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ABSTRACT: Liquefied natural gas (LNG) has attracted global
attention as a more environmentally friendly energy source
when compared to other fossil fuels. The nitrogen (N2) expander
liquefaction is the most green and safe process among the
different types of commercial natural gas liquefaction pro-
cesses, but its relatively low energy efficiency is a major issue.
In this study, an innovative closed-loop self-cooling recuper-
ation technology was proposed to reduce the exergy losses of
the N2 expander LNG process. The LNG process with the
implementation of the proposed technology was modeled
using a commercial process simulation tool, ASPEN HYSYS v9.
Subsequently, a modified coordinate descent optimization algo-
rithm was employed to achieve maximum potential benefits of the proposed technology. The energy efficiency of the proposed
LNG process was further improved by energy recovery from end flash gas and high-pressure natural gas feed. Finally, the energy
efficiency of the proposed closed-loop self-cooling recuperative N2 expander LNG process was significantly improved up to
80.5% compared to the existing N2 expander based LNG processes, depending on the feed natural gas conditions, composition,
and design parameters.
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■ INTRODUCTION

Compared to other fuels, liquefied natural gas (LNG) mainly has
low carbon dioxide emissions and can meet the ever increasing
stringent environmental safety rules and regulations. The loca-
tion of the natural gas reserves is of key importance in the eco-
nomics of natural gas storage and transportation. The main
methods for storing and transporting natural gas is compression,
liquefaction, and physical adsorption. Liquefaction of natural gas,
resulting in a material with 1/600th the original volume, has been
considered to be the most cost-effective transportation strategy,
especially when compared to gaseous natural gas transportation.
However, liquefaction is an energy intensive process, and the
liquefaction of 1 kg of natural gas consumes 1188 kJ of energy,1

which is equivalent to 30−35% of the total energy required for
LNG production.2,3 Although, the energy requirement for LNG
production strongly depends on the plant site conditions4,5 and
involved liquefaction processes such as single mixed refrigerant,
dual mixed refrigerant, propane precooled mixed refrigerant, and
cascaded.6

LNG processes can be categorized by their use of two major
technologies: mixed refrigerant based processes and N2 expander
based processes. To optimize these processes for large scale LNG
production, a combination of different refrigeration cycles has
been developed such as, single mixed refrigerant (SMR), cascade,
propane precooled mixed refrigerant (C3MR), and dual mixed
refrigerant (DMR) processes. Among these, the SMR and N2

expander processes offer more simplicity with the lowest amount
of capital investment, making them the most feasible for offshore
LNG production.3,7−11 The SMR process is highly energy effi-
cient when compared to N2 expander processes; however, the
SMR process has inherent safety and environmental concerns.
The presence of highly flammable hydrocarbon based refriger-
ants makes SMR less attractive due to its environmental hazards
and safety concerns.
Table 1 summarizes the safety and environmental data for differ-

ent refrigerants. The safety data shows thatN2 as a refrigerant has a
zero occupational exposure limit (OEL) and a zero lower flamma-
bility limit (LFL). Furthermore, the American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) has
standardized 34 safety groups (2010a and 2010b) and catego-
rizedN2 refrigerant in the A1 category (i.e., no flame propagation),
whereas all other refrigerants are categorized as A3 (i.e., highly
flammable). The environmental data shows zero global warming
potential (GWP) for N2 refrigeration when compared to the
ingredients of the mixed refrigerant.
The safety and environmental data indicated that N2 is the

most desirable refrigerant in terms of safety and environmental
considerations. However, the challenge associated with the use of
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a N2 expander based refrigeration cycle is the huge exergy loss
(high energy consumption). In a comparative study of mixed
refrigerants and a N2 expander LNG process, it was reported that
the mixed refrigerant processes consumed only 46% of the
energy of that the N2 expander process required.

13 This high
energy consumption is the major hurdle in the implementation
of a N2 expander based LNG process on a large scale.
In consideration of safety and environmental concerns, improv-

ing the energy efficiency of the N2 expander based LNG process
has garnered great interest in industrial and academic research.
It has been investigated that the energy efficiency of LNG pro-
cesses can be largely improved by retrofitting refrigeration cycle
units with advanced equipment such as a cryogenic liquid tur-
bine.14,15 Several approaches have been reported to enhance the
energy efficiency of the N2 expander based LNG processes either
using an optimization strategy or by improving the liquefaction
cycle by applying precooling technology. Cao et al.16 improved
the energy efficiency of the N2 expander process by adding
methane (CH4) in the N2 refrigerant stream; this process is known
as the N2−CH4 expansion process. Shi et al.17 used a thermo-
dynamic simulation optimizer to improve the energy efficiency of
the N2−CH4 expansion process for a 92.3% liquefaction rate.
Gao et al.18 employed the propane precooling technique to
improve the energy efficiency of the N2 expander process for the
liquefaction of coalbed methane. Yuan et al.19 used carbon diox-
ide (CO2) as a precooling refrigerant to enhance the N2 expander
process. They optimized the process to achieve a liquefaction
rate of 77% with a unit energy consumption of 9.90 kW/kmol/h.
Aspelund et al.20 employed the Extended Pinch Analysis and
Design (ExPAnD) approach to enhance the energy efficiency of
the CO2 precooled N2 expander process. Shah et al21 used the
nondominated sorting genetic algorithm (NSGA-II) to optimize
the total shaft work, capital cost, and annualized cost for the
propane precooled dual N2 expander LNG process. Song et al.10

proposed an empirical modeling (data-driven model) to reduce
the required energy consumption for the N2 dual expander LNG
process. Khan et al.22 optimized the CO2 precooled N2 expander
cycle for offshore fields using a knowledge based optimization
algorithm and reduced the energy requirements by 15.8%. Xiong
et al.23 optimized the N2 single expander process using a genetic
algorithm (GA) to produce high-pressure LNG (PLNG) at a
pressure of 20 bar with a 100% liquefaction rate. He and Ju24

improved the energy efficiency of the N2 expansion process by
applying propane and R410a precooling. They reported that the
energy requirements of the N2 expander LNG process can be
reduced with R410a and propane precooling by 22.74% and
20.02%, respectively. In another study, He and Ju25 proposed a

parallel N2 expander process toward the energy efficiency
improvement of the N2 expander cycle for LNG production with
a 95.5% liquefaction rate. To take the maximum potential
benefits of their proposed process, they also optimized the
process using a GA. Ding et al.26 also employed a GA for the
optimization of several N2 expander based processes. They
developed a model using ASPEN HYSYS and then linked it with
MATLAB for further optimization. In a most recent study, Song
et al.27 improved the energy efficiency of the CO2 precooling
single N2 expansion process with two different liquefaction rates,
i.e., 78% and 80.7%.
As previously reported, the exergetic losses have been

minimized by enhancing the N2 expander LNG process using a
precooling cycle or by the addition of CH4 to the conventional
N2 refrigerant. Although, to some extent, these enhancements
reduce the overall energy requirement at the expense of a high
capital investment and large degree of complexity. Usually, pro-
pane and CO2 are utilized as precooling refrigerants; however,
maintaining the inventory of these refrigerants for precooling
cycles can also make the N2 expander LNG process less attractive
for offshore applications. The proposed closed-loop self-cooling
recuperation technology can improve the energy efficiency of the
N2 expander liquefaction process significantly without introduc-
ing external precooling cycles and/or additional flammable and
GWP refrigerants.
In this study, an innovative closed-loop self-cooling recuper-

ative N2 expander refrigeration cycle is proposed for improving
the energy efficiency of the N2 expander LNG process and was
optimized by a modified coordinate descent (MCD) optimiza-
tion strategy. In addition, energy was also recovered from the
natural gas feed and end flash gas (EFG). The effect of this energy
recovery on the overall compression power was also investigated.
The results demonstrate that the energy efficiency of the N2
expander LNG process with closed-loop self-cooling recuper-
ation can be drastically improved when compared to the bench-
mark of previously published N2 expander LNG processes with
and without external precooling.

■ CLOSED-LOOP SELF-COOLING RECUPERATION
TECHNOLOGY

The self-cooling recuperation technology is shown in Figure 1,
where the cold energy is circulated to precool the refrigerant
stream before it passes for isentropic expansion through the
expander. With the addition of a cryogenic recuperator, the
energy recovery and cooling effects generated in the expander
can be integrated to minimize the exergy losses of the process.
The refrigeration effect generated through the expander is large
enough to liquefy the process stream as well as precool the main
incoming refrigerant stream. The circulation of cold energy for
enhancing the overall energy efficiency is designated as self-
cooling recuperation technology.
Figure 1 shows the underlying mechanism of the self-cooling

recuperation. The incoming refrigeration stream-1 at ambient
temperature (T1) is cooled to temperature T2 through a cryo-
genic recuperator. The precooled stream-2 is then introduced to
the expander for isentropic expansion. The expander generates
an additional cooling effect on the precooled stream-2 and
produces energy in the form of shaft work. The highly cooled exit
stream-3 from the expander is then introduced to the cryogenic
heat exchanger to liquefy/cool the process stream. The remaining
cooled stream-4 at temperature T4 is then introduced to the
cryogenic recuperator for self-recuperation. The exit refrigerant
stream-5 at temperature T5 is then recompressed by the

Table 1. Safety and Environmental Data for Refrigerants12

safety data environmental data

refrigerant
OEL

(PPMv)
LFL
(%)

standardized 34
safety group ODPa

GWP
(100 years)

methane (CH4) 1000 4.8 A3 0.0 23
ethane (C2H6) 1000 3.1 A3 0.0 ∼20
ethylene (C2H4) 200 3.1 A3 0.0 <20
propane (C3H8) 1000 2.1 A3 0.0 ∼20
butane (C4H10) 1000 2.0 A3 0.0 ∼20
i-butane (C4H10) 1000 1.6 A3 0.0 ∼20
pentane (C5H12) 600 1.2 A3 0.0 ∼20
i-pentane (C5H12) 600 1.3 A3 0.0 ∼20
nitrogen (N2) none none A1 0.00 0.00
aOzone depletion potential.
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compressor. This leads to an optimal internal energy circulation
through closed-loop self-recuperation.
Conventionally, the high energy consumption, caused mainly

by entropy generation, is due to the large temperature gradient
along the heat transfer between the feed natural gas and refrig-
erant stream. In the well-known self-heat recuperation processes,
a compressor is used to recuperate the heat, whereas, in the
proposed closed-loop self-cooling recuperation process, an
expander is used to recuperate the energy for cooling. However,
the total energy requirements for liquefying/cooling the feed gas
are equal to the internal self-cold energy exchange load without
any external cooling load. Thus, after recovery of some portion of
the required energy through the K-2 expander, the net energy
required of this process is equal to the work input for the
compressor K-1. The heat capacity of the incoming stream-1 is
not equivalent to the outlet (effluent) stream-5. However, because
the effect of pressure on heat capacity is negligible, two com-
posite curves in Figure 2 become parallel.

Furthermore, the exergy losses (mainly in the form of entropy
generation) occur only during the cooling phenomenon in the

cryogenic heat exchanger. The amount of these exergy losses is
illustrated by the shaded gray area in Figure 2. In the case of ideal
adiabatic compression and expansion, the amount of recovered
work by the expander (K-2) reduces the overall load on the com-
pressor and increases the amount of cooling energy, which can
form an ideal internal energy circulation with aminimum amount
of exergy loss. Therefore, the closed-loop self-cooling recuperation
can reduce energy consumption significantly. In the present study,
the proposed closed-loop self-cooling recuperative technology
was adapted to the N2 expander LNG process, and the results
show that the energy efficiency of the N2 expander LNG process
can be improved drastically.

■ CLOSED-LOOP SELF-COOLING RECUPERATIVE N2
EXPANDER LNG PROCESS

Process Simulation. A well-known commercial simulator
ASPENHYSYS v9 software was used to simulate the steady-state
model of the proposed closed-loop self-cooling recuperative N2
expander LNG process. A Peng−Robinson fluid package with
the option of the Lee−Kesler equation was chosen for the simu-
lation of the proposed LNG process. It has been inves-
tigated28−30 that the Lee−Kesler model is the most accurate
enthalpy model for gases especially at higher pressures.
Recently, Ding et al.26 improved the energy efficiency of

several N2 expansion based LNG processes such as a N2 single
expander, a propane precooled N2−CH4 expander, and a carbon
dioxide precooled N2−CH4 expander LNG process, by using the
assumptions and conditions listed in Table 2. This study also
follows the same conditions and assumptions for the simulation
of the proposed LNG processes.
Furthermore, to make an accurate comparison with the

propane precooled N2−CH4 expansion LNGprocess, the follow-
ingmodeling assumptions weremade, aswas done byDing et al.:26

• Negligible heat losses to the environment
• The isentropic efficiency of each compressor and expander

is 80% and 85%, respectively
• Water at 20 °C is used as a cooling medium in the after

coolers

Figure 2.Temperature−entropy behavior inside a self-cooling recuperator.

Figure 1. Schematic diagram of the closed-loop self-cooling recuperation.
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• The pressure drop across each water-cooler and cryogenic
exchanger is negligible

• The pressure of the end flash gas drum was set at 2 bar
• The minimum internal temperature approach (MITA)

was set as 3 °C for both the self-recuperator and main
LNG exchanger

Process Description. Generally, a nitrogen expander LNG
process without precooling requires only one loop of refrigerant
for the liquefaction of natural gas. This loop mainly consists of
multistage compressions equipped with interstage cooling and
isentropic expansion. The key advantage of N2 expander based
isentropic expansion LNG processes is that they produce the
additional energy (or useful shaft work) that can be integrated for
the recompression of the refrigerant. Figure 3 shows a schematic
diagram of the conventional N2 single expander process. The
energy efficiency of this process can be enhanced by introducing
a propane/carbon dioxide precooling refrigeration cycle, as
shown in Figure 4. The precooling cycle facilitates the minimi-
zation of exergy losses in the main cryogenic exchanger by
reducing the temperature gradient.
Compared to the conventional approach for precooling, the

proposed self-cooling recuperative N2 expander LNG process

utilizes a closed-loop self-cooling recuperation. Figure 5 shows
the process flow diagram of the proposed closed-loop self-cooling
recuperative N2 expander LNG process.
The proposed self-cooling recuperative N2 expander process

consists of twomain parts: the liquefaction of the natural gas feed
and the single nitrogen refrigeration cycle based on isentropic
expansion rather than isenthalpic. The feed gas at the defined
conditions (in Table 2) was expanded to 18 bar using a turbo-
expander K-6. The feed natural gas was obtained at −69 °C after
turbo-expansion with recovered shaft work energy. The feed gas
then passes through the LNG heat exchanger CHX-2 and is liq-
uefied with its temperature decreasing to approximately −153 °C.
The pressure of the LNG was then lowered to the storage tank/
container pressure of 2 bar through the liquid turbine with 90%
isentropic efficiency. Stream-17 was obtained with a 95% lique-
faction rate and a 5% end flash gas (EFG) rate. This EFG stream
also contains cooling energy and passes through the cryogenic
heat exchangers CHX-1 and CHX-2 for energy recovery.
Reliquefaction of EFG is also another option to increase the
LNG production. In the nitrogen refrigeration cycle, stream-1
undergoes four compression stages equipped with interstage
water-coolers. Stream-9 is then cooled to a set temperature of
−75 °C by the self-cooling recuperator CHX-1. Stream-10 is
decompressed to 10.8 bar through the expander K-5 and pro-
duces cooling energy for CHX-1 and CHX-2 to achieve a
complete self-cooling recuperative refrigeration cycle.

Process Optimization. Significant amounts of energy can be
lost due to a nonoptimal design and operating variables, con-
tributing to a low energy efficiency of the process. The energy
efficiency of the LNG process for a given structure can be largely
improved solely by proper optimization.22,33−36 Modifications of
existing LNG processes by replacing or adding new devices also
change the optimal operating conditions of the entire lique-
faction process. Thus, rigorous optimization is essential for any
design of a new liquefaction process to fully maximize its poten-
tial benefits.
The performance of the proposed process can be affected by

key design parameters such as natural gas boosting pressure,
natural gas expansion pressure, refrigerant flow rate, refrigerant
self-cooling recuperation temperature, refrigerant pressure, etc.
These parameters need to be optimized as design variables to

Table 2. Simulation Basis and Feed Condition for the
Proposed N2 Expander LNG Process26

property condition

NG Feed Condition

temperature 30 °C
pressure 50 bar

flow rate 1.0 kmol/h

NG Feed Composition Mole %

nitrogen 1.0

methane 90.0

ethane 5.0

propane 2.0

i-butane 1.0

n-butane 1.0

outlet temperature 30 °C
liquefaction rate 95.0%

thermodynamic property package Peng−Robinson31

enthalpy calculation Lee−Kesler

Figure 3. Process flow diagram of the conventional N2 single expander LNG process.3,32
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minimize the energy required for natural gas liquefaction. The
parameters are listed in Table 3 with their lower and upper
bounds.

The minimization of energy requirements for the proposed
LNG process was chosen as an objective function that was con-
strained to a MITA value of 3 °C in both cryogenic heat

exchangers CHX-1 and CHX-2. The objective function can be
defined as

∑=
=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟f X W mmin ( ) min /

i

n

i
1

LNG
(1)

subject to

Δ ≥T X( ) 31 (2)

Δ ≥T X( ) 32 (3)

>liquefaction rate 0.9 (4)

< <1 pressure ratio 3 (5)

< <X X Xlb ub (6)

where X is the vector of decision variables; X = (P8, P11, P15, P10,
mN2

).

Figure 4. Process flow diagram of the conventional propane/CO2 precooled N2 expander LNG process.3,22,26

Figure 5. Process flow diagram of the closed-loop self-cooling recuperative N2 expander LNG process.

Table 3. Key Decision Variables with Lower and Upper
Bounds

decision variables
lower
bound

upper
bound

high pressure of refrigerant (stream-8), P8 (bar) 60.0 120.0
low pressure of refrigerant (stream-11), P11 (bar) 3.0 10.0
flow rate of refrigerant (stream-1), mN2

(kmol/h) 2.5 6.0

recuperation temperature (stream-10), T10 (°C) −60.0 −5.0
feed NG expansion pressure (stream-15), P15 (bar) 5.0 25.0
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Nonlinear interactions between constrained objective func-
tions and key decision variables make it difficult to optimize this
system using commercially available process simulation software.
Therefore, an external optimization technique was required to be
linked to the process model, which was implemented using
ASPEN HYSYS. The modified coordinate descent (MCD) algo-
rithm37 was used to optimize the proposed LNG process. The
MCD algorithm is based on the optimization of a multivariable
function by minimizing the objective function along one coor-
dinate.38 The major advantage of the MCD over the coordinate
descent (CD) method is its higher efficiency.39 It contains fewer
tuning parameters, and its ease of implementation makes MCD
one of the best options to solve highly nonlinear and interactive
optimization problems.
Figure 6 shows a schematic diagram of the MCD algorithm.

The MCD algorithm was coded in Microsoft Visual Studio

(MVS) and linked to the ASPEN HYSYS v9 using the COM
functionality.
The MCD method begins by choosing random values for the

decision variables as starting values. To determine the search
direction in the area of the starting point, a very small step size

(Δxi) was imposed in each coordinate direction. Using this small
step size and starting point, similar steps of a pattern search are
used to find the base point. Once the base point is obtained,
cyclical iterations are performed through each coordinate
individually to minimize the objective function. The iterations
of different directions/coordinates were performed cyclically to
find a descent direction that is equivalent to the gradient descent.
A new solution update from X0 to X1, m(X0) ≥ m(X1), was then
obtained by performing a line search in all directions.
Then, by adopting X1 as the new starting point, a coordinate

descent search was performed over a narrow space around X1 to
find more promising solutions. After obtaining a locally opti-
mized solution, e.g., f(X1′) as an update from f(X1), the first
coordinate of X1′ (rand, 2, 3...n) was randomized while the others
remained fixed at their previous values. The coordinate descent
search was then performed using X1′ (rand, 2, 3...n) as the new
starting point, and the optimal space around X2 was further
explored to obtain a new optimal solution, X2′. For this iteration,
the second coordinate of X2′ (1, rand, 2, 3...n) was randomized,
and subsequent search moves were made in its vicinity. In this
way, many locally optimal solutions were obtained. The stopping
criterion of optimization operation was chosen as |f(Xi)− f(Xi−1)|
< FunTol, where FunTol is the tolerance limit. This procedure
was explained in more detail by Park et al.37

Process Analysis. Base Case. Initially, a base case of the pro-
posed liquefaction process was developed to set a benchmark for
the optimization and enhancement studies. Figure 7a,b shows the
composite curves and temperature profiles for the self-recuperator
in the base case, respectively.
Figure 8a,b shows the composite curves and temperature

profiles for the main cryogenic LNG exchanger (liquefier) in the
base case, respectively.
The large gap between the composite curves indicates that the

benefits of the proposed technology can be further enhanced by
reducing the exergy losses in the cryogenic exchangers. These
exergy losses can be reduced by using a proper optimization tech-
nique and by the recovery of energy from the natural gas feed
stream. Furthermore, to analyze the individual effects of each
step for energy efficiency improvement, the optimization results
were categorized into one of four cases as follows:
Case I. MCD based optimization of the proposed self-cooling

recuperative process
Case II. Effect of the end flash gas utilization with MCD based

optimization
Case III. Effect of the LNG cryogenic turbine withMCD based

optimization
Case IV. Effect of the feed NG expander with MCD based

optimization
Case I: MCD Based Optimization of the Proposed Self-

Cooling Recuperative Process. It is clear that the composite
curves in the self-recuperator in the base case scenario have a
significant gap between each other. This gap indicates the exergy
losses due to nonoptimal values of key decision variables and can
be minimized by searching for the optimal values, which affect
the overall exergy efficiency of the process. The required MITA
for economical heat transfer was not satisfied by the self-recuperator
under the base case conditions. However, after optimization, the
MITA value was satisfied over a temperature range 10−30 °C, as
shown in Figure 9a,b.
The optimized composite curves (Figure 10a,b) in the main

LNG liquefier are closer to each other when compared to the base
case curves (Figure 8a,b). The close matching of hot and cold
composite curves in Figures 9 and 10 indicate that up to 14.2% of

Figure 6. MCD optimization algorithm.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04679
ACS Sustainable Chem. Eng. 2018, 6, 5021−5033

5026

http://dx.doi.org/10.1021/acssuschemeng.7b04679


the total energy can be saved compared to the base case, as shown
in Table 4. Energy efficiency can be further improved because a sig-
nificant gap exists between composite curves in the main LNG
liquefier as well. In the main LNG liquefier, only the cold side
corner in the temperature range between −45 and −85 °C is close
to the constraint MITA value of 3 °C, as shown in Figure 10a,b.

Case II: End Flash Gas Utilization. LNG as a subcooled liquid
is obtained at high pressures, i.e., 20.0−60.0 bar, and very low
temperatures, i.e., − 130.0 to −150 °C. To make an economical
and feasible transportation, this high pressure is reduced through
isenthalpic (JT valve) or isentropic (liquid turbine) expansion to
a pressure slightly higher than atmospheric pressure, i.e., 1.5 to

Figure 7. (a) Temperature−heat flow composite curve (THCC) and (b) temperature difference between composite curve (TDCC) for the self-
recuperator in the base case scenario.

Figure 8. Composite curves of (a) THCC and (b) TDCC for the main liquefier in the base case scenario.

Figure 9. Composite curves of (a) THCC and (b) TDCC for the self-recuperator in case I.
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2.5 bar. During this pressure reduction of subcooled LNG, some
fraction of LNG becomes vapor called “end flash gas (EFG)” due
to evaporating expansion rather cooling expansion. Usually, the

EFG rate is maintained at a value lower than 10% due to eco-
nomic concerns. There are two possible strategies that can be
applied for optimal EFG handling/utilization:

I. EFG reliquefaction
II. Utilization as a fuel

EFG Reliquefaction. EFG can be reliquefied using the system
same as that for BOG (boil-off gas) reliquefaction, which is
equipped with a compression unit and heat exchangers. The pres-
sure difference between EFG and BOG is not so big. The EFG
comes at a temperature equal to the temperature of the LNGprod-
uct and pressure from 1.5 to 2.5 bar, while the BOG comes at a
slightly higher temperature and pressure than the storage temper-
ature and atmospheric pressure. For a typical BOG reliquefaction
system, the BOG is introduced into the compression unit where
its pressure is increased from 3.5 to 4.5 bar and the temperature is
reduced from−55 to−65 °C. It is then passed through a nitrogen
refrigerant heat exchanger, and its temperature is lowered to
−160 °C. This process converts the BOG back into LNG and
then, after removing any noncondensable material, can be sent
back to the storage tank. In this way, the reliquefaction of BOG
can aid in LNG composition maintenance, which may not be
achieved through other methods. A similar reliquefaction process
can be employed for the reliquefaction of EFG, which will also be
used to maintain the LNG composition in the storage tank.

Figure 10. Composite curves of (a) THCC and (b) TDCC for the main liquefier in case I.

Table 4. Optimization Results of Proposed LNG Process

parameters base case case-I case-II case-III case-IV

Decision Variables

high pressure of N2
(stream-8), P8 (bar)

102.0 100.0 90.0 105.0 88.0

low pressure of N2
(stream-11), P11(bar)

6.0 5.0 5.0 5.4 9.3

flow rate of N2, mN2

(kmol/h)

4.46 3.72 3.79 3.67 4.75

recuperation temperature
(stream-10), T10 (°C)

−28.0 −8.6 −15.0 −10.0 −48.4

NG feed expander pressure
(stream-15), P15 (bar)

19.0

Constraints

MITA-1, ΔT1 (°C) 9.8 3.0 3.0 3.0 3.0

MITA-2, ΔT2 (°C) 9.1 3.0 3.0 3.0 3.0

liquefaction rate 0.92 0.92 0.92 0.95 0.95

pressure ratio 2.03 2.12 2.06 2.1 1.75

Objective Function

specific compression
power (kWh/kmol)

8.58 7.36 7.23 7.17 6.68

relative energy savings (%) 14.2 15.7 16.4 22.2

Figure 11. Composite curves of (a) THCC and (b) TDCC for the self-recuperator in case II.
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EFG Utilization As a Fuel. For utilization as a fuel, the tem-
perature of the EFG should be higher than 20 °C for a high fuel
efficiency. In the proposed method, the EFG temperature was
increased to 27 °C for this purpose. The cooling energy of the
EFG stream was recuperated in the main LNG liquefier and in
the self-refrigerant recuperator. This also contributed to the
improvement of energy efficiency of the LNG process, as shown
in Table 4. For case II, a 1.5% improvement in energy efficiency
can be realized and a total energy savings of up to 15.7% can be
achieved compared to the base case. The energy saving contri-
bution of EFG utilization depends on the EFG production rate,
which was assumed to be 5% in this study. After the utilization of
the EFG cooling energy, the process was reoptimized using the
MCD optimization. Figure 11 shows the optimized temperature
profiles and composite curves of the self-recuperator when the
cooling potential of the EFG was used in the self-recuperator.
Similarly, Figure 12 shows the temperature profiles and compos-
ite curves of themain LNG liquefier. EFG utilization as a fuel may
be more economical than EFG reliquefaction.
Case III: Adding a LNG Cryogenic Turbine. Conventionally, a

Joule−Thompson (JT) valve is used to reduce the pressure of the
LNG stream for facile economical transportation. A JT throttling
valve is the most widely used expansion device in mixed refriger-
ant refrigeration cycles because of many practical advantages
such as its simplicity and low up-front and maintenance costs.
However, from a thermodynamic point of view, it has an inherent
limitation of low expansion efficiency because any expansion pro-
cesses occurring through the JT valve essentially accompanies an
isenthalpic process. Recent technical advancements in cryogenic
liquid expansion turbines have enabled the replacement of the JT
expansion valves with a cryogenic power recovery turbine (also
known as a liquid expander). The cryogenic turbine (CT), also
known as a hydraulic turbine, realizes near isentropic expansion
with an efficiency of over 90%40,41 and generates this energy
through the expansion (up to 2 bar). At inlet conditions identical
to the JT valve systems, using a LNG cryogenic turbine, the liq-
uefaction rate can be increased by up to 3%, as shown in Table 4
for case III. In terms of energy savings, there is no significant
effect on the overall compression power; however, 0.7% energy
savings could potentially be realized. More energy savings can be
obtained by the recovery of a high-pressure LNG stream. The
major issue in the implementation of a cryogenic turbine is the
additional capital investment required. However, it has been
reported that the installation of hydraulic turbines in liquefaction

plants can provide a significant cost reduction and has a payback
time of less than one year.42

Case IV: Adding a Natural Gas Feed Expander. Adding a
natural gas feed expander is another proposed energy efficient
alternative for energy recovery from a high-pressure NG stream.
This scheme also reduces the capital investment for the
installation of LNG cryogenic turbines. Reducing some portion
of the feed NG pressure in its gaseous form ultimately reduces
the load on the cryogenic turbine and, thus, enables the use of a
smaller cryogenic turbine. Feed natural gas under the defined
conditions (Table 2) was introduced into the turbo-expander
and expanded to an optimal pressure of 19 bar. As a result, the
natural gas temperature decreased to−26 °C with a small amount
of energy generation. The energy generated was partially contrib-
uted to the recompression of the refrigerant (N2). The natural
gas at a temperature of −26 °C was introduced into the main
LNG liquefier for complete conversion to its liquid phase. The
natural gas conditions at the outlet of the expander in terms of
discharge pressure had a significant impact on the MITA value of
both cryogenic exchangers, the self-recuperator and the LNG
liquefier. Details of temperature and pressure for all streams of
the proposed optimized closed-loop self-cooling recuperative N2
expander LNG process (case-IV) are also given in Table S1 in the
Supporting Information.
The discharge pressure of feed natural gas was chosen as a deci-

sion variable during the optimization process. The constraintMITA
value of 3 °C was satisfied at the optimum pressure of 19 bar, as
shown in the circular region of Figure 13a,b.
The overall energy efficiency of the proposed LNG process in

case IV can be improved by up to 22.2%, compared with the base
case of the proposed liquefaction process, as shown in Table 4.
Further reduction in pressure led to a situation where the MITA
value was below 1 °C, as shown in Figure 13a,b. Meanwhile, at a
high discharge pressure such as 25 or 30 bar, the MITA value was
very high, which results in a poor efficiency of the cryogenic
exchangers and ultimately reduces the overall energy efficiency of
the process.
The composite curves analyses of case IV are also shown in

Figures 14 and 15.
As seen in Figure 14a,b, the gap between the hot and cold

composite curves at the cold side of the self-recuperator indicates
that exergy losses are still present, which can be further mini-
mized by using other evolutionary and/or rigorous optimization
approach. Similarly, in the main LNG liquefier, at both corner

Figure 12. Composite curves of (a) THCC and (b) TDCC for the main liquefier in case II.
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sides of the exchanger and over the temperature range between
−75 and −110 °C, the constraint MITA value was fully satisfied,
as shown in Figure 15a,b. Other areas of hot and cold composite
curves (from −26 to −75 °C and from −110 to −145 °C)
diverge from the MITA value of 3 °C. The exergy losses of these
regions can be recovered by reducing the temperature gradients

in the main LNG liquefier. Table 4 summarizes the optimization
results.

Comparison with Previous N2 Expansion Based LNG
Processes. The proposed LNG process with a 95% liquefaction
rate showed significantly less energy requirements compared to
all previously published N2 refrigerant based expansion processes

Figure 14. Composite curves of (a) THCC and (b) TDCC for the self-recuperator in case IV.

Figure 15. Composite curves of (a) THCC and (b) TDCC for the main liquefier in case IV.

Figure 13. Effect of natural gas feed expander discharge pressure on the TDCC of (a) the self-recuperator and (b) the main LNG liquefier.
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with and without precooling units. Table 5 compares the pro-
posed closed-loop self-cooling recuperative N2 expander process
with various N2 expander based liquefaction processes reported
previously in the literature. As shown in Table 5, the proposed
process could reduce the energy consumption by up to 80.5%
and 23.7% compared to the conventional N2 single and dual
expander processes, respectively. Up to 37.5%, 16.2%, and 13.5%
energy savings can be realized compared to the CO2 precooled,
propane precooled, and R410a precooled N2 expander LNG
processes, respectively. Compared to the mixed refrigerant based
LNG processes such as the N2−CH4 expander process, the pro-
cess described in this paper can realize 62.2% energy savings.
These energy savings strongly depend on the natural gas feed
composition, condition, and liquefaction rate. Note that the
natural gas feed composition used in the proposed process had a
1−3% variation with respect to the methane (CH4) content from
those of the other LNG processes listed in Table 5.

■ CONCLUSIONS

A novel closed-loop self-refrigerant cooling technology has been
proposed followed by theMCD based optimization procedure to
improve the energy efficiency of the N2 expander LNG process.
The optimization results showed that the specific compression
power can be saved significantly by reducing the temperature
gradient in the main LNG liquefier. In particular, up to 22.2% of
the required energy can be saved when compared to the base
scenario. The recovered energy from BOG and a high-pressure
feed NG can also contribute to further improve the efficiency of
the proposed LNG process. The proposed self-cooling tech-
nology with an integrated energy recovery provides promise for
the enhancement of the refrigeration effect as well as the energy
efficiency of industrial natural gas liquefaction processes.
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■ NOMENCLATURE
N2 Nitrogen
C1 Methane
C2 Ethane
C3 Propane
iC4 Isobutane
nC4 n-Butane
iC5 Isopentane
nC5 n-Pentane
AT Approach temperature
SMR Single mixed refrigerant
DMR Dual mixed refrigerant
C3MR Propane precooled mixed refrigerant
OEL Occupational exposure limit
LFL Lower flammability limit
ODP Ozone depletion potential
GWP Global warming potential

Table 5. Energy Efficiency of the Proposed Closed-Loop Self-Cooling Recuperative N2 Expander Process Compared with Various
N2 Expander Based Liquefaction Processes

LNG processes feed NG composition (mol %) MITA (°C)
liquefaction

rate
specific required energy

(kWh/kmol)
energy

savings (%)a

N2 single expander
32 [C1,C2, C3, nC4, iC4, nC5, iC5, N2] =

[91.3, 5.4,2.1,0.5,0.5,0.01, 0.01,0.2]
3.0 0.92 13.1 49.0

N2 single expander
33 [C1,C2, C3, nC4, N2] = [89.7, 5.5, 1.8, 0.2, 2.8] 2.0 0.92 14.20 53.0

N2 single expander
43 [C1,C2, C3, nC4, iC4, nC5, iC5, N2, CO2, He] =

[94.94, 1.53, 0.26, 0.04, 0.04, 0.01,0.02, 0.29, 2.84, 0.023]
3.0 0.92 34.2 80.5

N2 single expander
26 [C1,C2, C3, nC4, iC4, N2] = [90, 5, 2, 1, 1, 1] 3.0 0.95 11.09 39.8

N2 single expander
24 [C1,C2, C3, iC4, N2] = [90, 4, 2, 2, 2] 2.0 0.95 10.08 33.7

N2 double expander
32 [C1,C2, C3, nC4, iC4, nC5, iC5, N2] =

[91.3, 5.4, 2.1,0.5,0.5, 0.01,0.01,0.2]
3.0 0.92 8.76 23.7

CO2 precooled N2 expander
19 [C1,C2, C3, nC4, iC4] = [82, 11.2, 4, 0.9, 1.2] 2.0 0.77 10.68 37.5

CO2 precooled N2 expander
22 [C1,C2, C3, nC4, iC4, nC5, iC5, N2] =

[91.33, 5.36, 2.14, 0.47, 0.46, 0.1, 0.1, 0.22]
3.0 0.92 8.65 22.8

CO2 precooled N2−CH4 expander
26 [C1,C2, C3, nC4, iC4, N2] = [90, 5, 2, 1, 1, 1] 3.0 0.95 9.11 26.7

propane precooled N2 expander
24 [C1,C2, C3, iC4, N2] = [90, 4, 2, 2, 2] 2.0 0.95 7.97 16.2

R410a precooled N2 expander
24 [C1,C2, C3, iC4, N2] = [90, 4, 2, 2, 2] 2.0 0.95 7.72 13.5

N2−CH4 expander
16,19 [C1,C2, C3, nC4, iC4, N2] = [82, 11, 4,0.9, 1.2, 0.7] >0.0 0.905 15.92 58.0

N2−CH4 expander
44 [C1,C2, C3, iC4, nC4+, N2] = [82, 11.2, 4, 1.2, 0.9, 0.7] N/Gb 0.90 17.68 62.2

CO2 precooled single N2 expander
45 [C1,C2, C3, nC4, iC4, N2] = [82, 11.2, 4, 0.9, 1.2, 0.7] >2.0 0.78 8.39 20.4

proposed process [C1,C2, C3, nC4, iC4, N2] = [90, 5, 2, 1, 1, 1] 3.0 0.95 6.68
aEnergy savings improvement of the proposed LNG process compared to the corresponding previous published processes. bN/G = not given.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04679
ACS Sustainable Chem. Eng. 2018, 6, 5021−5033

5031

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b04679
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b04679/suppl_file/sc7b04679_si_001.pdf
mailto:mynlee@yu.ac.kr
http://orcid.org/0000-0002-3218-1454
http://dx.doi.org/10.1021/acssuschemeng.7b04679


MCD Modified coordinate descent
LNG Liquefied natural gas
MR Mixed refrigerant
MITA Minimum internal temperature approach
NG Natural gas
BOG Boil-off gas
EFG End flash gas
N/G Not given
TDCC Temperature difference between composite curve
THCC Temperature−heat flow composite curves
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