
- 기호설명 -

CAPEX(Capital Expenditures): 설비 투자

IRR(Internal Rate of Return): 내부 수익률

LCC(Life Cycle Cost): 수명 주기 비용

MCHE(Main Cryogenic Heat Exchanger):주 극저온 열 교환기

MTPA(Million Tonnes Per Annum): 106톤/년

NPV(Net Present Value): 순 현재가치

OPEX(Operating Expenditures): 운전 경비

TCF(Trillion Cubic Feet): 1012입방피트

1. Introduction

The selection criteria for a liquefaction process for
an offshore floating LNG (FLNG) process are
different from that for onshore liquefaction plants
due to offshore specific considerations like safety
requirements, space and weight constraints, and
ship motion effects. For these reasons, this new
liquefaction technology has been developed
targeting applications for both offshore and
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ABSTRACT : This paper presents a LNG Liquefaction cycle configuration using two stages of methane

expansion (i.e. spliting into two stages as warm & cold to generate an additional inflection point within a cold

composite curve) and a single stage of nitrogen expansion to improve the efficiency of the conventional

Methane & Nitrogen Expansion Cycle. In comparison with Double Nitrogen Expansion Cycel and Methane &

Nitrogen Expansion Cycle, the cycle efficiency has increased approximately from 13.92 and 13.13 to 12.08

kW/ton/day (8~15% efficiency increase). A Life Cycle Cost (LCC) analysis based on Net Present Value (NPV)

also show an improvement in therms of project NPV, against a minor increment of a CAPEX.

초록 : 기존메탄& 질소팽창사이클의효율개선을위해 2개의메탄팽창공정 (cold composite curve에변곡점을하나

더추가하기위해warm & cold 2개공정으로나눔)과 1개의질소팽창공정을사용한천연가스액화사이클을소개하기

위한논문이다. 이전질소팽창사이클및메탄 & 질소사이클과비교했을때, 13.92 및 13.13에서 12.08 kW/ton/day로

효율이8~15% 정도개선되었다. 순현재가치(NPV) 기준으로한수명주기비용분석(LCC analysis) 또한약간의CAPEX

증가는있지만프로젝트순현재가치가개선된결과를보여준다.
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onshore. The main advantage of an expansion
based cycle is the application of a reverse Brayton
cycle, which has no phase change throughout the
refrigeration cycle. This results in a single phase
process, which is less prone to reduction in
production performance caused by adverse ship
motions and it also can give an easy start-up and
simplify the refrigerant make-up system. 
But although there are lots of advantages as

mentioned above, the expected efficiency of gas
expansion cycle is still major weakness comparing
with Single Mixed Refrigerant (SMR) or Dual Mixed
Refrigerant (DMR) cycles. To overcome this feature,
a new and advanced dual gas expansion cycle has
been developed.

2. Description of Gas Expansion Process

As indicated below, there are several
commercialized gas expansion cycles for LNG
liquefaction process whose refrigerants are
processed as only gas phase without phase change. 

2.1 Double Nitrogen Expansion Cycle

In case of this liquefaction cycle, the high-
pressure nitrogen stream (about. 55barg) from the
nitrogen compressor is sent to the MCHE. As shown
in Figure 1, the refrigerant flow rate is split into
two main streams after pre-cooling; one for “warm
expansion”and the other for “cold expansion”. 

2.1.1 Warm Expansion

The main fraction of nitrogen stream (abt.
60~75% of the total nitrogen flow) is cooled down to
15~25°C and withdrawn to feed the expander of
warm turbo-expander, where the nitrogen
refrigerant stream pressure is dropped to 3~7barg
to get a first cold refrigeration stream at -90~-110°

C. This refrigerant stream is returned into the
MCHE to cool other higher temperature streams
such as the pre-treated feed gas and the warm
nitrogen streams. It is noted that the warm turbo-
expander is a centrifugal or axial-flow turbine,
which a high-pressure gas is expanded to produce
work that is often used to drive a compressor or
generator.
Theoretically one set of turbo-expander would

suffice for the warm expansion loop, but in practice
two identical warm turbo-expanders are required
due to the limited maximum capacity of equipment.

2.1.2 Cold Expansion

The rest fraction of the nitrogen stream (abt.
25~40%) is further cooled down to -80~-100°C and
withdrawn from the MCHE to feed the cold
expander of the cold turbo-expander, where the
pressure is dropped to 7~12barg to obtain the
second cold refrigeration stream at around -158°C.
This refrigerant stream is returned into the MCHE
mainly for liquefaction and sub-cooling of pre-

Fig. 1 Dual N2 Expansion Cycle
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treated feed gas. 
Both nitrogen refrigeration streams are heated up

through the MCHE to about 27°C at the outlet of
the MCHE, and re-compressed up to 10~20barg in
the compressor part of their respective turbo-
expander using the expansion power. They are
combined and compressed to 55barg in the two-
stage nitrogen refrigerant compressor to complete
the cycle. Nitrogen coolers are provided at the inlet
and discharge of each stage of the nitrogen
refrigerant compressors to cool down to 30°C. 

2.2 Methane & Nitrogen Expansion Cycle

In this configuration, a first refrigeration cycle
uses an expanded methane refrigerant with a single
expansion loop and a second refrigeration cycle
uses an expanded nitrogen refrigerant with a single
expansion loop as shown in Figure 2. These
refrigeration cycles are designed to be operated
independently and/or concurrently depending upon
the refrigeration duty required to liquefy the
treated feed gas using a dedicated compression
system.

2.2.1 Methane Expansion

In the first refrigeration cycle, the methane is
used as a refrigerant. A cold methane stream
expanded by the warm turbo-expander enters into
the MCHE, preferably at about -90~-110°C and
about 5~10barg and is cross-exchanged with other
higher temperature streams such as the pre-
treated feed gas, the warm methane streams and
the warm nitrogen stream. 
The methane stream is heated up through the

MCHE to abt. 27°C at the outlet of the MCHE, and
re-compressed up to 7~15barg in the compressor
part of methane turbo-expander using the
expansion power. Next, it is compressed again in
the two-stage methane refrigerant compressor to

55barg.
At each stage, compressed methane is water

cooled in the exchangers to 30°C and then
compressed. Finally the cooled methane stream is
introduced to the MCHE where methane is pre-
cooled to about 5~ 20°C. This pre-cooled methane
stream drives the expander of the methane turbo-
expander and flows into the MCHE to complete the
cycle.

2.2.2 Nitrogen Expansion

In the second refrigeration cycle, a cold nitrogen
stream expanded by the nitrogen turbo-expander
enters the MCHE at preferably about -158°C. This is
the coldest temperature in the MCHE required for
liquefaction and sub-cooling of the treated feed gas. 
The heated nitrogen from the MCHE (27°C) is

compressed by two compression stages. At the
outlet of the MCHE, the nitrogen stream is re-
compressed to abt. 15~20barg in the compressor
part of the nitrogen turbo-expander using the
expansion power. It is then compressed again in a
single stage nitrogen refrigerant compressor to
55barg. 
At the compressor discharge cooler, the

compressed nitrogen is cooled to 30°C and
introduced to the MCHE for pre-cooling to about -
90~-110°C. This pre-cooled nitrogen stream drives
the expander of the nitrogen turbo-expander and
flows into the MCHE to complete the cycle.

2.3 Advanced Dual Refrigerant
Expansion Cycle

It is major difference to be dedicated two
expansion loops on methane refrigerant side (refer
to Figure 3).

2.3.1 Methane Expansion

In the first refrigeration cycle, methane is used as
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a refrigerant. The high-pressure methane stream
(abt. 55barg) from the methane recycle compressor
is sent to the upper part of the MCHE. The major
fraction of the refrigerant flow (abt. 60~70%,
already pre-cooled down to 5~20°C) is withdrawn
from the MCHE to feed the warm methane
expander, where the methane refrigerant stream is
expanded to get a first cold refrigeration stream at
-55~-67°C. 
The rest fraction of the methane refrigerant flow

(abt. 30~40%, already pre-cooled down to -40~-
50°C) is withdrawn from the MCHE to feed the cold
methane expander where the methane refrigerant
stream pressure is dropped to get a second cold
refrigeration stream at -110~-130°C. This
additional independent expansion loop is the main
difference with the typical Methane & Nitrogen
Expansion Cycle. These two methane refrigerant
streams are returned into the MCHE for cross-
exchanging with other higher temperature streams
such as treated feed gas, warm methane
refrigerants and the warm nitrogen refrigerant and

then discharged from the MCHE at a relatively 
Two warm methane streams are compressed in

the compressor of the warm and the cold methane
turbo-expanders, respectively, to the same
pressure about 23barg. Then, these streams are
mixed and compressed again by two stage
compressors in methane recycle compressor to a
pressure of 55barg.
At each stage, the compressed stream is water

cooled in exchangers to 30°C and then finally
compressed. The cooled methane stream is
introduced to the MCHE and returned to the first
step of closed loop recycling.

2.3.2 Nitrogen Expansion

In the second refrigeration cycle, a cold nitrogen
stream expanded in the nitrogen turbo-expander
enters the MCHE at preferably about -158°C. This
is the coldest temperature in the MCHE required for
liquefaction and sub-cooling of the treated feed
gas. 
The heated nitrogen from MCHE (27°C) is

compressed by two compression stages. At the
outlet of the MCHE, the nitrogen stream is re-
compressed to abt. 15~20barg in the compressor

Fig. 2 C1 and N2 Expansion Cycle

Fig. 3 Advanced Dual Refrigerant Expansion Cycle high

temperature (about 27°C)
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part of the nitrogen turbo-expander using the
expansion power. It is then compressed again in a
single stage in nitrogen refrigerant compressor to
55barg. At the compressor discharge cooler, the
compressed nitrogen is cooled to 30°C and
introduced to the MCHE for pre-cooling to about -
90~-110°C. This pre-cooled nitrogen stream drives
the expander of the nitrogen turbo-expander and
flows into the MCHE to complete the cycle.

3. Performance feature of expansion cycle

The performance characteristic of the various
introduced expansion cycle processes is described
below. Typically the production efficiency of the
liquefaction cycle can be reflected by the area
between the hot composite curve and the cold
composite curve. Smaller temperature differences
indicate better thermal efficiency in the liquefaction
process.

3.1 Double Nitrogen Expansion Cycle

The composite curves for the “DOUBLE NITROGEN
EXPANSION CYCLE”are shown in Figure 4.
As can be seen in the figure, the composite curve

of the Double Nitrogen Expansion Cycle has a
single inflection point and two straight sections. 
The area between the cold and hot composite

curves from the inflection point to -50°C is
relatively large compared to other sections and this
section takes a major portion of the total required
liquefaction duty.
So, in order to increase the cycle efficiency, this

area should be narrowed or optimized by
modification of operating conditions in liquefaction
system. But this area cannot be easily reduced with
this expansion cycle process due to the limitation of
adjustable operation parameters. 

That is to say, if the operating conditions on the
warm expansion are modified for this purpose, only
the inflection point is changed without any impact
of the above mentioned zone. This means that each
expansion process just decides each operation
section(cryogenic zone-Section 2) and higher
temperature zone(over inflection-Section 1) without
any improvement of efficiency.

3.2 Methane & Nitrogen Expansion Cycle

The composite curves for the “METHANE &
NITROGEN EXPANSION CYCLE”are shown in
Figure 5.
As shown in the figure, the composite curve of the

Methane & Nitrogen Expansion Cycle also has a
single inflection point with two straight sections
similar to the Double Nitrogen Expansion Cycle. 
Even though the characteristics are very similar

for the Double Nitrogen Expansion Cycle, the
efficiency of this cycle is higher because the heating
capacity of methane is three times higher than that
of nitrogen, which means that a lower methane
flowrate is required to cool down the natural gas in
the warm expansion zone compared to the nitrogen
refrigerant. 
However, again there are no means to reduce the

area between the cold and hot composite curves

Fig. 4 Double N2 Expansion Cycle Composite curve
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from the inflection point to -50°C. This seems be an
inherent limitation of a two expansion cycle
configuration. 

3.3 Advanced Dual Refrigerant
Expansion Cycle

The composite curves for the “ADVANCED DUAL
REFRIGERANT EXPANSION CYCLE”are shown in
Figure 6.
In order to the new inflection point generation and

the improved production efficiency of the
refrigerant expansion cycle, additional methane
refrigerant cycle loop is provided and the composite
curve of this cycle has two inflection points with
three straight sections. As a consequence the area

between the cold and hot composite curves for all
sections is relatively narrowed and optimized.
The newly generated inflection point by the

methane warm expansion loop provides the
liquefaction cycle the minimized required energy of
the entire cycle that is proportional to the area
between hot and cold composite curves and it can
be optimized depending on the flow ratio and
operating conditions of each expansion level. 
As shown in Figure 6, on a whole the required

energy is reduced and there is no big gap between
composite curves. Therefore, increasing the number
of methane expansion stages(i.e. adding Section 2,
Intermediate Expansion Zone) creates a more
thermodynamically efficient cycle, reducing the loss
of cooling energy in the process, and providing
more operational flexibility. 

4. Comparison study for expansion cycles

4.1 Basis of Design and Design
Assumptions

A case study has been performed to compare and
evaluate the benefits and disadvantages of three
expansion cycle processes. In this case study, the
feed gas is associated gas that is produced from an
operating oil production facilities or export gas line.
The following design parameters are considered to

compare the three gas expansion cycle
configurations in terms of efficiency.

- Refrigerant Compressors:

The refrigerant compressors are a centrifugal
compressor driven by a gas turbine that can deliver
42 MW. 

- LNG Production: 

The production targeted is 1 MTPA with an

Fig. 5 C1 & N2 Cycle Composite curve

Fig. 6 Advanced Dual Refrigerant Expansion Cycle

Composite curve
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availability of 340 days.

- Feed Gas:

The feed gas is sweetened and dried through the
following pre-treatment systems: Acid Gas
Removal Unit (AGRU), dehydration and mercury
removal. A Scrub Column is used for NGL
extraction and the cooling duty is provided by a
MCHE. LPG generated from the fractionation
column is liquefied in the MCHE and spiked into the
LNG.

The cooling temperature in the refrigerant
compression stage is 30°C. Identical polytropic and
adiabatic efficiency are assumed for the refrigerant
Compressors and Turbo-expanders.

4.2 Results

4.2.1 Performance and Efficiency Summary

Table 5 shows the liquefaction cycle performance

results for the same feed gas stream. As shown, the
Advanced Dual Expansion Cycle can increase the
liquefaction efficiency by 8%~13% compared to the
other cycles. 
Accordingly the LNG production rate is also

expected to increase proportional to the increase of
the cycle efficiency. 

4.2.2 Expander and Cold Box configuration

The main differences among the three processes
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TTaabbllee  11  Feed Gas Condition

Feed   Condition Unit Value

Feed Gas Temperature ℃ 30

Feed Gas Pressure barg 68

TTaabbllee  22  Feed Gas Composition

Gas   Composition Mol%

Water (H2O) 0.00%

Carbon Dioxide (CO2) 0.01%

H2S 0.00%

Nitrogen (N2) 0.45%

Methane (CH4) 80.29%

Ethane (C2H6) 7.42%

Propane (C3H8) 6.75%

i-Butane (C4H10) 1.04%

n-Butane (C4H10) 2.80%

C5+ 1.23%

LNG   Specification Unit Value

Molecular Weight kg/kmol 16.5-18.88

C5+ Hydrocarbons mol% (maximum) 0.1

n-Butane + i-Butane mol% (maximum) 2

Nitrogen (N2) mol% (maximum) 1

Wobbe Index kWh/Nm3 13.1-16.37

High Heating value kWh/Nm3 10.83-12.68

Rotating   Machine Adiabatic Polytropic

Nitrogen Refrigerant Compressor 84.9% 87.0%

Methane Refrigerant Compressor 86.3% 87.0%

N2 Warm Turbo-expander (Expander) 88.0% 84.3%

N2 Warm Turbo-expander (Compressor) 79.7% 82.0%

N2 Cold Turbo-expander (Expander) 88.0% 85.7%

N2 Cold Turbo-expander (Compressor) 81.2% 82.0%

C1 Warm Turbo-expander (Expander) 88.0% 85.6%

C1 Warm Turbo-expander (Compressor) 88.0% 82.0%

C1 Cold Turbo-expander (Expander) 81.2% 82.0%

C1 Cold Turbo-expander (Compressor) 81.2% 82.0%

TTaabbllee  55  Performance and Efficiency Summary

Expansion Cycle
LNG 

Production
(MTPA)

Liquefaction Cycle
Efficiency

(kW/ton/day)

Double N2 Expansion Cycle 1.09 13.92

C1 & N2 Expansion Cycle 1.16 13.13

Advance Dual Expansion Cycle 1.26 12.08

TTaabbllee  44  Efficiency of Rotating Machine

TTaabbllee  33  LNG Specification
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are the configuration and capacity of the expanders
as reflected in Table 6.
Hence while there is the need for an additional

turbo-expander in the Advanced Dual Expansion
process compared to the Double N2 Expansion and
Methane & Nitrogen Expansion Cycle processes, the
capacity of the warm turbo-expander is lower in
the Advanced Dual Expansion process.
Two more cold box cores are required for the

Advanced Dual Expansion process.

4.2.3 Equipment Weight and Layout

Based on above equipment configuration including
liquefaction cold box, turbo-expanders, refrigerant
compressors and compressor coolers, the equipment

weight and footprint comparison for the different
processes are as shown in Table 7 and Table 8.
The Advanced Dual Expansion Cycle requires one

more turbo-expander and a larger cold box, hence
a larger area for equipment and piping. Based on
initial estimates, this area is 15~16% larger than the
area required for the other expansion cycles. 

5. Life Cycle Cost analysis

The NPV and Internal Rate of Revenue (IRR) have
been calculated and compared for Double Nitrogen
Expansion Cycle, Methane & Nitrogen Expansion
Cycle and Advanced Dual Refrigerant Expansion
Cycle.

5.1 Gas Reserve

In order to compare the LCC for the three cycles
(Cases), a gas reserve of 0.5 to 1 TCF has been
considered.

5.2 EPC CAPEX

The FLNG CAPEX estimate has a [-15%; +30%]
accuracy (Class 4, AACE-18R-97) based on the
equipment and bulk factored cost model. The
comparison is summarized as Table 9.

5.3 OPEX

The OPEX per year is considered to be 4% of the
FLNG CAPEX.

TTaabbllee  66  Expander and Cold Box Configuration

TTaabbllee  99  Comparison of Normalized CAPEX

TTaabbllee  77  Expander and Cold Box Configuration

TTaabbllee  88 Area for Equipment & Piping

Expansion Cycle Turbo-expander MCHE

Double N2

Expansion Cycle

1 Set of Frame 3.5 (6MW)

2 Sets of Frame 5 (11MW)
6 Core

C1 & N2

Expansion Cycle

2 Sets of Frame 5 (11MW)

1 Set of Frame 3.5 (6MW)
6 Core

Advanced Dual

Expansion Cycle

1 Set of Frame 6 (15W)**

1 Set of Frame 3.5 (6MW)

1 Set of Frame 3.5 (6MW)

8 Core

Expansion Cycle Weight (ton)
Footprint

(m2)

Double N2 Expansion Cycle 785 300

C1 & N2 Expansion Cycle 832 285

Advanced Dual Expansion Cycle 1105 305

Expansion Cycle
Area for

Equipment &
Piping (m2)

Ratio 
(%)

Double N2 Expansion Cycle 2765 100

C1 & N2 Expansion Cycle 2726 98.6

Advanced Dual Expansion Cycle 3179 115

Normalized CAPEX (FLNG)

Double N2
Expansion Cycle

C1 & N2
Expansion Cycle

Advanced Dual
Expansion Cycle

100% (base) 101.65% 104.06%
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1.1 Economics basis

A simplified economics model has been set up to
evaluate project economics, based on LCC. To
evaluate the LCC, the following parameters are
considered: 
- Project CAPEX. 
- Project OPEX over the project life cycle based on

the proven reserve.
- Revenue derived from the end product (LNG,

LPG, condensate, etc.).
- Cash flow calculated as the difference between

the streams of costs (OPEX, financial cost) and
revenue.

- Discount rate is applied to the cash flow for
conversion into ‘’Present Values’’.

- From the discounted NPV, the IRR (discount rate
providing an NPV of zero) can be established to
test the project viability.

5.4 Project financing and related financial
cost

For the study, the financing scheme for each case
is as follows:
- 70% of the CAPEX as a bank loan with annual

interest rate of 6% over 15 years or project life,
whichever comes first.

- Equity of 30%. However the CAPEX and equity
have been set to include the financial cost during
the construction in the overall CAPEX 

- A discount rate of 10%.

5.5 Revenue

The income from the product sales is based on an
average rate of $6/mmbtu.

5.6 Production
For the study, it is assumed that: 8% of the

reserve is consumed as fuel gas on the FLNG.

5.7 Results

Table 10 and Table 11 show the comparison of the
three cycles in terms of NPV and IRR.

The analysis shows the followings:
- Compared with Double Nitrogen Expansion Cycle,

the production rate of the Advanced Dual
Refrigerant Expansion Cycle can be increased by
15% while the overall CAPEX is increased by
4.06% only. This results in 48% improvement of
the project NPV over a 10 years production period
based on a 0.5 TCF gas reserve. Similarly, 31%
improvement on the NPV can be achieved over 20
years of production assuming a gas reserve of 1
TCF.

- Compared with Methane & Nitrogen Expansion
Cycle, the production rate of the Advanced Dual
Refrigerant Expansion cycle can be increased by
8% while the overall CAPEX is increased by 1.6%
only. This results in 30% improvement of the
project NPV over a 10 years production period for
a 0.5 TCF gas reserve. 16% improvement on the
NPV can be achieved over 20 years production
assuming a 1 TCF gas reserve. 

- No significant improvement on the rate of return
is to be expected; changes are shown to be around
1~2%.
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TTaabbllee  1100  Comparison of Efficiency in 0.5 TCF Gas Reserve

Double N2
Expansion Cycle

C1 & N2
Expansion

Cycle

Advanced
Dual

Expansion
Cycle

Gas Reserve 1 TCF 1 TCF 1 TCF

Production

capacity
1.09 MTPA 1.16 MTPA 1.26 MTPA

Year   of

Production
22.7 years 21.3 years 19.6 years

NPV 100% (base) 113% 131%

IRR 19.9% 20.9% 22.7%
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6. Conclusion

The Advanced Dual Refrigerant Expansion Cycle
has some inherent advantages, as it is based on the
application of a gas refrigerant:
- Easy to start due to the absence of liquid phase

refrigerant during start-up and shutdown.
- Use of partially non-flammable refrigerant
- No dedicated make-up system required
- Less prone to reduction in performance caused by

ship motions.

The Advanced Dual Refrigerant Expansion Cycle
shows higher performance than other two
compared cycles:
The Advanced Dual Expansion Cycle can increase

the liquefaction efficiency by 8%~13% compared

with the others.
A LCC analysis shows that even though the

additional CAPEX is required for the Advanced Dual
Refrigerant Expansion Cycle, the calculated NPV is
increased by 30 to 48% in 0.5 TCF gas reserve for 10
years and increased by 16 to 31% in 1 TCF gas
reserve for 20 years.
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Double   N2
Expansion

Cycle

C1   & N2
Expansion

Cycle

Advanced
Dual

Expansion
Cycle

Gas Reserve 0.5 TCF 0.5 TCF 0.5 TCF

Production

capacity
1.09 MTPA 1.16 MTPA 1.26 MTPA

Year   of

Production
11.3 years 10.7 years 9.8 years

NPV 100% (base) 114% 148%

IRR 15.6% 16.5% 17.7%

TTaabbllee  1111 Comparison of Efficiency in 1 TCF Gas Reserve
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