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Abstract−Multi-stage expander refrigeration cycles were proposed and analyzed in order to develop an efficient natural

gas liquefaction process. The proposed dual and cascade expander processes have high efficiency and the potential

for larger liquefaction capacity and are suitable for small-scale and offshore natural gas liquefaction systems. While

refrigeration cycles of conventional expander processes use pure nitrogen or methane as a refrigerant, the proposed

refrigeration cycles use one or more mixtures as refrigerants. Since mixed refrigerants are used, the efficiency of the

proposed multi-stage expander processes becomes higher than that of conventional expander processes. However, the

proposed liquefaction processes are different from the single mixed refrigerant (SMR) and dual mixed refrigerant (DMR)

processes. The proposed processes use mixed refrigerants as a form of gas, while the SMR and DMR processes use

mixed refrigerants as a form of gas, liquid- or two-phase flow. Thus, expanders can be employed instead of Joule-Thomson

(J-T) valves for refrigerant expansion. Expanders generate useful work, which is supplied to the compressor, while

the high-pressure refrigerant is expanded in expanders to reduce its temperature. Various expander refrigeration cycles

are presented to confirm their feasibility and estimate the performance of the proposed process. The specific work,

composite curves and exergy analysis data are investigated to evaluate the performance of the proposed processes. A

lower specific work was achieved to 1,590 kJ/kg in the dual expander process, and 1,460 kJ/kg in the cascade expander

process. In addition, the results of exergy analysis revealed that cycle compressors with associated after-coolers and

companders are main contributors to total exergy losses in proposed expander processes.
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INTRODUCTION

Global energy demand is projected to be about 30% higher in

2040 compared to 2010 [1]. Natural gas is favored because it is the

cleanest energy source among fossil fuels. For long-distance trans-

port, liquefied natural gas (LNG) is widely used because its vol-

ume is smaller than the volume of natural gas, approximately 1/600

[2]. In addition, the growth rate of LNG trade is projected to have

a higher value than the growth rate of pipeline trade [3]. To meet

the growth in LNG demand, several countries have commercialized

natural gas resources and constructed LNG plants. At the same time,

new gas fields have been explored, and vendors are competing to

develop new high efficiency and low cost technologies and pro-

cesses [4]. As a result, a variety of natural gas liquefaction pro-

cesses have been developed. Natural gas liquefaction processes can

be classified into three categories based on the type of refrigeration

cycle: a cascade process, a mixed refrigerant process, and an expander

process (Fig. 1).

Most base load LNG plants applied the cascade, single mixed

refrigerant (SMR), and propane pre-cooled mixed refrigerant (C3MR)

processes from the 1970s to the 1990s [4]. The APCI’s C3MR pro-

cess achieved relatively high thermodynamic efficiency, and thus

has remained the dominant liquefaction process in the LNG plant

market, being utilized in over 60% of the currently operating base

load LNG plants. Recent liquefaction processes have been developed

in two main directions. Many liquefaction processes have focused

on increasing the capacity of a single train to strengthen price com-

petitiveness, with the goal of using fewer trains to achieve the same

capacity. At the same time, other liquefaction processes have been

developed with the aim of increasing the profitability of stranded

gas fields. Specifically, liquefaction processes for offshore LNG

plants have received great interest.

Many mixed refrigerant processes were developed to increase

single train capacity. The AP-X process was developed from the

C3MR process by APCI. A characteristic of the process is that the

sub-cooling of LNG is performed by a nitrogen expander cycle [5].

The dual mixed refrigerant (DMR) process was developed by Shell

[6]. The process uses a mixed refrigerant instead of pure propane

in the pre-cooling cycle. Shell also developed the parallel mixed

refrigerant (PMR) process, which consists of pre-cooling and liq-

uefaction cycles [7]. A unique feature of the process is that two mixed

refrigerant cycles are configured in parallel. Axens-IFP developed a

liquefaction process with two mixed refrigerant cycles, pre-cooling

and liquefaction [8]. Both cycles are designed to use the same amount

of power so that the same set of drivers can be used for compres-

sors across different cycles. The mixed fluid cascade (MFC) pro-

cess was developed by Statoil-Linde. The process is similar to the

cascade process, but uses mixed refrigerants. The cascade process
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was also innovated to increase the single train capacity. ConocoPhil-

lips developed a new version of the cascade process, Phillips’ opti-

mized cascade (POC) process [9]. The process successfully achieved

a reduction in power consumption.

Many expander processes have been developed for small-scale

and offshore plants. Nitrogen expander processes, which are based

on reverse-Brayton and Claude cycles, have been widely used for

cryogenic liquefaction such as boil-off gas (BOG) re-liquefaction

and LNG peak-shaving plants [10]. The single nitrogen expander

process has a simple configuration, but its efficiency is relatively

low because a single pure gas refrigerant is used over a wide tem-

perature range [11]. The process uses expanders instead of Joule-

Thomson valves for refrigerant expansion. Expanders generate use-

ful work, which is usually supplied to compressors. The dual nitro-

gen expander process was developed by modifying the single nitrogen

expander process to reduce energy consumption [12]. This process

consists of warm and cold expander cycles. A compact LNG (cLNG)

process was developed by BHP. This process configuration is simi-

lar to SMR process, except pure nitrogen refrigerant is adopted. To

enhance energy efficiency, the cLNG process is operated under two

pressure levels of nitrogen expansion. These expander processes

can employ the propane pre-cooling cycle to improve their perfor-

mance. In case of using propane pre-cooling cycle, power con-

sumption of compressors is reduced by approximately 20%. Fur-

thermore, many other expander processes have also been devel-

oped by various vendors, e.g., dual C1-N2 independent process by

ABB, Niche by CB&I Lummus, EXP by Kryopak, miniLNG by

Hamworthy, Optimized expander cycle by Kanfa Aragon, and LNG

smart liquefaction processes by Mustang Engineering [13-20]. Most

of these expander processes consist of one or two cycles and use

pure refrigerants as a form of gas.

We focused on design and analysis of multi-stage expander lique-

faction processes and used pure and mixed refrigerants as a form

of gas. The proposed liquefaction processes are different from the

SMR and DMR processes. The proposed process uses mixed refrig-

erants as a form of gas because liquid-phase or two-phase mixed

refrigerants require large liquid storage space, which may induce

the safety-related problem. As the proposed multi-stage expander

liquefaction processes use mixed refrigerants as a form of gas, ex-

panders can be used instead of Joule-Thomson (J-T) valves for refrig-

erant expansion. Various sets of refrigerants were proposed and inves-

tigated in dual and cascade expander processes. The single N2 ex-

pander, dual N2 expander, and SMR processes were also investigated

under given conditions for comparison with the proposed processes.

PROPOSED LIQUEFACTION PROCESSES

1. Process Design Basis

The efficiency of liquefaction processes strongly depends on feed

gas conditions and LNG product specifications. Proposed and exist-

ing liquefaction processes were designed under given conditions.

The pressure of the natural gas feed was 5.0MPa and the tempera-

ture was 37 oC. The mole fraction of feed gas was defined as nitrogen

(N2) 0.2%, methane (C1) 91.3%, ethane (C2) 5.4%, propane (C3)

2.1%, i-butane (i-C4) 0.50%, and n-butane 0.50%. The pressure of

the LNG was 150 kPa at the end of the liquefaction process. The

vapor fraction of LNG was fixed at 0 so that the natural gas feed

was totally changed to LNG. All compressors used were assumed

Fig. 1. Natural gas liquefaction processes.
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to be centrifugal compressors. All after-coolers and condensers were

assumed to be cooled by sea water. The LNG expansion was carried

out using a Joule-Thomson (J-T) valve. Detailed design specifica-

tions are listed in Table 1.

2. Basic Cycle and Refrigerant Selection

We focused on the expander process based on the reverse-Bray-

ton cycle, as shown in Fig. 2. Fig. 3 represents the single nitrogen

expander process, which is the simplest expander process. Since the

process uses an expander, it allows the use of pure or mixed refriger-

ants as a form of gas. Fig. 4 illustrates the dual nitrogen expander

process, which was comprised of warm and cold expander cycles

to reduce energy consumption compared with single N2 expander

process. Conventional expander processes use pure nitrogen or meth-

ane as a form of gas refrigerant, but their efficiency is relatively low

because the pure gas refrigerant is used over a wide temperature

range. To improve the thermodynamic efficiency, we considered a

variety of combinations of pure and mixed gas refrigerants. The

proposed cycles included nitrogen (N2), methane (C1), ethane (C2),

or carbon dioxide (CO2) as pure or mixed refrigerants.

The majority of expander processes consist of one or two refrig-

eration cycles. A few studies discussed the potential for the expander

process to comprise three refrigeration cycles. These studies sim-

ply investigated the potential use of a propane pre-cooling cycle in

single and dual expander processes. The power consumption of the

conventional expander process was found to be reduced by approx-

imately 20% through the application of a propane pre-cooling cycle.

However, the propane pre-cooling cycle increases design complexity

and requires a larger refrigerant flow rate. To overcome these disad-

vantages, this study proposes other expander processes employing

three-stage refrigeration cycles. The proposed cascade expander

process is structurally similar to the conventional cascade process.

3. Proposed Dual Expander Liquefaction Process (DEP)

Fig. 5 is a basic schematic of the proposed dual expander lique-

faction process and Fig. 6 is a T-S diagram. The proposed process

consists of two stages of refrigeration cycles, in which two cycles

are operated separately at multiple pressure levels. Each refrigera-

tion cycle is designed to have the same equipment configuration.

However, the two cycles use different refrigerants and require a dif-

ferent amount of energy. The first cycle cools the natural gas and

Table 1. Assumptions for natural gas liquefaction process design

Ambient temperature 20 oC

Centrifugal compressor adiabatic efficiency 0.82

Expander adiabatic efficiency 0.85

Pinch temperature 3 oC

Refrigerant temperature at after-coolers 37 oC

LNG expansion valve exit pressure 150 kPa

Pressure drop of feed gas in each part of LNG heat exchanger 200 kPa

Pressure drop of high-temperature refrigerant in each part of LNG heat exchanger 150 kPa

Pressure drop of low-temperature refrigerant in each part of LNG heat exchanger 20 kPa

Pressure drop in other heat exchangers 20 kPa

Maximum compression ratio of each compressor 3.0

Fig. 2. Reverse-Brayton cycle. (a) Basic schematic, (b) T-S diagram.

Fig. 3. Single nitrogen (N2) expander process.



Design and analysis of multi-stage expander processes for liquefying natural gas 1525

Korean J. Chem. Eng.(Vol. 31, No. 9)

the refrigerant for the second cycle to around −80 oC. Operating

conditions of DEP-7 is a little different because the DEP-7 is used

carbon dioxide as a mixed refrigerant. The first cycle of DEP-7 cools

the natural gas and the refrigerant for the second cycle to around

−72 oC in order to avoid freezing of CO2. The freezing temperature

of CO2 is −78 oC, and thus the minimum temperature of MR-4 which

consists of CO2 and N2 is cooled down to approximately −75 oC.

The freezing of CO2 is checked by “CO2 freeze out” utility pro-

vided by aspen HYSYS.

The refrigerant for the first cycle is compressed in a cycle com-

pressor and then cooled by sea water in an after-cooler. A com-

pander, combined expanders with compressors in a single machine,

compresses the refrigerant to a higher pressure. The higher pres-

sure refrigerant is then cooled by passing through the after-cooler

and an LNG heat exchanger. Finally, the refrigerant is expanded to

a lower temperature in an expander in the compander to cool the

Fig. 4. Dual nitrogen (N2) expander process.

Fig. 5. Proposed dual expander process.

Fig. 6. T-S diagram of proposed dual expander process.
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natural gas and the second-cycle refrigerant. The second cycle is

operated in the same way.

To generate useful work to drive the refrigerant compressor in

the expander, the refrigerant is used as a form of gas. Nitrogen and

hydrocarbons were used as the pure refrigerant or mixed refriger-

ant in this study because these refrigerants are widely used in LNG

plants. In addition, carbon dioxide was investigated as a refrigerant

due to its non-flammability. To improve energy efficiency, seven

combinations of available refrigerants were simulated and analyzed

(see Table 2). Optimization of the mixed refrigerant composition is

not included in this work. Nevertheless, the simulation results indi-

cated sufficient improvements. The proposed process requires a com-

plicated heat exchanger, but it requires a lower specific work than

the single nitrogen expander process.

4. Proposed Cascade Expander Liquefaction Process (CEP)

Fig.7 is a basic schematic of the proposed cascade expander lique-

faction process and Fig. 8 is a T-S diagram. The proposed cascade

expander process consists of a three-stage refrigeration cycle. These

three cycles are operated separately at multiple pressure levels. The

proposed process employs a pre-cooling cycle to achieve a higher

efficiency compared to the proposed dual expander process. The

proposed pre-cooling cycle uses an expander, while the C3 pre-cool-

ing cycle uses J-T valves. The proposed pre-cooling cycle cools the

natural gas and the refrigerants for the other cycles to around −30 oC.

Table 2. Refrigerants used in the proposed dual expander process and specific works

Process Refrigerant
1st Expander cycle

(mole fractions)

2nd Expander cycle

(mole fractions)

Specific work

(kJ/kg LNG)

DEP-1 C1-N2 Pure C1 Pure N2 1645.74

DEP-2 MR1-N2 C1 : C2

(0.9 : 0.1)

Pure N2 1620.95

DEP-3 MR2-N2 N2 : C1

(0.5 : 0.95)

Pure N2 1643.93

DEP-4 MR3-N2 N2 : C1 : C2

(0.5 : 0.85 : 0.10)

Pure N2 1623.73

DEP-5 C1-MR2 Pure C1 N2 : C1

(0.8 : 0.2)

1619.13

DEP-6 MR1-MR2 C1 : C2

(0.9 : 0.1)

N2 : C1

(0.8 : 0.2)

1596.53

DEP-7 MR4-N2 N2 : CO2

(0.85 : 0.15)

Pure N2 1818.93

Fig. 7. Proposed cascade expander process.
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The proposed cascade refrigeration cycle is operated in the same

way as the dual expander process, except for the absence of self-

cooling in the pre-cooling stage. Five combinations of available refrig-

erants were proposed and evaluated. These five combinations are

summarized in Table 3. The proposed cascade expander process

requires a lower specific work than the proposed dual expander pro-

cess, but its design is more complicated.

EXERGY ANALYSIS

Exergy analysis is a useful method in studies on the effectiveness

of an energy system, and its fundamental principles and methodol-

ogy can be found in the literature [21,22]. A variety of studies used

exergy analysis to evaluate thermodynamic efficiency in the lique-

faction process [15,23-25]. We also used exergy analysis to evalu-

ate the thermodynamic efficiency of each proposed process.

Exergy is defined as the useful available work in a gas, fluid, or

mass as a result of its non-equilibrium condition relative to some

reference condition. According to the second law of thermodynamics,

the entropy of an isolated system which is not in equilibrium will

continue to increase, and work must be done to reduce it. Exergy

analysis is a technique that measures the loss of exergy or the work

required to restore the system to the equilibrium state. Exergy of a

stream under specified conditions can be measured at various points

according to the following equation:

Ex=(H−Ho)−T0(S−S0) (1)

where H is enthalpy, T is temperature, S is entropy, and subscript 0

indicates the equilibrium condition, normally considered the ambi-

ent condition.

When matter is taken from its initial state to its final state in a

hypothetical reversible process, the reference terms cancel out. There-

fore, the change in exergy from the initial state to the final state can

be expressed as follows:

ΔEx=(Hf −Hi)−T0(Sf −Si) (2)

where Hf and Sf represent the specific enthalpy and entropy of the

final state, respectively, and Hi and Si represent the specific enthalpy

and entropy of the initial state, respectively.

The exergy loss can be calculated based on the exergy balance

from inlet to outlet streams. For example, using Eq. (2), the change in

exergy of a stream due to heat exchange is calculated for all streams

passing the heat exchangers. Finally, the exergy loss (Exloss) is calcu-

lated by subtracting the sum of exergy for output stream (ΣExout)

from the sum of exergy for input stream (ΣExin) according to the

Fig. 8. T-S diagram of proposed cascade expander process.

Table 3. Refrigerants used in the proposed cascade expander process and specific works

Process Refrigerant 1st Expander cycle
2nd Expander cycle

(mole fractions)

3rd Expander cycle

(mole fractions)

Specific work

(kJ/kg LNG)

CEP-1 C2-C1-N2 Pure C2 C1 N2 1538.42

CEP-2 C2-MR1-N2 Pure C2 C1 : C2

(0.9 : 0.1)

N2 1490.49

CEP-3 C2-C1-MR2 Pure C2 C1 N2 : C1

(0.8 : 0.2)

1490.98

CEP-4 C2-MR1-MR2 Pure C2 C1 : C2

(0.9 : 0.1)

N2 : C1

(0.8 : 0.2)

1466.05

CEP-5 CO2-C1-N2 Pure CO2 C1 N2 1569.41

Table 4. Expressions for exergy loss in equipment

Equipment Expression for the exergy loss

Heat exchanger Exloss=ΣExin−ΣExout

Compressor Exloss=Exin−Exout+Winput

Expander Exloss=Exin−Exout−Woutput

Cooler Exloss=(ExR, in+ExW, in)− (ExR, out+ExW, out)

Valve Exloss=T0(Sout+Sin)

Mixer Exloss=ΣExin−ΣExout

- Exloss : exergy loss of equipment

- Exin : exergy of input stream

- Exout : exergy of output stream

- Winput : input power for compressor

- Woutput : output power of expander

- ExR, in : exergy of refrigerant input stream

- ExR, out : exergy of refrigerant output stream

- ExW, in : exergy of water input stream

- ExW, out : exergy of water output stream

- T0 : ambient temperature

- Sout : entropy of output stream

- Sin : entropy of input stream
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following equation:

Exloss=ΣExin−ΣExout (3)

Expressions for exergy loss in equipment are summarized in Table4.

For a given natural gas feed condition and LNG specification,

the minimum work required to produce the LNG is determined by

the difference in the exergy of the LNG and the feed. This can be

expressed as

Wrev=Σ(H−T0S)LNG−Σ(H−T0S)feed (4)

For a natural gas feed pressure of 5.0MPa absolute, a natural

feed temperature of 37 oC, a LNG pressure of 150 kPa, a LNG tem-

perature of −158.1 oC and an ambient temperature of 20 oC, the mini-

mum reversible specific work requirement is 397.9 kJ/kg LNG. The

actual required specific work is greater than the minimum revers-

ible specific work because all of the main equipment in the natural

gas liquefaction process involves irreversible operations.

RESULTS AND DISCUSSION

1. Specific Work

All proposed processes were simulated using commercial soft-

ware, aspen HYSYS, with the Peng-Robinson equation of state.

To compare process efficiency, three conventional processes were

also simulated.

The specific work of each process was calculated under the same

given conditions. Specific work requirements for all processes are

summarized in Fig. 9. In the proposed liquefaction processes, the net

liquefaction work per unit mass was estimated at 1,590-1,819 kJ/

kg with dual expander processes, and 1,460-1,570 kJ/kg with cas-

cade expander processes. In conventional processes, the liquefaction

performance was calculated at 1,249 kJ/kg for the SMR process,

1,872 kJ/kg for the dual nitrogen expander process, and 2,492 kJ/

kg for the single nitrogen expander process. The proposed expander

processes do not seem to reach the level of performance of the mixed

refrigerant processes. However, the proposed processes have poten-

tial for performance improvements because they are early versions

and have not undergone optimization for specified site conditions.

Among the dual expander refrigeration cycles, the MR1(C1+C2)-

MR2(N2+C1) cycle had the highest performance, but it can be dan-

gerous due to the use of mixed refrigerants containing flammable

hydrocarbons. The C3-N2 cycle employs two pure refrigerants, so

it is safer than the MR1-MR2 cycle. Nevertheless, this cycle also

uses a hydrocarbon refrigerant; thus it is still more dangerous than

the N2 expander processes. To improve the process safety, the MR4

(N2+CO2)-N2 cycle using non-flammable refrigerants was proposed

and investigated. The MR4-N2 dual expander process seems to reach

the safety level of the nitrogen expander processes, but its perfor-

mance was the lowest level among proposed dual expander pro-

cesses.

The proposed cascade expander process has a higher performance

than the proposed dual expander process, likely due to the use of a

Fig. 9. Specific work requirements.
Fig. 10. Composite curves for the proposed dual expander processes.

(a) DEP-1, (b) DEP-6, (c) DEP-7.
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pre-cooling cycle. According to the simulation results, the C2-MR1

(C1+C2)-MR2(N2+C1) cycle had the highest efficiency, and the

CO2-C1-N2 cycle had the lowest efficiency. The CO2-C1-N2 cycle

adopted a CO2 pre-cooling cycle instead of a C2 pre-cooling cycle

to increase the process safety, but its efficiency decreased. These

results show a trade-off relationship between safety and performance.

Therefore, the appropriate refrigerant cycle should be selected based

on site conditions and process restrictions.

2. Composite Curves

The natural gas liquefaction process commonly involves the use

of multi-stream heat exchanger (MSHE) as an LNG heat exchanger.

Composite curves are employed to analyze the MSHE. All of the

heat and cold flows in the MSHE are expressed by hot and cold

composite curves, respectively. The exergy loss of MSHE is reflected

by the area between the hot and cold composite curves. Large tem-

peratures differences and heat exchanger load are primary reasons

for exergy loss in LNG heat exchangers. A small area between curves

would indicate an effective reduction in the specific work. As the

temperature difference between hot and cold composite curves de-

creases, heat transfer area increases.

Representative processes were selected from among those pro-

posed based on specific work, and the hot and cold composite curves

for these processes are shown in Figs. 10 and 11. Figs. 10(a)-(c)

show the composite curves for LNG heat exchangers in the DEP-1,

DEP-6, and DEP-7, respectively. The two sections of the cold curve

are linear and match the hot composite curve because the refriger-

ants do not change phase. Fig. 10 shows that the area between the hot

and cold composite curves in the temperature range below −70 oC

is very small. However, the area for temperatures above −70 oC is

much larger than that for temperatures below −70 oC. Therefore, a

higher degree of optimization may be possible at temperatures above

−70 oC. Figs. 11(a)-(c) show the composite curves for the LNG heat

Fig. 11. Composite curves for the proposed cascade expander pro-
cesses. (a) CEP-1, (b) CEP-4, (c) CEP5. Fig. 12. Patterns of lost work.
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exchanger in CEP-1, CEP-4, and CEP-5, respectively. Employing

a pre-cooling cycle in the proposed cascade expander process de-

creased the area at temperatures above −70 oC compared to that for

the proposed dual expander process. As the area between composite

curves was decreased, the refrigerant flow rate was also reduced.

When the refrigerant flow rate was reduced, the power requirement

for refrigerant compression was also reduced.

3. Exergy Analysis

The exergy losses for all equipment were calculated based on

the exergy equilibrium equations (see Fig. 12). In the figure, LNG

heat exchangers represent multi-stream heat exchangers, and heat

exchangers represent all others. The compressors represent com-

pression equipment except compressors equipped in companders,

and companders represent compressors and the associated expanders.

The after-coolers are associated with all compression equipment,

including compressors or companders. As shown in Fig. 12, the

order of contribution to exergy losses changed according to the lique-

faction process because each process uses different equipment and

configurations. The combined losses for the compression system,

including the compressors and associated after-coolers, were the

most significant contributor to total exergy loss. This finding indicates

that a reduction in total exergy losses can be effectively achieved

by decreasing the losses in the compression system. A decrease in

the exergy losses in the compression system can be achieved by

adopting multi-stage compression and optimizing the compression

ratio and operating pressure range.

With regard to the proposed expander processes, the two other

important pieces of equipment with irreversible operations are the

companders and the LNG heat exchangers. The exergy loss of the

J-T valves is lowest. The compander consists of a compressor and

an expander on the same shaft without a driver. The expander gener-

ates power, and this power is recovered and employed to drive the

compressor. Decreasing the exergy losses of companders is impor-

tant in the proposed expander processes because they are the sec-

ond largest contributor to these losses. Effective ways to reduce the

losses of companders are improving their efficiencies and optimiz-

ing parameters related to expansion and compression devices.

Fig. 12 shows that the LNG heat exchangers contributed 29%

of the exergy loss in the single N2 expander process, 19% for the

dual N2 expander process, 16% for the dual expander processes

except DEP-7, and 14-15% in the cascade expander processes. As

mentioned in the previous section, the exergy loss in LNG exchang-

ers is reflected in the hot and cold composite curves. The proposed

expander processes effectively reduced the exergy loss in the LNG

exchangers compared to the single and dual N2 expander pro-

cesses as a result of the pre-cooling and cascade process concepts.

The DEP-7 had a higher exergy loss in the compressors compared

to the other proposed dual expander processes. This is because the

refrigerant flow rate in the first cycle was increased due to the use

of a mixed refrigerant comprised of N2 and CO2.

4. Other Considerations

Natural gas liquefaction processes were evaluated based on ther-

modynamic efficiency in previous sections. However, to achieve a

successful LNG project, the liquefaction processes should be com-

pared by taking technical and economic parameters into consider-

ation. Table 5 summarizes the amount of equipment for the basic

configuration used for the liquefaction processes in this study. The

simplicity of both the single N2 expander and proposed expander

processes is demonstrated by their low equipment counts. Com-

pared to the single N2 expander process, both the capital cost and

maintenance cost of the proposed expander processes would increase

as equipment count increases. The relative equipment size is expected

to decrease as specific work decreases because of lower refrigerant

flow rates.

The safety of the liquefaction process is related to the kind of

refrigerant used. Nitrogen and carbon dioxide refrigerants are safer

than hydrocarbon refrigerants. However, the proposed processes

that used N2 and CO2 as refrigerants required a higher energy. The

cascade expander process is more suitable for achieving a larger

capacity in LNG plants. When comparing LNG plants of the same

capacity, the dual expander process requires a smaller plot area. These

results indicate that each process has its own advantages and disad-

vantages.

The proposed processes have the potential to achieve a larger

liquefaction capacity because these require lower refrigerant flow

rate than the conventional expander processes. In general, there is

limitation of equipment used in LNG systems. Because the refrig-

erant flow rate in each refrigeration cycle was reduced, the pro-

posed processes would be reaching a higher capacity under the same

limitation of equipment compared with conventional processes.

Table 5. Number of equipment in each process

Equipment
Number of equipment

SMR Single N2 expander Dual N2 expander Proposed DEPs Proposed CEPs

LNG heat exchanger 01 1 01 01 01

Heat exchanger 00 0 00 00 00

Compressor 03 3 04 05 07

Pump 01 0 00 00 00

Expander 00 1 02 02 03

After-cooler 03 3 03 05 07

Valve 02 1 01 01 01

Mixer 01 0 02 00 00

Splitter 00 0 02 00 00

Separator 01 0 00 00 00

Total count 12 9 15 14 19
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CONCLUSION

Dual and cascade expander processes were proposed and evalu-

ated. Unlike conventional expander processes, the proposed processes

employ pure and mixed refrigerant as a form of gas. In addition,

use of carbon dioxide as a refrigerant was analyzed. The specific

work values, composite curves, and exergy analyses were carried

out for the proposed and conventional liquefaction processes. All

of the proposed process showed enhanced performance compared

with the conventional single and dual N2 expander processes in

terms of thermodynamic efficiency. In particular, the MR1-MR2

dual expander and C2-MR1-MR2 cascade expander processes were

most suitable for LNG plants due to their higher thermodynamic

efficiency. However, when taking process safety into consideration,

the MR4-N2 dual expander would be preferred because it employs

non-flammable refrigerants. Each process has its own advantages

and disadvantages; thus the appropriate liquefaction process can be

altered based on primary considerations specific to the plant site.

The proposed processes are expected to be appropriate for small-

scale and offshore LNG systems due to their simplified design. These

processes generally use mixed refrigerant which consists of two com-

ponents and is relatively simple compared to conventional mixed

refrigerant processes such as SMR, C3MR. Therefore, the control

of the make-up system for refrigerant in the proposed processes is

simpler than of conventional MR processes. From the perspective

of design simplicity and ease of operation, the proposed processes

are suitable for LNG peak-shaving and BOG reliquefaction systems

because the load of these systems is frequently changed. Further-

more, the results indicated that the proposed expander processes

have a reasonably high efficiency and the potential to achieve a larger

liquefaction capacity.
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