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An efficient multi-stage Brayton–JT cycle for liquefaction of natural gas
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a b s t r a c t

Combined multi-stage Brayton–JT refrigeration cycles are investigated as a governmental effort in Korea
to develop an original liquefaction process of natural gas in accordance with recent demand of higher effi-
ciency and larger capacity. Based upon thermodynamic optimization theory, a combined refrigeration
system is proposed with nitrogen (N2) Brayton cycle, ethylene (C2) JT cycle, and propane (C3) JT cycles,
which are used for cooling the feed gas in a series of heat exchangers. Since no mixed refrigerants are
used, this system is simple in operation and robust in reliability. A complete cycle design is presented
to confirm its feasibility and estimate the liquefaction performance. It is expected that the proposed
N2–C2–C3 cycle could have a reasonably high efficiency and the potential of great liquefaction capacity.
Next steps are underway for patent application and practical process development.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Thermodynamic process for liquefaction of natural gas has
evolved since 1970’s [1–8] in order to meet a number of challenges,
including the demand of greater efficiency and larger capacity. A
liquefaction system is primarily composed of a series of heat
exchangers, where cleaned natural gas is cooled-down to LNG tem-
perature in thermal contact with closed-cycle refrigerant. In order
to reduce the input power for liquefaction, it is crucial to reduce
entropy generation due to the temperature difference between
feed gas and refrigerant in the heat exchangers. Since the feed
gas is mostly a mixture of different hydrocarbons, its specific heat
varies considerably in the cool-down process, which is the main
reason why a variety of combined refrigeration cycles have been
attempted for efficient liquefaction. Numerous liquefaction pro-
cesses have been developed so far with different refrigerants and
different cycles, but only a few are practically in use.

The most popular liquefaction process under operation is based
on propane pre-cooled mixed refrigerant (C3-MR) cycle [3,4] by Air
Products and Chemicals Inc. A basic schematic of C3-MR process is
shown in Fig. 1a. Feed gas is pre-cooled to approximately 238 K by
multi-stage propane (C3) JT cycle, and then liquefied and sub-
cooled to 123 K by mixed refrigerant (MR) through a large spiral
wound heat exchanger. An appropriate composition of MR allows
liquefaction and sub-cooling of feed gas in a single heat exchanger
over wide temperature range, leading to a high thermodynamic
efficiency with minimum number of components. However, since
the C3 cycle has to cool both feed gas and MR cycle, the thermal

load of propane cycle becomes enormous, and the C3-MR reaches
a technical limit on the propane compressor for applications to
5 MTPA (million tons per annum) or greater. For substantial in-
crease in liquefaction capacity, the cold end of C3-MR cycle is re-
cently equipped with nitrogen Brayton cycle. This three-cycle
process (called AP-X) [5] allows decreasing the propane and MR
flow rates so as to achieve a capacity up to 8 MTPA.

Another successful liquefaction process under operation is
based on cascade cycle [6] by Conoco Phillips. As schematically
shown in Fig. 1b, the process consists of three JT cycles, which
use methane (C1), ethylene (C2), and propane (C3) as single-
component refrigerant. Each JT cycle has two or three stages of
refrigeration to reduce the temperature difference in heat exchang-
ers. Since no mixture is used, the process is safe, simple, easy, and
robust in operation. Upon over 30 years of operating history, the
liquefaction efficiency has improved through the optimization of
design parameters [6].

Many other processes also use mixed refrigerant in different
ways [3]. In dual mixed refrigerant (DMR) process developed by
SHELL, the propane pre-cooling cycle of C3-MR is replace with
MR JT cycle to remove the bottleneck of propane compressor.
The LINDE process has three JT cycles like cascade process, but
with MR on all three cycles. IFP/AXENS developed a large capacity
of process called LIQUEFIN, which is also two MR JT cycles with the
same power on both cycles.

In 2008, Korea Government established the Gas Plant R&D
Center under the MLTM (Ministry of Land, Transportation and Mar-
itime Affairs) with a 6-year program that will develop a high-effi-
ciency liquefaction technology to compete for worldwide LNG
plant market in future. The center plans to construct and operate
two units of test bed with a capacity of 100 tons/day. The first unit
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will be a C3-MR system with domestic components including
plate-fin heat exchangers and centrifugal compressors, but the sec-
ond is expected to employ an original process designed in accor-
dance with recent emerging demand of good efficiency, large
capacity, and versatility for different geographic conditions, includ-
ing the offshore liquefaction [7]. This thermodynamic study is the
first step of present authors’ mission to design the original lique-
faction cycle.

The effort begins with the fundamental nature of
thermodynamic design on liquefaction system with a series of heat
exchangers. Based upon the theoretical results, a few different

combinations of Brayton and JT cycles are considered in terms of
liquefaction efficiency. Priority is given to single-component refrig-
erant cycles in this paper, as the thermodynamic performance can
be more easily and accurately estimated.

2. Thermodynamic background

2.1. Liquefaction performance parameters

The thermodynamic performance of a liquefaction system is
evaluated in terms of the work required per unit mass of liquefied

Nomenclature

A total heat exchange area (m2)
C specific heat at constant pressure (kJ/kg K)
F functional in calculus of variation defined in Eq. (10)
FOM figure of merit
h specific enthalpy (kJ/kg)
_m mass flow rate (kg/s)

s specific entropy (kJ/kg K)
_Sgen entropy generation rate (kW/K)
T temperature (K)
U overall heat transfer coefficient (kW/m2 K)
_W power input for liquefaction (kW)

Greek letters
DT temperature difference between feed gas and refriger-

ant, TF � TR (K)

k Lagrange multiplier

Subscripts
0 ambient
1, 2, . . . location of refrigeration cycle
a, b, . . . location of feed gas
E ethylene (C2)
F feed gas
L LNG
min minimum
N nitrogen (N2)
opt optimum
P propane (C3)
R refrigerant

Fig. 1. Basic schematic of two liquefaction cycles under operation. (a) Propane pre-cooled mixed refrigerant (C3-MR) cycle. (b) Cascade cycle.
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gas [1]. According to the combined first and second law, there ex-
ists an absolute minimum in the work for liquefaction, which is gi-
ven as the flow availability [9] of liquid.

_W
_m

 !
min

¼ ðhL � h0Þ � T0ðsL � s0Þ ð1Þ

where T0 is the ambient temperature at which heat is rejected by
the liquefaction system. The figure of merit (FOM) is a dimension-
less parameter defined as the ratio of minimum work to actual work
[1].

FOM ¼
_Wmin

_W
ð2Þ

The difference of actual work and minimum work is irreversibil-
ity, which is the entropy generation multiplied by the ambient
temperature.

_W � _Wmin ¼ T0
_Sgen ð3Þ

2.2. Optimal temperature difference in heat exchangers

A major source of entropy generation in the liquefaction process
is the series of heat exchangers where the feed gas is in thermal
contact with refrigerant. The liquefaction work can be reduced if
the temperature difference between feed gas and refrigerant is
made small, but the small difference requires a large size of heat
exchanger. It is, therefore, a practical design strategy to minimize
the entropy minimization for a given size of heat exchanger. This
problem is a constrained optimization, which can be solved with
the method of calculus of variation [9].

For an infinitesimal control volume of heat exchanger shown in
Fig. 2, the energy balance equation is

_mFCF � dTF ¼ _mRCR � dTR ð4Þ

where the subscripts F and R denote feed gas and refrigerant,
respectively. It is noted that TF is continuous along the flow, but
TR may be discontinuous at the inlet or exit of heat exchangers.
The entropy generation rate in the infinitesimal control volume is

d _Sgen ¼ � _mF CF
dTF

TF
þ _mRCR

dTR

TR
ð5Þ

neglecting the pressure-drop irreversibility. Combining Eqs. (4) and
(5),

d _Sgen ¼ _mFCF
1
TR
� 1

TF

� �
dTF ¼ _mF CF

DT
TRTF

dTF ð6Þ

where DT is the (piecewise continuous) temperature difference be-
tween feed gas and refrigerant, TF � TR. In case of evaporating flow
of single-component refrigerant, dTR is zero in Eqs. (4) and (5). How-
ever, Eq. (6) is still valid, because the last terms of Eqs. (4) and (5)
are replaced by _mR � dhR and _mR � dsR, respectively, and the relation
dhR = TR � dsR is valid in saturated state. For an effective heat exchan-
ger (DT� TF),

_Sgen � _mF

Z T0

TL

CFDT

T2
F

dTF ð7Þ

where T0 and TL are the warm-end and cold-end temperature of
feed gas, respectively. On the other hand, the fluid-to-fluid heat in
the infinitesimal control volume is

_mFCF � dTF ¼ UDT � dA ð8Þ

where U is the overall heat transfer coefficient and dA is the heat ex-
change area in the control volume. Eq. (8) is rearranged and inte-
grated for the total teat exchange area

A ¼ _mF

Z T0

TL

CF

UDT
dTF ð9Þ

Now the variational problem of minimizing the entropy gener-
ation, Eq. (7), subject to a given area, Eq. (9), is identical to mini-
mizing a functional

F ¼ _mF

Z T0

TL

CFDT

T2
F

þ k
CF

UDT

 !
dTF ð10Þ

without any constraints, where k is the Lagrange multiplier. Taking
@F/@DT = 0, the optimal temperature difference can be expressed as

DT ¼ TF

ffiffiffiffi
k
U

r
ð11Þ

Substituting Eq. (11) into Eq. (9),

A ¼ _mF

Z T0

TL

CF

TF

ffiffiffiffiffiffi
kU
p dTF ð12Þ

to determine the Lagrange multiplier

ffiffiffi
k
p
¼

_mF

A

Z T0

TL

CF

TF

ffiffiffiffi
U
p dTF ð13Þ

Fig. 2. Series of feed heat exchangers in thermal contact with refrigerant.
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Finally, the optimal temperature difference is obtained by
substituting Eq. (13) into Eq. (11)

DT
TF

� �
opt

¼
_mF

A
ffiffiffiffi
U
p

Z T0

TL

CF

TF

ffiffiffiffi
U
p dTF ð14Þ

and the minimum entropy generation is

ð _SgenÞmin ¼
_m2

F

A

Z T0

TL

CF

TF

ffiffiffiffi
U
p dTF

� �2

ð15Þ

The specific heat of feed gas CF varies considerably over temper-
ature, as discussed in the following sections. If CF and U are as-
sumed constant for verification, Eq. (14) is simplified to

DT
TF

� �
opt

�
_mFCF

UA
ln

T0

TL
ð16Þ

which is the same expression as the optimization result for inter-
mediate cooling of a recuperative refrigerator [9]. It is noticed in
Eq. (16) that the optimal DT/TF decreases as the number of transfer
unit (NTU) of heat exchanger increases. The key point of Eq. (14) is
that for the best performance, DT/TF should be nearly constant,
insofar as U does not vary significantly over the heat exchangers.
In other words, the optimal DT is proportional to the absolute tem-
perature, which means that a smaller temperature difference is
needed at a colder heat exchanger. This point will be a basis of
selecting the cycle and refrigerant.

3. Cycle design

3.1. Cooling requirement

The liquefaction cycle design depends to an extent on the com-
position, pressure, and temperature of feed gas. For the purpose of
design, the Gas Plant R&D Center in Korea has defined a standard
mole composition as methane (C1) 91.3%, ethane (C2) 5.4%, pro-
pane (C3) 2.1%, i-butane (IC4) 0.5%, n-butane (NC4) 0.5%, and nitro-
gen (N2) 0.2%. The feed gas is required to cool from 300 K to 123 K
at 5 MPa for flash expansion to LNG storage tank at atmospheric
pressure.

In order to examine the cooling requirement, several isobars are
plotted on temperature-entropy diagram of feed gas as Fig. 3a. The
thermodynamic properties of feed gas and refrigerant are calcu-
lated with standard property database (REFPROP) developed by
the US NIST [10]. The liquefaction process at 5 MPa can be divided
into three stages: pre-cooling in vapor phase (300–239 K), conden-
sation (239–201 K), and sub-cooling in liquid phase (201–123 K).
Fig. 3b is the plot of specific heat as a function temperature for se-
lected pressures. Since the condensation at 5 MPa occurs around
the pseudo-critical point of mixture, specific heat has a sharp peak
approximately at 200 K, but has nearly a constant value below
160 K or above 250 K. The temperature dependency of specific heat
is also important in selecting the cycle and refrigerant.

3.2. Selection of cycle and refrigerant

Since single-component cycles are considered in this study,
attention is paid to a variety of combinations with Brayton and
JT cycles. Brayton cycle uses gas refrigerant and is suitable for
the regions where the specific heat is constant over temperature,
because DT can be made small by balanced counter-flow. On the
contrary, JT cycle uses two-phase refrigerant and is suitable for
the condensation stage or nearly isothermal region (around the
peak of specific heat), because evaporating refrigerant makes an
isothermal flow.

On the basis of temperature-dependent specific heat of feed gas
in Fig. 3b, the first system is attempted with two Brayton cycles at
sub-cooling and pre-cooling stages and a JT cycle at condensation
stage. There are a few different candidates for refrigerant of Brayton
cycle, but nitrogen (N2) is selected for efficiency and safety [8].
Refrigerant of JT cycle should be selected on its boiling temperature,
thus ethylene (C2) is the right choice as in the cascade process. The
basic schematic of this combined liquefaction system is shown in
Fig. 4a, which is called nitrogen Brayton ethylene JT (N2–C2) cycle.
This system is considered thermodynamically excellent in the
feed-refrigerant heat exchangers, but the compression and after-
cooling of C2 cycle is inefficient, because the critical temperature
of ethylene (282 K) is lower than the ambient temperature.

The liquefaction efficiency of N2–C2 cycle may be improved by
employing a propane (C3) JT cycle on the top of C2 cycle as shown
in Fig. 4b. The C3 cycle plays a role of absorbing heat from C2 cycle
and rejecting heat to ambient. This system is called nitrogen Bray-
ton propane-cooled ethylene JT (N2–C2/C3) cycle. Even though the
performance of N2–C2/C3 cycle may be acceptably good, the num-
ber of compressors and expanders may be excessive.

The third system is proposed to replace the pre-cooling N2 cycle
with a propane (C3) JT cycle, as shown in Fig. 4c. As the C3 cycle
take over the cooling of both feed and C2 cycle, this system is
called nitrogen Brayton ethylene propane JT (N2–C2–C3) cycle.
The N2–C2–C3 cycle is expected to have a similar efficiency with
the N2–C2/C3 cycle, but needs much less number of working com-
ponents. It is decided to pursue N2–C2–C3 cycle for detailed
design.

Fig. 3. Thermodynamic properties of natural gas feed. (a) Isobars on temperature-
entropy diagram. (b) Specific heat as a function of temperature.
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3.3. Detailed cycle design

Fig. 5 is the detailed cycle configuration of proposed N2–C2–C3
cycle. N2 Brayton cycle has two stages (denoted by N2-1 and N2-2)
to cover most of the sub-cooling region. The two N2 cycles may be
integrated as discussed later, but separate cycles are considered
here as a basic design. C2 JT cycle has three stages in order to effi-
ciently take over the heavy cooling load for condensation. C3 JT cy-
cle has two cooling stages, but three compression stages for
efficient heat rejection to ambient. As a result, the liquefaction
by N2–C2–C3 cycle is subdivided into seven cooling stages.

In order to investigate the feasibility and estimate the perfor-
mance of the proposed N2–C2–C3 cycle, the detailed specifications
are given as follows:

r The exit temperature of all after-coolers is 313 K.
s The adiabatic efficiency of all compressors and expanders is

75%.
t The compression is multi-staged such that the pressure ratio

at each stage does not exceed 2.5.
u The minimum temperature difference in heat exchangers is

3 K.

Fig. 4. Basic schematic of three proposed liquefaction cycles. (a) Nitrogen Brayton and ethylene JT (N2–C2) cycle. (b) Nitrogen Brayton and propane pre-cooled ethylene JT
(N2–C2/C3) cycle. (c) Nitrogen Brayton and ethylene propane JT (N2–C2–C3) cycle.
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Fig. 5. Detailed configuration of N2–C2–C3 cycle.

Table 1
Number of unknowns and equations for N2–C2–C3 cycle design.

N2-1 N2-2 C2 C3 Remarks

Number of unknowns
Property (state) 16 (8) 16 (8) 24 (12) 28 (14)
Mass flow rate 1 1 3 3
Total 17 17 27 31

Number of equations
Given 2 2 4 5 rwx

Energy balance 2 2 8 9a HX, JT, MIX, FC
Adiabatic efficiency 3 3 3 3 s

DTmin of HX 2 2 3 3a u

Pressure drop 5 5 8 9 v

Total 14 14 26 29

Number of independent variables 3 3 1 2 t

r, s, . . .: See Section 3.3, HX: heat exchanger, JT: Joule–Thomson valve, MIX: mixing, FC: flush chamber.
a Including C2–C3 HX.

Table 2
Property table at each location of designed N2–C2–C3 cycle. Unit: _m (kg/s), T (K), P (kPa), h (kJ/kg), s (kJ/kg K).

Feed gas
_m 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

T 300.0 266.0 245.0 226.0 204.0 184.0 147.0 123.0
P 5000 4990 4980 4970 4960 4950 4940 4930
h 811.3 722.6 662.4 597.0 423.3 234.7 97.38 18.53
s 4.286 3.973 3.738 3.460 2.650 1.694 0.865 0.280

1 2 3 4 5 6 7 8 9 10 11 12 13 14

N2-1
_m 3.122 3.122 3.122 3.122 3.122 3.122 3.122 3.122

T 313.0 151.0 120.0 142.2 310.0 380.6 313.0 385.8
P 1590 1550 580.0 570.0 530.0 920.9 910.9 1600
h 321.8 143.3 117.0 142.3 320.7 394.2 323.1 399.0
s 6.060 5.258 5.331 5.529 6.382 6.432 6.229 6.279

N2-2
_m 3.796 3.796 3.796 3.796 3.796 3.796 3.796 3.796

T 313.0 184.0 144.0 177.4 310.0 388.2 313.0 393.7
P 1590 1560 515.0 505.0 475.0 871.8 861.8 1600
h 321.8 181.8 144.7 180.9 320.8 402.2 323.2 407.2
s 6.060 5.487 5.575 5.807 6.415 6.469 6.246 6.301

C2
_m 1.424 0.206 0.206 0.567 0.567 0.650 0.650 0.650 1.217 1.217 1.424 1.424

T 246.1 224.2 224.2 202.3 202.3 181.9 181.9 238.6 221.6 276.5 268.7 318.3
P 2100 1100 1100 500.0 500.0 200.0 200.0 500.0 500.0 1100 1100 2100
h 203.7 203.7 520.6 203.7 509.7 203.7 494.0 563.2 538.3 607.6 595.0 661.2
s 0.965 0.988 2.401 1.039 2.552 1.125 2.721 2.795 2.687 2.751 2.705 2.757

C3
_m 3.273 3.273 0.657 2.616 0.271 0.271 2.346 2.346 2.346 2.346 2.616 2.616 3.273 3.273

T 313.0 287.1 287.1 287.1 262.7 262.7 241.9 241.9 241.9 275.3 274.0 308.6 304.3 342.0
P 1500 710.0 710.0 710.0 340.0 340.0 160.0 160.0 160.0 340.0 340.0 710.0 710.0 1500
h 306.6 306.6 589.8 235.6 235.6 563.1 235.6 513.3 539.0 584.1 582.0 630.1 622.0 673.1
s 1.357 1.373 2.359 1.125 1.138 2.385 1.168 2.316 2.422 2.463 2.455 2.495 2.468 2.506
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v The pressure drop is 10 kPa in each feed gas heat exchanger
and 30–40 kPa in N2–N2 heat exchanger, but is neglected in
branches, junctions, flush chamber or evaporative heat
exchangers.

w The exit state of evaporative heat exchangers in C2 and C3
cycles is saturated vapor.

x The exit states of flush chamber in C3 cycle are saturated
liquid and saturated vapor, respectively.

As two end conditions of feed gas ( and ) are given, the first
step is to set the feed temperature at through so that the total

cooling load is subdivided and assigned to seven heat exchangers.
This is more or less a complicated process, since the optimal DT
distribution and the vapor pressures of C2 and C3 should be care-
fully considered at the same time. The mass flow rate of feed gas is
1 kg/s for unit calculation.

Once the feed gas condition at each location is given, the four
refrigeration cycles can be completed. The number of unknowns
and equations are summarized in Table 1 for the four cycles. The
total number of unknowns in N2-1, N2-2, C2, and C3 cycles is 17,
17, 27, and 31, respectively, as two thermodynamic properties
(for example, T and P) are required to fix each state, and three
branch flows in C2 and C3 cycles are counted for the mass flow
rates. The number of equations including the given conditions
should be counted with care. The given conditions are the detailed
specifications r, w, and x. The energy balance equations are ap-
plied to heat exchangers (HX), JT valves (JT), mixing junctions
(MIX), and flush chamber (FC). The number of adiabatic-efficiency
equations by s is equal to the number of compressors and expand-
ers. The minimum DT is specified by u for every heat exchanger
and the pressure drop is specified by v for every heat exchanger
passage, mixing junction, and flush chamber. The difference be-
tween the number of unknowns and the number of equations is
the number of independent variable or the degree of freedom in
design, which is 3, 3, 1, and 2 for N2-1, N2-2, C2, and C3 cycles,
respectively. The N2 cycles have more degree of freedom than
the C2 and C3 cycles, because the pressure range may be more
freely selected in gas cycle than in two-phase cycle. The entire cy-
cle can be completed, if pressure is specified for the three levels in

Fig. 6. Temperature-entropy diagrams for cycles listed in Table 2. (a) Nitrogen (N2-
1 and N2-2) cycles. (b) Ethylene (C2) cycle. (c) Propane (C3) cycle.

Fig. 7. Temperature difference in feed heat exchangers. (a) Temperature difference
diagram. (b) Temperature-heat diagram.
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N2 cycles, the highest level in C2 cycle, and the two highest levels
in C3 cycle.

4. Results and discussion

The presented design process is demonstrated with a specific
example of complete cycle. The feed gas temperatures are given
at 300 K( ), 266 K( ), 245 K( ), 226 K( ), 204 K( ), 184 K( ),
147 K( ), and 123 K( ), as indicated on T–s diagram in Fig. 3a.
Three pressure levels are 1.6 MPa–872 kPa–475 kPa and 1.6 MPa–
921 kPa–530 kPa for N2-1 and N2-2 cycles, respectively. The high-
est pressure is 2.1 MPa for C2 cycle, and the two highest pressure
levels are 1.5 MPa and 710 kPa for C3 cycle. These values are spec-
ified through several times of iterations with a basis of the optimal
DT distribution and thermodynamic properties of feed gas and
refrigerants. The mass flow rates and thermodynamic states are
determined for entire cycle, as listed in Table 2. Fig. 6a–c are the
temperature-entropy diagrams of N2, C2, and C3 cycles,
respectively.

The feasibility of this specific cycle may be verified in differ-
ent ways. An immediate method is to confirm that energy bal-
ance is satisfied in every component, and to investigate DT in

each heat exchanger. In particular, it is effective to identify so-
called ‘‘temperature pinch point” where DT has a minimum.
The pinch point exists at the cold end for evaporating heat
exchangers, but exists at the warm end for N2–N2 (recuperative)
heat exchangers because of the greater specific heat at higher
pressure [9]. Fig. 7a shows the DT distribution as a function of
feed gas temperature over the seven feed heat exchangers. As
reference, the dashed line indicates an optimal DT distribution
that is proportional to the absolute temperature from Eq. (14).
Fig. 7b shows the temperature-heat diagram for the liquefaction
process. Since the gap area between the two curves represents
the entropy generation in the heat exchangers, the small DT in
N2 and C2 cycles should be effective in reducing the liquefaction
work.

Another verification method is to compute the entropy genera-
tion at every single component of cycle. The N2–C2–C3 cycle in
Fig. 4c is composed of 38 different components, including 10 com-
pressors, two expanders, 10 heat exchangers, five after-coolers, six
JT valves, four mixing junctions, and a flush chamber. From ther-
modynamic point of view, the cycle can be basically operational,
if entropy generation is non-negative in every single component.
Table 3 is a complete list of irreversibility (entropy generation mul-

Table 3
Minimum work, actual work, and irreversibility of designed N2–C2–C3 cycle (unit: kJ/kg).

N2-1 N2-2 C2 C3 Total

Minimum work,
_Wmin
_mF

– 104.3 – 122.3 – 21.5 – 9.3 461.2

– 79.9 – 13.4
– 110.5

Actual work, _W
_mF

Comp 5–6 229.3 Comp 5–6 309 Comp 7–8 45.0 Comp 9–10 106 1493.7

Comp 7–8 236.7 Comp 7–8 318.8 Comp 9–10 84.5 Comp 11–12 126
Exp 2–3 �82.2 Exp 2–3 �140.9 Comp 11–12 94.3 Comp 13–14 167.1

Irreversibility, T0
_Sgen
_mF

HX 1–2–4–5 50.2 HX 1–2–4–5 42.2 JT 1–2 1.5 JT 1–2 16.5 1032.5

Exp 2–3 71.3 Exp 2–3 104.7 HX 2–3 4.4 FC 2–3–4 0.0
HX 3–4 10.5 HX 3–4 15.7 JT 1–4 13.1 JT 4–5 1.1
Comp 5–6 48.3 Comp 5–6 63.9 HX 4–5 15.1 HX 5–6 7.6
AC 6–7 24.1 AC 6–7 35.2 JT 1–6 32.5 JT 4–7 31.2
Comp 7–8 49.2 Comp 7–8 65 HX 6–7 25.6 HX 7–8 4.3
AC 8–1 26.1 AC 8–1 37.9 Comp 7–8 15.1 Comp 9–10 30.5

MIX 5–8–9 1.9 MIX 6–10–11 0.1
Comp 9–10 24.4 Comp 11–12 32.3
MIX 3–10–11 2.0 MIX 3–12–13 0.8
Comp 11–12 23.5 Comp 13–14 38.6
HX 12–1 44.2 AC 14–1 22.0

AC: after-cooler, Comp: compressor, Exp: expander, FC: flush chamber, HX: heat exchanger, JT: JT valve, MIX: mixing junction.

Fig. 8. An example of modified N2–C2–C3 cycle.
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tiplied by the ambient temperature) in the 38 components, which
are calculated with the properties in Table 2. Furthermore, the sum
of irreversibility in all components is compared with the difference
of actual work and minimum work, as Eq. (3).

In summary, the presented cycle is feasible and can be realized
in practice for liquefaction of natural gas. In this specific cycle, the
net liquefaction work per unit mass is estimated at 1494 kJ/kg, and
the FOM is approximately 30.9% from Eq. (2). The best liquefaction
performance has been reported at 1050–1100 kJ/kg with C3-MR or
DMR processes, and 1200–1300 kJ/kg with cascade process [3]. The
presented N2–C2–C3 cycle does not seem to reach the perfor-
mance of the reputed MR processes, but may have a comparable
performance with cascade process, recalling that this is the very
first version of complete cycle. The effect of various design param-
eters can be fully investigated with a simulation software such as
HYSYS or PRO II, as the progress is underway. Even though the cy-
cle optimization may be a long and tough job ahead, it is stated at
this point that the liquefaction efficiency of the proposed N2–C2–
C3 cycle could be readably high.

The N2–C2–C3 cycle has potential advantages in practice over
the existing processes. Simplicity and reliability are coherent mer-
its of single-component refrigeration cycles as in cascade process.
The liquefaction capacity of N2–C2–C3 cycle may be increased to
a greater level, because the C3 cycle has less cooling load than
C3-MR or cascade. In addition, the basic cycle shown in Fig. 4c
can be modified in a variety of ways to reduce the number of com-
ponents in practical process. Fig. 8 is an example of modification
for practical process. The two N2 cycles may be integrated so as
to share the compressors and upper portion of recuperative heat
exchanger. It is also possible to utilize the power output of expan-
der for directly driving a compressor with compressor–expander
assembly (so-called compander). The cryogenic expanders in N2
cycles may not produce an enough power to cover one of the
two compressions stages in their own cycles, but there are a num-
ber of choices in C2 or C3 compression stages, as noticed in Table 3.
The C2–C3 heat exchanger can be also integrated with the feed-C3
heat exchangers, as used in cascade process. Efforts are continued
towards the practical development of efficient liquefaction process
based on N2–C2–C3 cycle.

5. Conclusions

A systematic design approach is presented towards an efficient
combined cycle with single-component refrigerants. Based upon
the thermodynamic optimization theory in liquefying heat
exchangers, a combined cycle is proposed with nitrogen (N2) Bray-
ton cycles, ethylene (C2) JT cycle, and propane (C3) JT cycle. A de-
tailed cycle design is attempted to confirm the feasibility and
estimate the liquefaction performance with specifications and
modeling of components. It may be concluded that the proposed
N2–C2–C3 cycle could have a reasonably high efficiency, and also
the potential for a greater liquefaction capacity. Next steps to real-
ize the liquefaction process are underway.
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