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a b s t r a c t
Novel integrated and optimization schemes for natural gas (NG) liquid recovery and liquefaction step are
presented. The liquefaction of NG was carried out using the newly developed KSMR liquefaction cycle
while the separation of NG liquids was performed using energy efﬁcient thermally coupled distillation
schemes. The main highlight of integration are, (i) feed splitting to provide reboiler duty in the methane
scrubber, (ii) common refrigeration utilities required all over the plant; and (iii) ﬂexibility of integrated
plant for easy transition between ethane recovery or ethane rejection. These integration steps minimize the overall plant-speciﬁc power requirements and the duplication of processing equipment. After
successful integration, the MR cycle was optimized for the compression energy requirement by varying the refrigerant composition and operating pressure levels with the aid of an in-house established
knowledge-based optimization (KBO) methodology. The KBO approach is robust in application and gives
consistent results. Compared to the base case, 9% improvement in plant compression energy requirement
was obtained.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Clean burning characteristics and the ability to meet tough environment regulations has increased the demand for natural gas
(NG) considerably, and a strong growth rate is expected over the
next several years [1]. Primarily, NG is used as a fuel in the form
of liqueﬁed natural gas (LNG) and also serves as feed stock for
the petrochemical industry [2]. Regardless of the method used to
liquefy the NG stream, puriﬁcation and removal of heavier hydrocarbons is needed prior to liquefaction. In the puriﬁcation step, acid
gases, water and other impurities are discarded. The heavier (C5+)
recovery process has great economic beneﬁt in terms of the valuable products obtained, such as propane, butane and other heavier
hydrocarbon that are often sold separately.
In the LNG industry, several methods are available for NG liquefaction and natural gas liquids (NLG) recovery with a range of
production capacities and product recovery, complexity, and operate independently in onshore platforms [3]. Meanwhile the rapid
changes in the global NG market coupled with enthusiasm for
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exploiting offshore NG reserves, the emphasis in the LNG industry is
now placed more on the integration of NGL and LNG for many of its
beneﬁt that it will bring to the overall plant economic performance
[4]. The advancements and maturity in offshore technology for oil
recovery paves the way for ﬂoating liqueﬁed natural gas (FLNG)
facility units. Although no such facility exists, the prospects for the
FLNG industry have improved with the announcement of the Shell
and Samsung joint venture for constructing multiple FLNGs [5]. The
low space requirements, process safety, high efﬁciency, compactness, and simplicity of operation are a few of the main prerequisites
of an offshore FLNG plant [6]. Considering the FLNGs requirements,
it is important to develop a compact energy efﬁcient integrated
approach of the NG processing scheme for LNG and NGL recovery.
In this study, the concept of integrating NGL recovery with
the NG liquefaction process was applied using Korea Single Mixed
Refrigerant (KSMR) NG liquefaction as the base process [7]. This
is a newly developed NG liquefaction cycle that was inspired by
the operation of a single mixed refrigerant SMR cycle [8] and its
attributes make it suitable for offshore plant application. Three
representative NGL recovery sequences are integrated with this
process and were analyzed for their energy efﬁciency, product
recovery and purity. The base case of the NGL recovery sequence
is the simple fractionation step, where three columns are used to
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Fig. 1. Block ﬂow diagram for typical LNG plants.

separate methane/ethane, propane/butane and heavier hydrocarbons (C5+) as products. The remaining two sequences employed
thermal coupling and a dividing wall column (DWC). The thermal
coupling sequence is used because of its superior energy efﬁciency,
and a DWC is employed because of its ability to allow reversible
splits with no separation performed twice [7].
After successful integration, these integrated cases were analyzed for their energy efﬁciency improvements. Liquefaction is
the most energy intensive step in the integrated facility. The liquefaction step provides the refrigeration duty for both the NG
sub-cooling (LNG) and NGL recovery steps. Therefore, optimizing
the liquefaction step will enhance the overall plant efﬁciency and
proﬁtability. The operating pressure levels of mixed refrigerant MR
and its composition are the main decision variables in the KSMR
cycle. The KSMR cycle is optimized with an in-house, established
knowledge-based optimization (KBO) algorithm [9]. As the name
indicates, the algorithm is inspired by the process knowledge and
its characteristics, and it was used for optimization purpose. Using
KBO methodology, the speciﬁc power required in the integrated
schemes decrease signiﬁcantly and saves considerable energy compared to the sub-optimally operated stand along facilities.
The aim of this paper was to propose several LNG and NGL integrated sequence and tailor the optimization scheme that may assist
the personnel involved in offshore/onshore LNG projects with easy
decision-making. The remainder of the paper is organized as follows. Section 2 provides an overview of a NG processing train, and
Section 3 gives a brief review of NG liquefaction and recovery technologies. The KSMR cycle is described in detail in Section 3.2 and
integration beneﬁts are summarized in Section 4. Sections 4.1–4.3
describe the proposed integrated schemes and Section 5 outlines
the KBO algorithm. Main conclusions of the study are reported in
Section 6.

2. Natural gas processing train
2.1. Pretreatment steps
Regardless of the methods used to separate NGL and liquefy
NG and NGL separation, the puriﬁcation of raw feed NG must be
done before NG is sent to the cryogenic facility. The purpose of
gas puriﬁcation is to separate NG, condensate, non-condensable,
acid gases and water to make these ﬂuids suitable for sale or disposal [10]. Fig. 1 presents a schematic diagram of NG processing
with the typical operating modules. In the ﬁrst module, the physical separation of phases is performed such as gas, liquid water,
liquid hydrocarbons, dirt or dust. The presence of two or three

phases in the gas transmission lines causes liquid slugging, which
in turn instigates mechanical problems, such as blanketing of the
heat transfer surfaces and other process problems. Therefore, phase
separators are installed before the remaining processing facilities.
The inlet NG typically contains acid gases CO2 and H2 S. The corrosive nature of these gases in the presence of water gave rise to an
acidic aqueous solution and in addition, the CO2 causes local freezing problem at low temperature process and hence must be kept
below 50 ppm. These gases are removed to eliminate the undesirable components in the gas and satisfy the heating value of sales
gases. The removal of acid gases can be performed using a reversible
chemical reaction using physical absorption or employing ﬁxed
beds of solids [11]. After the successful removal of acid gases to
the required limits, the feed NG is fed to the dehydration unit. Normally, the feed of NG to base load plants can contain water, as much
as 1600 kg H2 O/106 m3 [12]. Under some conditions, NG can combine with water to form solid hydrates that can plug valves, ﬁttings
and pipelines, and decrease the heating value of NG [10]. Among
the many drying methods, glycol absorption and molecular sieve
dehydration are commonly used, and dehydration to dew points of
200 K can be accomplished using a molecular sieve. Once the NG is
dried to the required value it is then sent to the mercury removal
module. The presence of mercury results to aluminum corrosion
and hence it should be removed from the feed gas. Normally, the
mercury concentration, ranging from 1000 to 1800 ng/Nm3 , exists
in most NG streams [12]. The removal of mercury is based on its
high reactivity with sulfur and its compounds; and it is reduced to
10 ng/Nm3 .
2.2. NGL recovery step
NG received at the well head contains methane and a range of
heavier hydrocarbons. Fractionation is required after the pretreatment step to recover those heavier HC liquids commonly referred
as NGL (LPG; C3/C4 and condensate C5+). NGLs are removed to
maintain the product dew points and yield a source of revenue.
NGL has signiﬁcantly greater value as separate products in their
own right. The lighter NLG fractions, such as ethane, propane, and
butane can be sold as a feedstock to reﬁneries, whereas the heavier
hydrocarbons can be used as gasoline-blending stock [10].
The heavier hydrocarbons are also removed for the following
reasons:
• Pentane and heavier HCs with a high freezing point cause freezing and subsequent plugging of the process equipment during
liquefaction.
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• Heavy HCs (LPG and C5+) often have higher economic value than
LNG because they serve as basic feed stock for petrochemical
plants.
• Most LNG contracts specify a range of acceptable heating values.
Therefore, required the removal of heavier HCs so that LNG does
not exceed the upper limit on the heating value.
• Controlling the LNG heating value and selling heavier products in
their own heating value range.
2.3. Natural gas liquefaction step
When the feed NG is virtually free of NGL and contains predominantly methane, it enters the cryogenic LNG facility under elevated
pressure. The gas is then subjected to several cooling stages by
indirect heat exchange with the evaporating refrigerant until it is
completely liqueﬁed. The pressurized LNG is ﬂashed to be stored
at slightly above atmospheric pressure. Flashing generates boil-off
vapor, which is utilized as a plant fuel or recycled within the process. NG liquefaction is an energy intensive process, and numerous
methods of gas liquefaction have been developed [13] with the
main differences being the type of refrigeration cycle used [14].
Similar to the NG liquefaction processes, a range of NGL recovery schemes have also been developed to accommodate a range of
feed composition variations [15]. On the other hand, most schemes
for NGL and LNG process development took place to work as standalone facilities, and not as a uniﬁed approach, which can include
both NGL and LNG processing plants. To cover this information gap,
several integrated schemes have been proposed and are described
in Section 4.

Table 1
Feed condition and simulation basis.
Property

Condition

NG feed condition
Temperature (◦ C)
Pressure (bar)
Flow rate (kg/h)

31.5
63.7
344,720

NG feed composition
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane
Nitrogen

Mole fraction
0.9004
0.0591
0.0201
0.0035
0.0057
0.0018
0.0017
0.0033

Heat sink for refrigerant cooling
Sink temperature (◦ C)

Sea water
27

LNG production condition
Temperature (◦ C)

−160.4

LNG tank pressure (bar)
Boil-off gas vapor fraction

1.06
8%

Compressor isentropic efﬁciency
Expander isentropic efﬁciency

0.75
0.75

Thermodynamic property calculations
Vapor liquid equilibria
Enthalpy calculations

Peng–Robinson
Lee Kestler

Pressure drops
LNG exchanger MR LK
LNG exchanger MR HK
Intercooler

1.0 bar
0.5 bar
0.5 bar

2.4. Brief review of natural gas liquefaction and recovery
technologies
Lim et al. reported a critically annotated review of the recent
developments in NG liquefaction and optimization techniques [13].
The authors pointed out that very few studies have focused on performance improvements of the entire NG processing plant and their
value chains. In another independent study by Getu et al. [16],
potential process schemes available for NGL recovery were analyzed under different feed conditions. The economic assessment
for each scheme was made by considering the capital, operating
cost and proﬁtability analysis. Some general conclusions regarding
process performance under different conditions were made. The
different processes discussed by Getu et al. were performed over
a range of operating conditions by ﬁxing common key process
parameters and testing for various types of feed compositions that
are classiﬁed as lean and rich. Under such circumstances, selecting
the best process scheme could be a bit challenging since each process are designed under its operating conditions and this may be an
advantage for that particular processes. Making valid comparisons
between processes can be complicated because many processes
are licensed or proprietary. Considering the above studies, very few
studies have discussed the integration of NGL and LNG [17] because
most of the work done has been proprietary [4]. The conclusions
made from the above referred studies are that the integration can
potentially produce both LNG and NGL products using signiﬁcantly
less energy than standalone facilities.
3. Process modeling and hypothesis
The modeling of NG liquefaction (KSMR) and recovery (DWC,
thermal coupling sequence) processes is performed in commercial
process plant simulator Aspen HysysTM . Hysys extensive thermodynamic libraries and robustness in property calculations make
this software well known in chemical engineering industry and

academia. It has excellent steady-state process modeling capabilities and property prediction abilities for hydrocarbon system. The
modeling of commercially available NG liquefaction [7,13,14] and
recoveries processes [15,16] are already performed using Hysys and
its authority in designing novel LNG/NGL design conﬁgurations [18]
as well as DWC [19] is also well established. Thus in the present
study, Hysys steady-state modeling capabilities are exploited for
the simulation of integrated process ﬂow schemes. Note that to
make process ﬂow schemes more informative the Microsoft Visio
was utilized for illustrating integrated schemes instead of using
actual Hysys ﬂowsheet. Hence not to be confused with the simple descriptive ﬁgures of integrated ﬂow schemes because all the
process schemes were rigorously modeled using Hysys simulation
software.
Table 1 lists the simulation basis and feed conditions used in
all cases. The approach temperature in the LNG exchanger was
assumed to be 3◦ C [21]. Approximately 8% of LNG after ﬂashing to atmospheric pressure was also assumed to be converted
to boil-off-gas, which can be used as plant fuel or recycled back
to the process. Furthermore, it was assumed that the fractionation columns were designed as the packed type and their heights
were restricted to 20 equiv. trays because of their greater stability
in a marine atmosphere. The desired product purities were constrained to 91% for LNG, 97% for LPG (C3, C4) and 99% for heavier
(C5+). Note that the integrated approach presented in this paper
was developed considering the offshore plant requirements. Nevertheless, when the space constraints are relaxed the design can
accommodate the onshore plant requirements. When the restriction of the column height is no longer a constraint for onshore
plant, then designing with the plant efﬁciency as a priority can
be made.
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Fig. 2. Process ﬂow diagram KSMR cycle.

3.1. KSMR liquefaction cycle suitability for offshore plant
In this paper, the concept of integrating NGL recovery with
the NG liquefaction process is applied using Korea Single Mixed
Refrigerant (KSMR) NG liquefaction as the base process. This is a

newly developed NG liquefaction cycle, which is inspired by the
simple operation of a single mixed refrigerant (SMR) process [14].
The SMR cycle uses a single loop of refrigerant mixture. Although
the refrigeration duty can be satisﬁed with a portion of refrigerant expanded to very low pressure, all the refrigerant in the SMR

Fig. 3. KSMR Integration with the conventional recovery sequence.
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Fig. 4. KSMR Integration with the thermally coupled direct sequence.

process is expanded to the lowest working pressure to create a low
temperature. Expanding all the refrigerants to the lowest working pressure leaves the SMR process energy intensive and limits
its operation only to small scale NG ﬁelds. To overcome the small
efﬁciency constraint of the SMR processes, several NG liquefaction
cycles have been developed [13]. The Air Products & Chemicals Inc.
propane precooled MR (C3MR) process is the most commonly used
cycle for onshore operations [20]. In this cycle feed, NG is precooled
with propane and liqueﬁed, and sub-cooling is achieved through
MR. On the other hand, the production capacity of this cycle is
limited to 5 MTPA (million ton per annum) [7]. To remove the bottleneck in the C3MR process, the Dual Mixed Refrigerant (DMR)
cycle was introduced, where precooling was performed using MR
but its drawback included the large size and large amount of equipment. Considering the developments of the liquefaction cycles [13],
most developments of the refrigeration cycles took place mainly
for catering onshore operation and its needs. Offshore projects,
however, have different requirements (high efﬁciency, size, safety,
rapid startup and shutdown, etc.) and require a cycle tailored for
its needs. Considering those needs, the KSMR cycle was developed
and proposed as a simple, compact and power efﬁcient cycle for the
integrated operation of a NG processing plant in an offshore FLNG
with a capacity of 2.5 Million Tonnes per annum (MTPA)[7].
3.2. KSMR cycle description
The main highlights of the KSMR cycle is that it uses different
compositions of refrigerant streams generated from a single MR
stream, at different pressure levels to minimize the compression
energy requirement. Fig. 2 presents the conceptual KSMR cycle;

a single MR stream is separated into heavy key (HK) and light
key (LK) to act separately in a LNG exchanger. The HK precools
the feed NG and warms the HK refrigerant, whereas LK precools
warm LK and liqueﬁes NG. The HK and LK streams exit the LNG
exchanger at different pressures. They are re-compressed in separate compressor and restored to same mid pressure level. After
mixing, the heavy components are separated and compressed separately to the mid-pressured state. The discharge pressures of LK/HK
are the same but have different expansion pressures. The LK is
expanded to the lowest possible pressure to provide sub-cooling,
whereas the HK is expanded to relatively high pressures. This separation and expansion of refrigerants at different pressures results in
signiﬁcant compression energy savings. Further savings in the compression requirement in the process can be achieved by optimizing
the inlet pressures. The appropriate composition of MR also affects
the system optimality [22,23]. Hence, the MR compositions are also
included in the optimization problem presented in Section 5.
4. Proposed LNG and NGL integration schemes
To highlight the advantages of integrating a liquefaction section with a liquids recovery section, three cases of integration are
presented in the remainder of the paper. It is noted that the simulation basis, feed conditions and other assumptions made for all
the integrated schemes are commonly provided in Table 1. Moreover the rigorous modeling of all integrated scheme illustrated with
Figs. 3–5 are performed in commercial simulator Aspen Hysys (for
details see Section 3). However simpliﬁed informative process ﬂow
schemes are used for better understanding and the rigorous model
for any scheme can be retrieved using available information. The
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Fig. 5. KSMR Integration with a dividing wall distillation column.

material and energy balance for all the integrated schemes can
be easily established using the stream properties (temperature,
pressure, massﬂow depicted in the ﬁgures) and the information
available in respective results Tables 2–4 of integrated schemes.
In all proposed schemes, feed splitting is applied in all cases,
where a portion of the feed is directed to the high pressured
methane scrubber (or wash tower) and the other portion is cooled
in the LNG exchanger to be used as a reﬂux for the de-methanizer.
Feed splitting eliminates the need for a reboiler in a de-methanizer
and also decreases the feed precooling duty [7]. A reﬂux drum is
also included in operation with a methane scrubber to minimize
the losses of the heavier components in the top product. Therefore,
the KSRM cycle with a methane scrubber is common in all proposed integrated sequences and the differences lay in the recovery
of LPG (C3, C4+) and heavier (C5+) components, and will discussed
in subsequent sections.
Few integration beneﬁts
• The overall efﬁciency of the integrated process is higher than the
individual standalone facilities.
• Plant throughput is increased with integrated schemes compared
to standalone facilities.
• Heavier HCs have higher condensing temperatures than methane
and will be liqueﬁed in the liquefaction process.
4.1. KSMR integration with conventional NGL recovery sequence
Fig. 3 presents the ﬁrst case of integration. This sequence is
based on the KSMR cycle integration with conventional fractionation step, where a plurality of successive columns is used for
components separation. As already mentioned in Section 4, a

methane scrubber is integrated with a LNG exchanger to provide
a cold reﬂux stream for heavier absorption. The cold and lean
methane reﬂux enhances the NGL recovery efﬁciency within the
column, and reduces the heavier components in the overhead
stream to a minimum. The methane scrubber operates under high
pressures to conserve the refrigeration compression requirements,
but causes poor separation efﬁciency. Although this limitation cannot be avoided completely, the magnitude of excessive losses is
certainly minimized using a common refrigeration utility in the
de-methanizer. The condenser utility for the de-ethanizer and LPG
recovery column is assumed to be generated independently. Therefore, KSMR integration with a conventional recovery sequence
serves as the base case for a comparison with other integrated
schemes and the comparison results are presented in Section 4.4.
Table 2 lists the simulation results of KSMR integration with
a conventional NGL recovery sequence. The product purities are
constrained to 91%, 97% and 99% for LNG, LPG and heavier products
in all the sequences studied to provide the same base for a fair
comparison. The de-methanizer and de-ethanizer were designed
to operate at 63.7 bar and 11.2 bar with 10 theoretical numbers of
trays in each column, whereas the LPG column operates at 9 bar
because this pressure allows the use of a high temperature utility
in the condenser. As mentioned already, the column heights are
constrained to 20 trays in each column, considering the operation
of offshore plants.
The heavier hydrocarbons recovered from the methane scrubber are directed to the separation train, where the ﬁrst column
methane and ethane recovered at the top are recycled back in the
process. The ethane is rejected in the LNG product but can be recovered easily based on its demand and price in the market. When the
demand for ethane is high, increasing its recovery will generate
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Table 2
Integration of the KSMR cycle with conventional separation sequence (base case).
Property

Value

Units

NG feed ﬂow rate
LNG ﬂow rate

344,720.65
320,632.50

kg/h
kg/h

Condenser duty
De-ethanizer
LPG recovery column

1870.01
2072.83

kW
kW

Refrigeration duty provided by MR

0

kW

Reboiler duty
De-ethanizer
LPG recovery column

3093.01
2350.00

Remarks

Table 3
Integration of the KSMR cycle with direct sequence thermal coupling for NGL
separation.
Property

Value

Units

NG feed ﬂow rate
LNG ﬂow rate

344,720.65
320,632.50

kg/h
kg/h

Condenser duty
De-ethanizer
LPG recovery column

1418.76
1634.32

kW
kW

Refrigeration duty provided by MR

1418.76

kW

Reboiler duty
De-ethanizer
LPG recovery column

–
4547.57

kW

Components recovery
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane

0.9932
–
0.9989
0.9946
0.9743
0.9275
0.9796

%

Product purity
LNG (C1,C2)
LPG (C3, C4)
Heavier (C5 + )

0.91
0.97
0.99

%
%
%

Column hydraulics
De-methanizer
No of ideal trays
Operating pressures

10
63.70 → 63.20

bar

bar

De-ethanizer
No of ideal trays
Operating pressures

10
11.20 → 11.00

bar

bar

De-butanizer
No of ideal trays
Operating pressures

20
9.00 → 8.5

bar

Refrigeration
Cooling water

kW
kW

Components recovery
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane

0.9964
–
0.9993
0.9976
0.9739
0.9071
0.9797

%

Product purity
LNG (C1,C2)
LPG (C3, C4)
Heavier (C5 + )

0.91
0.97
0.99

%
%
%

Column hydraulics
De-methanizer
No of ideal trays
Operating pressures

10
63.70 → 63.20

De-ethanizer
No of ideal trays
Operating pressures

10
11.20 → 11.00

LPG recovery column
No of ideal trays
Operating pressures

20
9.00 → 8.5

%
%
%
%
%

bar

additional revenue. On the other hand, ethane is often rejected in
LNG when the market is depressed [13]. The bottom product of the
de-ethanizer is sent to the LPG (C3, C4) recovery column where the
top product consists of C3/C4, and C5+ are rejected in the bottom.
Because the feed considered in the simulation basis is lean methane,
the NGL products comprises only 7% of the entire NG feed.
4.2. KSMR integration with direct sequence thermal coupling
Fig. 4 shows the KSMR integration with thermal coupling direct
sequence (TCDS). The notable differences this sequence have compared to the conventional recovery integrated sequence (described
in Section 4.1) are the use of energy efﬁcient, thermally coupled
columns for the separation of NGLs and the use of MR for providing
condenser duties in a separation train. Table 3 lists the simulation results using this sequence. The production rate of LNG, NGL
and column hydraulics are kept the same with the conventional
sequence. Thermal coupling eliminates the use of one reboiler from
the de-ethanizer but increases the reboiler load in the de-butanizer.
The reﬂux condenser in the de-ethanizer column requires refrigeration, justifying the use of a mixed refrigerant from the cryogenic
assembly. In the LPG column, the reﬂux condenser duty is satisﬁed with cooling water. Table 3 also lists the constrained product
purities the required reboiler and condenser duties. The component
recovery using this sequence are almost the same as those obtained
in the previous sequence but the separation efﬁciency of i-pentane
in the bottom is slightly higher than the previous sequence. The
use of thermal coupling saves 24% of the condenser and 16% of the

Remark

Refrigeration
Cooling water

%
%
%
%
%

Constrained
Product purity

reboiler duties for about the same product purity compared to the
conventional case.

4.3. KSMR integration with a dividing wall distillation column
This sequence illustrated in Fig. 5 uses a DWC for the separation of three products, (i) C1/C2, (ii) LPG (C3/C4) and (iii)
C5+ (i-pentane/n-pentane), from a single shell column. DWC is a
fully thermally coupled column with a dividing wall installed in
between, assisting in the sharp separation of three products by
avoiding the re-mixing of the middle component. The simulation
assumptions and results using this sequence are given in Table 4.
The column operates at a pressure of 9 bar with 20 ideal trays that
fall within the constrained limit (see Section 4). Similar to other
conventional sequences, the methane scrubber is integrated within
the LNG exchanger and the condenser duty in DWC is provided by
the MR. The required constrained product purity (LNG 91%, LPG 97%
and heavier 99%) is obtained with DWC but the elimination of a high
temperature reﬂux condenser causes an increase in the duty of the
low temperature refrigerant. This causes the over use of expensive cold utility thereby increasing the operating cost. To overcome
incurred high operating cost, the thermally coupled columns are
used proposed and described in detail in Section 4.2. Although thermally coupled columns results in saving of cold utilities however
they need larger installation area. Thus depending on the project
requirement, if space is at a premium, the DWC can be a better
alternative than two separate columns coupled thermally.
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Table 4
Integration of KSMR cycle with a DWC column for NGL separation.
Property

Value

Units

NG feed ﬂow rate
LNG ﬂow rate

344,720.65
320,632.50

kg/h
kg/h

Condenser duty
DWC (de-butanizer + de-propanizer)
Refrigeration duty provided by MR

3369.59
3369.59

kW

Reboiler duty
DWC (de-butanizer + de-propanizer)

4861.31

kW

Components recovery
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane

0.9920
–
0.9999
0.9923
0.9651
0.9103
0.9827

%

Product purity
LNG (C1,C2)
LPG (C3, C4)
Heavier (C5+)

0.91
0.97
0.99

%
%
%

Column hydraulics
De-methanizer
No of ideal trays
Operating pressures

10
63.70 → 63.20

bar

DWC (de-butanizer + de-propanizer)
No of ideal trays
Operating pressures

20
9.00 → 8.5

bar

kW

%
%
%
%
%

4.4. NGL recovery sequences comparison results
Figs. 6 and 7 illustrate the NGL recovery sequence comparison
results. Fig. 6 compares the reﬂux condenser duties for conventional and TCDS. Note that the reﬂux condenser duty for the LPG
column in Fig. 6 (for conventional and TCDS) is obviated, and comparison results present only the utilization of refrigeration and not
water cooling (LPG column). TCDS results in a 24% decrease in
the condenser duties compared to conventional sequence for the
desired same purity. A comparison of the reﬂux condenser duties
of all sequences including DWC showed an unusually high energy
demand. This is because in a DWC sequence, a single reboiler and

Fig. 6. Reﬂux condenser duty comparison for all sequences (de-methanizer duty
only for convention and TCDS).

Fig. 7. Reboiler duty comparison for all sequences.

single condenser provides the entire boil-up and reﬂux condenser
duty needed at the coldest and hottest temperature needed for
separation. On the other hand, in the two column sequences (conventional and TCDS), the reboiler in the ﬁrst and condenser in the
second column can operate at intermediate temperatures. Therefore, the cold and hot utilities can be provided at an intermediate
level that results in energy savings. When the reboiler duty is compared for all the sequences studied (see Fig. 7), the DWC can save
approximately 10% reboiler duty, and a 16% in reboiler duty reduction was achieved using TCDS compared to the base conventional
sequence. The use of DWC is justiﬁed only if the space is constrained
due to the offshore project requirements. TCDS is thermally equivalent to a top-dividing wall column and can be replaced with a single
shell operation like the DWC. Nevertheless, the problem of perfect
insulation at the top of the column (required because of the large
temperature difference between the different streams exist) is still
an open challenge.
5. Process knowledge-based optimization algorithm of
liquefaction step
The liquefaction of NG is an energy intensive operation and
accounts for as much as 30% of the entire energy use in NG
processing plant [14]. This use of energy increases further in an
integrated approach because the reﬂux condenser duties required
for NGL recovery are also provided by the liquefaction plant. Thus
sub-optimal operation of liquefaction plant results in substantial loss of utility cost. The optimal operation of the liquefaction
plant strongly depends on the working refrigerant composition
and its operating pressures and sub-optimal execution of these
variables contribute to the process irreversibility. The main decision variables in the KSMR liquefaction plant are also the working
refrigerant composition (nitrogen, methane, ethane, propane) and
refrigerant operating pressures: mid pressure compressor (Comp1) suction pressure, MR discharge pressure (Comp-5) and low
pressure compressor (Comp-4) discharge pressure. The optimization of KSMR liquefaction plant was performed by considering
compression energy minimization as objective. Knowledge of the
boiling point difference between the MR components and their speciﬁc refrigeration effect was used to optimize the MR composition.
The optimal composition corresponding to the minimum operating
pressure in the MR cycle was searched with the aid of knowledge based optimization algorithm described in Fig. 5, details of
knowledge-based optimization (KBO) methodology are reported
in Khan et al. [9].
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Fig. 8. Knowledge-based optimization algorithm for the KSMR liquefaction cycle.

The main difference between KSMR liquefaction cycle and those
reported in Khan et al. (SMR and C3MR) [21] are the operating pressure levels of working refrigerant. In the KSMR liquefaction cycle
the working refrigerant is expanded to two different pressure levels. This difference of KSMR cycle in comparison to conventional
cycles (SMR and C3MR) is made to expand only the required portion
of refrigerant to the lowest possible pressure level (see Fig. 5,
Comp-2 suction pressure, 3 bar). While the remaining refrigerant
is expanded to the mid-pressure level (see Fig. 5, Comp-1 suction pressure, 15 bar). Thus, for optimizing the KSMR liquefaction
cycle an additional step in algorithm reported in Khan et al. [21] is
included to compensate for the structural difference in liquefaction
cycles. In this additional step, the modiﬁed algorithm illustrated
in Fig. 8 tries to ﬁnd the maximum value of mid-pressure operating compressor in agreement with the rest of it (Comp-1 suction
pressure, Fig. 5) within the feasible domain that helps in restoring refrigerant to high pressure discharge state (Comp-5 discharge

pressure) that results in less compression energy. The reported
process knowledge algorithm [21] was applicable for general MR
system but its customized form is used in this study illustrated in
Fig. 8. The compensation of structural changes in the KSMR liquefaction cycles results in the customized forms (Fig. 8). However the
basic form with refrigerant composition management remains the
same.
5.1. Optimization results of liquefaction step
The KBO methodology unlike other optimization techniques is
free from the good initial estimates and can commence from any
point. To illustrate the optimization results a base case is selected,
and the comparison results are presented in Table 5. The optimization procedure was applied to the KSMR/TCDS integrated sequence
and the compression energy minimization was selected as an optimization objective. Optimization begins by manipulating the MR
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Table 5
Optimization of the KSMR liquefaction cycle using the KBO algorithm.
Property

Base case

Compression duty (kW)
Speciﬁc power requirement (kW/kg-LNG)
Approach temp (◦ C)

135,969.82
0.4241
3.15

Optimized case
123,864.90
0.3863
3.00

Values
Compressor-1 suction pressure (bar)
Compressor-4 discharge pressure (bar)
Compressor-5 discharge pressure (bar)
Nitrogen ﬂow rate (kg/h)
Methane ﬂow rate (kg/h)
Ethane ﬂow rate (kg/h)
Propane ﬂow rate (kg/h)

9
29
71
105,000
210,000
472,000
699,000

15
27
68
89,200
225,600
401,900
607,500

The bold and italic value of Speciﬁc power requirement are the optimization objective. The optimized case represents small speciﬁc power demand compared to the
base case.
Table 6
Speciﬁc energy comparison.
Property

Vatani et al. [18]

Proposed KSMR/TCDS

Speciﬁc power requirement
(kW/kg-LNG)

0.4140

0.3863

Fig. 9. Composite curves in a LNG exchanger for KSMR/TCDS integration.

composition using algorithm described in Fig. 8. The optimization
results revealed a 9% decrease in the compression energy requirement and also speciﬁc energy requirement for NG liquefaction
in the KSMR/TCDS integration sequence compared with the base

63

case. A comparison with Vatani et al. [18] showed that the proposed integrated plant required 6.6% less speciﬁc energy (Table 6).
A higher overall operating pressure of the MR cycle is predicted
because of the high compression energy demand in the base case.
In the optimized case, the suction pressure of Comp-1 increases
and Comp-5 discharge pressure decreases, resulting in an overall
decrease in the system operating pressure that decreases the system irreversibility and compression energy. The decrease in the
high boiling ethane and propane ﬂow rate compensate for the
narrow gap (low irreversibility) between the composite curves presented in Figs. 9 and 10.
6. Conclusions
The integration scenarios of a newly developed KSMR NG liquefaction cycle with three NGL recovery sequences are presented.
Careful integration of the LNG and NGL recovery plant successfully eliminates the separate refrigeration utility requirement in
NLG fractionation and results in a lower overall speciﬁc energy
requirement in an integrated plant. The conventional NGL recovery sequence results in deep NGL recovery at the expense of higher
reboiler and condenser duties. The required product purities can
be achieved using the thermally coupled sequence for NGL recovery. Therefore, they are proposed for integration with the KSMR
plant. The simulation results predict that among the three studied
sequences, the TCDS or top dividing wall column performs better in terms of the reboiler and condenser duty and increases the
net present value of the NG processing plant. The use of DWC is
justiﬁed only if the space is constrained due to offshore project
requirements. TCDS is thermally equivalent to the top-dividing wall
column and can be replaced with a single shell operation like DWC.
Nevertheless, the problem of perfect insulation at the top of the
TCDS still remains a challenge so the use of DWC is still open for
offshore platforms.
Finally, the in-house established MR system knowledge-based
optimization approach was employed to minimize the compression
energy requirements in the integrated plant. Compared to the base
case, a 9% decrease in compression energy requirement is obtained.
Using KBO, it was found that oversetting of the discharge pressure
of MR and the high ﬂow rate of higher boiling components in MR
contributes mostly to the system irreversibility and causes high
compression requirements. The use of KBO algorithm found to be
robust in application and brings consistent results. The proposed
integrated sequences can satisfy the major offshore LNG project
requirements and paves the way for the successful exploitation of
offshore NG ﬁelds.
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