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Abstract: As the energy crisis intensifies, the global demand for natural gas is growing rapidly.
Liquefied natural gas (LNG) technology is among the delivery solutions with flexible and reliable ap-
plication prospects and is already a significant field of research in energy utilization. The performance
of natural gas liquefaction process has a major influence on the production capacity, energy consump-
tion, economics, and safety of the entire supply chain. Many scholars have conducted numerous
studies on various LNG processes and designed many classical processes. This paper summarizes
and discusses current research status and development level in the design and optimization of natural
gas liquefaction processes in recent years, mainly focusing on cascade liquefaction process, expansion
liquefaction process, and mixed refrigerant liquefaction process. The advantages and disadvantages
of various liquefaction processes are compared and analyzed in terms of liquefaction capacity, energy
consumption, economy, safety, and adaptability. In addition, the rapid development of pressurized
liquefaction technology in recent years and its application outlooks are also introduced in detail.
Finally, the present situation and industrial demand of LNG process are analyzed, and reasonable
suggestions and future research prospects are put forward.

Keywords: liquefied natural gas (LNG); floating LNG (FLNG); liquefaction processes; cascade
process; expansion process; mixed refrigerant process

1. Introduction

Energy demand is observably increasing due to many factors, including the popu-
lation growth and the improvement of living standards. Global energy consumption is
estimated to increase by about one-third by 2040, with fossil fuels being the main source
of energy [1,2]. However, the combustion of such fuels will contribute to a great deal
of greenhouse gas (GHG) emissions, especially a large amount of carbon dioxide (CO2)
emissions. Compared with oil and coal, natural gas (NG) reduces CO2 emissions per unit of
energy by approximately 29%–44% [3], In addition, natural gas is commonly described to
be a bridge fuel for future renewable energy, primarily for its lower air pollutant emissions,
as shown in Figure 1 [4]. It is considered to be the among the cleanest fossil fuels and has
become an attractive energy [3]. Therefore, the contribution of NG to the total demand of
the world’s primary energy has increased significantly, providing nearly 24% of the world’s
energy [5,6].

Generally, the options for delivering NG from production sites to consumers mainly
include pipelines or liquefied natural gas (LNG). Pipelines can be controlled easily and
are suitable for continuous operation, with less transportation loss and high security.
However, long-distance pipeline transportation often passes through many areas. In the
face of various geological environments and obstacles, there exist many disadvantages
for pipelines, e.g., the construction complexity, the increasing cost of construction and
maintenance with transportation distance, and the lack of flexibility. In some countries
and regions, e.g., Korea, Taiwan, and some European countries, the use of pipelines is not
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allowed [7]. In consideration of enormous difficulties of pipelines construction, LNG has
become the general approach to solve all complications associated with the storage and
transportation of NG around all the world [8]. On the other hand, to satisfy the growing
appetite for natural gas, the abundant resources of NG in the ocean have accelerated the
pace of its exploitation and utilization. Considering the harsh offshore conditions and
space constraints, as well as the high costs involved in transporting NG from an offshore
extraction platform to an onshore liquefaction plant, the LNG-floating production storage
and offloading (LNG-FPSO or FLNG for short) may be the best solution, which integrates
the NG production, storage, and offloading function units [9]. Due to economic, technical,
political, and security reasons, the long-distance transport method that reduces the volume
of transported NG by about 600 times through liquefaction is more reliable [10]. According
to Shell’s 2021 ‘Liquefied Natural Gas (LNG) Outlook Report’ [11], the global demand for
LNG will reach 700 million tons by 2040. At the same time, the number of LNG-fueled
shipments is also increasing. It is estimated that the number of global LNG bunkering
vessels will reach 45 by 2023 [11]. The global expansion of LNG production and growing
environmental concerns are likely to put the industry at an all-time competitive stage. In
order to operate efficiently, the LNG industry needs to innovate in all links of the supply
chain to reach the energy-saving and profitable purposes.
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Figure 1. Air pollutant emissions analysis for natural gas compared with coal and oil [3]. 
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Figure 1. Air pollutant emissions analysis for natural gas compared with coal and oil [3]. Reproduced
with permission from Energy Proceedings.

The LNG supply chain starts from the exploration and production and goes through
all links of liquefaction, transportation, regasification and sales [12]. First, natural gas
is explored from the reservoir by drilling, pumping and extraction. Such approaches
(including water, chemical, and steam injection) permit the extraction of up to 60% of the
reservoir’s capacity. After extraction, NG is delivered to a treatment plant to eliminate
impurities like water, carbon dioxide, oxygen, nitrogen and hydrogen sulfide from NG to
guard against internal corrosion or equipment damage caused by solids formed during
the cooling process. After pretreatment, various technologies can be used to liquefy NG.
After liquefaction, NG is transported to the receiving station, and finally it is gasified again
and transported to the user side [13]. Figure 2 illustrates the LNG supply chain and cost
breakdown process [14]. As shown in Figure 1, 42% of the overall cost of the LNG supply
chain is related to refrigeration and liquefaction technologies, mainly because this process
takes place in cryogenic conditions, involving large and complex refrigeration systems
and necessary equipment. In addition, the significant energy consumption associated
with the compressed power entry of the refrigeration cycle contributes to the high energy
consumption and cost of LNG liquefaction production. Therefore, if the compression power
consumption and cost of the liquefaction process can be lowered, the growth in worldwide
competitiveness and trade growth rate for LNG will be markedly accelerated.
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In addition, operative improvements of different positions in the supply chain can
bring substantive advantages. For example, improving energy efficiency to reduce a large
amount of fuel required for NG conversion in various processes in the supply chain, thereby
obtaining higher LNG production without extra resources and environmental impact [15].
As the main energy-consuming and high-cost link in the supply chain, NG liquefaction is
also among the foremost thermodynamic processes in the cryogenic natural gas industry.
The cycles involved in the liquefaction process are generally vapor compression cycles and
gas expansion cycles. The major distinction between these two cycles relates to the fact
that in the vapor compression cycle the refrigerant undergoes a phase change, whereas in
the gas expansion cycle the refrigerant maintains its gaseous state. The specific processes
of cycles are shown in Figure 3 [16]. In this process, the cycle is basically similar to
a closed refrigeration cycle, with the exception that the heat load is distributed in the
temperature range from environmental temperature to the low temperature of LNG. In
addition, exergy analysis shows that the higher compression load is mainly decided by
temperature difference in the LNG main heat exchanger [9], i.e., temperature difference is
the primary source of exergy damage to cryogenic heat exchanger. In LNG cryogenic heat
exchangers, it is possible to optimize refrigerant composition, flow rate, as well as operating
pressure to keep such discrepancies to a minimum. Different liquefaction processes entail
different energy consumption equipment, operating characteristics, and investment. Many
scholars have reviewed the basic theories of various NG liquefaction technologies and
working principles, combined with different refrigeration cycle features, and developed a
variety of NG liquefaction processes [2].

In line with available types of refrigeration cycles and devices, these processes are
divided into three categories: cascade liquefaction process, expander liquefaction pro-
cess and mixed refrigerant liquefaction process. Cascade liquefaction process normally
includes three refrigeration cycles, where the temperature level of each cycle is different.
Pure propane, ethylene, and methane are generally used as refrigerants. There is only a
single refrigerant cycle composed of light hydrocarbon mixture in the mixed refrigerant
liquefaction process. And pure nitrogen or methane is generally used as the refrigerant
in the expander liquefaction process. These refrigerants can reach the low temperature
required for single-loop LNG, but their efficiency is lower than that of cascade liquefaction
process and mixed refrigerant liquefaction process [16]. The liquefaction processes used in
practice are generally an improvement or a combination of these three types. Different NG
liquefaction processes are used in different types of NG liquefaction units on the basis of
their characteristics.

https://doi.org/10.1021/acs.iecr.7b03899
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Natural gas liquefaction units according to the mode of production are classified as on-
shore and offshore production. Depending on the application, they can also be categorized
as base-load type, peak-shaving type, and other small-scale liquefaction units. Different
production methods and applications have different requirements for the liquefaction
process as a result of the vastly diverse operating environments, production capacities and
operating methods. In the early 1960s, the construction of NG liquefaction units mainly
used mature cascade liquefaction process. In the 1970s, it switched to a greatly simplified
mixed refrigerant liquefaction process. After the 1980s, the newly built and expanded
base-load NG liquefaction units mainly adopted the propane pre-cooled mixed refrigerant
liquefaction process proposed by APCI. The subsequent emergence of peak-shaving type
liquefaction units, small-scale NG liquefaction units, offshore floating liquefied natural gas
(FLNG) production storage, and offloading units, etc., have focused on all aspects of the
requirements of NG liquefaction, constantly challenging the design and optimization of
NG liquefaction processes.

Based on the literatures, it is found that most studies on LNG supply have focused on
reducing energy consumption and improving economics, while few studies have also ex-
plored the safety of liquefaction process. Specifically, the key issues in the LNG supply chain
can be divided into liquefaction process optimization, heavy hydrocarbons recovery, com-
parative analysis of refrigerant proportioning content, safety analysis of FLNG and LNG
leakage, etc. Many review papers have discussed the development of NG liquefaction tech-
nologies, and have different review emphases [10,17]. For example, Eldemerdash et al. [18]
undertook a large-scale analysis of the operating parameters, while Ríos-Mercado et al. [19]
reviewed the transportation system of NG. Chang et al. [20] mainly focused on how to
improve the structural efficiency of refrigeration cycles in NG liquefaction technology.
Similarly, Lim et al. [2] focused on the commercial refrigeration cycles in the LNG pro-
cess. Some reviews have summarized only one type of LNG process, such as the mixed
refrigerant liquefaction process [7,19] or FLNG technology [10]. Khan et al. [21] reclassified
and summarized the LNG process in detail, but they did not appreciate the application
difference of liquefaction process between onshore and offshore nor consider their different
optimization standards. Mazyan et al. [13] also summarized emerging technologies that
improve the efficiency of liquefaction and regasification process, such as solar energy, NG
solidification, thermoacoustic. In recent years, Zhang et al. [16] performed an in-depth
analysis of the current status of different types of LNG processes in their review, but the
significance of LNG technology optimization was not discussed from the source.
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This review will systematically introduce the main forms and latest results of NG
liquefaction process, summarize research progress, and analyze the challenges faced by
its design and optimization and future research directions. As is known, the liquefaction
temperature and pressure have a major impact on the liquefaction process structure, so
NG liquefaction process is reviewed from two viewpoints: conventional liquefaction
process and pressurized liquefaction process. In Section 2, conventional liquefaction
process is reviewed according to the types of cascade liquefaction process, expansion
liquefaction process and mixed refrigerant liquefaction process. The recent development
of the pressurized liquefaction process and its application outlook are shown in Section 3.
Section 4 analyzes current status of LNG process and proposes reasonable suggestions
and future research prospects. Some important conclusions are summarized for helping
designers in the LNG industry make better decisions, so as to facilitate further optimization
and research regarding the LNG process.

2. Conventional Liquefied Natural Gas Process
2.1. Cascade Liquefaction Process

Cascade liquefaction process is an earlier type of NG liquefaction process. As early as
the 1960s, cascade liquefaction process had reached mature technical standards and was
extensively applied in the area of natural gas liquefaction. A typical cascade refrigeration
cycle contains three refrigeration cycles with different refrigerants. Three refrigeration
cycles are connected in series, in which refrigerants are methane, ethylene, or ethane
and propane, respectively [22]. In cascade liquefaction process, the first stage (propane
refrigeration cycle) provides the cooling capacity for methane, ethylene (or ethane), and NG.
The second stage (ethylene or ethane refrigeration cycle) provides the cooling capacity for
methane and NG. The third stage (methane refrigeration cycle) provides cooling capacity
for NG. Finally, NG is gradually cooled, liquefied, and stored in an LNG storage tank.

After a long operational time, cascade liquefaction process becomes relatively stable
where the interactions among three cycles are relatively small, so it is mature and reliable.
However, conventional cascade liquefaction process generally consists of a three-stage
refrigeration cycle, which increases the complexity of process structure. It not only requires
high-cost equipment investment in the initial stage, but also requires more cumbersome
maintenance studies [23]. Therefore, many scholars have opted for its optimization by
reducing one stage of the refrigeration cycle, changing the circulating refrigerant, or inte-
grating cascade liquefaction process with other processes to reduce the cost.

2.1.1. Cascade Liquefaction Process with Hydrocarbon-Based Pure Refrigerants

Cascade liquefaction process is mainly used in base-load type NG liquefaction plants [24].
The initial base-load type optimized cascade liquefaction process was developed by Philips
Petroleum Company in the 1960s and the early version of this liquefaction process was
adopted for the first time at the Kenai plant, Alaska, USA [25]. The refrigerants used were
propane, ethylene, and methane. There is never a need for a pure refrigerant component ra-
tio and the independent circulation system guarantees operational stability. Over the years,
Phillips had made many improvements to the optimized cascade liquefaction process. The
most important aspect is to change the closed cycle of methane into an open cycle, thereby
eliminating the need of a separate gas compressor. In addition, the steam generated by the
steam-storing tanker was recovered and fed back to the liquefaction unit for reliquefaction,
so as to increase the LNG production. Finally, the twin-shaft gas turbine/compressor was
replaced with a single-shaft gas turbine/compressor, as shown in Figure 4. The improved
process made full use of the cooling capacity of boiled off gas (BOG) and adopted special
structure to obtain LNG with higher purity of methane [25]. The successful operation
history in the past 40 years has proven that Phillips optimized cascade LNG process is a
reliable, flexible, and cost-effective technology. The capacity of liquefaction production
line has also expanded from 1.2 million metric tons to 3.5 million metric tons per year.
Through the transformation of the lowest temperature area of methane cycle, a part of LNG
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is mixed with methane at the lowest temperature, giving a mixed refrigerant with methane
as main component for liquefaction process. This makes it possible to apply the process to
a liquefaction production line with the capacity of about 5 million metric tons [26]. At the
same time, the research has shown that the usage of expanders replacing Joule-Thomson
(JT) valves for the methane cycle may further enhance the performance of the liquefaction
process [27].
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In order to improve specific power and coefficient of performance (COP) of cascade
LNG process, two-stage compression with an intercooler is adopted to make refrigerant
from the condenser evaporate in the intercooler after being expanded [28,29]. Then, through
rational optimization, the productivity efficiency of the improved process [30] was 25.93%
below that of the fundamental process and the COP was 21.64% higher than that of the
fundamental process [31]. Yoon et al. [29] applied a liquid-gas heat exchanger between
two cycles, as shown in Figure 5: in the ethylene cycle, the subcooled liquid refrigerant is
bypassed through the intercooler while the refrigerant coming off the outlet of the high-
pressure compressor in the methane cycle exchanged heat in the liquid-gas heat exchanger
to liquefy the methane. The modified process has demonstrated positive performance
with an increase in COP of approximately 13.9%, a reduction in electricity consumption of
approximately 11.44%, and an increase in production of approximately 1.68% for the LNG.

2.1.2. Cascade Liquefaction Process with Other Pure Refrigerants

Conventional cascade liquefaction process uses hydrocarbons as refrigerants. Hy-
drocarbons have zero ozone depletion potential and sufficient cooling capacity. However,
they are prone to safety problems due to their flammability [32]. On a special note, for
instance, FLNG require the considerable minimization of combustibles inventory. With
the increasing demand for inhalation safety and small storage tanks, there are more and
more studies on the liquefaction process of refrigerants containing non-combustible sub-
stances [33]. Nitrogen is the most frequently used refrigerant. The typical approach is to
combine nitrogen with hydrocarbon refrigerants [34] or non-combustible oxides [35–37],
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such as N2O and CO2. In the trans-critical cycle, the temperature slip of CO2 above the
critical point can better match the temperature slip of heat source. However, if the working
range is limited to the subcritical region, N2O is more suitable for being utilized as working
fluid in condenser. A cascade process of N2O-N2O-N2 refrigerants is shown in Figure 6 [37].
In this process, both the pre-cooling section and the condensation section use N2O cycles,
and the sub-cooling section uses N2 refrigerant. Compared with the conventional cas-
cade liquefaction process with hydrocarbons, N2 refrigerant with the lowest temperature
only circulates to the former refrigeration cycle of condensation unit, while the methane
refrigerant needs to return to the pre-cooling unit in the conventional process.
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2.1.3. Cascade Liquefaction Process with Mixed Refrigerants

Although the refrigerant ratio does not need to be considered in cascade liquefaction
process with pure component refrigerant, the process has strict requirements on the re-
frigerant purity. The purity (volume fraction) of ethylene and propane should be at least
99% [38]. In addition, the process is not suitable for NG liquefaction systems with more
nitrogen, so it is less used now. Since the 1990s, cascade liquefaction processes with mixed
refrigerants have become more complete and are able to be cascaded more efficiently than
pure component refrigerant under the same stage number. In 2006, a mixed fluid cascade
(MFC) process developed by Linde and Statoil was successfully implemented at the Snohvit
LNG project in Norway [39]. This process used three mixed refrigerants to replace three
pure component refrigerants for providing cooling capacity in pre-cooling, liquefaction
and sub-cooling cycles. Although the MFC process is complex, compared with other NG
liquefaction processes, it has higher thermodynamic efficiency, lower energy consumption,
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and higher exergy efficiency [40]. A typical MFC process is shown in Figure 7 [39]. Here,
two multi-stream heat exchangers were used, one for pre-cooling of the feed gas and the
other for liquefaction and sub-cooling of the second and third cycles.
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Although MFC process has a higher COP than other processes [40], from a thermody-
namic aspect, it is nonetheless well short of the maximum attainable energy efficiency due
to the complicated and highly nonlinear thermodynamic interaction among design vari-
ables, constraint conditions (close to the temperature in the multi-stream heat exchanger)
and energy efficiency [41]. As the first stage of the process, the pre-cooling cycle is not
only used for cooling NG, but also for cooling the refrigerants of subsequent cycles. So,
increasing the stage number in the pre-cooling cycle has an obvious improvement effect on
the efficiency. Studies have shown that the pre-cooling cycle with two or three pressure
stages can improve the heat transfer performance and significantly reduce the heat load of
the process [42], but the ambient temperature also has a great influence on the pre-cooling
cycle [43,44]. As shown in Figure 8, through their research, Castillo et al. found that the
three-stage propane pre-cooling cycle had the highest energy efficiency, they discussed the
major differences concerning technical behavior between the options of pure component
or mixed refrigerant configurations in the pre-cooling cycle of the MFC process. As far as
energy efficiency was concerned, the three-stage propane configuration was better than the
two-stage mixed refrigerant (C2/C3) configuration in both warm and cold climates. The
choice of a three-stage propane cycle represents the most optimal selection of UA values.
Even though the MFC has a higher power consumption, it is still the preferred choice in
cold climates. In warmer climates, C3-MFC, however, is more recommended. The main
reason for this is the smaller power contribution of the pre-cooling cycle in this process
(Figure 8b,c) which has a lower capital cost compared to other process equipment [45].
In addition, the MFC process is considered as the highest energy-saving process avail-
able for use in LNG plants [45,46], and using it as a reference point, the performance of
pure component cascade process improves as stages are added for three different cases
T0 = 10.0 ◦C, T0 = 20.0 ◦C and T0 = 30.0 ◦C. Figure 9 shows that for the cascade liquefac-
tion process with pure component refrigerant, approximately 11 compressors stages are
required to be equivalent to the energy efficiency of conventional MFC process with three
mixed refrigerants [47], but this creates the problems of complex equipment and higher
fixed costs.
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Cascade liquefaction process with three cycles of mixed refrigerants has great potential
for large-scale LNG production, but also consumes a lot of energy. Whereas the cooling
cycle number can enhance the thermal efficiency of the process, it increases both the number
and cost of components. Therefore, to address this issue, an integrated-design process is
proposed to integrate MFC process with the recovery of natural gas condensate [48]. The
integration of the process does not need a reboiler and condenser, reducing the power
required for the refrigeration system. On this basis, the addition of a nitrogen rejection unit
eliminates the negative impact of nitrogen on the heating value of the fuel [44]. As shown
in Figure 10, MFC-NGL-NRU uses a de-ethanizer with multiple side streams, and its top
outlet is used as a low-temperature stream to pre-cool the system inlet feed. And the mixed
refrigerant cycle in it provides the required cooling energy for natural gas liquefaction
and nitrogen rejection units [49]. If the pre-cooling compression refrigeration cycle is
replaced by an absorption refrigeration cycle (ARC), it can provide the possibility for the
system to use the waste heat for cooling, which can further reduce the required energy
consumption [50–52]. Figure 11 shows the schematic diagram of NH3/H2O ARC [50].
Ammonia, as a refrigerant, is evaporated by the evaporator and then enters the absorber to
be absorbed by the liquid. The evaporated refrigerant is condensed in the condenser, and
the required cooling load is provided by cooling water or ambient air. The required heat
load to separate ammonia and water is provided by the waste heat.

2.2. Expansion Liquefaction Process

Expansion liquefaction process for natural gas is realized by reverse-Brayton cycle
refrigeration using an expander for adiabatic expansion. The gas does work in the ex-
pander, thus achieving the cooling purpose. The output work of the expander is available
for driving the compressor during the liquefaction process for energy-saving purposes.
Refrigerants, such as nitrogen or NG, can be used as the expansion working fluid, among
which nitrogen or methane is the most widely used as the main refrigerant for the ex-
pansion cycle. The expansion liquefaction process has a simple process, easy start-stop,
compact structure and other advantages. However, it has higher energy consumption and
is used more in small and medium-sized LNG plants. Since the 1980s, with the continuous
development of application backgrounds, such as FLNG and skid-mounted liquefaction
units, expansion liquefaction process has attracted much more attention. Many researchers
have carried out multi-dimensional studies and explorations of the basic process of the
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expansion liquefaction process, including the optimization, new process configurations,
new-type refrigerants, and so on.
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2.2.1. Single Nitrogen Expansion Liquefaction Process

Single nitrogen expansion liquefaction process is a basic expansion liquefaction pro-
cess, with only one refrigerant cycle for feed gas liquefaction, as shown in Figure 12. As
a refrigerant, nitrogen goes through compressor, cooler, and first-stage heat exchanger,
successively cooling to reach the required pressure and temperature before expansion.
Then, it is cooled down by doing work in the expander to provide cooling capacity for each
heat exchanger and complete the refrigerant cycle. NG is gradually cooled down using
the cooling capacity provided by nitrogen expansion, where the required LNG product is
obtained after throttling [53]. Based on the basic process configuration, the single nitrogen
expansion liquefaction process can also be used for methane liquefaction [54] and BOG
re-liquefaction [55,56], by adding feed gas treatment equipment before the main heat ex-
changer and adjusting the configuration of refrigerant circulation compressor and cooler,
as shown in Figures 13 and 14.
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The pressure ratio of refrigerant in single nitrogen expansion cycle is given according
to the temperature drop required before and after the expander. Since all refrigerants
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need to be expanded at the expander at once for a minimum temperature, the refrigerant
pressure ratio increases, resulting in a considerable rise in the irreversibility of the heat
exchanger and an increased compression energy requirement. This is the reason for a higher
than the desired setting of the heat transfer temperature difference and the heat transfer
drive. Such irreversibility is expressed in the form of clearance between the hot and cold
composite curves [57]. In single nitrogen expansion cycle, irreversible loss increases with
the decrease of the overall operating pressure, and a higher nitrogen flow rate will increase
the irreversibility and compression work of the process. To reduce power consumption, the
optimal design shall shift towards lower refrigerant flow rates and higher pressure ratios in
order to find the optimum nitrogen flow rate for the working differential pressure [53,57].

2.2.2. Dual Nitrogen Expansion Liquefaction Process

In order to solve the problem of largely irreversible loss caused by single nitrogen
expansion liquefaction process, dual expanders can be set to cool and condense NG under
small temperature difference [58]. Dual expanders are set in a series, achieving cryogenic
with low power consumption [59]. Dual expanders are set in parallel increasing refrigerant
cycles, so as to realize nitrogen expansion at different temperature or different pressure
levels [60]. Schematic diagram of dual nitrogen expansion process is shown in Figure 15. It
is clearly seen that the first cycle of nitrogen adopts the operation mode of small pressure
drop and large flow rate for NG pre-cooling and further cooling part of nitrogen, while
the second cycle adopts the operation mode of large pressure drop and small flow rate
for NG sub-cooling. Two expansion cycles ensure different pressure ratios through dif-
ferent configurations of compressors and coolers, meeting the cooling capacity demand
in different stages of the NG liquefaction process respectively, and obtain a heat transfer
temperature difference and heat transfer driving force closing to what is needed, effectively
reducing irreversible loss [57]. Similarly, the split fraction of the nitrogen gas (stream 11 and
stream 11’) expanded to low and high pressure is an essential design variable due to the
additional expander introduced. Nitrogen split ratio has an important impact on compres-
sion energy demand and energy consumption distribution, as shown in Figures 16 and 17,
and the most favorable nitrogen split ratio makes the process more energy-saving [57].
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The same conceptual design of parallel nitrogen expansion liquefaction process is
applied for small-scale LNG plant in skid-mount packages, as shown in Figure 18. After two-
stage compression and cooling, nitrogen is divided into two parts, which are respectively
matched with suitable compressors and water coolers, pressurized to the same pressure
at various flow rates before being mixed. After cooling by the first heat exchanger, the
mainstream nitrogen expands and cools down directly, and the secondary nitrogen expands
to a lower temperature after cooling by the second heat exchanger. This provides cooling
capacity for the second heat exchanger and then merges with the mainstream nitrogen
to provide cooling capacity for these two heat exchangers. The pressurized water-cooled
natural gas enters the first heat exchanger and is cooled to approximately −60 ◦C, and
liquefied petroleum gas (LPG) is separated in the separator. The gas is further cooled and
passed through a throttling process to obtain LNG. BOG returns to heat exchanger so as to
recover its cold energy. A set of compression system is adopted for nitrogen in the whole
process, and two parallel expansion cycles are set. The parallel nitrogen expansion cycle
can distribute cold energy to HEX-1 and HEX-2 by adjusting flow rate. The temperature
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difference from hot end to cold end in each heat exchanger is more uniform, and the
temperature gradient between hot and cold composite curves is small, which improves the
exergy efficiency [61].
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Entropy diagram of parallel nitrogen expansion liquefaction process; (c) Temperature-Entropy diagram of
natural gas [61]. Reproduced with permission from Elsevier (license number 5413370329012).
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The introduction of new expander makes the design of dual expansion cycle more
flexible and diverse. The position changes of separator and mixed gas is a configurational
change, and the introduction of new heat flux in heat exchanger is a function change.
Different combinations can produce a variety of structural design schemes, as shown in
Figure 19. By systematically screening various configuration schemes of dual expansion
process and assessing their technical and economic impact in an overall manner, the genetic
algorithm (GA) is used to optimize the process variables. The dual expansion process of
BOG re-liquefication for an LNG ship optimized by Hyunsoo Son et al. improved energy
efficiency by 23% against the single expansion process [55].
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2.2.3. Triple Nitrogen Expansion Liquefaction Process

Based on dual nitrogen expansion liquefaction process, triple nitrogen expansion
liquefaction process is constructed by introducing an intermediate expansion stage, thus
being divided into triple cycles of warm expansion, intermediate expansion, and cold
expansion in line with different temperature and pressures of each expansion stage where
the introduction of an intermediate expander helps to improve the overall liquefaction
efficiency. It is more thermally efficient and has a reduced power requirement compared to
the dual expansion cycle. In addition, under the same condition, triple nitrogen expansion
liquefaction process can increase productivity by 5%, while the total capital expenditure
only increases by 1.4% [62].

2.2.4. Expansion Liquefaction Process with Natural Gas and Nitrogen

In expansion liquefaction process, expander can not only be configured in the refriger-
ant cycle for refrigerant cooling, but also be directly configured in the NG path as required,
as shown in Figure 20. After passing through demethanizer, NG is directly cooled by
expander, and then liquefied and sub-cooled in LNG cryogenic heat exchanger, before
being depressurized and stored by cryogenic turbine. After four stages of compression and
cooling, nitrogen enters the regenerator for further cooling and expands in the nitrogen
expander to obtain sufficiently low-temperature energy for NG sub-cooling and self-cooling
recovery, thus realizing a complete self-cooling recovery cycle. This process can realize the
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offshore co-production of LNG, liquefied petroleum gas (LPG) and n-pentane. The nitrogen
cycle realizes self-regenerative expansion, where energy consumption is 80% lower than
that of the existing single nitrogen expansion process [63].
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2.2.5. Nitrogen Expansion Liquefaction Process with Pre-Cooling

Adding a pre-cooling cycle to the expansion cycle is an efficacious way of increasing the
energy efficiency of the nitrogen expander liquefaction process [64,65]. Nitrogen expander
liquefaction process with pre-cooling adopts two independent refrigerant cycles as shown
in Figure 21. Propane is used for pre-cooling after compression and cooling, and the
nitrogen expansion cycle is used for NG cooling and sub-cooling. The propane pre-cooling
cycle can pre-cool NG at a lower evaporation temperature and relatively low pressure,
thus reducing nitrogen liquefaction and sub-cooling load. This results in a reduced flow of
nitrogen in the main cooling cycle, thereby reducing the energy consumption of nitrogen
compressor and improving the liquefaction capacity throughout the process [66–68].

In addition to the widespread use of propane as a pre-cooling refrigerant, ammo-
nia [69], propylene [70] and many other refrigerants are also suitable for the pre-cooling
cycle of natural gas liquefaction. Single nitrogen expansion process with ammonia absorp-
tion pre-cooling (SNA) is shown in Figure 22. Ammonia absorption refrigeration is a vapor
refrigeration process, which uses a pump instead of conventional compressor, thus greatly
reducing the compression work [71,72]. The power required for this cycle is provided by
low-pressure vapor generated from the exhaust waste heat of the turbine with a coefficient
of performance (ratio of required cooling load to waste heat) of 0.485. If the waste heat
required to absorb the pre-cooling cycle is less than the power required by the turbine
compressor, the process requires no additional heat input and is self-sufficient [50,73]. Al-
though the ammonia absorption pre-cooling cycle requires extra exergy supply, the exergy
efficiency of the pre-cooling process is still higher than that of the non-pre-cooling process,
which not only reduces energy consumption by 26–35%, but also reduces production cost
by 13–17%. This is a promising improvement direction for energy saving and consumption
reduction of the small-scale expansion liquefaction process [69].
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Figure 22. Single nitrogen expansion process with ammonia absorption pre-cooling [69]. Reproduced
with permission from Energy.

Generally, the pre-cooling temperature of a single refrigerant is limited. For increased
pre-cooling depth, mixed refrigerants can be used for the pre-cooling cycle, as shown
in Figure 23. The mixed refrigerant is composed of multi-component hydrocarbons and
uses liquid-vapor phase change to provide sufficient pre-cooling capacity. The process can
achieve complete pre-cooling or even complete LNG as needed (liquefaction temperature of
approx. −85 ◦C if not depressurized). The significant increase in pre-cooling depth greatly
reduces the amount of nitrogen circulation, reduces the energy consumption of nitrogen
expansion, improves the liquefaction performance of the whole process, and facilitates the
equipment selection [74].
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The above pre-cooled refrigerants are flammable or toxic, and their application oc-
casions are limited by safety. More stable refrigerants, such as R410a [75] and CO2 [76],
have great safety advantages when used on special occasions such as offshore. R410A is
non-toxic, non-flammable and non-explosive, and has a lower dew point than propane,
thus providing more cooling capacity for the expansion cycle in the higher temperature
range [75]. Under the same liquefaction conditions, the R410a pre-cooling nitrogen ex-
pansion liquefaction process shows better performance in terms of energy consumption
per unit and thermodynamic efficiency. In addition, the nitrogen expansion liquefaction
process with propane pre-cooling also has lower energy consumption per unit compared to
processes without pre-cooling cycles [17].

Compared with other refrigerants such as hydrocarbons, CO2 not only has outstand-
ing safety performance due to its non-toxic and non-flammable characteristics, but is also
more environmentally friendly, convenient to obtain, and low in price, which is conducive
to reducing project costs. The CO2 pre-cooling nitrogen expansion liquefaction process con-
sumes far less energy per unit than the N2-CH4 expansion liquefaction process, which has a
comparable critical equipment structure and does not require refrigerant preparation. This
greatly simplifies the process operation (the processing unit is compact) and the operation
becomes safe [77]. On the basis of single nitrogen expansion liquefaction process with CO2
pre-cooling, a CO2 expander is used to replace Joule-Thomson (JT) valve in the general
pre-cooling cycle, leading to an optimized process combining CO2 pre-cooling expansion
and single nitrogen expansion. Under similar conditions of feed gas temperature and initial
pressure, the cooling and heating load curves in heat exchanger of the optimized process
are closer to each other, and the power demand is reduced compared to single nitrogen
expander liquefaction process with CO2 pre-cooling [78]. In addition, two refrigerants in
nitrogen expander liquefaction process with CO2 pre-cooling are less affected by sloshing,
as the refrigeration system does not have hydrocarbon gas storage. The process is not
sensitive to the composition, temperature, pressure, and other conditions of feed gas and
has high adaptability to the environment and gas source [79–81].

2.2.6. Expansion Liquefaction Process with Other Refrigerants

Nitrogen, the main refrigerant in expansion and liquefaction process, has a lower boil-
ing point and is more likely to meet the requirements of cryogenic heat transfer. However,
due to the low temperature of nitrogen after expansion, it is easy to cause more irreversible
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loss in the pre-cooling and cooling heat exchanges. At the same time, the increased nitrogen
flow will also increase the compressor power consumption. Using a refrigerant with a
higher boiling point and higher specific heat to participate in LNG process enables the heat
transfer temperature difference to be effectively decreased and the energy consumption of
the liquefaction process to be reduced.

The basic structure of dual expansion liquefaction process with methane and nitrogen
refrigerants is similar to that of dual nitrogen expansion liquefaction process. However,
in thermal expansion zone, methane has a better heat exchange capacity than nitrogen,
which can meet the needs of NG pre-cooling and cooling process with a lower flow rate,
and effectively improve the cycle efficiency [82,83]. On this basis, the liquefaction efficiency
can be increased by 8–13% by adding a methane expansion cycle [84]. The output of NG
also increases proportionally with the improvement of the cycle efficiency [82,84].

At standard conditions, the specific heat (Cp) at a constant pressure of methane is about
twice that of nitrogen (2.236 kJ/kg ◦C for methane and 1.041 kJ/kg ◦C for nitrogen). Mixing
methane with nitrogen will directly change the properties of new refrigerant. Methane with
a higher boiling point is beneficial for meeting the demand of liquefaction rate with lower
energy consumption, while giving play to the higher specific refrigeration effect of methane
and the advantage that nitrogen is easy to cool down due to its lower expansion rate [85].
Figure 24 shows the variation of Cp and Cp/Cv under different methane mole fractions in
N2-CH4 mixed refrigerant. With the increase of methane concentration, the Cp of mixed
refrigerant increases and the specific heat ratio (k = Cp/Cv) decreases. The use of optimized
refrigerant ratios over a certain pressure and temperature scale helps to decrease energy
consumption during the expansion liquefaction process [86–88]. Cao et al. [89] analyzed
two typically liquefaction processes in a small LNG plant and found that the N2-CH4
expander cycle took precedence over the mixed refrigerant liquefaction cycle in the absence
of propane pre-cooling. Moein et al. [87] investigated the effect of methane addition on
the nitrogen expander cycle and showed that when the concentration of methane in the
mixed refrigerant was 26 ± 1%, the network required by the liquefaction process is the
minimum, as there is an 8% reduction as compared to the liquefaction process with pure
nitrogen. Ding et al. [90] studied the changing trend of specific power consumption under
different proportions of refrigerants N2 and CH4. It was shown that with the increase of
N2 content, the specific power consumption first decreased and then increased, where the
higher the liquefaction rate, the larger the proportion of N2 in the optimal refrigerant ratio.
After the composition optimization of expander liquefaction process with propane pre-
cooling, compared with conventional nitrogen expander liquefaction process, 22.7% power
consumption could be saved. Moreover, it saves 4.06% power consumption compared
to nitrogen expander process with propane pre-cooling. He et al. [91] designed N2-CH4
expander liquefaction process with propane pre-cooling that also took ethane recovery
into account by adding ethane separation and distillation module, as shown in Figure 25,
and compared it with a similar dual nitrogen expander liquefaction process and dual
nitrogen expander liquefaction process with propane pre-cooling. The results indicated
this process had the highest (fire use) efficiency, the least specific energy consumption, the
best suitability for the ethane content of the feed gas, and an ethane recovery rate higher
than 99.5%.
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Using C3H8-N2 mixed refrigerant instead of nitrogen in expansion liquefaction process
can also produce energy-saving effects. Compared with methane, propane has a higher
boiling point and is more suitable for the heat exchange demand in the high-temperature
section. It can play an important role in overcoming the entropy increase in main cryogenic
heat exchanger and reducing the temperature gradient in the main heat exchanger. Since
the critical temperature and pressure of propane are higher than that of nitrogen, the mixed
refrigerant presents gas-liquid two phase during the whole liquefaction process. In order
to deal with two-phase C3N mixed refrigerant, a two-phase expander needs to be used
to replace conventional Joule Thomson (JT) valve, as shown in Figure 26. The process
delivers 46.4% energy savings compared to the conventional single nitrogen expansion
liquefaction process at a mixed refrigerant mass flow rate of 27.7% [92]. On this basis,
Qyyum et al. [93] designed the C3N two-phase dual expansion liquefaction process by
referring to the characteristics of dual nitrogen expansion liquefaction process, as shown in
Figure 27. Considering the relationship between inlet pressure of NG and the performance
parameters of LNG process, it was optional to choose whether or not to set the inlet booster.
The results showed that compared with conventional dual nitrogen expansion liquefaction
process, the C3N two-phase dual expansion liquefaction process without an inlet booster
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and with an inlet booster can save 29.8% and 39.4% energy, respectively. Meanwhile, the
cost analysis showed that the C3N two-phase dual expansion liquefaction process could
save 36.6% of the operating costs and 16.5% of the total annual costs.
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In expansion liquefaction processes with other refrigerants, nitrogen is partially or
completely replaced by adopting higher boiling point refrigerants to obtain a better lique-
faction performance. On the one hand, it reduces the energy consumption gap between
expansion liquefaction process and mixed refrigerants liquefaction process. On the other
hand, it maintains the advantages of expansion liquefaction process, such as a relatively
simple structure, short start-up time and easy control, and improves the advantages of
expansion liquefaction process [94].

2.3. Mixed Refrigerant Liquefaction Process

Mixed refrigerant liquefaction process is one of the more frequently used liquefaction
processes for NG. This type of process adopts a multi-component mixed refrigerant (MR) to
replace multiple pure component refrigerants. It has the advantages of less unit equipment,
simple process and low corresponding investment, which has used extensively in onshore
small-scale liquefied natural gas plants, medium-scale liquefied natural gas plants, peak-
shaving type liquefied natural gas plants and large-scale liquefied natural gas plants.
During the operation of mixed refrigerant liquefaction process, apart from the design
structure of the process itself, key parameters such as the properties of feed gas, the
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parameters of mixed refrigerant cycle and the compositions of mixed refrigerant also have
an influential effect on the process performance. Consequently, many scholars devote
themselves to the design and optimization of new mixed refrigerant liquefaction processes
in order to improve process performance while reducing energy consumption. According
to the mixed refrigerant classification, the mixed refrigerant cycle can be divided into single
mixed refrigerant liquefaction process (SMR), dual mixed refrigerant liquefaction process
(DMR) and mixed refrigerant liquefaction process with propane pre-cooling (C3MR). In the
following, we would like to present the progress of research concerning mixed refrigerant
liquefaction processes based on these three processes.

2.3.1. Single Mixed Refrigerant Liquefaction Process (SMR)

Single mixed refrigerant process was used early in three production lines of Skikda,
an Algerian liquefaction unit, and was first operational in 1981. Now, the process has
been used in more than 20 LNG plants around the world [95]. A representative SMR
process can be seen in Figure 28 [96]. In the SMR process, LNG is obtained using mixed
refrigerant at the temperature of approximately −160 ◦C. MR is compressed and cooled
by compressors and air coolers, and then enters the heat exchanger to cool down. After
that, MR is throttled to cool down by Joule-Thomson valve, and then the vaporization heat
of NG is used to evaporate in the heat exchanger to complete the cycle. The single mixed
refrigerant liquefaction process has various specific forms, among which the most applied
is single-cycle single-pressure mixed refrigerant refrigeration technology (Poly Refrigerant
Integrated Cycle Operation referred to as PRICO) developed by Black & Veatch, USA. A
flow sheet of the process is shown in Figure 29 [97]. The mixed refrigerant used in the
refrigeration cycle consists of nitrogen, methane, ethane, propane, and iso-pentane, with
cooling and liquefaction taking place in a cold box [98].
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SMR process can effectively reduce the initial investment due to its advantages of
compact structure, lightweight and less process equipment. The annual output of LNG
is generally within 2 MTPA [99,100], which is applicable to small-scale LNG plant. Since
it is modular in nature, easily expandable and conducive to equipment skid-mounting,
making SMR highly favored for offshore applications, with over 30% lower power con-
sumption than expansion cycles [101]. Based on the PRICO process, Beijing Black & Veatch
company [102] has applied a modular design to the equipment layout of FLNG unit and im-
proved some key equipment for the offshore operating environment to develop the world’s
first FLNG unit based on this process, i.e., Exmar FLNG. However, since SMR process must
handle all liquefaction tasks in one loop, considering the structure and process, it may bring
some other problems to FLNG [103]. Although some scholars believe that SMR is a process
suitable for FLNG with low risk, they have not performed a specific evaluation [104,105],
or only studied the risk of single process for production [106]. However, as the production
rates increase, small-capacity SMR sometimes can no longer meet the requirements of the
production process. In order to increase output, multiple sets of process structures with
parallel arrangements of small-capacity modules are used [107]. The rise in the number of
units will add to the potential risk of leakage, which is not obvious in the conceptual design
or basic design stage but will become a potential factor of design change after quantitative
risk evaluation. You et al. [108] used the explosion risk analysis method. Through quantita-
tive analysis, it was found that the frequency of accidents increased as the number of SMR
units increased. Offshore SMR is more suitable for a single set of production situations
and additional safety strategies should be considered when SMR is used for large-capacity
FLNG production facilities.

Because the equipment required in the SMR process is simple, the control links in
the process are also the lowest. Therefore, changes in the composition, pressure, and flow
rate of feed gas will cause changes in the cooling capacity of the system. If the parameters
of refrigeration system remain unchanged and there is a mismatch between refrigeration
capacity and actual demand, it is uneconomical to operate the system when the refrigeration
capacity is excessive, and when the refrigeration capacity is insufficient, the sub-cooling
of LNG decreases and vapor is generated after throttling. Although some studies have
shown that SMR is fully capable of adapting to changes in external conditions through
self-regulation [109], some other investigations have tried to add control strategies into the
process. Taking the PRICO process as an example, Jensen and Skogestad [110] found that
unrestrained degrees of freedom allowed for self-optimization control through (non) linear
analysis of operation modes, self-optimization control, and controlled variables, etc. to
minimize the losses of natural gas liquefaction when disturbed, and proposed a control
structure (as shown in Figure 30).
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Compared with onshore, the dynamic environment in which offshore liquefaction
units are located makes it difficult to ensure the economic efficiency of SMR process. Husnil
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and Yeo et al. [111] based on the work of Lee et al. [112] developed a new liquefaction
technology, namely the MSMR process, as shown in Figure 31. While retaining the simple
and compact characteristics of SMR unit, the mixed refrigerant is divided into heavy
hydrocarbon and light hydrocarbon, which are compressed and remixed respectively in the
cycle. LNG production will also be combined with NGL recovery. As shown in Figure 32,
by controlling the flow ratio (HK/LK) of mixed heavy and light working fluids to control
the cycle, the economic benefits of MSMR process are maintained offshore. This enables
the process to maintain the optimality of MSMR process even under off-design operating
conditions or in the presence of interference, i.e., the stability of the process parameters is
maintained within a certain range.
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Most studies optimize mixed refrigerant liquefaction process under the condition of
fixed feed gas. However, in addition to the problems caused by environmental disturbances,
various uncertainties existing in actual natural gas wells should be also considered, such as
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the reduction of feed gas due to gas wells’ failure. In response to the uncertainty brought
by feed gas, Lee and An et al. [113] proposed an optimization frame diagram, as shown in
Figure 33, combing different production rates of LNG. The optimization results showed the
proposed design method to be more beneficial in terms of cost when the desired discrepancy
of minimum and maximum productivity is high and low productivity persists for a longer
period of time.
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Figure 33. An optimization framework for the proposed design approach [113]. Reproduced with
permission from Elsevier (license number 5413461241209).

Liquefying 1 kg of NG requires about 1188 kJ of energy, so LNG plants are a major
energy consumer [114]. As a result, many academics have continued proposing process
enhancements for enhancing the energy efficiency of LNG plants. Compared to DMR and
C3MR, SMR has the greatest power consumption and the least heat transfer efficiency
for the same conditions of gas source, liquefaction capacity, storage form, compressor
efficiency and heat loss of cold box. In the SMR process, the main energy-demand part is
the shaft work of compressor, mainly depending on the temperature difference between
cold and hot fluids in the heat exchanger [15], i.e., reducing the heat transfer temperature
difference in the low-temperature section is the essential part of the process optimization.
A slight improvement in the efficiency of liquefaction line, which typically accounts for
about half of the operating costs of an LNG plant [115], would improve the worldwide
competitiveness of the process and bring significant cost and energy benefits. Therefore,
more studies should focus on how to improve the heat transfer efficiency and optimize
SMR process with compressor power consumption as the objective function.

Exergetic analysis of SMR process divided exergy destruction between endogenous/exogenous
and avoidable/unavoidable. Exergy loss in compressor and multi-stream heat exchanger is
higher than the rest of the parts. And compressor has the greatest potential for improve-
ment [116,117]. The conventional SMR process is generally single-stage compression and
single-stage throttling process, which can easily cause compressor to be far away from
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isothermal compression conditions and the compression heat generation is not utilized, so
as to increase exergy loss. The use of multi-stage compression and multi-stage cooling can
effectively reduce the outlet temperature of compressor and the heat transfer temperature
difference of after-cooler [118–120]. Therefore, numerous scholars have transformed the
process into three-stage compression and three-stage throttling process, which improves
the adiabatic efficiency of compression process, makes the refrigerant distribution more
reasonable, and realizes the coordinated control of various parameters at three-stage inlet
of refrigerant compressor [121,122]. However, Tak et al. [123] found that adding pumps
can reduce specific power consumption more effectively than adding compressors.

In addition to adding compressors in the mixed refrigerant cycle, pressurizing the
inlet of feed gas is also an effective optimization method to avoid the problem of low heat
transfer efficiency in subsequent heat exchangers [124]. In addition, the Joule-Thompson
(JT) expansion valve, which is often used in the process, is also a cause of energy consump-
tion. The expansion process of the JT valve essentially consists of an isoenthalpy process,
so it has the inherent limitation of low expansion efficiency. Instead, a more common opti-
mization approach is to replace the JT valve with a hydraulic turbine, which ensures that
the process demonstrates better performance with respect to required energy and exergetic
efficiency [125]. Moreover, HTs have the potential for integrated energy recovery, which
can greatly improve the refrigeration effect and achieve the maximum benefits of optimiza-
tion [126]. Qyyum et al. [127] comprehensively considered these optimization methods
and introduced a separate mixed refrigerant self-recuperator on this basis (as shown in
Figure 34), which further reduced the entropy generation and cost of the whole process.
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The newly developed single mixed refrigerant liquefaction process (KSMR) in South Ko-
rea [128] is similar in principle to the MSMR process developed by Husnil and Yeo et al. [111],
both of which are new variations upon the SMR process (as shown in Figure 35). The heavy
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hydrocarbon (HK) and light hydrocarbon (LK) in single mixed refrigerant are separately
cooled in LNG heat exchangers. The HK pre-cools feed gas and heats HK refrigerant,
while LK pre-cools warm LK and liquefies feed gas. After that, these two refrigerants
are respectively compressed and then mixed together. Finally, they are compressed to a
mid-pressured state when heavy components are separated in advance. LK and HK have
the same vent pressures, but different expansion pressures. The separation and expansion
of refrigerant at different pressures result in considerable savings in compression energy,
which can be reduced additionally by optimizing the inlet pressure.
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2.3.2. Mixed Refrigerant Liquefaction with Propane Pre-Cooling Process (C3MR)

According to the basic principle of refrigeration, the refrigeration cycle with pre-
cooling is more efficient than that without pre-cooling. When the flow rate of feed gas
increases, the single cycle with mixed refrigerant needs to provide more cooling capacity,
that is, the flow rate of mixed refrigerant will increase significantly, making it difficult
to match an appropriate compressor, which requires an additional pre-cooling cycle to
share the cooling load. Therefore, the mixed refrigerant liquefaction process with propane
pre-cooling emerges.

The mixed refrigerant liquefaction process with propane pre-cooling, referred to
as C3MR process, is a mixed refrigerant liquefaction process consisting of two separate
refrigerant cycles developed by Air Products & Chemicals, Inc. (APCI) [129]. Since the
1970s, this process has been extensively applied to base-load LNG units. C3MR process
consists of a propane pre-cooling cycle and a mixed refrigerant cycle, in which the propane
cycle meets the cooling demand of pre-cooler, cold box, and fractional unit, while the mixed
refrigerant cycle meets the cooling demand of cryogenic tower. C3MR is among the most
mature pre-cooled mixed refrigerant liquefaction processes. Moreover, in the currently
built C3MR process unit, APCI occupies an absolutely dominant position. Figure 36 shows
its typical process flow-sheet [130]. In this process, feed gas is sent to a gas desulfurizer to
remove some of the impurities. Subsequently, feed gas is cooled to about −30 ◦C through
pre-cooler and cold box. Condensate from this process is sent to a fractional unit for
fractionation. The remaining gas is fed into cryogenic tower to be liquefied and cooled to
below −160 ◦C, and finally, the LNG pressure is reduced to atmospheric pressure using an
expansion valve. The components of mixed refrigerant used in this process vary depending
on other conditions, but usually include nitrogen, methane, ethane, and propane.
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The mixed refrigerant liquefaction process with propane pre-cooling incorporates the
advantages of both the cascade liquefaction process and mixed refrigerant liquefaction
process and is the most commonly used in all mixed refrigerant liquefaction processes
now. Because the MR heat flow curve of mixed refrigerant liquefaction process with
propane pre-cooling matches the condensation curve of feed gas, the refrigeration efficiency
of the process is higher. C3MR process is highly adaptable, but the process flow-sheet is
complex with many pieces of equipment and difficult for operation and control. Researchers
have shown that, in the C3MR process, when the propane pre-cooling cycle adopts level
control or serial control, the mixed refrigerant cycle adopts level control, and NG cycle
adopts serial control, the system will have better stability and faster response speed [131].
Propane compressor adopts variable frequency speed regulation control method, which
has better economic benefits [132]. Due to the high investment in high-power frequency
converter, mixed refrigerant compressor usually does not adopt the control method of speed
regulation by variable frequency [133–136]. At this stage, with the continuous development
of C3MR operational control, the proportion integration differentiation (PID) controller is
now commonly used for controlling the energy efficiency of C3MR process [137].

With increasing interest in the development of offshore natural gas liquefaction
projects such as FLNG, it is likely that further optimization of C3MR process will be
required [138,139]. If conventional liquefaction processes are used for offshore transporta-
tion vehicles such as FLNG, the process constraints are typically more stringent than those
for onshore applications. It requires not only higher energy efficiency and a more compact
structure and safety [111,112], but also robustness to process interference, which should be
more strongly guaranteed in particular compared to onshore applications [111]. Various
conditions due to marine meteorological conditions may make conventional controllers no
longer applicable and lead to frequent deviations from the steady-state operation of FLNG.
Shin et al. found that dynamic matrix control (DMC) is a multivariable controller that
achieves more effective interference suppression and satisfies constraints. When operating
within a safety margin of compressor surge line, it can improve the process efficiency [140]
and solve this problem better.

Although the basic power consumption of C3MR process has been reduced consid-
erably compared to the SMR process, according to literature reports, the specific power
consumption of typical cascade liquefaction process is 0.33 kwh/kg (LNG), while C3MR
process is 1.15 times higher [136], indicating that the energy consumption is still large.
This requires optimizing C3MR process to save energy and reduce the operating cost of
liquefaction plants [141]. Many methods can be used to enhance the energy efficiency of
LNG plants, such as improving the efficiency of liquefaction cycle [142], improving the
efficiency of compressors and drivers [143] and utilizing waste heat [144]. In terms of waste
heat utilization, the sub-cooled propane after using the propane cycle condenser is the
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preferred solution to enhance the performance of propane cycle [144]. For the drive cycle
configuration, three-stage turbine combined cycle is recommended, which can improve the
energy efficiency of the cycle by 38% [143]. In addition, the use of an end-flash system can
also improve a certain amount of exergy efficiency [142]. In terms of improving circulation
efficiency, structural measures are common to improve circulation components such as
expansion valves and heat exchangers. Reducing expansion loss is an important option
for optimizing C3MR process. This can be achieved through the replacement of the J-T
expansion valve with a gas expander, a two-phase expander, or a hydraulic turbine [130].

Although the refrigeration efficiency of C3MR process is generally higher, its perfor-
mance decreases obviously in extremely cold regions. On the other hand, in order to break
the bottleneck of single-line capacity (such as the working limit of compressors) and reduce
the unit liquefaction cost, APCI developed AP-X™ process suitable for large-scale LNG
based on original C3MR process, as shown in Figure 37 [145]. AP-X™ process consists of
three refrigeration cycles: a propane pre-cooling cycle, a mixed refrigerant liquefaction
cycle, and a nitrogen sub-cooling cycle. As the nitrogen expansion refrigeration cycle
shares some of the cooling capacity for C3MR, propane and mixed refrigerant flows are
reduced by 80% and 60% respectively. Besides increasing efficiency, using the nitrogen
expansion cycle can also significantly increase production, allowing more NG to be lique-
fied if flow rates of propane and mixed refrigerant are maintained, achieving a single-line
capacity breakthrough from 5MTPA to 8MTPA. Split MR process is another improvement
on C3MR process, where the high-pressure stage of mixed refrigerant compressor is placed
coaxially with pre-cooling compressor, enabling both turbines to have roughly the same
load, thus maximizing the capacity of LNG liquefaction unit. Both Split MR and AP-X
processes have improved liquefaction efficiency to varying degrees, reaching 41.8% and
42.2% respectively [146].
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2.3.3. Dual Mixed Refrigerant Liquefaction Process (DMR)

In natural gas liquefaction industry, although C3MR process has been widely used,
the propane pre-cooled cycle can only be cooled to around −35 ◦C, which is determined by
its own physical properties. In the case of very low ambient temperature, it cannot share
more load for the mixed refrigerant cycle and lacks adaptability to the environment. In
order to overcome this shortcoming, the propane pre-cooled cycle can be changed into the
mixed refrigerant precooled cycle, thus giving birth to a dual mixed refrigerant liquefaction
process that improves the adaptability of liquefaction process to the environment [147].

Dual mixed refrigerant liquefaction process, or DMR process for short, saw its first
design back in 1978 [148]. Since then, the well-known Shell, APCI and Axens IP alliance
have obtained the majority of licenses for the DMR process [149]. Today, the process is
one of the most popular LNG liquefaction technologies. Similar to C3MR, DMR also
includes two closed refrigerant cycles. The major departure from these two cycles is that
the previous one uses single component refrigerant (propane) as the cooling source for
the pre-cooling stage, while the latter uses a mixture of refrigerants (mainly consisting
of ethane and propane) for the system cooling [150]. A typical DMR process is shown in
Figure 38: two cycles are WMR (warm MR) and CMR (cold MR), where WMR is used to
pre-cool NG and partially or fully condense CMR, whereas CMR is used to liquefy and
sub-cool NG [150,151]. Studies have shown that the pre-cooling process efficiency of the
mixed refrigerant liquefaction process with ethane and propane pre-cooling is 20% higher
than that of one with propane pre-cooling, and the investment and operating costs are
relatively low.
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Although C3MR process dominates the overall liquefaction process, C3MR process
needs large quantities of propane, which may add storage space and cause safety issues, so it
is rarely used in offshore liquefaction units. The DMR process is extensively applied in large-
scale FLNG plants because of its large capacity, simple process, low energy consumption,
high liquefaction rate, and offshore adaptability. Moreover, compared to SMR process, the
DMR process has higher liquefaction efficiency, making it more suitable as a preferred
choice for offshore liquefaction units with long operating cycles [152]. A modified version
of DMR process for FLNG applications is proposed taking into account the simplicity,
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safety, and efficiency of the process, as shown in Figure 39 [153]. However, due to the
significant difference in the composition of two mixed refrigerants in two DMR loops.
The evaporation and condensation pressure levels in WMR and CMR loops are different,
with CMR as the main variable affecting the sensitivity of the process. Therefore, the
DMR process is considered to be more complex and sensitive than other mixed refrigerant
processes [154].
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However, in practical applications, it is a challenging task to keep DMR process run-
ning in optimum condition. An idea similar to the control strategy for SMR process is to use
refrigerant flow ratio to study the stability of DMR process [155]. Wang et al. [156] analyzed
the dynamic performance of key parameters by establishing a dynamic model of DMR
process under specific conditions and found that adjusting key parameters allowed DMR
process to reach a steady state after certain fluctuations, achieving anti-disturbance and
start-stop operation of DMR process. In addition to the uncertainty caused by parameter
variations in the DMR process, the environment in which the offshore liquefaction process
is located, such as the swaying of seawater, should be also considered, greatly reducing the
adaptability of conventional mixed refrigerant processes. In general, the use of seawater
coolers and coil-wound heat exchangers (CWHE) will improve the adaptability of the
process to complex sea conditions and overcome this drawback [157].

One of reasons for DMR process with high efficiency is that it maximizes the utilization
of driving machine power and keeps compressor operating at a high-efficiency point
over a wide temperature range. In addition, the heat transfer temperature difference
between NG and mixed refrigerant is relatively uniform during liquefaction process, and
the effective energy loss is correspondingly low. However, in early DMR process designs,
thermodynamic irreversibility caused by the mixing of non-equilibrium flows made the
process inefficient. High-temperature mixed refrigerant is boiled at various pressure levels
and undergoes inter-stage compression. With this boiling, a number of Hex zones are
required, resulting in many vessels, valves and associated piping, which can be solved
by using efficient flow paths. In addition, the process design of the DMR is reinforced
through the use of low-level refrigerant for sub-cooling and high-level refrigerant for NG
pre-cooling, and low-level refrigerant cooling [158–160].
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Air Products has also developed several variants of DMR process, as shown in
Figures 40–42 [161]. In Figure 40, compression is carried out in two stages, with par-
tial condensation in intercooler and pumping liquid in the second stage. The process is
highly efficient, and WMR does not contain large amounts of propane, instead maintaining
efficiency through butane. Figure 41 shows another single-pressure configuration, which
has no liquid pump. Moreover, the interstage liquid is delivered directly through a pre-
cooled CWHE in a separate pipe loop, with reduced efficiency compared to the process in
Figure 40. Figure 42 shows the dual-pressure pre-cooling process, the efficiency of which is
greatly affected by propane. In addition, if there is no butane in WMR, the process may
be more efficient than the single-pressure process. In recent years, the most recent designs
for the DMR process have used mixed flows, with a greater focus on process safety and
efficiency. In terms of safety, DMR process is safer than both SMR and C3MR processes
under high productivity conditions [108]. As one of the most energy-saving liquefaction
processes, DMR process also has a high heat transfer efficiency. What is more worthy of
study is the low economics caused by its complicated process. Studies have shown that in
the optimization of profit maximization, there is a trade-off relationship between energy
demand and BOG production. When the liquefaction rate of DMR process is reduced to
71.4%, it can not only save equipment costs but also reduce the demand for compression
capacity [162]. In addition, few heat exchangers, three-stage throttling in pre-cooling and
the straightforward use of the cooled capacity usable by the BOG are the main directions of
DMR process design in recent years, and the concept of the extension degree of the DMR
process boundary has been proposed [150].
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2.3.4. Integrated Process for Co-Production of LNG and NGL Recovery

Generally speaking, when NG is extracted, gas and liquid will appear at the same
time. The gas is NG, and the liquid is condensate oil. Condensate oil, main components
being mainly light hydrocarbons, is also called natural gas liquids (NGL). NGL has a high
value in the petrochemical industry, and the recovery of NGL can not only control the dew
point of hydrocarbons in NG to reach the quality index of commercial NG, but also use
recovered light hydrocarbon as fuel and chemical raw materials, bringing greater economic
and social benefits. The conventional NGL recovery process is to separate it as a preposition
to the liquefaction process and a postposition to the purification process, with the required
cooling capacity provided by different refrigeration cycles and independent heat exchang-
ers [163]. Such a separate design will result in the inability to share resources, leading
to fragmentation and repetition of production processes, resulting in large loss of target
products, high energy consumption and other disadvantages, especially in large-scale LNG
units [164]. Improving integration degrees are a radical way of improving the efficiency of
LNG units, and reducing the operating costs and capital costs [165]. Studies have shown
that the integration of LNG process with NGL recovery can often result in higher overall
facility efficiency than a single independent facility [166], and because both processes
integrated are cryogenic processes, the refrigeration system can be shared between the two.
This eliminates the need for much process equipment and significantly reduces capital and
operating costs [152,166,167]. Through integration, recovery rates and process performance
can be improved, and the amount of energy required can also be reduced [168,169]. Since
the heat integration process shows a lower total energy consumption [170], high product
purity can be obtained by using the integrated tower system. Furthermore, the integration
not only improves efficiency but also makes liquefaction unit more compact, which is more
suitable for FLNG applications, paving the way for successful offshore NG exploitation.

ConocoPhillips, APCI, and Ortloff have designed and integrated LNG and NGL units.
The ConocoPhillips integrated process can increase LNG production by approximately
7% at the same energy consumption [171]. Fluor Technologies has saved approximately
10% in energy consumption by integrating LNG and NGL processes [169]. Although
experience with the integration of this technology is currently immature, the advantages
of coupling NGL and LNG processes are gaining increasing attention, and many scholars
continue to optimize simulation and analysis on it. Among these integration processes,
DMR and C3MR processes are widely used for the integration of NGL recovery [48],
as shown in Figure 43. Most of current integration schemes will be equipped with a
demethanizer column, eliminate the reboiler [48], or use a dividing wall column (DWC)



Energies 2022, 15, 7895 35 of 56

to achieve the integration of depropane and debutane, which is more suitable for limited
offshore spaces [112,128]. Studies have shown that the use of an absorption refrigeration
system instead of a conventional compression refrigeration system can further reduce the
power consumption and cost of the process based on the basic integration scheme, and the
introduction of this system also offers the possibility of waste heat utilization [172].
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Figure 43. Process flow diagram for co-production of LNG and NGL: (a) Process flow diagram of
the DMR configuration; (b) Process flow diagram of the C3-MR process [48]. Reprinted (adapted)
with permission from {Mehrpooya, M.; Hossieni, M.; Vatani, A. Novel LNG-Based Integrated Process
Configuration Alternatives for Coproduction of LNG and NGL. Ind. Eng. Chem. Res. 2014, 53,
17705–17721. https://doi.org/10.1021/ie502370p.}. Copyright {2014} American Chemical Society.

Compared with DMR process and C3MR process, the integration scheme of SMR
process is poorly studied. Despite the SMR-NGL process suggested by Lee et al. [112] for
FLNG units, there is still much room for enhancement in terms of ethane recovery and

https://doi.org/10.1021/ie502370p
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process simplicity, given the greater demands placed on offshore LNG units in terms of
process safety, compactness, flexibility, and operational simplicity [166]. In recent years,
ethane recovery has received increasing attention with the exploitation of NG with high
ethane content, such as shale gas [173]. In this context, two new integrated SMR processes
were proposed by He et al. [174], as shown in Figure 44. Both processes use cryogenic
distillation to separate high-purity ethane while producing LNG. However, Process 1 has
the disadvantage of a large heat transfer temperature difference in the low-temperature
section. Therefore, the researchers improved process 1 by adding compressors behind the
distillation column to obtain process 2. However, Process 1 equipment is relatively simple
and more convenient to debug, so it is more suitable for offshore applications. However,
considering the potential safety hazards of propane, the researchers further optimized
process 1 and studied the process without propane in the mixed working fluid to fulfill
the security requirements of FLNG and simplify the process, as shown in Figure 45, while
process 2 is more appropriate for larger-scale units.
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2.3.5. Research Progress in Mixed Refrigerants

Compared with other processes that use pure refrigerants, the mixed refrigerant liq-
uefaction process has higher energy efficiency, compact design, and energy-saving heat
transfer. One of main reasons is that hot and cold composite temperature curves of the
process are closely matched. This feature is highly dependent on the optimal ratio of refrig-
erants. Figure 46 shows the different temperature composite curves of pure refrigerants
(left) and mixed refrigerants (right) [175]. In natural gas liquefaction processes, the higher
the matching degree between mixed refrigerant evaporation curve and NG cooling curve,
the less the generated entropy, thereby improving thermodynamic efficiency and reducing
power consumption [176]. Therefore, the optimization of mixed refrigerants has always
been the focus of many scholars’ research. Mixed refrigerants are usually composed of
nitrogen and hydrocarbons. In theory, the more components in mixed refrigerants, the
more homogeneous will be the temperature difference between cold and hot flows inside
the heat exchanger. Nevertheless, too many types of mixed refrigerant composition will
inevitably cause the storage and distribution system of mixed refrigerant to be too com-
plex. Regarding the problem of refrigerant composition, it is widely accepted by many
researchers that different monomer refrigerants have different refrigeration temperature
ranges [96,177]. In addition, the Cp-T property of feed gas is a critical element in determin-
ing the power consumption of the entire process. Mixed refrigerant components should
be reasonably configured according to the Cp-T property of feed gas to meet the cooling
capacity requirements of liquefied feed gas for different temperature ranges [178].

For the optimization of mixed refrigerants, most scholars have taken the mixed refriger-
ant liquefaction process with propane pre-cooling as the object of study, and more than 80%
of base-load type natural gas liquefaction units in the world have adopted C3MR liquefac-
tion process [179]. A small number of scholars have improved SMR process by taking into
account the efficiency of mixed refrigerants when optimizing it. Conventional mixed refrig-
erants are mostly composed of nitrogen, methane, ethane, and propane. However, the im-
pact of different component contents on the system varies. Numerous scholars have devel-
oped and verified different refrigerant ratios to make the process achieve a globally optimal
solution by using genetic algorithms [176], GARO algorithms [180] and KBO algorithms [96]
among others. In terms of energy consumption, Alabdulkarem et al. [175] proposed that
when the mass fraction of each component of mixed refrigerants in C3MR process is:
xN2 = 0.0731, xC1 = 0.2506, xC2 = 0.5291, xC3 = 0.1472, the energy consumption can be saved
by 17.16%. Compared to the optimized refrigerant mixture for the MCR cycle of APCI LNG
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plant published by Venkatarathnam et al. [181] and Paradowski et al. [129], the power con-
sumption of Alabdulkarem et al. [175] is still the lowest under similar conditions. In terms
of robustness, Mortazavi et al. [180] proposed that mixed refrigerant is relatively insensi-
tive to changes in natural gas mixture when the refrigerant composition is: xN2 = 0.0731,
xC1 = 0.2506, xC2 = 0.5291, xC3 = 0.1472, satisfying all composition constraints tested. At
this point, the refrigerant’s performance is superior to that of Alabdulkarem et al. [175],
Venkatarathnam et al. [181] and Paradowski et al. [129]. However, the refrigerant’s robust-
ness and energy consumption for the system cannot be balanced. The refrigerant’s power
consumption optimized by Alabdulkarem et al. [175] and Venkatarathnam et al. [181] is
significantly lower than that proposed by Mortazavi et al. [180].
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heat exchanger with 1 K pinch temperature (right) [175]. Reproduced with permission from Elsevier
(license number 5413491323174).

The addition of heavy hydrocarbons to conventional refrigerant mixture has a signif-
icant impact on the performance. Heavy hydrocarbons have a high boiling point, large
latent heat, and high molar mass, which can enable better temperature matching at the
beginning of liquefaction process, reduce irreversible heat transfer loss, and improve refrig-
eration efficiency, so that the energy consumption of the optimized mixed fluid cycle can
be reduced to the level of mixed refrigerant process with propane pre-cooling [182].

Iso-pentane is a heavy hydrocarbon widely used in mixed refrigerants. Xu et al. [97]
found that the annual cost and energy consumption of the process were significantly reduced
when the molar ratio of mixed refrigerant components was N2 = 14.59%, CH4 = 20.21%,
C2H4 = 32.94%, C3H8 = 18.7%, and i-C5H12 = 14.25%. However, since then, several schol-
ars [183,184] have found that the performance improvement effect is better when the
molar ratio of mixed refrigerant components is N2 = 7.0%, CH4 = 25.0%, C2H4 = 32.4%,
C3H = 18.7% and i-C5H12 = 16.9%, but the specific comparison of two kinds of mixed
refrigerants needs further study. In addition to iso-pentane, iso-butane can also improve
the phenomenon of low outlet temperature of intercoolers [124], while n-butane [185,186]
and n-pentane [185] also play a role in promoting the performance of liquefaction process.
Figure 47a shows a representative composite curve plot for a conventional mixed refrig-
erant (nitrogen, methane, ethane and propane) from Khan and Lee [187] based on their
optimization study. The ABC region of the graph means that a relatively great difference
between the natural gas temperature and the boiling point of propane can cause entropy
to be generated in the cooling zone. This could be reduced by adding n-butane to the
refrigerant, the effectiveness of which is shown in Figure 47b in the DEF region [188]. In
addition, to further increase the effect, refrigerants with boiling points between propane
and butane can be added, but these are not environmentally friendly. Taking into account
the demand for energy saving and emission reduction, Qyyum et al. [188] proposed to use
HFO-1234yf mixed with nitrogen, methane, ethane, propane, and n-butane as a refrigerant,
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which is environmentally friendly and has significant energy-saving effects, providing an
innovative solution for improving the efficiency and ecology of LNG processes.
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Although various studies have shown the positive effect of heavy hydrocarbons on the
liquefaction process with mixed refrigerants, if too many heavy hydrocarbons are added,
mixed refrigerants will present a gas-liquid two-phase state before entering compressor,
leading to a liquid strike in compressor, which is technically not allowed [183]. When
some skid-mounted LNG units use oil-injected screw compressors, heavy hydrocarbons
iso-butane and iso-pentane are more soluble in lubricating oil. In order to combat this issue,
the use of heavy hydrocarbon-free refrigerant blends is suggested [189].

3. Pressurized Liquefied Natural Gas Process

Pressurized liquefied natural gas (PLNG) technology is a concept proposed relative
to conventional liquefaction technology. It refers to the cooling of NG to an intermediate
temperature for liquefaction, using higher pressures than normal liquefaction, to increase
the storage temperature of LNG, and maintain higher pressures throughout the whole
transport chain for LNG transportation. PLNG technology shows technical and economic
advantages in purification and liquefaction of NG, but it increases the economic burden
in storage and transportation. By designing and optimizing production costs and trans-
portation costs through a reasonable PLNG process, the overall project cost can be reduced,
the advantages of PLNG technology can be fully exploited, and the application scope can
be expanded.

3.1. Comparison between PLNG Process and Conventional LNG Process

Conventional LNG process converts NG cooled to about 111 K into LNG products
for storage at a pressure of about 0.1 Mpa. PLNG process can obtain LNG products
with a corresponding temperature of about 150–211 K under a pressure of 1.0–7.6 Mpa,
which is about 39–100 K higher than that of conventional LNG products [190]. Taking into
account the technical requirements of liquefaction and storage, as well as comprehensive
costs, it is more appropriate to use a pressure of 1–2 Mpa for pressurized liquefaction,
where the corresponding natural gas liquefaction temperature is about 153–173 K [191].
The purpose of liquefaction storage can be achieved when pressurized NG is cooled to
an intermediate temperature of conventional liquefaction, so energy consumption and
liquefaction operation costs of the PLNG process can be significantly reduced.

Compared with conventional liquefaction process, PLNG process reduces the pretreat-
ment requirements for feed gas, and provides a new possibility to reduce CO2 emissions in
LNG process. In the conventional liquefaction process, in case CO2 forms a solid at low
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temperatures and causes blockages, CO2 must be strictly removed from feed gas, so that
the CO2 concentration in LNG products should be kept below 50 ppm [192]. Temperature
has an important effect on CO2 solubility in methane. As shown in Figure 48, the increase
in temperature dramatically increases the solubility of CO2 in LNG products [193,194].
Similarly, the increased temperature increases the solubility of aromatics and other heavy
hydrocarbons in LNG products, increasing the tolerance of the PLNG process to these
components in feed gas [195].
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The PLNG process helps to reduce the requirement for CO2 concentration in the feed
gas thereby eliminating the necessary supporting equipment for conventional liquefaction
process such as CO2 removal equipment and heavy hydrocarbon scrubbing towers, which
simplifies production process and reduces energy consumption. The increase in liquefaction
and storage temperature makes it possible to simplify the process structure. And the
reductions in the number of equipment make the corresponding costs approximately 50%
of those of a conventional LNG plant [190]. At the same time, the PLNG process plays an
essential part in saving occupied areas of the LNG production system, and this provides
the possibility for LNG production in a narrow area.

Compared with conventional liquefaction process, the increase in product storage
pressure in PLNG process places higher demands on the storage and transportation links.
In order to ensure adequate pressure-bearing capacity, the storage tanks for PLNG storage
mostly use small thick-walled storage tanks, which are transported in clusters, increasing
the weight and manufacturing costs of tanks [196–198]. At the same time, the density of
LNG decreases after pressurization and heating, and more storage space is required to
transport products with the same quality, which further increases transportation costs [196].
When comparing and evaluating the pros and cons of different pressure liquefaction
processes, the economic advantages of PLNG process in purification and liquefaction and
their influence on transportation costs should be comprehensively considered.

3.2. Research Progress in PLNG Process
3.2.1. PLNG Process without CO2 Pretreatment

The probability of CO2 solids being precipitated during natural gas liquefaction is
related to CO2 content in feed gas and its solubility in LNG. Only when CO2 content
does not exceed its solubility, all CO2 will dissolve in the liquefied product [192]. In
order to ensure that the entire liquefaction process does not cause blockage due to CO2
precipitation, the purification index of CO2 in natural gas liquefaction process should

https://doi.org/10.1021/je3002859
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be lower than the solubility of CO2 in LNG. The increased liquefaction temperature in
PLNG process dramatically enhances the solubility of CO2 in its liquefied products. The
liquefaction temperature increases from 111 K under normal pressure to 153–173 K, and
the corresponding molar solubility of CO2 also increases from 0.02% to 1–3%. Even if a
certain safety margin is considered, for pressurized liquefaction process of feed gas with
a CO2 content of below 0.5%, the liquefaction process can be carried out without a CO2
pre-treatment unit, thereby saving a lot of space [199].

The increase in liquefaction temperature has a significant effect on process design.
Figures 49–51 show typical cascade PLNG process, single mixed refrigerant PLNG process
and single expansion PLNG process respectively. The working pressure of these processes
is increased to 2 Mpa and the corresponding liquefaction temperature rises to 165.7 K.
Compared with conventional LNG processes, liquefaction temperature in PLNG process
has increased by 54.7 K, which is approximately equal to the average temperature drop
of each cycle in conventional three-stage cascade liquefaction process [191]. Therefore,
a two-stage heat exchange process with high and low temperatures could satisfy the
demands of LNG, and refrigerant selection could break through the limitation of lower
temperature (about −111 K) of conventional LNG processes. Therefore, in addition to CH4,
N2 and their mixtures, options such as C2H4 have been added [22], and the ratio of mixed
refrigerants and the collocation of high-temperature and low-temperature refrigerants
are also more flexible and diverse. In this way, the PLNG process broadens the selection
range of refrigerants, eliminates some equipment, and makes the process design more
flexible, simple and compact. At the same time, on the one hand, the increased liquefaction
temperature in PLNG process effectively reduces energy consumption requirements, and on
the other hand, it is beneficial to the refrigeration cycle to reach higher efficiency. Compared
to the corresponding types of conventional LNG processes, the specific power consumption
of three PLNG processes is reduced by 46%, 50%, and 63%, respectively, and the heat
transfer area is reduced by 42%, 25%, and 4% respectively, which contributes to space and
cost savings [191].
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3.2.2. PLNG Process with CO2 Cryogenic Remove

As mentioned above, the PLNG process can liquefy feed gas with CO2 content below
0.5% directly in the absence of CO2 pretreatment facilities. When CO2 content in feed gas
obviously exceeds the upper limit, CO2 solidification problems still occur in PLNG progress.
In order to extend the application range of PLNG process, while eliminating pretreatment
equipment and maintaining its small floor space, CO2 cryogenic removal in PLNG process
can be considered. CO2 cryogenic removal can be carried out based on the principles
of gas-liquid phase change [200,201], solid-liquid phase change [202], gas-solid phase
change [203,204], and multiple phase change [205,206]. The gas-solid phase change-based
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CO2 cryogenic removal can be carried out without additional pretreatment equipment,
which is more conducive to maintaining the advantages of PLNG process. In Figure 52, the
phase transition curves of the binary system with CO2 content of 0.5% and 30% respectively
show similar morphology. The illustration shows that point A is the highest triple-phase
point of the binary system with 0.5% CO2 content. The thermodynamic path, as shown in
the dashed line (1-2-3), is adopted to ensure that CO2 cryogenic separation always operates
at a pressure below the triple-phase point, so that CO2 can be removed by sublimation, and
the permitted CO2 content in the feed gas could reach 30% [203].

Energies 2022, 15, 7895 45 of 61 
 

 

 

Reproduced with permission from Elsevier (license number 5413490278538). 

Figure 49. Cascade PLNG process [191]. 

 

Reproduced with permission from Elsevier (license number 5413490278538). 

Figure 50. SMR PLNG process [191]. 

 

Reproduced with permission from Elsevier (license number 5413490278538). 

Figure 51. Single expander PLNG process [191]. 

3.2.2. PLNG Process with CO2 Cryogenic Remove 

As mentioned above, the PLNG process can liquefy feed gas with CO2 content below 

0.5% directly in the absence of CO2 pretreatment facilities. When CO2 content in feed gas 

obviously exceeds the upper limit, CO2 solidification problems still occur in PLNG 

Figure 50. SMR PLNG process [191]. Reproduced with permission from Elsevier (license number
5413490278538).

Energies 2022, 15, 7895 45 of 61 
 

 

 

Reproduced with permission from Elsevier (license number 5413490278538). 

Figure 49. Cascade PLNG process [191]. 

 

Reproduced with permission from Elsevier (license number 5413490278538). 

Figure 50. SMR PLNG process [191]. 

 

Reproduced with permission from Elsevier (license number 5413490278538). 

Figure 51. Single expander PLNG process [191]. 

3.2.2. PLNG Process with CO2 Cryogenic Remove 

As mentioned above, the PLNG process can liquefy feed gas with CO2 content below 

0.5% directly in the absence of CO2 pretreatment facilities. When CO2 content in feed gas 

obviously exceeds the upper limit, CO2 solidification problems still occur in PLNG 

Figure 51. Single expander PLNG process [191]. Reproduced with permission from Elsevier (license
number 5413490278538).

On the basis of PLNG process combined with CO2 cryogenic removal technology,
it is to build PLNG process with CO2 cryogenic removal function. Figures 53–55 show
cascade PLNG process with CO2 cryogenic removal function. It takes advantage of the
increased temperature of PLNG and uses a two-stage cascade liquefaction process instead
of conventional three-stage cascade liquefaction process, effectively simplifying the process
structure. Due to the use of different refrigerant combinations of CH4-C2H6, CH4-C2H4,
and C2H4-C3H8, compressor and cooler configurations in low-temperature and high-
temperature cycles are slightly different. The cooling of NG in each liquefaction process
follows the thermodynamic path of gas-solid phase change described above. CO2 content in
NG exceeding the upper limit allowed by pressurized liquefaction process is further cooled
in the heat exchanger (HEX-102) to form dry ice and removed from the lower part. Because
of the optimum temperature match of the hot and cold sides, the C2H4-C3H8 process has
the minimum thermodynamic irreversibility of the three refrigerant combinations. The unit
energy consumption of this process is 0.2559 kWh/Nm3, which is 2.5% more energy efficient
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than conventional CH4-C2H4-C3H8 three-stage cascade liquefaction process, and it is the
lowest among the three processes. Its COP is 0.75 and the exergy efficiency is 0.47, which
are 17% and 38% higher than those in conventional liquefaction process respectively [207].
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Figures 56 and 57 show the expansion pressurized liquefaction process with CO2
cryogenic removal. The process in Figure 57 adds a pre-cooling cycle on the basis of
the process in Figure 56, which is similar to the above two-stage cascade pressurized
liquefaction process with CO2 cryogenic removal. By controlling the thermodynamic
cooling path of NG, CO2 beyond the solubility range at the liquefaction temperature is
by gas-solid separation in the heat exchanger (HEX-102), thus improving the adaptation
range of the whole pressurized liquefaction process to CO2 content in feed gas. As shown
in Figure 58, the type of refrigerant in the same process has a different effect on the specific
power consumption of the CO2 content in the feed gas. The higher the concentration
of CO2 in the feed gas, the higher the amount of cooling required for CO2 cryogenic
removal and natural gas liquefaction, in addition to reducing the LNG products capacity.
Therefore, specific power consumption of liquefaction process increases with the increase
of CO2 content [208]. Overall, comparing energy consumption between conventional LNG
processes and various PLNG processes with CO2 cryogenic removal, energy consumption
of CO2 removal and natural gas liquefaction under normal operating conditions should be
sufficiently considered.
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4. Current Status and Outlook
4.1. Status and Demand Analysis

The analysis of natural gas liquefaction units is based on use, with base-load natural
gas liquefaction units producing natural gas for local use or export transportation. The
units are the main production facilities for ocean-going natural gas transportation and
international LNG trading. Base-load type natural gas liquefaction units are mostly built
near gas sources, and the production scale is huge, which needs to provide large-scale
gas supplies to many remote users. Therefore, the liquefaction process is required to
have the advantages of strong liquefaction capacity, low energy consumption, high cycle
efficiency, mature technology, safe and stable operation, low costs, and environmental
friendliness [209]. Under these premises, the requirement for floor space can be relaxed
appropriately. The growth in global large-scale liquefaction capacity over a decade and the
liquefaction processes used show that Air Products’ C3MR is the predominant technology
used, closely followed with ConocoPhillips’ pure refrigerant cascade technology and Shell’s
dual mixed refrigerant (DMR) technology. This is precise because the characteristics of
these natural gas liquefaction processes meet the main requirements of base-load natural
gas liquefaction units [21]. Currently, the natural gas liquefaction process in large-scale
base-load natural gas liquefaction plants is relatively mature, with most studies devoted to
specific research, such as process optimization and economic analysis, and there are few
breakthrough innovations.

The peak-shaving type natural gas liquefaction units are set for peak-load or seasonal
fuel supply. They are usually far away from gas source and located near big cities. And
the production scale of the units is relatively small, with the general liquefaction stage
cycle varying from 50–300 days depending on the remaining upstream natural gas. The
peaking liquefaction process, therefore, focuses on the requirements for: 1© simple and
efficient cycles, 2© fewer equipment, 3© low investment, 4© simple operation, 5© flexible
operation, fast start and stop speed, 6© easy access to the refrigerant. According to these
requirements, among the peak-shaving type natural gas liquefaction units built by countries
throughout the world, the liquefaction process with an expander is used the most, followed
by mixed refrigerant liquefaction process, while cascade liquefaction process is the least
employed [209].

In recent years, the small skid-mounted scale natural gas liquefaction units are mainly
designed for small reserves, remote and dispersive natural gas fields, and oil and gas
associated fields. The units are flexible and can be quickly removed to other gas fields for
liquefaction production when the existing gas fields are exhausted. In order to achieve the
design goals, it needs the liquefaction process to have the following remarkable advantages:
simple process, compact equipment, skid-mounted, low energy consumption, and strong
adaptability to gas source. In line with these requirements, many scholars [210–212] believe
that the mixed refrigerant liquefaction process and nitrogen expansion liquefaction process
are more suitable for small skid-mounted natural gas liquefaction units. At present, there
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are still few liquefaction processes developed for small skid-mounted scale natural gas
liquefaction units due to many technical difficulties, so most of liquefaction processes are
scaled down according to the processes of large-scale liquefaction units [213,214].

After years of development, a large onshore production system for LNG supplemented
by peak-shaving type and other small liquefaction units has been established on the
basis of base-load liquefaction units. The exploitation of offshore NG mainly depends
on conventional offshore platforms suitable for the exploitation of large offshore gas
fields. The rapid development of FLNG provides more possibilities for the exploitation
of marginal fields and deepwater gas fields [215]. Compared with onshore liquefied
natural gas production, offshore liquefied natural gas production needs to face more severe
environments, especially FLNG has to solve the problems of extremely limited space, more
complex operating environments, composition differences in gas sources, and so on. The
special environment of offshore operations places special requirements for liquefaction
process: 1© simple processes, compact equipment, and small footprint to meet offshore
installation needs, 2© highly adaptable to different gas sources and high thermal efficiency,
3© safety and reliability, i.e., no influence on performance due to ship movement, 4© ability

to quickly stop in the face of bad weather, and quickly start after moving to another
production location, 5© relatively low power consumption [216,217]. These characteristics
give FLNG different criteria for process selection from onshore units. When selecting
onshore units, cycle efficiency is an important determinant factor, but in offshore floating
units, this has been reduced to a secondary factor [218]. Offshore liquefaction processes
require extremely high safety and reliability, with greater emphasis on factors such as
compactness and lightweight equipment [218]. At present, most scholars believe that
the mixed refrigerant liquefaction process or nitrogen expansion liquefaction process is
the most advantageous process choice for FLNG. However, the PLNG process also has
prominent advantages in energy consumption, process structure, floor space, the amount
of equipment, and supporting facilities.

4.2. Research Prospects

Considering the development trend of LNG industry and the development level
of liquefaction process, potential directions of future liquefaction process development
may include:

1. LNG production is an industrial process with high energy consumption, especially
for base-load type LNG production, and a small increase in the cycle efficiency of
liquefaction process will have an extremely significant effect on energy saving. Reduc-
ing energy consumption and increasing liquefaction capacity and efficiency are still
the goals of liquefaction process in medium and large-scale production. Through a
detailed analysis of energy loss within various equipment in the whole liquefaction
process, and also by improving the liquefaction process and adjusting operational pa-
rameters, there is still room and possibility for progress in optimizing the liquefaction
process design.

2. The liquefaction process that is scaled-down and designed according to the mature
process of large-scale liquefaction plant cannot fully meet all the process requirements
of small skid-mounted natural gas liquefaction unit. On the one hand, under the
premise of ensuring high cycle efficiency, it is still the focus of future research to sim-
plify the process and reduce the size of equipment so as to achieve the skid-mounted
process setup. On the other hand, improving the adaptability of the liquefaction
process to different gas sources and the flexibility of start and stop operations are also
of great practical significance to the application advantages of small skid-mounted
natural gas liquefaction units.

3. The exploitation of offshore natural gas resources is bound to put forward a great
demand for the research of offshore natural gas liquefaction processes. The particular-
ities of offshore operating environment and space provide some new directions for
the research of offshore liquefaction processes. For example, the influence of sloshing
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produced by wind waves and ocean currents on the liquefaction process of FLNG
and the influence of different liquefaction processes and refrigerant compositions on
safety still needs further research.

4. Most of the studies on offshore applications of pressurized liquefaction process are still
focused on the liquefaction process. In this respect, a number of important research
directions are still open for future research endeavors, e.g., 1© further combining
dehydration, CO2 removal, and other pretreatment processes to carry out full process
simulation, 2© to coordinate and optimize the pressurized liquefaction process with
pretreatment, storage, and transportation, 3© to deepen the adaptability, safety, and
modularity of pressurized liquefaction process at sea conditions and gas source
components, 4© to overall consider investment costs and operation costs.

5. Although PLNG process is proposed for offshore natural gas liquefaction units, its
higher requirements for adaptability to different gas sources and the idea of reducing
the footprint by eliminating CO2 pre-treatment units coincide with the requirements of
small skid-mounted liquefaction units onshore. So, PLNG process may be a strategic
possibility as a potential solution for offshore gas.

6. Studying natural gas liquefaction process, the specific power consumption or to-
tal energy consumption is always used as the optimization objective function and
evaluation index. Moreover, some aspects are chosen, such as the relationship be-
tween investment and operating costs, analyzing and evaluating the liquefaction
process from an economic aspect. Although both energy consumption and economy
are among the most important evaluation indicators for liquefaction processes, as
mentioned above, different production methods and applications have different re-
quirements for liquefaction processes. Scientific evaluation should comprehensively
consider energy consumption, economic and operational adaptability, operability,
and safety. In the same respect, an evaluation system should be established in line
with the priority of various performance requirements of LNG units for liquefaction
process. Conversely, the optimization and comparison of liquefaction process should
be also carried out in this evaluation system. At present, research on this aspect is still
relatively rare, and further research is needed.

7. Various new equipment, such as supersonic cyclone separator and printed circuit heat
exchanger, have emerged. The effects and influences caused by their use in natural
gas liquefaction processes have become new issues.

8. There are still few studies on dynamic simulation of LNG processes. Studying the
stability of liquefaction process in disturbance plays an important role in evaluating its
adaptability, especially for dynamic simulation under extreme working conditions, so
as to better understand dynamic characteristics of the process and provide guidance
for actual operation.

9. The LNG process is a multi-component feed gas liquefaction production process.
Enhancing the energy efficiency of the liquefaction process requires a focus not only
on energy consumption at all stages of the natural gas cooling process, but also on the
overall improvement in conjunction with the NGL recovery process and BOG cycle
re-liquefaction process.

10. The deterministic method, stochastic method, and KBO method are suitable for con-
trolling natural gas liquefaction processes and each has strengths and weaknesses with
regard to calculation time, multi-objective processing, and convergence. Exploring
customized optimization algorithms suitable for different liquefaction processes will
be of great help in the design and optimization of natural gas liquefaction processes.

5. Conclusions

The strong demand in the global natural gas consumption market has promoted the
vigorous development of LNG production. The business profitability from natural gas
suppliers and the utilization cost from users are closely related to the level of liquefaction
technology. Associated advances, such as increasing onshore LNG production capacity,
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strengthening the exploitation of scattered small gas fields, and the exploration of new
strategies to move from shallow seas to deep seas, have opened up a broader prospect for
the application of LNG processes. This review has introduced and analyzed in detail the
progress made in the process design and optimization of LNG processes from the aspects
of process types, pressure ranges, and production methods. Thus, it provides multiple
perspectives for relevant researchers, engineers, and other practitioners to deepen their
understanding of the structure, performance, optimization methods, and technical require-
ments of LNG processes, which can be used as an important reference for subsequent
research on LNG processes. Based on current development of liquefaction processes, this
review analyzes the gap between liquefaction process research and real-life operational re-
quirements and clarifies main problems faced as well as future development directions. This
enables future researchers to take into account, in addition to energy efficiency, different
parameters, such as operating environments, gas source compositions, safety, equipment
quantity, floor space, and operational characteristics, in order to arrive at more beneficial
design and optimization results for practical projects and promote LNG applications.
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Nomenclature

LNG Liquefied natural gas
FLNG Floating LNG
GHG Greenhouse gas
CO2 Carbon dioxide
NG Natural gas
FLNG-FPSO LNG-floating production, storage and offloading
APCI Air Products & Chemical Inc.
BOG Boiled off gas
JT Joule-Thomson
COP Coefficient of performance
N2O Nitrous oxide
N2 Nitrogen
MFC Mixed fluid cascade liquefaction process
C2H4/C2 Ethane
C3H8/C3 Propane
T0 Ambient temperature
NGL Natural gas liquid
NRU Nitrogen rejection unit
ARC Absorption refrigeration cycle
NH3 Ammonia
H2O Water
LPG Liquefied petroleum gas
HEX Heat exchanger
PNEC Parallel nitrogen expansion liquefaction process
GA genetic algorithm
NEC Nitrogen expansion liquefaction process
SNA Single nitrogen expansion process with ammonia absorption pre-cooling
CH4/C1 Methane
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CP Constant-pressure specific heat capacity
Cv Constant-volume specific heat capacity
C3N Propane-nitrogen
MR Mixed refrigerant
SMR Single mixed refrigerant liquefaction process
DMR Dual mixed refrigerant liquefaction process
C3MR Mixed refrigerant liquefaction process with propane pre-cooling
PRICO Single mixed refrigerant liquefaction process designed by Black–Veatch
MTPA Metric ton per annum
MSMR Modified single mixed refrigerant
HK Heavy key
LK Light key
HT Hydraulic turbine
KSMR Korea single mixed refrigerant
PID Proportion integration differentiation
DMC Dynamic matrix control
AP-X™ mixed refrigerant plus nitrogen expansion liquefaction process
WMR Warm MR
CMR Cold MR
CWHE Coil-wound heat exchangers
DWC Dividing wall column
GARO Gradient assisted robust optimization
KBO Knowledge-based optimization
X Mass fraction
MCR Multi-component refrigerant
i-C5H12 Isopentane
HFO-1234yf 2, 3, 3, 3-Tetrafluoropropylene
PLNG Pressurized LNG
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