energy.
The following design parameters have a signiﬁcant impact on
the objective function, as well as optimization eﬃciency:
• feed NG conditions (pressure and temperature)
• feed NG ﬂow rate and composition
• process simulator
• thermodynamic model (binary interactions calculation
method)
• LNG rate (LNG speciﬁcations)
• minimum driving force (MITA) value in LNG heat
exchangers
• compressor and expander eﬃciencies
In considering these above design parameters, we found
some diﬃculty in comparing the objective function(s) in different design optimization studies. Each study uses diﬀerent
values for the LNG process, resulting in diﬀerent optimal
conditions and objective functions. Without information
concerning the design parameters and only considering low
energy consumption, it is impossible to select the best and most
suitable LNG process, even at the FEED level. Therefore, in the
present study, design optimization analysis was carried out by

6. FUTURE DIRECTIONS AND CONCLUSIONS
Potential advancements in LNG processes toward energy
eﬃciency for ecological and economic reasons can be realized
by considering the following:
LNG processes have been mostly optimized using either
stochastic or deterministic algorithms with a set of design
variables such as a pure or mixed refrigerant ﬂow rate, mixed
refrigerant evaporation pressure, mixed refrigerant evaporation
temperature, and mixed refrigerant condensation pressure and
temperature, as summarized in Table 3. On the basis of the
analysis of Table 3, stochastic algorithms tend to be more
L
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process has been enhanced through well-known optimization
approaches, mainly GA, nonlinear programming (NLP), and
sequential quadratic programming (SQP). However, new and
eﬃcient metaheuristic optimization algorithms such as vortex
search,106 runner root,107 and many others have been developed;
thus, optimal designs can be further reﬁned through the newly
developed optimization approaches.
It has been found that the energy eﬃciency and global
competitiveness of LNG processes can be improved through

commonly used for more complex LNG processes such as
C3MR. As shown in Table 3, there have been few attempts to
optimize the design of the DMR and cascade LNG processes in
comparison with the SMR and C3MR processes. Therefore,
design optimization of the DMR and cascade processes is
needed to facilitate the selection and implementation of the
most suitable LNG process.
Recent studies have mainly concerned the design optimization of existing LNG processes. The eﬃciency of the LNG
Table 3. Design Optimization Analysis of LNG Processes
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Figure 15. Research focus on the design optimization of LNG
processes by year.

Figure 16. Design optimization breakdown with respect to LNG
processes.

the improvement/replacement of the involved equipment. 105,108,109 Therefore, the optimization of these
improved processes and equipment is worthwhile. In recent
studies, the optimized designs of LNG processes were
mostly compared by evaluating the total required compression power because of this major contribution to the
operating costs. However, this could result in inappropriate
decisions because the capital expenditure is not considered in
the cost evaluation.
The MITA value in the main LNG cryogenic exchanger
is usually used as a design constraint, but this might lead to
incorrect decisions because it does not take into account the
heat transfer area separately as a main design or capacity

parameter of heat exchangers. For the optimal design of LNG
processes, research must consider equipment costs and size
rigorously, as well as the thermodynamic performance. There is
also a need to establish an eﬃcient optimization framework that
will allow the simultaneous design optimization of whole process and the detailed optimal designs of the involved equipment
corresponding to minimization of operating and capital costs.
For example, Pattison and Baldea110 have presented the
optimization-oriented model of MHEX that was integrated in
a SMR-LNG process. Tsay et al.111 proposed an equation-oriented
simulation and optimization of SMR process incorporating
detailed spiral-wound multistream heat exchanger model.
V
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processes have much scope for design and operational optimization corresponding to the minimization of the operating
(energy) and capital expenditures. There is also opportunity for
the development of new environmentally friendly refrigerants
and liquefaction processes for cryogenic applications.
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MILP mixed-integer linear programming
MINLP mixed-integer nonlinear programming
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KBO
knowledge-based optimization
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genetic algorithm
NSGA nondominated sorting genetic algorithm
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particle swarm optimization
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nonlinear programming
SQP
sequential quadratic programming
SCRS sequential coordinate random search
MCD modiﬁed coordinate descent
N.G
not given or not speciﬁed
N.A
not applicable
HMCD hybrid modiﬁed coordinate descent
LNG
liqueﬁed natural gas
FLNG ﬂoating liqueﬁed natural gas
MR
mixed refrigerant
NG
natural gas
T
temperature
P
pressure
F
ﬂow rate
SMR
single mixed refrigerant
KSMR Korea single mixed refrigerant

Figure 18. Optimization algorithm trends for LNG processes.

The following important issues must be also addressed for
further improvements in LNG processes:
• process optimization including waste energy recovery
and integration
• improvements in the integrated NGL-LNG processes
through optimization approaches
• stochastic optimization including both capital and
operating cost
• design optimization of newly presented diﬀerent energy
eﬃcient LNG process conﬁgurations, for example, as
recently presented by Lim et al.112
• evaluation of newly developed metaheuristic optimization algorithms for the design optimization of complex
and highly nonlinear LNG processes

7. CONCLUDING REMARKS
NG liquefaction processes use a tremendous amount of energy
in the form of compression power, which is the most energyintensive step of all the NG value chain steps. Thus, LNG
W
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(41) Kanoğlu, M. Exergy analysis of multistage cascade refrigeration
cycle used for natural gas liquefaction. Int. J. Energy Res. 2002, 26 (8),
763−774.
(42) Husnil, Y. A.; Lee, M. Control structure synthesis for
operational optimization of mixed refrigerant processes for liquefied
natural gas plant. AIChE J. 2014, 60 (7), 2428−2441.
(43) Yin, Q.; Li, H.; Fan, Q.; Jia, L.; Weisend, J.; Barclay, J.; Breon, S.;
Demko, J.; DiPirro, M.; Kelley, J. P. Economic analysis of mixedrefrigerant cycle and nitrogen expander cycle in small scale natural gas
liqueﬁer. AIP conference proceedings; AIP, 2008; pp 1159−1165.
(44) Ait-Ali, M. A. Optimal mixed refrigerant liquefaction of natural
gas; Department of Mechanical Engineering, Stanford University,
1979.
(45) Lee, G. C.; Smith, R.; Zhu, X. X. Optimal Synthesis of MixedRefrigerant Systems for Low-Temperature Processes. Ind. Eng. Chem.
Res. 2002, 41 (20), 5016−5028.
(46) Shi, Y.; Gu, A.; Wang, R.; Zhu, G. Optimization Analysis of
Peakshaving Cycle to Liquefy the Natural Gas. Proceedings of the
Twentieth International Cryogenic Engineering Conference (ICEC20);
Elsevier, 2005; Chapter 174, pp 741−744.
(47) Aspelund, A.; Berstad, D. O.; Gundersen, T. An Extended Pinch
Analysis and Design procedure utilizing pressure based exergy for
subambient cooling. Appl. Therm. Eng. 2007, 27 (16), 2633−2649.
(48) Nogal, F. D.; Kim, J.-K.; Perry, S.; Smith, R. Optimal Design of
Mixed Refrigerant Cycles. Ind. Eng. Chem. Res. 2008, 47 (22), 8724−
8740.
(49) Hasan, M. M. F.; Razib, M. S.; Karimi, I. A. Optimization of
Compressor Networks in LNG Operations. Comput.-Aided Chem. Eng.
2009, 27, 1767−1772.
(50) Shah, N. M.; Hoadley, A. F. A.; Rangaiah, G. P. Inherent Safety
Analysis of a Propane Precooled Gas-Phase Liquified Natural Gas
Process. Ind. Eng. Chem. Res. 2009, 48 (10), 4917−4927.
(51) Gao, T.; Lin, W.; Gu, A.; Gu, M. Optimization of Coalbed
Methane Liquefaction Process Adopting Mixed Refrigerant Cycle with
Propane Pre-cooling. J. Chem. Eng. Jpn. 2009, 42 (12), 893−901.
(52) Del Nogal, F. L.; Kim, J.-K.; Perry, S.; Smith, R. Synthesis of
mechanical driver and power generation configurations, Part 2: LNG
applications. AIChE J. 2010, 56 (9), 2377−2389.
(53) Aspelund, A.; Gundersen, T.; Myklebust, J.; Nowak, M. P.;
Tomasgard, A. An optimization-simulation model for a simple LNG
process. Comput. Chem. Eng. 2010, 34 (10), 1606−1617.
(54) Mokarizadeh Haghighi Shirazi, M.; Mowla, D. Energy
optimization for liquefaction process of natural gas in peak shaving
plant. Energy 2010, 35 (7), 2878−2885.
(55) Gao, T.; Lin, W.; Gu, A.; Gu, M. Coalbed methane liquefaction
adopting a nitrogen expansion process with propane pre-cooling. Appl.
Energy 2010, 87 (7), 2142−2147.
(56) Alabdulkarem, A.; Mortazavi, A.; Hwang, Y.; Radermacher, R.;
Rogers, P. Optimization of propane pre-cooled mixed refrigerant LNG
plant. Appl. Therm. Eng. 2011, 31 (6−7), 1091−1098.
(57) Wang, M.; Zhang, J.; Xu, Q.; Li, K. Thermodynamic-AnalysisBased Energy Consumption Minimization for Natural Gas Liquefaction. Ind. Eng. Chem. Res. 2011, 50 (22), 12630−12640.
(58) Morin, A.; Wahl, P. E.; Mølnvik, M. Using evolutionary search
to optimize the energy consumption for natural gas liquefaction. Chem.
Eng. Res. Des. 2011, 89 (11), 2428−2441.
(59) Tak, K.; Lim, W.; Choi, K.; Ko, D.; Moon, I. Optimization of
mixed-refrigerant system in LNG liquefaction process. Comput.-Aided
Chem. Eng. 2011, 29, 1824−1821.
(60) Lee, S.; Long, N. V. D.; Lee, M. Design and Optimization of
Natural Gas Liquefaction and Recovery Processes for Offshore
Floating Liquefied Natural Gas Plants. Ind. Eng. Chem. Res. 2012, 51
(30), 10021−10030.
(61) Hatcher, P.; Khalilpour, R.; Abbas, A. Optimisation of LNG
mixed-refrigerant processes considering operation and design
objectives. Comput. Chem. Eng. 2012, 41, 123−133.
(62) Wang, M.; Zhang, J.; Xu, Q. Optimal design and operation of a
C3MR refrigeration system for natural gas liquefaction. Comput. Chem.
Eng. 2012, 39, 84−95.
Y

DOI: 10.1021/acs.iecr.7b03630
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

Article

Industrial & Engineering Chemistry Research
gas liquefaction cycle: Analysis and optimization. J. Nat. Gas Sci. Eng.
2015, 26, 470−479.
(86) Tak, K.; Lee, I.; Kwon, H.; Kim, J.; Ko, D.; Moon, I.
Comparison of Multistage Compression Configurations for Single
Mixed Refrigerant Processes. Ind. Eng. Chem. Res. 2015, 54 (41),
9992−10000.
(87) Austbø, B.; Gundersen, T. Impact of problem formulation on
LNG process optimization. AIChE J. 2016, 62 (10), 3598−3610.
(88) Cao, L.; Liu, J.; Xu, X. Robustness analysis of the mixed
refrigerant composition employed in the single mixed refrigerant
(SMR) liquefied natural gas (LNG) process. Appl. Therm. Eng. 2016,
93, 1155−1163.
(89) Ghorbani, B.; Hamedi, M.-H.; Shirmohammadi, R.; Hamedi, M.;
Mehrpooya, M. Exergoeconomic analysis and multi-objective Pareto
optimization of the C3MR liquefaction process. Sus. Energy Technol.
Asses. 2016, 17, 56−67.
(90) Lee, I.; Moon, I. Total Cost Optimization of a Single Mixed
Refrigerant Process Based on Equipment Cost and Life Expectancy.
Ind. Eng. Chem. Res. 2016, 55 (39), 10336−10343.
(91) Mortazavi, A.; Alabdulkarem, A.; Hwang, Y.; Radermacher, R.
Development of a robust refrigerant mixture for liquefaction of highly
uncertain natural gas compositions. Energy 2016, 113, 1042−1050.
(92) Najibullah Khan, N. B.; Barifcani, A.; Tade, M.; Pareek, V. A
case study: Application of energy and exergy analysis for enhancing the
process efficiency of a three stage propane pre-cooling cycle of the
cascade LNG process. J. Nat. Gas Sci. Eng. 2016, 29, 125−133.
(93) Park, K.; Won, W.; Shin, D. Effects of varying the ambient
temperature on the performance of a single mixed refrigerant
liquefaction process. J. Nat. Gas Sci. Eng. 2016, 34, 958−968.
(94) Sanavandi, H.; Ziabasharhagh, M. Design and comprehensive
optimization of C3MR liquefaction natural gas cycle by considering
operational constraints. J. Nat. Gas Sci. Eng. 2016, 29, 176−187.
(95) Sun, H.; He Ding, D.; He, M.; Shoujun Sun, S. Simulation and
optimization of AP-X process in a large-scale LNG plant. J. Nat. Gas
Sci. Eng. 2016, 32, 380−389.
(96) Xiong, X.; Lin, W.; Gu, A. Design and optimization of offshore
natural gas liquefaction processes adopting PLNG (pressurized
liquefied natural gas) technology. J. Nat. Gas Sci. Eng. 2016, 30,
379−387.
(97) Lee, I.; Moon, I. Economic Optimization of Dual Mixed
Refrigerant Liquefied Natural Gas Plant Considering Natural Gas
Extraction Rate. Ind. Eng. Chem. Res. 2017, 56 (10), 2804−2814.
(98) Jackson, S.; Eiksund, O.; Brodal, E. Impact of Ambient
Temperature on LNG Liquefaction Process Performance: Energy
Efficiency and CO2 Emissions in Cold Climates. Ind. Eng. Chem. Res.
2017, 56 (12), 3388−3398.
(99) Na, J.; Lim, Y.; Han, C. A modified DIRECT algorithm for
hidden constraints in an LNG process optimization. Energy 2017, 126,
488−500.
(100) Song, R.; Cui, M.; Liu, J. Single and multiple objective
optimization of a natural gas liquefaction process. Energy 2017, 124,
19−28.
(101) Ding, H.; Sun, H.; Sun, S.; Chen, C. Analysis and optimization
of a mixed fluid cascade (MFC) process. Cryogenics 2017, 83, 35−49.
(102) Won, W.; Lee, K. S. An energy-efficient operation system for a
natural gas liquefaction process: Development and application to a 100
ton-per-day plant. Comput. Chem. Eng. 2017, 97, 208−219.
(103) Won, W.; Kim, J. Bi-level optimizing operation of natural gas
liquefaction process. Comput. Chem. Eng. 2017, 96, 87−102.
(104) Qyyum, M. A.; Minh, L. Q.; Ali, W.; Hussain, A.; Bahadori, A.;
Lee, M. Feasibility study of environmental relative humidity through
the thermodynamic effects on the performance of natural gas
liquefaction process. Appl. Therm. Eng. 2018, 128, 51−63.
(105) Mortazavi, A.; Somers, C.; Alabdulkarem, A.; Hwang, Y.;
Radermacher, R. Enhancement of APCI cycle efficiency with
absorption chillers. Energy 2010, 35 (9), 3877−3882.
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