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a b s t r a c t

Higher air-pollutant (CO2, SO2, particulates, etc.) emission from coal burning prohibits the direct use of
coal. The demand for clean and sustainable energy is increasing with the growth of population and living
standards. Considering the current energy challenges, coal-enriched countries have focused on the green
utilization of coal by converting it to a clean energy source, such as synthetic natural gas (SNG). To fulfill
the global clean energy demand, liquefaction is a promising and feasible approach enabling safe storage
and transportation. However, the liquefaction of SNG is an energy- and cost-intensive process, primarily
owing to the presence of low-boiling impurities such as hydrogen and nitrogen. This paper describes the
major challenges and issues associated with the SNG liquefaction process for its commercialization and
attempts to solve the issues inherent to the SNG liquefaction industry. The optimal energy-efficient
single-loop mixed-refrigerant-based liquefaction schemes, with the separation of low-boiling impu-
rities (hydrogen and/or nitrogen), are presented as a major contribution of this study. The proposed SNG
liquefaction schemes are analyzed in comparison with the latest SNG liquefaction study. Liquefied SNG
can be produced with energy savings of up to 30.4% compared to the published base case.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Energy is an important factor in the sustainable economic
growth of any country. It is considered the focus of human welfare
aspects such as healthcare, education, employment, agriculture,
and sustainability. A country's success is dependent on its economy,
which has a direct impact on its energy demand. Moreover, the
energy demand is a direct function of living standards and popu-
lation (Haider et al., 2018; Ünal et al., 2018). The International En-
ergy Agency (IEA) has projected that the comfort of living and
population density will increase by approximately 30% between
2016 and 2040 (Qyyum et al., 2018b). Thus, according to the U.S.
Energy Information Administration, it is expected that the global
energy demand will increase by 48% between 2012 and 2040 (EIA,
2016). As a clean energy source (Yoon et al., 2018), natural gas (NG)
has attracted attention to fulfill this energy demand. Electricity can
be generated from NG with half the greenhouse gas emissions and
less than one-tenth of the air-pollutant emission compared to coal
(SHELL, 2017). The NG trade is growing rapidly (Zhang et al., 2018)
as compared to that of oil and coal (BP, 2017), mainly owing to its
lower air-pollutant emission, as shown in Table 1.

Table 1 shows that to produce 1 billion kJ of energy, coal emitted
higher levels of carbon dioxide, nitrogen oxides, and sulfur dioxide
than NG, by 43.75%, 80%, and 100%, respectively. These higher air-
pollutant emissions prohibit the direct use of coal. Consequently,
green application of coal is of considerable interest in coal-enriched
regions including North America, China, Russia, and Australia (Kong
et al., 2016). Coal gasification is one of the best available options for
the clean utilization of coal, a solution that is increasingly adopted
by coal-enriched countries to produce synthetic gas (SG).

Fig. 1 illustrates the units involved in SNG production, with a
liquefaction process, methanation, and coal-gasification. To pro-
duce methane-enriched fuel gas from SG, a well-known metha-
nation process that converts SG to synthetic natural gas (SNG) is
adopted. SNG mainly consists of methane (�75.0% by mole) and
low-boiling impurities such as hydrogen and nitrogen. By
increasing the pressure of SNG, it may be transported either in
gaseous form through a pipeline network or in liquid form
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Table 1
Kilograms of air pollutants emitted during production of per billion kJ of energy
(Qyyum et al., 2019; U.S. Department of Energy, 1999).

Pollutants Natural gas Oil Coal

Nitrogen oxides 41 203 207
Sulfur dioxides 0.27 504 1175
Carbon dioxides 53070 74389 94347
Carbon monoxides 18 15 94
Mercury 0.0 0.003 0.007
Formaldehyde 0.34 0.1 0.1
Particulates 3 38 1245
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(liquefied synthetic natural gas or LSNG) through cargo shipping.
The authors believe that liquefied synthetic natural gas should be
abbreviated as “LSNG”, since the word “LNG” only represents “liq-
uefied natural gas” i.e., conventional fossil-based natural gas.
However, in this study, LSNG will be replaced with LNG in order to
make it more convenient for readers.

Conventional NG transportation in liquid form is considered the
most promising approach in terms of economy and clean trans-
portation over long distances (Mehrpooya and Ghorbani,
2018)(Abdul Qyyum et al., 2018). Similarly, SNG may be trans-
ported in the form of LNG (similar to conventional NG) by con-
verting it into liquid form (liquefied SNG). SNG can also be liquefied
by reducing its gaseous volume by up to approximately 600 times
at a pressure slightly higher than atmospheric pressure. Never-
theless, before the liquefaction of SNG, CO2 and CO must be con-
verted, as much as possible, into methane through methanation or
removed; otherwise, CO2 freezing can cause problems during the
liquefaction. The remaining low-boiling impurities such as
hydrogen and nitrogen can be removed before, during, or at the last
stage of the liquefaction process.

However, LNG production from SNG or conventional NG is an
energy- and cost-intensive process because of the significant power
consumed to provide cold energy for the refrigeration cycles.
Therefore, one of the major issues inherent to the LNG industry is
large energy consumption or low energy efficiency. Similarly, the
Fig. 1. Schematic of SNG production based on conventional
liquefaction of SNG is more energy-intensive and complicated
owing to the presence of hydrogen, which has a boiling point
of �252 �C (Lin et al., 2017). To the best of our knowledge, in the
open literature, only the study by Lin et al. (2017) deals with the
liquefaction processes of SNG integrated with a combined (distil-
lation and flash columns) separation technique for hydrogen. The
authors used a binary mixture of methane and hydrogen as the
SNG, with a molar composition of 97% and 3%, respectively. They
produced liquefied SNG with a purity of 99.97% and a liquefaction
rate of 90% with an energy consumption of 1086.12 kJ/Nm3, which
is significantly higher than the minimum energy requirement i.e.,
272.2 kJ/Nm3. Thus, the development of SNG liquefaction processes
should be intensively studied. An optimal energy-efficient lique-
faction of SNG with hydrogen and nitrogen separation is the major
contribution of this study. To remove low-boiling impurities from
liquefied SNG, different separation techniques, including flash,
stripper, and distillation, are analyzed in an energy-efficient
manner. All the proposed schemes are operationally optimized.
This article is organized as follows. Section 2 describes the major
challenges and issues associated with the SNG liquefaction industry
and the gaps and limitations of previously published schemes of
hydrogen-separation-based SNG liquefaction. Section 3 provides
the description and simulation basis of the proposed SNG lique-
faction scheme integrated with hydrogen and/or nitrogen separa-
tion. Section 4 deals with the operational optimization of the
proposed schemes. Section 5 describes the potential solutions and
detailed analysis of an optimal single mixed refrigerant (SMR)-
based SNG liquefaction configuration for each potential H2 and N2
separation technique. Finally, the conclusions and future recom-
mendations drawn from this study are presented in Section 6.
2. SNG liquefaction to LNG (LSNG): challenges and issues

In a conventional liquefaction process, the liquefaction rate at
the end of the flash product stream is generally 88e90%. However,
the presence of low-boiling entities such as N2 and H2 along with
CH4may be the reason for the issues and challenges associatedwith
TREMP® scheme integrated with liquefaction process.
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the conversion of SNG to LNG as they affect the liquefaction rate,
which ultimately influences the overall energy consumption. One
of the major challenges associated with the LNG industry is lower
energy efficiency, as explained in the Introduction (Lin et al., 2017).
proposed a liquefaction process for SNG integrated with a com-
bined (distillation and flash column) separation technique for
hydrogen. They assumed that SNGwas a binary mixture of CH4 and
hydrogen (although this assumption is not practical for SNG) with a
molar composition of 97% and 3%, respectively. They produced
liquefied SNG with a purity of 99.97% and a liquefaction rate of 90%
with an energy consumption of 1086.12 kJ/Nm3. However, this
required energy value is still significantly higher than theminimum
required energy i.e., 272.0 kJ/Nm3, which can be calculated using
the equation [(mSNGðExergySNGÞ� mLNGðExergyLNGÞ]. This high en-
ergy consumption required to obtain LNG from coal-gasified SNG is
an open issue and needs to be solved in an ecological manner (Lin
et al., 2017). also concluded that the separation of hydrogen from
methane is a complicated process. Therefore, they proposed that,
for hydrogen contents up to �3.0% by mole with methane,
complicated separation techniques based on distillation should be
adopted.

The liquefaction process involves a vaporeliquid equilibrium
(VLE); when a high-pressure liquid is flashed, part of the liquid
changes phase to vapor at low or atmospheric pressure. The
liquefaction depends on the separation process of the vapor and the
liquid, which determines the complexity and energy consumption.
For separation in VLE systems, the relative volatility (a) signifies the
degree of difficulty to separate the more volatile components from
the less volatile components in a mixture. A higher difference in
relative volatility indicates easier separation (Kister, 1992)(Liu et al.,
2004)(Perry et al., 1997)(Seader and Henley, 1998). For an ideal gas,
if the gas volume is much larger than the liquid volume, the value of
a can be roughly estimated using the boiling point only; this rela-
tion can be obtained through the derivation of Clapeyron's equation
(Halvorsen, 2001). A rough estimation of a is defined in Equation
(1), where DHvap, R, i, j, Tbi, and Tbj are the specific heat of vapor-
ization, universal gas constant, component i, component j, boiling
point of component i, and boiling point of component j,
respectively.

ln aij z e
bðTbj�TbiÞ=TB (1)

where b ¼ DHvap

RTB
; TB ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
TbiTbj

q
It can be observed that the greater the boiling point difference,

the greater a is. The difference in a values in the mixture induces
different separation approaches. If a is large, a simple separation
approach is applied. Conversely, if a is close to unity, a more
complex separation method has to be applied. For simplicity, the
composition of the components in a vaporeliquid equilibrium for a
binary component system is defined by Equation (2), where yi and
xi are the vapor composition of component i and the liquid
composition of component j, respectively.

yi ¼
xiaij

1þ xi
�
aij � 1

� (2)

Therefore, the utilization of an unnecessarily complex separation
method (combining flash and distillation) is unclear and illogical
because the additional reboiler of the distillation column consumes
more energy; this is highlighted in the study by (Lin et al., 2017) for
a binary mixture with a large a value (CH4 and H2).

Furthermore, the liquefaction rate of SNG strongly depends on
the methane content, which varies from 70.0 to 90.0%. For instance,
if the amount of CH4 in the SNG is below 80%, the liquefaction rate
should be set to less than 90%. If the amount of CH4 is above 90% in
the feed SNG, the liquefaction rate may be set to 90e92%. The
boiling points of CH4, N2, and H2 are �161.5 �C, �195.8 �C,
and �252.6 �C, respectively, and the LNG rate of the subcooled
stream at the end of the flash valve inlet can be controlled by
reducing the pressure (up to a value slightly higher than atmo-
spheric pressure). If this rate is maintained at a high value when a
lower amount of CH4 is present in the feed SNG, some N2 and H2
may be present in the LNG product along with CH4. Hence, these
issues should be considered when liquefying SNG to LNG. In a
recent work dealing with SNG liquefaction with hydrogen separa-
tion (Lin et al., 2017), the recovery rate of CH4 and liquefaction rate
terms were not clarified. The recovery term must be clarified as
either the ratio of a component in the product to a component in
the initial feed or the ratio of a component in the product to a
component in the feed of the same unit. There is no information
about the loss of H2 and CH4 during the process, although a loss of
H2 is clearly evident from the process flowsheet. The column hy-
draulics, including operating pressures, is also not discussed in the
study. In our study, by assuming that hydrogen is entirely removed
and that there is no CH4 loss before CH4 liquefaction, we found that
the maximum recovery of CH4 is approximately 90% of the initial
feed flow rate, with a liquefaction rate of approximately 90%. The
SNG used was a binary mixture of 97% (mol) CH4 and 3% (mol) H2,
similar to that used by (Lin et al., 2017).

3. SNG to LSNG: proposed optimal schemes

In this study, a SMR-based liquefaction cycle was adopted to
liquefy SNG. The mixed refrigerant (MR) comprised methane (C1),
ethane (C1), propane (C3), iso-butane (iC4), and nitrogen (N2). The
SMR-based liquefaction cycle has been recognized as the most
promising candidate for small-scale and offshore production of LNG
from fossil-based NG (Qyyum et al., 2018b)(Qyyum et al.,
2018a)(Qyyum et al., 2018a)(W. Ali et al., 2018a,b). SMR process is
considered the workhorse of the LNG industry; it is estimated to be
applied in 80% of all installations. LNG yields of over 98% are typi-
cally obtainable; because the system uses a mixture of refrigerant
components and can be tailored to the specific application of feed
conditions, it is the most flexible of all liquefaction systems.
Furthermore, the SMR process has the following major advantages:

� Small footprint;
� Easy to control and therefore has a high degree of availability;
� Easy to start up and shut down;
� Minimum number of unit operations involved;
� Low operation and maintenance cost.

The proposed schemes for the liquefaction of SNG were cate-
gorized into two main cases:

Case I. Hypothetically composed SNG

Case II. SNG produced via TREMP® process

The above two cases can be further divided into seven subcases
based on the CH4 content recovery, hydrogen and nitrogen sepa-
ration, and cold energy utilization, as shown in Fig. 2.

3.1. Process description and simulation

The proposed schemes for SNG liquefaction were described and
simulated based on two types of feeds: a hypothetical feed obtained
from the study by Lin at al. (2017) and commercialized SNG pro-
duced via the TREMP® process (Kopyscinski et al., 2010). The feed
conditions and compositions are provided in Table 2.



Fig. 2. Proposed schemes of Case I (shown in pink, based on hypothetical SNG) and Case II (shown in green, based on TREMP®). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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The schematic diagram of SNG liquefaction with the integration
of hydrogen and/or nitrogen separation units is shown in Fig. 4.
SNG (stream-1) at a temperature of 23 �C and a pressure of 27 bar is
obtained after the TREMP methanation process. For a more stable
and economic SNG liquefaction process at supercritical pressures,
the feed SNG is compressed up to a pressure of 50e80 bar via
multistage (two or more stages, depending on the pressure ratio)
compression units equipped with interstage cooling. After
compression, the SNG (stream-5) at a temperature of 35 �C enters
the primary LNG cryogenic multi-stream heat exchanger (CHX-1).
The MR (stream-11) is introduced into the multistage compression
units, compressed up to an optimal pressure, and emerges as
stream-19 at 35 �C. Compressed SNG (stream-5) and MR are
introduced into the exchanger (CHX-1). The MR from CHX-1
(stream-20) is expanded up to an optimal evaporation pressure
through a JouleeThompson (JT) valve (V-2) and the resulting MR
(stream-21) has a vapor fraction of less than 15% (depending on
optimal conditions). Stream-21 is again introduced into the
exchanger CHX-1, which exchanges cold energy with the incoming
SNG (stream-5) and warm MR (stream-19). Finally, subcooled LNG
is obtained (stream-6). Stream-2 is evaporated through the ab-
sorption of heat energy from stream-5 and stream-19 and emerges
as superheated vapor (stream-22) at a temperature of
Table 2
Feed SNG conditions and compositions used in the proposed study.

Properties Lin et al. (Lin et al.,

Flow rate (kg/h) 15.62
T (�C) Not specified
P (bar) Not specified
Thermodynamic package Peng-Robinson
Mole fraction
CH4 0.97
H2 0.03
N2 e
approximately 36 �C. Stream-22 is recycled to complete the
refrigeration cycle.

A well-established commercial simulator, Aspen Hysys®, was
adopted to develop rigorous models of the proposed schemes. For
conventional NG liquefaction processes, the PengeRobinson ther-
modynamic property package has been verified and used in several
latest studies (Ding et al., 2016) (Wahid Ali et al., 2018a,b)(Aasadnia
and Mehrpooya, 2018)(Qyyum et al., 2018d); therefore, this study
also used the PengeRobinson equation of state as a model. Other
important assumptions considered during the rigorous modeling of
the proposed schemes are as follows:

� There is no heat loss to the surroundings.
� For each compressor, an 80% isentropic efficiency is chosen.
� An 85% isentropic efficiency is chosen for each expander.
� For the interstage coolers, the ambient water temperature was
assumed to be 20 �C.

� There is no pressure drop across each interstage cooler.
� There is no pressure drop across the LNG heat exchanger (CHX-
1)

� For efficient and economical heat transfer through CHX-1, the
minimum internal temperature approach (MITA) value is fixed
to 3 �C.
2017) TREMP® (Kopyscinski et al., 2010)

17.08
23.0
27.0
Peng-Robinson

0.8442
0.0320
0.1238



Table 3
Decision variables with their upper and lower bounds for the proposed SNG lique-
faction schemes.

Decision Variables Lower bound Upper bound

Feed SNG boosting pressure, PSNG (bar) 45.0 85.0
Condensation pressure of MR, P18 (bar) 25.0 70.0
Evaporation pressure, P21 (bar) 1.1 3.0
Flow rate of nitrogen, mN2 (kg/h) 0.0 5.0
Flow rate of CH4, mC1 (kg/h) 4.5 15.0
Flow rate of Ethane, mC2 (kg/h) 5.0 16.0
Flow rate of Propane, mC3 (kg/h) 20.0 40.0
Flow rate of iso-butane, miC4 (kg/h) 0.0 5.5
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4. Optimizing operations of the proposed schemes

The overall performance of any industrial process strongly de-
pends on the optimal operating conditions. Any process can be
enhanced solely through rigorous optimization. An energy-efficient
optimal execution of a liquefaction process of fossil-based NG was
recently presented by Ali et al.(W. Ali et al., 2018b), via a newly
developed metaheuristic optimization strategy referred to as the
“vortex search.” They found that the vortex search optimization
(VSO) algorithm was a sophisticated, highly efficient, and
parametric-free approach, compared to the conventional genetic
algorithm (GA) and the particle swarm optimization (PSO) algo-
rithm. They also concluded that the VSO approach can be
customized for any MR-based liquefaction process. Therefore, the
Fig. 3. SMR-liquefaction-cycle-bas
proposed SNG liquefaction processes in this study were optimized
using the vortex search methodology. The working flow diagram of
the VSO strategy is shown in Fig. 4. Further details of the working
pattern of the vortex search can be found in existing literature (W.
Ali et al., 2018b)(Do�gan and €Olmez, 2015).

To implement the VSO approach for the operational optimiza-
tion of the proposed schemes, it was customized by considering the
overall energy consumption as an objective function constrained by
a MITA value of 3.0 �C inside the exchanger CHX-1. As reported in
the Introduction, the major issue associated with the liquefaction
processes is high energy consumption during the compression in
the refrigeration cycle. It also has been reported by (Ghorbani et al.,
2018) that compression units of refrigeration cycles consume
tremendous amount of energy. Therefore, for the operational
optimization of all the proposed schemes, the overall compression
power was chosen as an objective function, which can be formu-
lated as follows:

Min fðXÞ ¼ Min:

 Xn
i¼1

Wi=mLNG

!
(3)

with the conditions:

DTðminÞðXÞ � 3 (4)
ed LNG production from SNG.
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XL
i � Xi � XU

i i ¼ 1;2; :::;n (5)

where X is the vector of decision variables.
The decision variables (design variables) with their lower and

upper bounds are provided in Table 3.

5. Results and discussion: analysis of proposed schemes

The analysis of the proposed schemes for the liquefaction of SNG
is based on the following two cases:

Case I. Hypothetically composed SNG

Case II. SNG produced via the TREMP® process

These two cases can be further divided into seven subcases, as
shown in Fig. 3. The detailed analysis of each proposed scheme will
be illustrated in the following sections.

5.1. Case I: hypothetically composed SNG

It can be assumed that the separation task is not difficult; as
from the rough estimation of a, we can deduce that the greater the
boiling point difference, the greater is the value of a. For CH4 and
H2, whose boiling points are �161.5 �C and �252.6 �C, respectively,
the difference is 90 �C. From equation (1), a is equal to 351. When
the conditions for separation in a VLE are fulfilled, equation (2) can
be used. Suppose high-pressure liquid feed mixture and H2 is the i
component, with a fraction of 0.03. When the liquid is flashed, the
target CH4 fraction (xj) in the liquid product is equal to 0.995 and xi
is equal to (1-xj) or 0.005. The resulting vapor fractions are yi¼ 0.64
Fig. 4. Working flowchart for vortex
and yj ¼ (1-yi)¼ 0.36. This means that the major composition of the
vapor is H2. Under this condition i.e., a small amount of vapor CH4,
high-purity CH4 can be easily obtained in the liquid phase. Hence,
Clapeyron's equation can clarify how pure liquid CH4 is easily ob-
tainedwith a single-step separation. In addition, suppose CH4 is in a
saturated liquid condition at 1 bar and the temperature
is �161.8 �C; H2 is in the vapor/gas phase under these conditions.
For a mixture consisting of 97% (mol) CH4 and 3% (mol) H2, the
saturated vapor temperature is �162.1 �C at 1 bar. This binary
mixture is easily separated via flash separation at �162.2 �C owing
to the high purity of CH4 in the liquid product. Although the re-
covery of CH4 is low, it can be increased by increasing the pressure
while maintaining the high purity of CH4; hence, at this condition,
separation is not a major concern. Thus, more complex multistage
separation processes, such as evaporation and distillation, as
adopted by Lin et al. (2017), are not necessary for this binary
mixture. In this study, the recovery term is fixed as the ratio of CH4
in the product to that of CH4 in the initial feed. For a fair compar-
ison, two different cases are considered for the separation of the
binarymixture. In the first case, the binarymixture is treated in two
flash separation stepswith a subcooling pressure of 5.0 bar. The CH4

recovery is lower than 90%, the liquefaction rate is ~90%, and the
CH4 purity is 99.99% in the second flash. In the second case, two
flash separation steps are used but with a different subcooling
pressure (10.0 bar), which yields high recovery of CH4 i.e., �90%
with the same liquefaction rate (~90%) and a CH4 purity of 99.99%.
The separation concept and results are shown in Fig. 5, where the
separation of hydrogen from methane is integrated in the lique-
faction process.

Table 4 lists the detailed analyses of all the subcases of Case I.
search optimization algorithm.



Fig. 5. Conceptual separation for binary mixture SNG with, (a) recovery <90% (b) recovery �90%.

Table 4
Summary of optimal findings from the proposed schemes based on the study by Lin et al., (2017).

Lin et al. Case I-a Case I-b Case I-c Case I-d

Feed SNG boosting pressure, PSNG (bar) 50.0 50.0 80.0 50.0 80.0
Condensation pressure of MR, P18 (bar) 35.0 56.6 65.0 66.79 64.0
Evaporation pressure, P21 (bar) 2.5 1.57 1.21 1.21 1.24
Flow rate of nitrogen, mN2 (kg/h) Not given 0.2780 0.0 0.1390 0.75
Flow rate of CH4, mC1 (kg/h) Not given 10.86 6.24 13.40 7.62
Flow rate of Ethane, mC2 (kg/h) Not given 10.85 6.05 5.36 4.88
Flow rate of Propane, mC3 (kg/h) Not given 33.63 25.41 36.99 31.24
Flow rate of iso-butane, miC4 (kg/h) Not given 1.75 1.81 1.138 0.82
Liquefaction rate before H2 separation (%) Not specified 90.0 90.0 96.33 96.33
Liquefaction rate after end flash valve (%) May be 90.88 90.58 90.58 90.85 90.85
LNG product temperature (�C) �161.2 �161.2 �161.2 �158.8 �158.8
CH4 content in LNG (% by mol) 99.97 99.99 99.99 99.99 99.99
CH4 recovery (% by mol) 95.00a 84.05 84.05 90.22 90.22
Refrigeration cycle power (kWh/Nm3 SNG) Not specified 0.2386 0.1703 0.2760 0.1961
SNG compressors power (kWh/Nm3 SNG) Not specified 0.02207 0.03979 0.02207 0.03979
Total specific power (kWh/Nm3 SNG) 0.3017 0.2607 0.2101 0.2981 0.2359
Relative energy saving (%) e 13.6 30.4 1.20 21.83

a This value of CH4 recovery is not clear, as explained in section 2.
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Fig. 6. Schematic diagrams for the proposed schemes based on the hypothetically composed SNG.

Fig. 7. Proposed configurations for the liquefaction of TREMP SNG with the integration of H2 and N2 separation units.
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Table 5
Summary of the optimal findings for the proposed schemes using TREMP® SNG.

Case II-a Case II-b Case II-c

Feed SNG boosting pressure, PSNG (bar) 76.0 76.0 76.0
Condensation pressure of MR, P18 (bar) 65.0 64.74 64.74
Evaporation pressure, P21 (bar) 1.88 1.92 1.889
Flow rate of nitrogen, mN2 (kg/h) 3.985 3.985 3.985
Flow rate of CH4, mC1 (kg/h) 8.626 8.626 8.626
Flow rate of Ethane, mC2 (kg/h) 9.688 9.688 9.688
Flow rate of Propane, mC3 (kg/h) 31.64 31.64 31.64
Flow rate of iso-butane, miC4 (kg/h) 1.16 0.6530 1.16
Approach temperature, MITA, �C 3.0 3.0 3.0
Liquefaction rate (%) 84.0 84.0 84.0
LNG product temperature (�C) �167.3 �153.9 �153.9
LNG product pressure, bar 2.0 2.0 2.0
CH4 content in LNG (% by mol) 94.68 99.50 99.50
CH4 recovery (% by mol) 94.21 91.52 99.99
Reflux ratio by mole Not applicable Not applicable 0.9173
Boil-up ratio by mole Not applicable 0.1409 Not applicable
Feed location Not applicable Top stage 8.0
Total stages Not applicable 10.0 12.0
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According to Table 4, Lin et al. (2017) liquefied SNG with hydrogen
separation with an energy of 0.3017 kWh/Nm3. They also used a
SMR process but did not provide sufficient information about MR
components and flow rates. Furthermore, they did not clarify the
terminologies used, such as the recovery and liquefaction rate. The
major question associatedwith these important parameters is if the
reported values of recovery and liquefaction rate were obtained
before or after hydrogen separation. The liquefaction rate is
considered one of the major parameters affecting the overall per-
formance of any liquefaction process (Qyyum et al., 2018c) and
therefore should be defined. In the proposed schemes in this study,
each important term is appropriately defined for better under-
standing. Based on themajor assumptions and feed SNGused by Lin
et al. four liquefaction processes are analyzed with high and low
recovery of CH4 content at constant purity i.e., 99%, as shown in
Table 4.

The proposed schemes based on hypothetically composed SNG
(from the study by Lin et al. (2017) are illustrated in Fig. 6.
Fig. 8. Vapor-liquid equil
In Case I-a, the SNG is compressed to 50 bar and introduced into
CHX-1 at 30 �C. In the SMR liquefaction cycle, the MR (stream-21)
exchanges cold energy with stream-5 and leaves as superheated
MR (stream-22) at approximately 31.9 �C. This MR (stream-22) is
recompressed and cooled via a series of compressors and coolers.
Stream-6 leaves CHX-1 at �140.7 �C and passes through the pres-
sure reduction valve (V-1). In addition, stream-7, which has a
pressure of 4 bar and a temperature of �147.9 �C, enters column C-
1. The top part of C-1 contains H2 and the bottom most of the CH4,
which is transferred to C-2 via valve V-3. Stream-10, which has a
pressure slightly above atmospheric pressure, i.e., 1.058 bar, and a
temperature of�161.0 �C leaves C-2 and enters LNG storage. H2 and
EFG are the two potential streams that can be integrated with CHX-
1 to help reduce the total specific power of the entire cryogenic
process. For the given feed composition (see Table 2), the lique-
faction rate before the H2 separation was 90.0%; this increased to
90.58% at �161.2 �C in stream-9. The CH4 content in the LNG was
99.99% with a recovery of 84.05%. The total specific power utilized
ibria for N2 and CH4.
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in the entire process was 0.2607 kWh/Nm3, indicating energy
savings of 13.6% compared to the study by Lin et al. (2017).

In Case I-b, the SNG (stream-5) is compressed to 80 bar and is
introduced into CHX-1 at a temperature of 35 �C. After the same
cryogenic process as Case I-a, it leaves as stream-6 at 141.4 �C. The
liquefaction rate of stream-7 before H2 separation was 90.0%; it
reached 90.58% after passing through V-3 and this stream leaves
at �161.2 �C as stream-9. The CH4 content in the LNG was
approximately 99.99%, with a recovery rate of 84.05%. The total
specific power utilized in the entire process was reduced to
0.2101 kWh/Nm3 after integrating the cold H2 and EFG streams
arriving from columns C-1 and C-2, respectively. The relative en-
ergy savings in this case was 30.4%, the maximum among all the
subcases.

In Case I-c, the process configuration and cryogenic process are
the same as in Case I-a. The only difference in this case are the
liquefaction rates. The SNG (stream-6) at �147.5 �C emerging from
CHX-1 is vaporized to 10 bar through a JT valve (V-1) at �147.0 �C
with a vapor content of 3.67%. Compared to Case I-a, the liquefac-
tion rate before H2 separation after V-3 was slightly higher i.e.,
96.33%. The temperature of stream-9 was �158.8 �C with a CH4

purity of 99.99% and a recovery rate of 90.22%. The relative energy
savings in this case was 1.20%, the lowest among all the subcases,
because of the choice of the high liquefaction rate before H2
Fig. 9. Possibility of separation using flash: (a) and (b) represent the ternary mixture H2 þ N2

flash under the assumption that all H2 is removed in the first flash.
separation (unit C-1).
In Case I-d, SNG (boosted) at 80 bar is introduced into CHX-1 and

leaves as stream-6 at �148.4 �C. This stream is vaporized to have a
vapor content of 3.67% with a pressure of 10 bar. Stream-7 enters
the flash column (C-1) whereas stream-8 passes through the JT
valve (V-3) and leaves at�158.8 �C and 1.35 bar; thus, a liquefaction
rate of 90.85% is achieved. The H2 and EFG streams were integrated
using CHX-1, resulting in a total specific power of 0.2359 kWh/Nm3,
indicating energy savings of approximately 21.83% compared to the
scheme proposed by Lin et al. (2017). The CH4 purity in the LNG
product was 99.99% with a recovery of approximately 90.22%. The
detailed conditions (temperature and pressure) associated with
each stream in all the optimal cases (Case I-a, Case I-b, Case I-c, and
Case I-d) are provided in the Supporting Information file (Table S1).
5.2. Case II: SNG produced via the TREMP® process

Case II uses a practical and commercialized feed SNG (TREMP
process). In Case II, the SNG liquefaction schemes, with the inte-
gration of hydrogen and nitrogen separation, were categorized
based on the separation technique i.e., flash, stripper, and distilla-
tion. Fig. 7 illustrates the proposed configurations and Table 5 lists
the detailed results for Case II.
þ CH4 in the first flash, (c) and (d) represent the binary mixture N2 þ CH4 in the second
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5.2.1. Case II-a: flash-column-based SNG liquefaction process
A binary mixture is only a hypothetical mixture. To study a

realistic problem, a ternary mixture of SNG, produced through a
well-known methanation process referred to as “TREMP”, was
investigated. The recovery termwas fixed as the ratio of CH4 in the
product to that of CH4 in the feed. Unlike the hypothetical mixture,
TREMP SNG contains a high amount of nitrogen rather than
hydrogen (Kopyscinski et al., 2010). The liquefaction rate is 84%
because the CH4 content in the feed is approximately 84% in order
to avoid unnecessary wastage of cold energy to liquefy hydrogen
and nitrogen. The normal boiling point (NBP) of nitrogen
is �195.8 �C, indicating a difference of 30 �C from that of CH4. A
moderately small NBP difference corresponds to a low aðN2;CH4Þ,
based on equation (1). Using equation (2) and same calculations in
Section 5.1, the composition of liquid CH4 is 0.995 and the target
CH4 fraction in the liquid product is yCH4¼ 0.94 (yN2¼ 0.06). A large
amount of vapor flow is needed to obtain a 0.995 fraction of CH4
liquid. Thus, it is difficult to completely remove N2 to obtain high-
Fig. 10. Conceptual cascade configuration of
purity CH4 and at the same time minimize CH4 loss via single-step
flash separation. This is shown in Fig. 8. Under the assumption that
H2 is completely removed at the first flash, N2 is theoretically
flashed in the following flash-separation step. Thus, it is difficult to
obtain the required high recovery and purity of CH4 evenwhen two
flash separation steps are used. Fig. 9 shows the possible recovery
rates and purities for a liquefaction rate of 84% at different
pressures.

Hence, high-purity CH4 and high recovery cannot be achieved
using simple flash separation. To achieve the required specifica-
tions (high purity and recovery), a cascaded multiple-flash config-
uration (with top and bottom sections) can be used, as shown in
Fig. 10. The feed position and number of flashes in the top and
bottom sections can be adjusted to achieve the required product
specifications. This configuration is equivalent to continuous
distillation. According to Clapeyron's equation, pure liquid CH4
cannot be easily obtained. Thus, the use of a stripper or distillation
column is necessary to obtain the required specifications;
multiple flashes for H2 and N2 removal.



Fig. 11. Conceptual H2 þ N2 þ CH4 separation using a distillation column at 2 bar.
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therefore, in Case II, stripper- and distillation-based schemes were
analyzed.

Single-flash separation still can be considered if high-purity
liquid CH4 is not the main concern. As shown in Fig. 7, high-
pressure SNG (76.0 bar) at 35.0 �C enters CHX-1 and after
exchanging its enthalpy with the MRs, leaves as stream-6
at �157.2 �C. It is expanded by the JT valve (V-1) to lower its
pressure to 2 bar with a temperature of �167.3 �C. Subsequently,
stream-7 enters C-1, which separates the impurities (at the top)
from liquefied LNG (at the bottom). A liquefaction rate of 84.0% was
specified in the system (stream-7) to obtain a CH4 purity of
approximately 95.00% with a recovery of 94.21% in the end flash
product stream. The total specific power used in the entire process
was 0.4159 kWh/kg-LNG, after integrating the cold energy of the
H2e and N2e streams in CHX-1.
5.2.2. Case II-b: stripper-column-based SNG liquefaction process
In this case, feed SNG at a pressure of 76.0 bar and a subcooled

temperature of �157.2 �C is introduced into the JT valve (V-1).
Stream-7 leaves at 2.0 bar and �167.3 �C and is introduced into the
stripper separator, which is used to separate and vaporize the
hydrogen and nitrogen present in the feed SNG. The amount of
energy used for SNG liquefaction was 0.4608 kWh/kg-LNG with a
liquefaction rate of 84% in the end flash product stream. The
stripper utilizes 10 trays with a boil-up ratio of 0.1409 and produces
LNG with a purity of 99.50% and a recovery rate of 91.52%. In this
case, the recovery is lower but acceptable, considering its practical
feasibility. Otherwise, to achieve higher recovery rates i.e., 99%,
with a purity of 99%, distillation (with a high condenser duty) must
be employed, as explained in the following section.
Table 6
Performance parameters for the proposed schemes based on TREMP® SNG.

Case II-a

Condenser duty (kW) Not applicab
Reboiler duty (kW) Not applicab
Refrigeration cycle power (kWh/Nm3 SNG) 0.2216
SNG compressors power (kWh/Nm3 SNG) 0.0383
Total specific power (kWh/Nm3 SNG) 0.2599
Total specific power by mol (kWh/kmol SNG) 5.825
Total specific power by mass (kWh/kg-LNG) 0.4159
5.2.3. Case II-c: distillation-column-based SNG liquefaction process
In this design, the product specification feasibility can be

conceptually determined using a graphical method. The residue
curve map, which is shown in Fig. 11, is sufficient to analyze the
feasibility of the separation. The solution is presented using an
overall material balance line between the top and bottom products
through the feed composition point. With a shortcut column
application, nearly optimum conditions of distillation can be
determined by adjusting the reflux ratio (RR) to approximately
1.2e1.5 times the reflux ratio minimum (RRm). In this case, we
chose RR¼ 1.3 � RRm (Chaniago and Lee, 2018).

The high-pressure SNG at 35 �C exchanges energy with the MR
and leaves at �157.2 �C. Stream-6 is flashed to 2 bar and leaves
at �167.3 �C with a vapor content of 16%. This stream thereafter
enters C-1, which separates the LNG (at the bottom) from the low-
boiling impurities (at the top). The distillation column uses 12 trays
with the feed location at the 10th tray. The amount of energy used
in the entire process (SMR refrigeration cycle and SNG compression
units) was 0.4255 kWh/kg-LNG with a liquefaction rate of 84% in
the end flash product stream. The column achieved a CH4 purity of
approximately 99.50% with a recovery rate of 99.99%. The high
recovery rate and high purity achieved through distillation-based
separation are not economical and practically feasible, mainly
owing to the very low condenser temperature i.e., �191.9 �C (see
Table S2). It is difficult and cost-intensive to attain such a low
temperature for the condenser because a hydrogen- or helium-
based refrigeration cycle is required. Therefore, TREMP® SNG
liquefaction with a stripper-based removal of low-boiling impu-
rities may be the best choice, considering economic and practical
aspects. Conclusively, Table 6 summarizes the performance pa-
rameters for the proposed schemes in Case II. The detailed
Case II-b Case II-c

le Not applicable 0.2114
le 0.2639 0.2940

0.2187 0.2210
0.0383 0.0383
0.2570 0.2593
5.76 5.813
0.4608 0.4255
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conditions (temperature and pressure) associatedwith each stream
in all the optimal cases (Case II-a, Case II-b, and Case II-c) are
provided in Table S2 in the Supporting Information file.
5.3. Composite curves analysis

The energy-saving opportunities for the proposed SNG lique-
faction schemes can also be physically interpreted through the
composite curve analysis within the exchanger (CHX-1). Fig. 12(a)
and (c), 12(e), and 12(g) present the temperature difference com-
posite curves (TDCC) (approach-temperatureetemperature curves)
for cases I-a, I-b, I-c, and I-d, respectively. Fig. 12(b) and (d), 12(f),
and 12(h) present the temperatureeheat-flow composite curves
(THCC) for cases I-a, I-b, I-c, and I-d, respectively. The entropy
generation, which is represented by the gap between the THCC
Fig. 12. Composite curves of TDCC (a, c, e, and g) and THCC (b, d, f,
curves, is primarily due to a non-optimal execution of the MR flow
rates and the operating parameters, such as temperature and
pressure. This gap is larger for cases I-a and I-c (Fig. 12(b) and (f))
than for cases I-b and I-d (Fig. 12(d) and (h)). Furthermore, the
lower exergy efficiency of the liquefaction processes can be
observed through the approach temperature peak in the TDCC
curves, which is significantly higher in cases I-a and I-c than in
cases I-b and I-d. Therefore, the energy savings for SNG liquefaction
in cases I-a and I-c are significantly lower than that in cases I-b and
I-d, as shown in Table 4.

Fig. 13(a) and (c), and 13(e) present the TDCC for cases II-a, II-b,
and II-c, respectively. Fig. 13(b) and (d), and 13(f) present the THCC
for cases II-a, II-b, and II-c, respectively. The approach temperature
peak (TDCC curves) in Case II-a is lower than that in cases II-b and
II-c; similarly, the gap between the THCC composite curves in Case
and h) for Case I-a, Case I-b, Case I-c, and Case I-d, respectively.



Fig. 13. Composite curves of TDCC (a, c, and e) and THCC (b, d, and f) for Case II-a, Case II-b, and Case II-c, respectively.
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II-a is smaller than that in cases II-b and II-c. In cases II-b and II-c,
the MITA values are higher than 3 �C, which is primarily due to
the presence of cold energy at very low temperatures i.e., �167.0 �C
and �191.9 �C, respectively. This indicates that the operating
pressures, total number of stages, and feed locations of the stripper
and distillation columns are still not at their optimal values. The
LNG exchanger is more effective when the approach temperature is
in a realistic range, i.e., 1e3 �C. Furthermore, the TDCC analysis
physically addresses the impact of the individual ingredients of the
MR on the energy efficiency of the MR-based liquefaction and
refrigeration systems. The efficiency of each scheme can be
observed in Fig. 14, which shows a quick comparison of all the cases
via the TDCC composite curves.
6. Conclusions

In this study, several energy-efficient SNG liquefaction schemes
were presented based on a single-loop MR process with approaches
for the separation of low-boiling impurities (hydrogen and nitrogen)
from liquefied SNG. For hypothetically composed SNG, a liquefaction
scheme of Case I-b, which uses self-recuperation with cold energy
recovered from the end flash gas and hydrogen, showed a most
promising potential to produce liquefied SNG in an energy efficient
manner. For a feed SNG produced via the TREMP methanation pro-
cess, a flash-based liquefaction scheme could be a preferable option.
It produced liquefied SNG with an energy consumption of
0.4159 kWh/kg-LNG. The distillation-based configuration can be
advantageous in terms of purity and recovery of liquefied SNG pro-
duced. It could produce liquefied SNGwith 99.99% purity and 99.99%
recovery with an energy consumption of 0.4255 kWh/kg-LNG.
However, this high purity and recovery seem to be practically
infeasible and not economical, mainly owing to the extremely low
condenser temperature, i.e., �191.9 �C, which only can be attained
using hydrogen- or helium-based refrigeration cycle.



Fig. 14. TDCC curves comparison for (a) Case I (hypothetically composed SNG) and (b) Case II (SNG produced via TREMP® process).
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The proposed SNG liquefaction schemes can be further
improved through robust operational and design optimization by
adopting any heuristic evolutionary algorithm. Introducing another
refrigeration loop as a precooling or intermediate cooling step also
can further improve the energy efficiency of the proposed SNG
liquefaction schemes. Detailed thermodynamic analysis such as
exergy analysis (conventional and advanced) can be helpful to
identify the room for process improvement in a cost-efficient
manner. To evaluate the commercial feasibility of the proposed
liquefaction schemes, rigorous advanced exergoeconomic evalua-
tion needs to be investigated as an extension of this work.
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Nomenclature and abbreviations

N2 Nitrogen
C1 Methane
C2 Ethane
C3 Propane
iC4 Iso-butane
R Recycle stream
MITA Minimum internal temperature approach
NG Natural gas
SG Synthetic gas
SNG Synthetic natural gas
LNG Liquefied natural gas
LSNG Liquefied synthetic natural gas
GA Genetic algorithm
VSO Vortex search optimization
NBP Normal boiling point
SMR Single mixed refrigerant
MR Mixed refrigerant
MITA Minimum internal temperature approach
EFG End flash gas
BOG Boil-off gas
EFG End flash gas
TDCC Temperature difference between composite curve
THCC Temperature-heat flow composite curves
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