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a b s t r a c t
This study examined the enhancement of the single mixed refrigerant (SMR) natural gas liquefaction
process. The effects of the main parameters, such as mixed refrigerant (MR) composition and operating
pressures on the compression energy requirement were investigated. A process knowledge inspired
decision-making method was exploited for liquefied natural gas process optimization. The results
showed that the proposed optimization methodology is simple and effective in determining the optimal
operating conditions and could save up to 30.6% in terms of the compressor duty compared to the base
case. In addition, the proposed optimization methodology provides process understanding, which is
essential to process engineers. Another benefit of the proposed methodology is that it can be applied
to any MR liquefaction cycle. The use of heavier refrigerants, such as isobutane and isopentane, and
the addition of a NG compressor were examined to improve the energy efficiency of the SMR process.
The effect of the intercooler outlet temperature on energy saving was also considered. The synergistic
effects of those modifications on improving the performance of the liquefaction process were
investigated.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Liquefied natural gas (LNG) is attracting considerable interest as
a clean energy source due mainly to its ease of transport, low carbon dioxide emissions and the growing demand for natural gas
[1,2]. Because much of the gas are found in offshore fields, they
are normally sent to land-based natural gas (NG) processing plants
[3]. On the other hand, the days of ‘easy’ and ‘cheap’ gas are numbered, which has encouraged the exploration of less accessible and
more challenging resources [4]. This makes LNG a good candidate
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for the collection of offshore-associated gas or remote, small and
less accessible gas fields. Furthermore, LNG has many advantages
over pipelines for long-distance export [5] as well as gas transmission to mountainous, impassable and remote areas [6]. LNG also
plays a significant role in the liberalization of the European gas
market [7]. Therefore, the trend in LNG use is expected to increase
over the next few decades.
Several LNG processes have been considered for the land-based
LNG plants, varying in complexity, capacity, and efficiency [8], with
the most popular processes being propane precooled mixed refrigerant (C3MR), cascade, dual mixed refrigerant (DMR), and single
mixed refrigerant (SMR) cycles for NG liquefaction [1,9]. Among
them, due to the simple design, ease of operation and small footprint, the SMR process (Fig. 1) has been reported to be suitable
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N2
C1
C2
C3
iC4
iC5
AT
C3MR
DMR

KBO
LNG
MR
MAT
NG
SMR
TDCC

nitrogen
methane
ethane
propane
isobutane
isopentane
approach temperature
propane precooled mixed refrigerant
dual mixed refrigerant

knowledge based optimization
liquefied natural gas
mixed refrigerant
minimum approach temperature
natural gas
single mixed refrigerant
temperature difference between composite curves

Fig. 1. Process flow diagram of the SMR cycle.

for small-scale LNG processes [10], and offshore LNG plants also
known as stranded natural gas plants [11]. Furthermore, offshore
floating LNG (FLNG) has recently begun to be explored instead of
land-based LNG plants [3]. Because liquefaction in a FLNG plant
is implemented and operated on a limited area of the floating
structure, compactness is very important [12]. This stimulates
the use of the SMR process for FLNG application.
On the other hand, the SMR process still requires a significant
amount of energy. The main contribution to the energy requirement is the shaft work of compressors, which is dependent mainly
on the temperature differences in the heat exchangers [13]. Note
that liquefaction trains normally account for approximately half
the operating costs of an LNG plant [14]. A small improvement in
their efficiency will increase the process global competitiveness
and have a huge cost and energy benefits. Several energyefficient and compact SMR cycles were considered in this study.
SMR processes are the simplest MR cycles for NG liquefaction
which is optimized with various methods in previous studies
[15]. Because the complex thermodynamics and nonlinear interactions among the variables make optimization of SMR process a
complex nonlinear, non-convex problem with many local optima,
stochastic search methods also referred to as non-deterministic
methods are preferable. One of the typical optimization models
for SMR process is the combination of a program code (e.g.
MATLAB) and a commercial simulator such as ASPEN HYSYS and
Unisim. For instance, a graphical targeting method was employed

to find the optimal solution of PRICO process which is a combination of the thermodynamics approach and nonlinear programming
(NLP) by Lee et al. [16]. In addition, a hybrid optimization method
combining Tabu search and Nelder–Mead simplex search was
utilized to minimize the compressor power in a SMR process
[17]. In another research, Khan and Lee utilized particle-swarm
paradigm with nonlinear constraints coded in MATLAB linked to
Unisim simulator [8]. Furthermore, energy consumption of SMR
processes were also optimized by using the sequential quadratic
programming code [18,19] and generic algorithms [20,21].
Recently, the sequential coordinate randomization search
method based on the idea of minimizing the multivariable function
considering one variable at a time was proposed to optimize the
SMR process [22]. On the other hand, numerical optimization algorithms without including any process knowledge often produce a
less robust result. The successes of these algorithms depend on
the interactions of the variables in the process, the search space
and starting points. In addition, the implement of these algorithms
require programming language proficiency, and considerable
computational time is needed for the optimization of a complex
systems as NG liquefaction cycles. Therefore, a novel knowledge
based optimization (KBO) was proposed [23]. The KBO method still
has an important limitation that it may be difficult to overcome the
local optimal point from any initial condition. The optimization
methodology in this study was conducted to improve the efficiency
of the KBO method by applying significant modifications. In
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particular, a baseline was determined in the optimization procedure to orient the variation of the flow rate of the mixed refrigerant
(MR) component instead of sequentially reducing the flow rate of
the MR components from a low to high boiling point. As a result,
the new approach allows the optimal condition to be found from
any point, even when the refrigerant components of MR are
changed.
The aim of this work was to propose several simple, compact
and efficient SMR cycles. A newly modified, knowledge-inspired
decision making method was proposed to solve the optimization
problem of a complex MR process robustly. Both the modification
and optimization methodologies were considered to improve the
performance of the SMR system. In particular, addition of a NG
compressor and heavy components to MR were proposed to reduce
the energy requirement of the compressors significantly. Furthermore, a separator was added to avoid the liquid phase in the inlet
streams of the compressors and improve the energy performance
when adding heavy components. The synergistic effects of those
modifications on the performance improvement of the liquefaction
process were investigated. The effect of intercooler outlet temperature on energy savings was also considered.

2. SMR process model and analysis
2.1. SMR process description and simulation
Fig. 1 presents a schematic diagram of the SMR process. In the
SMR process, a MR stream composed of nitrogen and several
hydrocarbons, such as methane, ethane and propane, was utilized
to liquefy the NG at a temperature of approximately 160 °C. The
MR was compressed and cooled by a series of compressors and
intercoolers, respectively. This MR was then condensed and
expanded through the main heat exchanger and a Joule-Thomson
valve, respectively, before being evaporated in the main heat
exchanger.
Table 1 lists the feed condition and other assumptions for the
optimal case in the previous study [22] considered as the base case
(case 1.1) in this work. The SMR systems in this paper were simulated using ASPEN HYSYS v8.4 software. The Peng-Robinson equation of state was used to predict the vapor-liquid equilibrium,

whereas the Lee-Kesler equation was employed to determine the
enthalpies and entropies.
The temperature difference between the composite curves
(TDCC) is called as the approach temperature (AT). Since the minimum approach temperature (MAT) from 1 °C to 3 °C is usually
chosen in the design of cryogenic exchangers [22,24], the MAT of
3 °C was chosen in this study. In addition, the pressure drop in each
cooler in the process was set to 50 kPa and 25 kPa for the cooled
streams undergoing a phase change and no phase change, respectively. Because the optimal case reported in [22] did not consider
the pressure drop in the cooler and heat exchanger, the required
compression energy of the base case in this study was slightly
higher than the optimal case in that work. To reserve the optimal
design for the process, the conditions of the input and output
streams of the main heat exchanger were similar to those reported
in previous work.
2.2. The SMR process analysis
Fig. 2a presents a plot of TDCC along the temperature inside
heat exchanger, while Fig. 2b shows a plot of the composite curves
of the SMR process. Compared to the composite curve plot, a plot of
the TDCC is more informative in determining the impact of each
individual refrigerant component on the process efficiency [25].
The optimal amounts of the MR components were determined to
overcome the infeasibility and minimize the driving force of the
liquefaction. In the temperature range from 160 °C to 70 °C,

Table 1
Simulation basis and feed conditions of the SMR process studied.
Property

Condition

NG feed condition
Temperature
Pressure
Flow rate

32 °C
80 bar
1.0 kg/h

NG feed composition
Nitrogen
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane
Intercooler outlet temperature
Vapor fraction boil-off-gas
Compressor isentropic efficiency
Thermodynamic property package
Enthalpy calculation

Mole fraction
0.0022
0.9133
0.0536
0.0214
0.0046
0.0047
0.001
0.001
40 °C
8.0%
0.75
Peng-Robinson
Lee Kesler

Pressure drops across LNG heat exchanger
‘‘NG feed” to ‘‘LNG valve inlet”
‘‘MR inlet” to ‘‘MR valve inlet”
‘‘MR valve outlet” to ‘‘MR outlet”

1.0 bar (hot stream)
1.0 bar (hot stream)
0.1 bar (cold stream)

Fig. 2. (a) Temperature profile and (b) composite curves of the base case.
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small gaps between the TDCC curves and the constraint line
(AT = 3 °C) were observed. In this region, it is difficult to improve
the heat transfer performance. The flow rate of the low boiling
point components, such as nitrogen, methane and ethane, has a
major effect on the heat transfer in this region. The pinch point
occurring in the temperature range from 60 °C to 37 °C (Fig. 2b)
causes a very high temperature approach in that region of the
TDCC plot. This can be explained because a large amount of propane is used in MR. Note that the pinch point results large irreversibility inside the heat exchanger when it occurs in the
middle of the composite curve [23]. By adding the heavy refrigerants, the pinch point could be shifted to the warm end of the heat
exchanger, which will provide a better match between the composite curves and reduce the temperature approach value in this
region. Therefore, to enhance the energy efficiency of the liquefaction, the addition of heavier refrigerants, such as isobutane and
isopentane, to the MR stream can be considered. Depending on
the rate of methane in the NG feed stream, the optimal amount
of components of the MR stream required in the liquefaction process would be different.
In addition to adding heavier refrigerants, the heat transfer efficiency inside the heat exchanger can be enhanced by decreasing
the temperature inlet of the main heat exchanger. For this reason,
the other liquefaction processes, such as DMR and C3MR, include a
precooling section. For instance, a MR stream with heavier components is utilized to precooled NG in the DMR process while the corresponding section of the C3MR process uses propane as the main
refrigerant. In the sub-cooling sections of these processes, NG is
liquefied by an MR stream at low temperature.
The addition of one precooling section will increase the complexity of the process and more space will be required to accommodate that section. This makes them unsuitable to be applied in
small industrial scale systems or offshore plants. Another solution
expected to have the same effect as reducing the temperature inlet
of the main heat exchanger is to increase the pressure of the NG
inlet stream. Under high pressure conditions, the liquefaction of
NG occurs in a higher range of temperatures. As a result, the heat
transfer, particularly in the high temperature range has better
opportunity for improvement. In this study, the addition of heavier
refrigerants and a NG compressor were considered to improve the
energy efficiency of the SMR process.
3. Process knowledge inspired optimization methodology

specific compression energy of the process was considered to be
the objective function of the optimization, too.

Min:ðSWÞ ¼ Min:

n
X

!
ð1Þ

W i =mLNG

i¼1

The flow rate of five components, such as nitrogen (N2),
methane (C1), ethane (C2), propane (C3), and isobutane (iC4) or
isopentane (iC5), and the evaporation pressure Plow of stream MR
outlet were selected as the six decision variables. The MAT value
of the main heat exchanger of 3 °C was chosen as the constraint
during the optimization.
3.2. The proposed method for optimization of the MR system
A plot of the TDCC was employed for further analysis in this section. To increase the thermodynamic efficiency of the SMR process,
the gap between the composite curve and the constraint line
(AT = 3 °C) needs to be reduced, particularly in the large peaks of
the TDCC plot. In addition, note that each component in the MR
stream has the greatest impact on heat transfer in a specific corresponding range of its boiling temperature (shown in Table 2) [23].
Therefore, it is easy to identify the corresponding components, the
dominant component and the next boiling component, which is
related to the particular peak in the plot of TDCC. To reduce the
height of the peak, the flow rate of the dominant component needs
to be decreased while the flow rate of next boiling component
needs to be increased.
Fig. 3 presents the method to choose the baseline of the TDCC
plot. The baseline parallels to the horizontal axis and having an
AT value of a. It is defined in the optimization procedure as the line
closest to the constraint line (AT = 3 °C) and cuts the composite
curve with the maximum number of the intersections. In this figure, a good baseline is the solid line, which cuts the composite

Table 2
Temperature distribution range of the refrigerant components along the cryogenic
exchanger.
Refrigerant component

Distribution range (°C)

Nitrogen
Methane
Ethane
Propane, isobutane, isopentane

160 to 75
120 to 30
70 to 10
40 to 40

3.1. Objective function, decision variables and constraints
Most NG liquefaction processes are nonlinear systems involving
highly interactive relationships among variables. Small changes in
the decision variables can lead the process to an infeasible condition. The main MR system pressure contains the discharge/suction
pressures, which is also called the condensation/evaporation pressures or high/low pressures. When the condensation pressure is
high, smaller amounts of individual refrigerants are required to
liquefy the NG. Furthermore, an increase in evaporation pressure
reduces the compression consumption to compress the MR stream
from this pressure to the same condensation pressure. The adjustment of the evaporation pressure does not cause a major change in
the shape of the TDCC plot.
In this study, a knowledge-inspired decision making strategy
was proposed for the optimization of the SMR process with some
newly and importantly improved modifications and was compared
with the original method [23]. Because the energy efficiency of the
liquefaction process is an important component in both investment and operating cost, the minimization of compression energy
is frequently adopted as an optimization objective [15], as found in
many other recent studies [2,20,23,26,27]. In this study, the

Fig. 3. Method to choose the baseline of the TDCC plot.
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curve at four intersections. The baseline is updated flexibly in the
entire optimization procedure when the flow rates of refrigerant
compositions change. The number of intersections between the
baseline and the composite curves are not fixed and depend on
the number of refrigerant components in the mixture. The flow
rate of the corresponding components is adjusted based on the
relative position between the composite curve and the baseline.
The regions below the baseline present the lack of corresponding
components, whereas in the regions above the baseline, the
amount of corresponding refrigerants should be reduced.
For example, Fig. 3 presents a plot of TDCC in the SMR process,
in which its MR stream involves the following five components:
N2, C1, C2, C3 and iC4. To reduce the largest peak in region III, both
an increase in the iC4 flow rate and a decrease in the C3 flow rate
should be applied. Furthermore, these adjustments should be carried out in multiple loops to avoid large changes in other regions.
To reduce the height of the peak in region I, a decrease in the flow
rate of the light components, such as N2 and C1, are required. In
addition, the flow rate of C2 should be increased to make the composite curve approach the baseline in region II. In region IV,
increasing the iC4 flow rate will shift the end point of the TDCC plot

closer to the baseline. However, it is unnecessary to alter all the
flow rate variables in a single loop. Note that any change in
the flow rate variable will cause a change in the TDCC plot and
the baseline. Therefore, it is possible that after a few adjustments,
the desired plot with a small difference between the TDCC plot and
the baseline can be obtained in regions I, II and IV. Subsequently,
the evaporation pressure value (Plow) will be adjusted to shift the
composite curves toward the constraint line (AT = 3 °C). If Plow is
increased, the MR stream is vaporized at a higher pressure, which
reduces the driving force in the heat transfer or the value of AT
along the heat exchanger. Therefore, an increase in Plow will shift
the TDCC plot closer to the horizontal axis and vice versa.
Fig. 4 presents a flow chart of the optimization strategy and
Fig. 5 illustrates one loop of the application of the optimization
strategy for the boosted SMR system adding iC4. The base case of
the loop (Fig. 5a) was adapted from case 1.2 in Table 3. After one
loop of the optimization procedure, the specific compression duty
of the process decreases significantly by changing the flow rate of
C3, iC4, and Plow. The role of the baseline is to direct the variations
of the variables. For example, when the flow rate of C3 is reduced
in Fig. 5b compared to that in Fig. 5a, the flow rate of iC4 will be
increased until the hot and cold composites cut the baseline at
the highest temperature points (the end point of the composite
curves, shown in Fig. 5c). If the flow rate of C3 is reduced and the
flow rate of iC4 is increased gradually, the value of N2, C1, and
C2 does not need to be altered drastically. The optimization terminates when the difference of the baseline and the constraints line
(AT = 3 °C) is not significant and no further improvement of the
objective function is possible. To ensure the accuracy of the model
simulation, the number of intervals of the TDCC plot is increased at
the end of the optimization procedure to refine the results.
Utilizing baseline in optimization procedure enhances the KBO
methodology significantly. In the original KBO method, after the
infeasible condition is removed, a sequence search from low to
high boiling point refrigerants is conducted [23]. However, from
an arbitrary starting point, this search method may lead the AT
values in some regions of TDCC plot approach the minimum constraint value (3 °C) while the height of peaks in other regions still
is not minimized. To deal with this problem, baseline helps directly
determine which refrigerant component and how much of its
amount needed to be adjusted. Another advantage of the proposed
method is that it allows optimize the systems adding more refrigerant components. In addition, this idea enables coding KBO
method to apply for optimizing more complex MR systems in the
future research.
4. Enhancement by process modification
The design of LNG system must be effective, economic and
friendly environmental in choosing proper refrigerant compositions. One of the reason for using the flammable hydrocarbons
(e.g. methane, ethane or ethylene, propane, isobutane and isopentane) in most of commercial LNG plants is their decidedly low
Greenhouse Warming Potential compared to other available refrigerants [28]. In addition, other important criteria about boiling
point and melting point should be satisfied. From these considerations, iC4 and iC5 were chosen as the heavier refrigerant component to add to MR system in this study. Furthermore, the
addition of NG compressor was proposed to decrease the total
energy consumption of SMR process.
4.1. Adding heavy component refrigerants

Fig. 4. Flow chart of knowledge-based optimization strategy for the MR system.

As can be seen in Fig. 2, the approach temperature in the high
range of temperatures inside the heat exchanger (60 to 40 °C)
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Fig. 5. One loop of applying knowledge-based optimization strategy to the MR system.

Table 3
Optimization result of the SMR process.
Structural alternative

Base case

Boosted SMR cycle

SMR cycle with adding heavy refrigerant
component

Boosted SMR cycle with adding heavy
refrigerant component

Case 1.1

Case 1.2 (+NG booster)

Case 2.1

Case 2.2

Case 2.3

Case 2.4

Case 3.1

Case 3.2

Case 3.3

Case 3.4

Number of separators

0

0

0

1

0

1

0

1

0

1

Mixed refrigerant
Nitrogen
Methane
Ethane
Propane
Isobutane
Isopentane
Suction pressure (Plow)

0.269
0.529
0.619
2.847
0
0
1.3

0.269
0.529
0.619
2.83
0
0
1.55

0.278
0.455
1.19
0
2.17
0
1.765

MAT
Specific power (kW/kg LNG)
Energy saving (%)

3.0
0.4584
–

3.0
0.4507
1.7

3.0
0.3726
18.7

is quite high. The performance of heat exchanger in this range is
affected substantially by the present of C3 and heavier refrigerant
components such as iC4 or iC5. Thus adding heavy component

0.278
0.445
1.2
0.3
0
1.665
2.03
0.3648
20.4

3.0
0.3442
24.9

0.25
0.48
0.79
0
2.3
0
1.88
0.3210
30.0

3.0
0.3523
23.2

0.266
0.485
0.795
0.71
0
1.5
2.22
0.3385
26.2

3.0
0.3398
25.9

0.3183
30.6

refrigerants such as iC4 or iC5 is expected to reduce the approach
temperature in the high range of temperatures inside the heat
exchanger, which can result in total compressor energy reduction.
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4.1.1. Adding isobutane
When heavier refrigerants are added to the MR stream, the
liquid phase might appear in the inlet streams of the two compressors, i.e., Compressor 3 and Compressor 4 (Fig. 1). In particular, when
adding iC4, a liquid phase is formed in the inlet stream (stream 6)
of Compressor 4. Therefore, some modifications of the SMR system
were considered to avoid the liquid phase in the inlet streams of
the compressors. First, the temperature of the inlet stream of the
compressor was set to 5 °C higher than its dew point temperature
(case 2.1). In particular, the temperature of stream 6 was set as
50.7 °C because its dew point temperature is 45.7 °C.
An alternative design by adding a separator was proposed to
separate the liquid and vapor when liquid occurs to provide a safe
working condition for Compressor 4 (case 2.2) (Fig. 6). Fig. 7a shows
the temperature profile of the optimization result of the SMR
cycles by adding iC4 as a refrigerant component. As mentioned
previously, in the optimization procedure, the iC4 flow rate is
increased while the C3 flow rate is decreased. As a result, the C3
flow rate is reduced to zero. Note that the required amount of C3
depends not only on the amount of other refrigerant components,
but also on the composition of the NG stream. Liquefaction of NG
having low percentage of methane might require a negligible
amount of C3 while the use of C3 in the MR stream is recommended to liquefy a resource of methane-rich gas. The optimization results show that cases 2.1 and 2.2 can save up by 18.7 and
20.4% in terms of the specific power for liquefaction (shown in
Table 3).
4.1.2. Adding isopentane
The addition of iC5 into the MR stream was also considered to
improve the performance of the SMR process. The same optimization procedure in previous sections, which uses the proposed
methodology, was applied. In the optimal value, the liquid phases
were observed in inlet streams of the Compressor 3 and Compressor
4. These streams have a dew point temperature of 74.3 and 48.5 °C,
respectively. As a consequence, one recommended solution is setting the temperature of these streams to 79.3 and 53.5 °C, respectively (case 2.3). On the other hand, the addition of a separator
leads to an increase in the number of coolers, pumps in the process.
Therefore, it should not be applied when the amount of liquid
phase is insufficient. In addition, isolating the liquid phase of this
stream is not recommended because the inlet stream of the Com-

pressor 4 has a low dew point temperature. A MR cycle adding
isopentane with one separator was proposed (case 2.4). Fig. 7b
shows the approach temperature profile of the optimization result
of the SMR cycles adding iC5. The optimal result shows that the use
of iC4 is unnecessary. The width and height of the largest peak in
Fig. 7b are significantly lower than the relative peaks in Fig. 7a
and in the base case (Fig. 2a). This indicates a substantial reduction
of irreversibility. As shown in Table 3, the savings in specific power
were up to 24.9 and 30.0% in cases 2.3 and 2.4, respectively, compared to the base case.
4.2. Adding a boosting compressor
Fig. 1 presents the SMR process after adding a NG compressor
(dashed line) (case 1.2). An additional cooler was set up to reduce
the temperature of the NG stream before entering the main
exchange. Fig. 8 presents the TDCC plot of SMR process in these
cases. The composite curves shifted toward a higher approach temperature eliminate the abnormal peaks in the end warm region
(exclusively in the circled area). Note that these peaks make the
TDCC plots relatively rough, which causes the major difficulty for
optimization. As a result, it is better to improve the performance
of the process. Because the difference between the composite
curves of the MR system with NG stream pressure of 80 bar and
90 bar was not remarkable, the pressure of the NG stream of
80 bar was chosen to improve the performance of the SMR process.
To reduce the energy consumption, the suction pressure was
increased until the MAT value reached 3 °C. As a result, it could
save approximately 1.7% in terms of the specific power required
liquefaction. Although the improvement is not significant, this
modification can be used to combine with the added refrigerant
to achieve a synergistic effect, which will be shown and discussed
in the next section.
4.3. Boosted SMR cycles adding heavy refrigerant components
The boosted SMR cycles by adding heavy refrigerant components were studied (dashed line, Fig. 6). The optimization results
are shown in Table 3 when adding iC4 (case 3.1 and 3.2) and iC5
(case 3.3 and 3.4). Fig. 7c and d presents the TDCC plots of the
boosted SMR cycles when adding iC4 and iC5, respectively. As
shown in the figures, the height and width of the largest peak in

Fig. 6. Process flow diagram of the SMR process with one separator when adding heavy refrigerants.
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Fig. 7. The temperature profile of the optimized SMR cycles when adding (a) iC4 and (b) iC5 without a NG compressor and (c) iC4 and (d) iC5 with a NG compressor.

Fig. 8. Effect of the NG feed pressure on the approach temperature.

the TDCC plot of the boosted SMR cycles using iC5, which causes
the main exergy loss in the heat transfer, was reduced significantly
compared to those in the cases using iC4. The optimization results

suggest that it is difficult to improve the performance of the SMR
process further. According to the simulation, up to 23.2 and
26.2% of specific power can be saved when utilizing the boosted
SMR cycles and adding iC4 without and with a separator, respectively. In addition, as shown in Table 3, the estimated savings were
25.9 and 30.6% when iC5 was added to the boosted SMR cycle
without and with a separator, respectively, compared to the
optimized case in Ref. [22]. Compared to the base case in [22],
the optimized boosted SMR cycles when adding iC4 and iC5 can
improve the specific power up to 50.8 and 53.8%, respectively. Furthermore, Fig. 9 shows the composite curves of the optimized
boosted SMR cycles when adding heavy refrigerants. These curves
showed closer hot and cold composite profiles, which leads to
improved performance.
Compared to the energy saving in cases 2.2 and 3.2, synergistic
effects were observed in the boosted SMR cycle by adding iC4,
whereas they were not shown in the cases adding iC5 (case 2.4
and 3.4). The aim of adding a NG booster compressor is to raise
the range of liquefaction temperatures for the MR system utilizing
low boiling point refrigerants. This will lead to a better match
between the hot and cold streams, particularly in the high range
of temperatures inside the heat exchanger. The roles of increasing
the NG pressure and adding heavy components in the MR stream

T.N. Pham et al. / Applied Thermal Engineering 110 (2017) 1230–1239

are similar. On the other hand, the use of heavy refrigerants affects
the heat transfer performance more vigorously than changing the
NG pressure. Therefore, the NG compressor was considered to support the MR system with a specific set of refrigerants. For example,
in this study, the use of a NG compressor is recommended if only
i-C4 is added to the MR stream. Otherwise, when iC5 is used as a
refrigerant component, the addition of a NG compressor is unnecessary. It is important to note that the energy saving of each
proposed modification is various depending mainly on the intercooler outlet temperature and the composition of the NG feed.
Under the conditions examined in this study, it turned out that
case 2.4 is most preferable because it provides the highest energy
saving without adding the NG booster.
The performance of the SMR system depends on the temperature of the intercooler outlets, whose values depend strongly on
the cooling medium used. Fig. 10 shows the effects of the intercooler outlet temperature on the energy savings of the boosted
SMR cycle when adding iC5. This configuration is quite attractive
when taking advantage of the abundant deep cold ocean water
for cooling. Note that when the environmental temperature is too
low, a liquid phase may appear in the inlet of Compressor 2. In this
case, the temperature of this stream (stream 2) will be set higher
than its dew point temperature. In addition, at the lower tempera-
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Fig. 10. Effect of the intercooler outlet temperature on the energy saving.

ture range of liquefaction, the benefits of using both iC5 and iC4 are
clearer compared to utilizing only iC5. As a result, it is recommended that in the low intercooler outlet temperature case, iC4

Fig. 9. Composite curves of the optimized SMR cycles when adding (a) iC4 and (b) iC5 without a NG compressor and (c) iC4 and (d) iC5 with a NG compressor.
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be added to a MR mixture instead of only iC5 to obtain more savings
and avoid the risk of having liquid in the inlet of Compressor 1.
5. Conclusions
Several new, simple, compact and high energy-efficient SMR
processes were proposed to enhance the energy efficiency. In particular, adding both a NG booster compressor and heavy refrigerant
components into MR could reduce the compression energy
requirement substantially in the proposed LNG processes. In order
to avoid the formation of a liquid phase in the inlet streams of the
compressors when adding heavy components, a separator was
added. This also improves the energy efficiency more effectively
compared to setting the temperature of the inlet stream to a point
higher than its dew point temperature. These two modifications
affect synergistically the performance improvement of liquefaction
cycles. The application of the proposed process knowledgeinspired optimization method was simple and effective for a complex system. The proposed methodology will also be helpful for
process understanding, which is essential to process design engineers. Because the methodology is simple and efficient, it can be
applied widely to other MR liquefaction cycles. The rigorous simulation results revealed significant energy savings in the optimized
proposed cycles compared to the base cases. In particular, savings
up to 30.6 and 53.8% of compression energy consumption in the
boosted SMR cycle with adding iC5 compared to optimal solution
and the base case reported in [22], respectively. The proposed
cycles reduce the total compressor duty dramatically when the
intercooler outlet temperature is decreased.
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