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Small-scale natural gas liquefaction processes have several clear advantages, particularly
in the exploitation of ‘unconventional’ natural gas (NG) from sources such as difficult-to-
access and offshore gas fields. Moreover, conventional liquefaction processes have a
number of disadvantages such as high energy consumption, large cooling loads required
in the refrigeration cycle, and non-uniformmatching of cold and hot flows in liquified natural
gas (LNG) heat exchanger (HE). The main objective of this study was to optimize the most
commonly used mixed refrigerant process. The liquefaction performance of the optimized
process was analyzed and the influence of gas parameters on the power consumption,
exergy loss, freezing mixture circulation, and cooling water load were investigated. The
results show that compressor power consumption can be reduced by 29.8%, the cooling
water load can be reduced by 21.3%, and the system exergy efficiency can be increased
by 41% with the optimized process. Furthermore, throttling and compression of the
freezing mixture were increased during the refrigeration stage. It can be concluded that
reducing the feed gas temperature and increasing the feed gas pressure can reduce the
total power consumption, exergy loss, freezing mixture circulation, and cooling water load,
which can significantly improve liquefaction performance.

Keywords: liquefaction process, single-stage mixed refrigerant, process optimization, power consumption, exergy
loss

INTRODUCTION

Global energy demand has rapidly increased over the past few decades and is expected to increase
further in the coming years. Global energy consumption statistics show that the demand for oil is
declining, and the search for alternative sources of energy is ushering in a golden age of natural gas
(NG) (Wang Z. et al., 2020; Li et al., 2021). While natural gas is typically used in densely populated,
economically developed areas, natural gas reserves are often located in remote areas, creating a
regional imbalance between production and consumption regions. It is also worth noting that there
are many operational challenges in transporting offshore natural gas to land (Cao and Bian, 2019;
Zaitsev et al., 2020).

The specific volume of liquefied natural gas (LNG) is about 1/625 that of gaseous natural gas,
which presents a considerable advantage in terms of the transportation, storage, and utilization of
natural gas (He et al., 2019; Uwitonze et al., 2020). The LNG industry has developed rapidly around
the world recently. Accordingly, the design and development of liquefaction processes are of
significant importance, particularly small-scale NG liquefaction processes, which could offer
significant value in the development of shale gas and coalbed methane, peak shaving of natural
gas, and remote gas fields (Ikealumba and Wu, 2014). Various processes have been proposed for
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natural gas liquefaction. Conventional processes include mixed
refrigerant (MR) process (Lee and Moon, 2017; Ghorbani et al.,
2018; Brodal et al., 2019; Primabudi et al., 2019), cascade process
(Eiksund et al., 2018), and expander-based process (Song et al.,
2017; Zhang et al., 2020). Among these, the MR process is the
most commonly used (He et al., 2018). Recently, Bian et al. (Bian
et al., 2018; Bian et al., 2019) investigated the feasibility of using
supersonic separation technology in the field of natural gas
liquefaction, which provides the possibility of save space and
simplifying the liquefaction process, and applied this technology
(Bian et al., 2020a; Bian et al., 2020b; Liu et al., 2021).

Thermodynamic parameters of the natural gas liquefaction
process can be obtained through numerical simulations, then
the process can be thermodynamically analyzed using
appropriate evaluation methods and indicators. Mafi et al.
(2009) established a thermodynamic model of the liquefaction
process and adopted the coefficient of performance (COP) and
exergy efficiency as evaluation indicators. To improve the
efficiency of the proposed liquefaction process, Kanoglu et al.
(2008) established an exergy balance equation for the
equipment and calculated the exergy loss of the cascade
liquefaction process. Moreover, Kanoglu et al. (Remeljej and
Hoadley, 2006) simulated various small-to medium-scale
natural gas liquefaction processes and showed that the single-
stage mixed refrigerant (SMR) process is a simple and efficient
process and can be considered as an appropriate choice for small-
to medium-sized liquefaction plants. Shukri and Barclay (2007)
analyzed the characteristics of SMR and demonstrated that the
SMR process is suitable for onshore and offshore liquefaction
plants with capacities of less than 1.5×106 t/y and 1.2×106 t/y,
respectively. Barclay and Denton (2005) compared offshore and
onshore liquefaction plants and found that expansion refrigeration
is an appropriate option for floating liquefaction plants.

Further investigations have revealed that there many significant
parameters involved in natural gas liquefaction and the
performances of liquefaction systems vary greatly with these
parameters. Moreover, the freezing mixture composition and
structure of the freezing mixture circulation system will affect
the performance of the system. Accordingly, an optimization
algorithm should be used to find the optimal process
parameters and improve the performance of the liquefaction
process. To address this, Angira and Santosh (2007) and Shah
and Hoadley (2007) used numerical calculation methods to
optimize the compression ratio. Nogal et al. (2008) and Lee
et al. (2002) optimized the freezing mixture circulation process
and compared liquefaction efficiencies and energy losses before
and after optimization under different working conditions.
Kamath et al. (2012) combined the internal equation of state
code with a general algebraic modeling system (GAMS) and
adopted nonlinear programming to optimize the SMR process.
Wahl and Løvseth (2015) applied the sequential quadratic
programming method to investigate the influence of the model
formula on the SMR process optimization. Various aspects of the
formula, including the optimization variables and their boundaries,
internal node numbers, starting points, and derivative estimates,
were studied. Tak et al. (2015) used a continuous reduced-order
algorithm to optimize the SMR process and compared optimized

compression system structures. Pattison and Baldea (2015)
proposed an equation-based pseudo-transient method for LNG
process optimization to solve the problem of numerical failures
that often occur with equation-oriented frameworks. Furthermore,
Tak et al. (2018) used the enthalpy feasibility method to improve
convergence of the enthalpy-temperature calculation.Watson et al.
(2018) proposed a non-differentiable model based on the interior
point algorithm for optimizing the SMR system. Wang X. et al.
(2020) designed a new type of pre-cooled MR process for small-
scale skid-mounted LNG equipment to reduce energy
consumption and increase exergy efficiency.

Small-scale natural gas liquefaction processes have remarkable
advantages such as high efficiency, excellent flexibility, and good
adaptability (Primabudi et al., 2019). Meanwhile, they are easy to
operate. Based on the distribution of natural gas resources in the
world, small-scale LNG plants have broad development prospects
(Ghorbani et al., 2018). Unconventional natural gas from remote
gas fields, offshore gas fields, and shale gas can provide gas
sources for small-to medium-sized liquefaction plants. These
plants can be used as a basis for continuous production and
natural gas peak shaving. However, existing small-to medium-
scale liquefaction processes for natural gas have a number of
limitations, including high energy consumption, large cooling
loads of freezing mixture circulation devices, and so on (Lee and
Moon, 2017). To solve these problems, in the present study,
small-to medium-sized liquefaction processes were optimized
with the aim of designing and optimizing the SMR
liquefaction process to improve the overall performance of the
liquefaction system. The influence of natural gas parameters on
the total power consumption, total exergy loss, refrigerant
circulation, and cooling water load were considered and the
liquefaction performance of the optimized process was analyzed.

THERMODYNAMIC ANALYSIS MODEL

Energy Analysis Model
The performance of the optimized process was evaluated using
steady-state models in Aspen HYSYS V10 software designed to
serve many processing industries including natural gas
liquefaction (AspenTech (2011). Aspen H, 2011). The system
was thermodynamically analyzed in terms of energy conversion,
transfer, and utilization considering the quantitative correlation
of energy, including liquefaction rate, cooling capacity, power
consumption, and specific power consumption calculation, which
are described as follows.

(1) Liquefaction rate.

Liquefaction rate is the ratio of LNG produced by the
liquefaction system to feed gas entering the system, and can
be mathematically expressed as:

ε � nLNG
n

× 100% (1)

where, ε, nLNG, and n denote the liquefaction rate of the system,
molar flow rate of LNG produced by the system, and molar flow
rate of inlet feed gas, respectively.
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(2) Cooling capacity.

In the natural gas liquefaction system, the refrigeration
capacity is equal to the sum of heat from natural gas absorbed
by the freezing mixture circulating in the heat exchanger (HE),
regardless of the heat loss. Accordingly, the theoretical cooling
capacity can be expressed in the following form:

Q0 � HNG −HLNG (2)

(3) Power consumption (W).

The power consumption is concentrated in the freezing
mixture circulation unit and pressurization by the compressor
and pump require an external source of energy. For liquefaction
with an expander, the output power of the expander can be
recycled during pressurization by the compressor. Therefore,
when the power consumption of the compressor and pump
(Wc) is greater than the output power of the expander (Ws),
the total power consumption of the system is the difference
between Wc and Ws. When Wc < Ws, the total power
consumption of the system is 0.

The power consumption of the throttling refrigeration
liquefaction process is equal to that of the compressor and pump:

W � Wc (3)

Specific power consumption (Wn) is defined as the energy
consumed to obtain 1 mole of LNG, which can be expressed as:

Wn � W

n
(4)

Exergy Analysis Model
Exergy refers to the maximum theoretical power that an entire
system, composed of both the system and surroundings, can
obtain when the system and the surroundings are in equilibrium
(Moran et al., 2011). The specific exergy can be calculated using
the following formula:

ex � h − h0 − T0(s − s0) (5)

where, ex is the unit mass exergy, h is the unit mass enthalpy, T is
temperature, and s is entropy.

During the liquefaction process, sources of exergy loss include
the expansion, heat exchange and power equipment. The specific
exergy loss can be written as:

Δex,loss � (h − T0s)state2 − (h − T0s)state1 (6)

The exergy utilization rate is used to measure the amount of
exergy utilization in an open system, defined as the ratio of exergy
utilization to total exergy. The amount of exergy utilization (Eu) is
given by

Eu � Ex,in − Ex,out − ΔEx,loss (7)

The total amount of exergy is:

Ex,in � _minein (8)

where, m is the mass flow rate.
The outlet exergy of the liquefaction process is:

Ex,out � _mouteout + _mouteout (9)

The exergy loss during the liquefaction process is:

ΔEx,loss � ∑miΔex,loss (10)

The exergy utilization rate is:

ηe � EuEx, in (11)

where, ηe is the exergy utilization rate.

Equation of State
The EOS is the basis for calculating the thermal parameters. Here,
the Peng-Robinson (P-R) EOS is selected (Robinson et al., 1985),
given by:

p � RTv − b − av(v + b) + b(v − b) (12)

where, p is pressure, R is the universal gas constant, v is molar
volume, a is the attractive parameter, and b is effective molecular
volume. Parameters a and b can be expressed in the following
forms:

a � ∑∑ zizj(aiaj)0.5(1 − kij) (13)

b � ∑ zibi (14)

where, z is mole fraction for the component and kij is the binary
interaction coefficient.

DESIGN AND OPTIMIZATION OF
LIQUEFACTION PROCESS

Conventional SMR Liquefaction Process
The SMR liquefaction process consists of three units: a natural
gas liquefaction unit, MRC unit, and LNG storage unit. A SMR
model, including an LNG HE, throttle valve, freezing mixture
compressor, and cooler, was established in HYSYS, as shown in
Figure 1. In the NG liquefaction unit, purified natural gas (4.5
MPa, 30°C) initially enters the cryogenic HE to obtain liquefied
natural gas. During this process, the temperature reaches
−165°C, the pressure is reduced to 0.1 MPa through the
throttle, and the product is sent to the LNG storage tank.
Table 1 shows that the freezing mixture in the cycle is
composed of methane, ethane, propane, isobutane, and
nitrogen. After pressurized cooling (4.3 MPa, 38°C), the
freezing mixture enters the LNG HE, where it is cooled and
liquefies. It is worth noting that freezing mixture flowing out of
the LNG HE is in the pure liquid phase. The liquid freezing
mixture is throttled to 0.5 MPa through throttle valve VLV-2,
then flows back to the HE to provide the required cooling
capacity. The freezing mixture absorbs heat and evaporates
continuously in the HE. Finally, the freezing mixture flows
out of the HE in the pure gas phase and goes back to the
inlet of the compressor to complete the cycle.
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Optimization of SMR Liquefaction Process
Figure 2 shows the liquefaction process after optimization.
Compared with the original liquefaction process, the optimized
process presents as follows:

(1) The pressurization system of the freezing mixture
circulation is changed from one stage to three stages, and
an intercooler is installed to reduce the energy loss of the
compressor.

(2) The one stage throttling refrigeration is replaced by two
stages. Two sets of LNGHE are set up. Then the MR streams
is divided into two parts. The heavy liquid phase
provides the cooling capacity of the pre-cooling HE,
while the light gas phase provides the cooling capacity of
the main HE. This modification increases the degree of

FIGURE 1 | Flowsheet of the SMR liquefaction process in HYSYS.

TABLE 1 | Molar composition of freezing mixture.

Composition CH4 C2H6 C3H8 i-C4H10 N2

Mole fraction 0.29 0.19 0.21 0.15 0.16

FIGURE 2 | Schematic diagram of liquefaction process after optimization.
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matching of flows with different temperature and ensures a
uniform temperature difference in the HE.

(3) The recombined freezing mixture is returned to the second-
stage compressor to reduce the energy loss of the first-stage
compressor.

The parameters of the natural gas inlet and LNG storage are
the same as those presented in Conventional SMR Liquefaction
Process. For the single-cycle refrigeration system, the
refrigeration temperature range of the freezing mixture is
−165°C–30°C. Moreover, a freezing mixture composed of
nitrogen and light hydrocarbon components was selected in
the simulation. Table 2 presents the chemical composition of
the freezing mixture.

Figure 3 shows the established liquefaction process model in
HYSYS. Two LNGHEs and three freezing mixture compressors
were set up in the liquefaction process. Before entering the HE,
the high-pressure freezing mixture was divided into two gas-
liquid phases for cooling the pre-cooling HE and the main HE.
Some of the freezing mixture from the pre-cooling HE flows
back to the secondary compressor to reduce the pressurization
load of the primary compressor. The P-R equation is used to
calculate the physical properties of the natural gas and freezing
mixture. In all calculations, the adiabatic efficiency of the
compressor was set to 80% (Kwak et al., 2018). It is assumed
that the material flow can achieve complete heat exchange in
the LNG HE, the minimum heat exchange temperature
difference is 2°C, and the outlet temperatures of the hot and
cold flows are equal. Assuming that the heat loss of the HE is
negligible and the pressure loss of the natural gas and freezing
mixture in the HE was set to 20 kPa (Kochunni and
Chowdhury, 2020). Moreover, it is assumed that there is no
pressure loss in the equipment and pipelines except for the
throttle valve (Abdul Qyyum et al., 2018). And the conversion

between electrical energy and mechanical energy is 100% (Ferreira
et al., 2017).

In the natural gas liquefaction unit, pretreated natural gas (4.5
MPa, 30°C) enters the HE and flows through pre-cooling HE,
where the gas temperature drops to −30°C after heat exchange
with the freezing mixture. Then, the natural gas flows into the
main HE for further cooling and liquefaction. After passing
through the two-stage HE, the LNG temperature drops to
−156.5°C and the LNG is in the supercooled state. Finally,
the LNG is depressurized by throttle valve VLV-3 to
maintain a certain supercooling degree and sent to the LNG
storage tank.

The freezing mixture cycle unit can be divided into two parts:
the freezing mixture heat exchange process and freezing mixture
pressurization process. In the freezing mixture heat exchange
process, after pressure cooling, high-pressure freezing mixture
(5.2 MPa, 30°C) passes through the gas-liquid separator to form
liquid-phase freezing mixture flow (17) and gas-phase freezing
mixture flow (4). The liquid phase flow (17) is cooled to −30°C by
the HE, then throttled by the throttle valve to reduce the
temperature and pressure. Then, the freezing mixture flows
back to the HE to provide the cooling capacity for precooling
of the natural gas and freezing mixture, before finally returning to
the secondary compressor. Gas-phase flow (4) is cooled by HE to
realize liquefaction, then throttled by throttle valve to reduce its
temperature and pressure and flows back to HE to provide the
cooling capacity for liquefaction of the natural gas and freezing
mixture, and finally returns to primary compressor. The
pressurization process of freezing mixture includes three
stages. In the first stage, low-pressure freezing mixture (stream
9) flows back to compressor at 0.4 MPa, then its pressure
increases to 1.3 MPa after the first pressurization stage. The
inter-stage cooler is downstream from the compressor and
cool the freezing mixture (stream 10) to 35°C. Stream 10 and
the medium pressure freezing mixture return stream 20 are fully
mixed and then the mixture enters the second-stage compressor
for pressurization. After two-stage compression, the freezing
mixture pressure is increased to 2.6 MPa and the high-
pressure freezing mixture is cooled to 30°C and enters the
freezing mixture heat exchange process.

TABLE 2 | Molar composition of the freezing mixture.

Composition CH4 C2H6 C3H8 i-C4H10 N2

Mole fraction 0.31 0.3 0.21 0.08 0.10

FIGURE 3 | HYSYS simulation of improved NG liquefaction process.
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PERFORMANCE OF IMPROVED
LIQUEFACTION PROCESS

Energy Consumption Analysis
Figure 4 shows the system performance parameters of the
optimized NG liquefaction process. The freezing mixture
circulation capacity of the improved liquefaction system and
the total power consumption are 320.8 kmol/h and 602.0 kW,
respectively. Moreover, the specific power consumption and
cooling water load are 21.92 kJ/h and 3.59 ×106 kJ/h,
respectively. Compared with the conventional SMR
liquefaction process, the compressor power consumption
decreased by 29.8%, the cooling water load decreased by
21.3%, and the system exergy efficiency increased by 41%
when the throttling stage and compression stage were adopted.
Based on the analysis, it can be concluded that the performance of
the optimized liquefaction system was significantly improved.

Influence of Gas Source Temperature on
System Performance
The enthalpy value at the inlet of the liquefaction system varies with
the gas source temperature, cooling load in the HE, and freezing
mixture circulation rate. The influence of gas source temperature,
varying from 5°C to 50°C, on the total power consumption, total
exergy loss, freezing mixture circulation capacity, and cooling water
load of the process with a source pressure of 4.5 MPa, LNG storage
pressure of 0.1 MPa, and temperature of −163.3°C was studied. The
results are presented in Figures 5, 6.

As the gas source temperature increases, the total power
consumption, total power loss, freezing mixture circulation
capacity, and cooling water load of the system increase. When
the gas source temperature increases from 5°C to 50°C, the total
power consumption of the system increases from 563.2 to
601.8 kW, the total power loss increases from 360.44 to
394.26 kW, the freezing mixture circulation capacity increases

FIGURE 4 | Comparison of liquefaction performance: (A) Power consumption, (B) Cooling water load, (C) Total exergy loss, (D) System exergy efficiency.
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from 309.1 kmol/h to 322.5 kmol/h, and the cooling water load
increases from 3.21 kJ/h to 3.66 kJ/h. This is because when the inlet
gas temperature increases, the enthalpy of the inlet gas increases,
resulting in an increase in the enthalpy difference between the inlet
and outlet gas in the liquefaction process, thereby increasing the
required cooling capacity for liquefaction. The required cooling
capacity is provided by the freezing mixture circulation. Assuming
that the product of heat transfer area and heat transfer coefficient
(UA) remains constant, the increase in refrigeration capacity will
increase the freezing mixture circulation capacity, leading to an
increase in compressor power consumption and cooling water
load, and irreversibility of the system. Under these conditions, the
total power consumption and total exergy loss increase.

Influence of Gas Source Pressure on
System Performance
The effects of gas source pressure, varying from 2.0 to 7.0 MPa, on
the total power consumption, total exergy loss, freezing mixture

circulation, and cooling water load of the process with a gas
source temperature of 30°C, LNG storage pressure of 0.1 MPa,
and temperature of −163.3°C was studied. The results are
presented in Figures 7, 8.

As the gas source pressure increases, the total power
consumption, total exergy loss, freezing mixture circulation, and
cooling water load decrease. The rate of decrease is high when the
pressure varies from 2.0 to 4.5 MPa, whereas the rate of variation is
gentle when the pressure varies from 4.5 to 7.0 MPa. As the gas
source pressure increases from 2.0 to 7.0 MPa, the total power
consumption of the system decreases from 788.7 to 553.2 kW, the
total exergy loss decreases from 560.58 to 372.54 kW, the freezing
mixture circulation quantity decreases from 440.2 kmol/h to
297.1 kmol/h, and the cooling water load decreases from
4.46 kJ/h to 3.25 kJ/h. This is because when the inlet gas
pressure increases, the enthalpy of the natural gas decreases,
while the state parameters of the produced LNG almost remain
constant such that the enthalpy does not change. Therefore, a
higher gas source pressure decreases the enthalpy difference in

FIGURE 5 | Influence of natural gas pressure on power consumption
and exergy loss of the system.

FIGURE 6 | Influence of natural gas pressure on freezing mixture
circulation capacity and cooling water load of the system.

FIGURE 7 | Influence of natural gas pressure on power consumption
and exergy loss of the system.

FIGURE 8 | Influence of natural gas pressure on freezing mixture
circulation rate and cooling water load of the system.
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natural gas at the inlet and outlet of the liquefaction system (HNG-
HLNG). Accordingly, the required cooling capacity of the natural
gas liquefaction decreases. Based on this analysis, it can be
concluded that the heat load of the refrigeration cycle decreases
as the source gas pressure increases since the UA value of the HE
remains constant while cooling capacity decreases. Consequently,
the freezing mixture circulation capacity is reduced, thereby
reducing the power consumption of the compressor and the
cooling water load. Accordingly, the total power consumption
and total exergy loss decrease.

CONCLUSION

In the present study, a steady-state model of the SMR liquefaction
process was established. Mathematical modeling and numerical
simulations were carried out in HYSYS and the thermodynamic
performance of the system was analyzed. Furthermore, the
structure of the conventional liquefaction process was
optimized by setting the throttling stage of the freezing
mixture and the compression stage of the refrigeration cycle.
The freezing mixture circulation capacity of the improved
liquefaction system and the total power consumption were
320.8 kmol/h and 602.0 kW, respectively. Moreover, the
specific power consumption and the cooling water load were
21.92 kJ/h and 3.59 × 106 kJ/h, respectively. Compared with the
conventional SMR liquefaction process, the compressor power
consumption was reduced by 29.8%, the cooling water load
decreased by 21.3%, and the system exergy efficiency increased
by 41% in the optimized process.

The effects of gas source parameters on the total power
consumption, total exergy loss, freezing mixture circulation,
and cooling water load of the improved liquefaction process
were analyzed. The feed gas temperature was found to be
positively correlated with total power consumption, freezing

mixture circulation, and cooling water load. In contrast, feed
gas pressure is negatively correlated with these parameters.
Therefore, decreasing the feed gas temperature and increasing
the feed gas pressure within a reasonable range can improve the
performance of the liquefaction system.

In the next research, The liquefaction process will continue to
be optimized for the purpose of saving land occupation, and the
unit energy consumption, exergy efficiency and performance
coefficient of the process will be calculated and compared, and
the adaptability of the process at offshore will be analyzed].
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NOMENCLATURE

a attractive parameter

b effective molecular volume

Eu amount of exergy utilization

Ex total amount of exergy

ex unit mass exergy

h unit mass enthalpy

kij binary interaction coefficient

n molar flow rate of inlet feed gas

nLNG molar flow rate of LNG produced by the system

p pressure

R universal gas constant

s entropy

T temperature

v molar volume

W power consumption

Wc power consumption of the compressor and pump

Wn Specific power consumption

Ws output power of the expander

z mole fraction for the component

Greek Characters

ε liquefaction rate of the system

ηe exergy utilization rate

Abbreviation

COP coefficient of performance

GAMS general algebraic modeling system

HE heat exchanger

LNG liquified natural gas

MR mixed refrigerant

NG natural gas

SMR single-stage mixed refrigerant

UA heat transfer area and heat transfer coefficient
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