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Abstract

A single expander process with nitrogen as refrigerant has been optimized for liquefaction of natural gas. Comparisons have been 
made between a simplified process model assuming constant specific heat capacities and ideal gas behavior for the refrigerant,
and a rigorous model employing the Soave-Redlich-Kwong equation of state. For the simplified model, equations have been 
developed that enable an analytical solution to the optimization problem. Quite surprisingly, there is good agreement between the 
models when the minimum temperature difference is small. For the remaining cases, better solutions are obtained from the 
rigorous model accounting for the non-ideal behavior of the refrigerant.
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1. Introduction

Liquefied natural gas (LNG) is an energy carrier preferred over pipeline transmission for long transport distances 
and/or small to moderate gas volumes. By liquefaction at near-atmospheric pressure, the volume of natural gas is 
reduced by a factor of about 600 compared to standard conditions. This enables overseas transport of large quantities 
by LNG carriers. 

According to BP [1], the global natural gas consumption is projected to grow 1.9 % per annum from 2012 to 
2035. By 2035, LNG is expected to account for 15 % of the global natural gas consumption and around 46 % of the 
total natural gas trade [1]. Since the amount of natural gas resources accessible via existing infrastructure and
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Nomenclature

Symbols: Sub-/superscript:
T Temperature difference c Critical
s Isentropic efficiency COMP Compressor

cp Specific heat capacity EXP Expander
h Specific enthalpy H High

Mass flow rate L Low
p Pressure NG Natural gas
R Gas constant R Refrigerant
s Specific entropy s Isentropic
T Temperature

Power

production technology is declining, there has been an increasing interest in remote gas production [2]. However, as 
marginal resources cannot justify the cost of developing fixed infrastructures [2], offshore floating LNG production 
has emerged as a cost-effective alternative [3].

Liquefaction of natural gas requires energy intensive cooling over a wide temperature range, and there is a close 
link between process energy efficiency and operating cost. However, while energy efficiency is arguably the most 
important criterion for the selection of liquefaction technology in large onshore LNG plants, other properties such as 
safety, compactness, reliability and simplicity must be taken into account when selecting process concepts for 
floating LNG [4-5].

Despite lower energy efficiency than other LNG process concepts, nitrogen expander processes possess qualities 
that are interesting for offshore applications [3]. Since nitrogen is an inert gas, risks associated with flammable 
refrigerant inventory can be avoided [5]. Problems related to vapor-liquid distribution in heat exchangers are 
eliminated as the refrigerant is maintained in gas phase throughout the refrigeration cycle [3]. In addition, expander 
processes are generally simple, reliable and easily operated [3]. In comparison with a single mixed-refrigerant 
process and a propane-precooled mixed-refrigerant process, Li and Ju [6] found a nitrogen expander process to be a 
better alternative for offshore LNG production.

Energy efficient low-temperature refrigeration requires small driving forces in heat transfer. With small 
temperature differences, rigorous thermodynamic models are required for LNG process modelling in order to 
guarantee practical feasibility of the design. Simplified models may, however, serve as a useful tool in a preliminary 
phase of the design, for instance by reducing the search space. 

The ideal gas equation of state does not apply to real gases. Unlike real gases, the specific enthalpy of an ideal gas 
depends only on temperature. However, if the pressure is small compared to the critical pressure and/or the 
temperature is high compared to the critical temperature, the behavior of a real gas approaches ideal gas behavior. In 
addition, some chemical components behave more ideal than others. Depending on operating conditions, the ideal 
gas assumption may work well for nitrogen, which has critical temperature Tc 126 K and pressure pc 34 bar [7].

Various studies have been performed on optimization of expander processes for low-temperature applications 
such as natural gas liquefaction, both using simplified and rigorous thermodynamics. Marmolejo-Correa and 
Gundersen [8] used a procedure combining pinch analysis and exergy analysis to design a single expander process 
for liquefaction of natural gas. The nitrogen refrigerant was assumed to behave like an ideal gas with constant 
specific heat capacity. Wechsung et al. [9] also used the ideal gas model for optimization of an expander LNG 
process, assuming constant specific heat for the different process streams. 

Li et al. [10] used a genetic algorithm to maximize the exergy efficiency of an expander process with helium as 
refrigerant. The process, used for liquefaction of different pure substances, was modelled using accurate 
thermodynamic properties from the National Institute of Standards and Technology (NIST). Thermodynamic data 
from NIST were also used by Chang et al. [11] when studying the influence of different design parameters on the 
performance of a single nitrogen expander process for methane liquefaction.
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In this work, the net power consumption of a single expander process with nitrogen as refrigerant has been 
minimized using two different process models for the refrigerant, with different values of the isentropic efficiency 
and the minimum temperature difference. A simple model assuming perfect gas behavior (ideal gas with constant 
specific heat capacity) has been optimized analytically, while a rigorous process model has been simulated with the 
Soave-Redlich-Kwong equation of state and optimized using a sequential quadratic programming method.

2. Problem formulation

A single expander process for liquefaction of natural gas was optimized with the objective of minimizing net 
Tmin in the heat exchangers. The refrigerant used 

was nitrogen. Constant isentropic efficiencies s,COMP and s,EXP were assumed for the compressor and expander. The 
pressure levels were constrained within 1 and 120 bar. Pressure drop in heat exchangers was neglected. The natural 
gas properties are given in Table 1.

Table 1. Natural gas properties.

Variable Unit Value
Flow rate NG kg/s 1
Feed pressure pI bar 55
Feed temperature TI K 293.15
Product temperature TIII K 115.00
Molar composition

Methane - 0.897
Ethane - 0.055
Propane - 0.018
N-butane - 0.002
Nitrogen - 0.028

A process flowsheet is given in Fig. 1. The natural gas is cooled in two stages by a vapor phase refrigerant. In 
order to obtain the cooling temperature required, the refrigerant itself is precooled in the first heat exchanger, before 
the refrigerant is expanded to reduce the temperature. By assuming a constant outlet temperature of the cooler 
(T3 = TI) and uniform exit temperatures for the first heat exchanger (T4 = TII), four degrees of freedom were available 
for the design optimization. An obvious choice of decision variables may be the low and high pressure levels pL and 
pH of the refrigerant, the refrigerant flow rate R and the stage temperature TII. However, different choices of 
decision variables were made for the two process models.

Fig. 1. Process flowsheet for a single expander LNG process.
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2.1. Simplified model

In the simplified model, the refrigerant was assumed to behave as a perfect gas (ideal gas with constant specific 
heat cp,R). The natural gas was modelled with a constant heat capacity ( cp)NG equal to the mean value of the heat 
capacity in the rigorous model. The simplified model was optimized analytically.

2.2. Rigorous model

The rigorous process model was simulated in Aspen HYSYS® (Aspen Technology Inc., V7.3) using the Soave-
Redlich-Kwong equation of state. Optimization was carried out with the sequential quadratic programming 
algorithm NLPQLP [12] using a multi-start approach from random starting points.

3. Simplified model

3.1. Modelling

Composite curves for the simplified process model are given in Fig. 2, with a double line for the hot composite 
curve in the section were the refrigerant is precooled. From the characteristics of the process, it is given that the 
smallest temperature differences will be observed in the hot end of the first heat exchanger and the cold end of the 
second heat exchanger. Therefore, Thot = TI T1 Tcold = TIII T5 were used as decision variables. In addition, 
the stage temperature TII was used for the design. Under the assumption of a perfect gas model, the pressure levels 
do not affect the model, hence on of the degrees of freedom is not available.

Fig. 2. Composite curves for the simplified model of a single expander LNG process.

The refrigerant flow rate is given by an overall energy balance for the two heat exchangers:

I IIING
R

,R II III cold hot

p

p

m c T T
m

c T T T T
. (1)

This can further be used to calculate the expansion power from an energy balance for the expander, given that 
h = cp T for a perfect gas:
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From the definition of isentropic efficiency for an expansion process, the isentropic expansion temperature 
(expander discharge temperature in the case of isentropic expansion) may be formulated as

II ,EXP III cold
5s

,EXP

1s

s

T
T . (3)

For a perfect gas, the entropy change between two states 1 and 2 is given by

2 2
1 2

1 1

ln lnp
T ps c R
T p

. (4)

Hence, the pressure ratio of the refrigerant can be expressed as

,R

II ,EXPH

L II ,EXP III cold1

pc
R

s

s

Tp
p T

, (5)

where pL and pH are the low and high pressure levels of the refrigerant, respectively. When the refrigerant pressure 
ratio is known, the isentropic compressor discharge temperature may be calculated from the definition of the entropy 
change:

I hot II ,EXP
2s

II ,EXP III cold1
s

s

T T T
T

T
. (6)

Further, the compression power can be calculated from an energy balance for the compressor:

I III I hot II ,EXPNG
COMP

,COMP II III cold hot II ,EXP III cold

1
1

p s

s s

m c T T T T T
W

T
. (7)

The net power consumption is then given as the difference between the compression and expansion power:

I III II III coldNG I hot
NET

II III cold hot ,COMP II ,EXP III cold

1
1

p

s s

m c T T T T T T T
W

T T T T
. (8)

(a) (b)

Fig. 3. (a) Refrigerant flow rate (blue) and pressure ratio (red) plotted as functions of the stage temperature in the simplified process model;
(b) Net power consumption plotted as a function of the stage temperature in the simplified process model.
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In Fig. 3 (a), the refrigerant flow rate R and the pressure ratio pH/pL are given as functions of the stage 
temperature TII Thot = Tcold = Tmin = 2 K and s,COMP = s,EXP = 0.80. The stage temperature is 
assumed equal to the temperature of the refrigerant after precooling in the first heat exchanger. With decreasing 
stage temperature, the cooling load induced by refrigerant precooling increases, hence the refrigerant flow rate 
increases. As the stage temperature approaches the target temperature of the natural gas (TIII), the refrigerant flow 
rate goes to infinity, as can be seen from Eq. Tcold = Thot.

The refrigerant pressure ratio is given by the temperature drop required in the expander, and thereby decreases 
with decreasing stage temperature. As increasing pressure ratio and decreasing refrigerant flow rate have opposite 
effects on the net power consumption, the optimal stage temperature is given as a balanced trade-off between these 
two effects. The net power consumption is given as a function of the stage temperature in Fig. 3 (b).

3.2. Optimization

From thermodynamic principles it is given that the heat transfer irreversibilities and thereby the process power 
consumption is minimized when the heat transfer driving forces are minimized. Hence, the temperature differences 

Thot Tcold should be equal to the minimum required. For reasonable values of the process parameters, this can 
be confirmed mathematically.

                                        (a)  (b)

Fig. 4. (a) Optimal stage temperature TII as a function of isentropic efficiency and minimum temperature difference; (b) Minimum net power 
consumption as a function of isentropic efficiency and minimum temperature difference.

From basic calculus, the optimal stage temperature TII can be derived analytical as a function of the minimum 
temperature difference and the isentropic efficiencies for the compressor and expander. Since the final expression is 
rather complex, the optimization results are only given graphically. As can be observed in Eq. (8), the net power 
consumption is independent of the specific heat capacity of the refrigerant and proportional to heat capacity flow 
rate of the natural gas. Hence, the optimal stage temperature is independent of these variables.

In Fig. 4 (a), the optimal stage temperature is plotted as a function of the minimum temperature difference 
Thot = Tcold = Tmin) and the isentropic efficiency ( s,COMP = s,EXP = s).The resulting net power consumption is 

given in Fig. 4 (b). The optimal stage temperature increase Tmin and s. As one would expect, 
increasing temperature driving forces in the heat exchangers leads to increased irreversibilities in heat transfer and 
thereby increased power consumption. With increasing isentropic efficiency for the compressor and expander, the 
net power consumption is reduced.

With increasing minimum temperature difference, the heat transfer driving forces will increase. Hence, in order 
to reduce the power consumption, the design should shift to a smaller refrigerant flow rate and a higher pressure 
ratio. As illustrated in Fig. 3 (a), this is done by increasing the stage temperature. This is confirmed by the results 
given in Fig. 5, where the optimal refrigerant flow rate R and the optimal pressure ratio pH/pL are plotted as 

Tmin and s Tmin, the optimal flow rate is reduced while the optimal pressure 
ratio is increased.
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                                        (a)  (b)

Fig. 5. (a) Optimal refrigerant flow rate R as a function of isentropic efficiency and minimum temperature difference; (b) Optimal pressure ratio 
pH/pL as a function of isentropic efficiency and minimum temperature difference.

Thermodynamic analysis suggests that with increasing isentropic efficiency, the compression/expansion 
processes become more efficient, hence the optimal balance between pressure ratio and refrigerant flow rate should 
be shifted towards decreasing flow rate and increasing pressure ratio. This relation is confirmed by the results in 
Fig. 5, as the optimal refrigerant flow rate decreases with increasing isentropic efficiency while the optimal pressure 
ratio increases. As can be observed in Fig. 4 (a), increased isentropic efficiency leads to increasing optimal stage 
temperature.

4. Rigorous model

For the rigorous process model, both the heat capacity of the natural gas and the refrigerant are assumed to be 
functions of temperature and pressure. In this case, it is not necessarily given that the smallest temperature 
differences will be observed in the end points of the composite curves. 

For the rigorous process model, refrigerant flow rate R, stage temperature TII, pressure ratio pH/pL and one of the 
pressure levels (pL or pH) were used as decision variables. By employing the pressure ratio as a variable, opposed to 
using both pressure levels, wide bounds can be used for both pressure levels without risk of crossover (pH < pL).

Fig. 6. Minimum net power consumption with the rigorous process model Tmin and s, for solutions with pL = 1 bar (red) 
and solutions with pH = 120 bar (blue). 
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For the different cases studied, two different noticeable local solutions were observed in the multi-start approach; 
one with the low pressure level at the lower bound (pL = 1 bar) and one with the high pressure level at the upper 
bound (pH = 120 bar). The two different solutions are plotted in Fig. 6 for different values of the minimum 
temperature difference and the isentropic efficiency. As can be observed, the solutions with pL = 1 bar are slightly 

Tmin and s. However, since the power consumption of the solutions with pH = 120 bar 
Tmin.

5. Comparison

As can be observed in both Fig. 4 and Fig. 6, the net power consumption is very sensitive to the isentropic 
efficiency of the compressor and the expander. With reduced isentropic efficiency, for the same inlet temperatures 
and pressure ratios, the compressor consumes more power while the expander produces less. Hence, the ratio of 
expander power to compressor power is significantly reduced. Assuming the stage temperature (inlet temperature of 
the expander) is the same, the pressure ratio must be increased in order to obtain the required outlet temperature
when the isentropic efficiency is reduced. Only small changes will be observed for the actual expansion power (for 
the simplified model it will remain exactly the same) since both inlet and outlet temperatures of the expander remain 
the same. Increased pressure ratio will, however, lead to increased compression power as the compressor discharge 
temperature increases. These two effects (reduced ratio of expansion power to compression power and increased 
pressure ratio for the same stage temperature) both contribute to increased net power consumption. The effects of 
reduced isentropic efficiency are somewhat compensated in the optimal design by reducing the stage temperature 
and thereby also the pressure ratio, but a significant increase in net power consumption is still observed. 

Table 2. Tmin and s.

Simplified Rigorous
Tmin s net TII net TII R pL pH Tcold Thot

(K) (-) (kW) (K) (kW) (K) (kg/s) (bar) (bar) (K) (K)
1.0 0.70 3836 128.9 3845 130.5 52.6 1.00 1.92 1.0 1.0
1.0 0.80 2644 132.7 2655 135.0 40.2 1.00 2.05 1.0 1.0
1.0 0.90 1841 140.8 1848 146.1 25.7 1.00 2.55 1.0 1.0
1.0 1.00 1239 293.2 1156 293.2 5.0 5.31 120.00 1.0 31.5
2.0 0.70 4106 134.0 4026 196.9 12.1 13.65 120.00 2.0 2.0
2.0 0.80 2793 139.6 2797 143.0 28.8 1.00 2.74 2.0 2.0
2.0 0.90 1917 151.0 1904 248.7 6.0 6.80 120.00 2.0 2.0
2.0 1.00 1257 293.2 1172 293.2 5.1 5.16 120.00 2.0 32.5
3.0 0.70 4340 137.8 4128 197.5 12.1 12.98 120.00 3.0 3.0
3.0 0.80 2921 144.5 2890 213.9 9.0 10.28 120.00 3.0 3.0
3.0 0.90 1982 158.5 1938 249.7 5.9 6.44 120.00 3.0 3.0
3.0 1.00 1275 293.2 1188 293.2 5.1 5.01 120.00 3.0 33.5
4.0 0.70 4558 140.7 4232 198.0 12.1 12.35 120.00 4.0 4.0
4.0 0.80 3040 148.6 2952 214.5 9.0 9.78 120.00 4.0 4.0
4.0 0.90 2043 164.7 1972 250.7 5.9 6.11 120.00 4.0 4.0
4.0 1.00 1293 293.2 1205 293.2 5.1 4.87 120.00 4.0 34.5
5.0 0.70 4770 143.2 4337 198.6 12.0 11.73 120.00 5.0 5.0
5.0 0.80 3154 152.0 3015 215.1 8.9 9.30 120.00 5.0 5.0
5.0 0.90 2100 170.0 2006 251.7 5.8 5.79 120.00 5.0 5.0
5.0 1.00 1312 293.2 1222 293.2 5.1 4.73 120.00 5.0 35.5

In Table 2, the best results obtained for the rigorous process model are compared with results from the simplified 
model. For all except four cases, the solution with pH = 120 bar is best for the rigorous model. In general, the 
solutions with pH = 120 bar are characterized by a small refrigerant flow rate and a high pressure ratio, when 
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compared to the solutions with pL = 1 bar. As discussed for the simplified model, high refrigerant flow rate and low 
Tmin and s.

As can be observed in Table 2, for the best solutions obtained with the rigorous model, the temperature 
differences in both ends of the composite curves are equal to the minimum required for all cases except s = 1. This 
means that the assumption of a constant heat capacity for the natural gas in the simplified model does not affect the 
results. For the theoretical case of s = 1, the temperature difference in the hot end is higher than the minimum 
required. In this case, the best solution is obtained for TII = TI. Hence, there is no refrigerant precooling and natural 
gas cooling makes up the cold composite curve.

For the cases where pL = 1 bar provides the best design, the stage temperature of the rigorous model is close to 
the optimal value for the simplified model, with a slightly higher net power consumption. In the cases where the 
solution with pH = 120 bar is found to be best for the rigorous model, the optimal stage temperature is significantly 
different for the two models. In these cases, the net power consumption is smaller for the rigorous model.

In the solutions for the rigorous model where pL = 1 bar, the specific heat capacity of the nitrogen refrigerant is 
near constant throughout the cycle and the compressibility factor is close to unity. Hence, the assumptions of the 
simplified process model are close to fulfilled, confirming the similarity of the results. Even closer resemblance with 
the perfect gas model is observed if a smaller low pressure level is allowed. For the case with pH = 120 bar, both the 
specific heat capacity and the compressibility factor vary significantly in the different unit operations. Due to 
considerable deviation from ideal behavior, large differences are observed in the results obtained for the two models. 
Since the rigorous model accounts for the non-ideality of the refrigerant, significantly better solutions are found for 
the cases where pH = 120 bar provides the best result.

6. Conclusions

A single expander process for liquefaction of natural gas has been modelled and optimized using both a 
simplified (perfect gas) and a rigorous (cubic equation of state) thermodynamic model. In the case of the simplified 
model, equations have been derived for net power consumption and optimized analytically without need of iteration 
or search procedures. Optimization of the rigorous process model has been performed using a sequential quadratic 
programming method. 

For small values of the minimum temperature difference in the heat exchangers and low to moderate values of 
the isentropic efficiency for the compressor and expander, the optimization results for the simplified model are in 
close agreement with the rigorous model, and the behavior of the refrigerant is close to ideal. This suggests that a 
simplified thermodynamic model could be a useful tool for early stage screening of nitrogen expander processes. 
For the majority of the cases studied, however, the best results obtained for the rigorous model are significantly 
different from the optimal solution found for the simplified model. The non-ideality of the refrigerant is taken into 
account and a solution with considerable savings in net power consumption is found. The results indicate that the 
simplified model gives a good estimate of the best solution when the trade-off between refrigerant flow rate and 
pressure ratio is shifted towards high flow rates and small pressure ratios, which is found to be true only for small 
values of the minimum temperature difference.

When comparing solutions, practical implications must also be considered. Despite comparable heat transfer 
driving forces, the total cooling load and thereby the heat exchanger size is significantly larger for solutions with 
pL = 1 bar than for solutions with pH = 120 bar. The compressor investment cost would also be affected, as the 
volumetric flow rate of the compressor suction stream is significantly higher. A design operating at low pressure is 
also more prone to be affected by pressure drop in heat exchangers.

Methane and nitrogen-methane mixtures are alternative refrigerants in expander processes for liquefaction of 
natural gas. The simplified process model is general and would therefore apply to any refrigerant behaving like a 
perfect gas under the given operating conditions. While the refrigerant flow rate and pressure ratio will change if the 
specific heat capacity is different (see Eqs. (1) and (5)), the optimal stage temperature will remain the same 
irrespective of the refrigerant. Methane has a higher critical temperature (Tc 191 K [7]) than nitrogen, suggesting
that methane or a nitrogen-methane mixture is less likely to fulfill the prerequisites of the simplified process model
than a pure nitrogen refrigerant. The critical pressure (pc 46 bar [7]) is, however, also higher than for methane.
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In this work, compression is assumed to take place in a single stage. For many of the cases studied, the pressure 
ratio of the refrigerant would require compression in two or more stages. Multi-stage compression with intercooling 
will necessarily lead to different solutions. For future work, the process model should also be extended to a dual 
expander cycle, as this is more relevant for industrial applications. Dual expansion provides better matching of the 
composite curves, which leads to improved energy efficiency and stricter requirements on the accuracy of the 
thermodynamic models. With closer matching of the composite curves, it is more likely that the assumption of a 
constant heat capacity flow rate for the natural gas will affect the results. In the simplified model, this could be 
accommodated by dividing the cooling curve of the natural gas stream in segments with constant heat capacity, like 
in the approach presented by Marmolejo-Correa and Gundersen [8].

Acknowledgements

This publication is based on results from the research project Enabling Low-Emission LNG Systems, performed 
under the PETROMAKS program. The authors acknowledge the project partners; Statoil and GDF SUEZ, and the 
Research Council of Norway (193062/S60) for support. Per Eilif Wahl, SINTEF Energy Research, is acknowledged 
for providing the interface software required for this study.

References

[1] BP plc. BP Energy Outlook 2035 – Available at: <www.bp.com/energyoutlook> [accessed 01/09/2014].
[2] Tangen G, Mølnvik MJ. Scenarios for remote gas production. Appl Energy 2009;86(12):2681-9.
[3] Finn AJ, Johnson GL, Tomlinson TR. Developments in natural gas liquefaction. Hydrocarb Process 1999;78(4):47-59.
[4] Barclay M, Denton N. Selecting offshore LNG processes. LNG J 2005;10(1):34-6.
[5] Castillo L, Dorao CA. Influence of the plot area in an economical analysis for selecting small scale LNG technologies for remote gas 

production. J Nat Gas Sci Eng 2010;2(6):302-9.
[6] Li QY, Ju YL. Design and analysis of liquefaction process for offshore associated gas resources. Appl Therm Eng 2010;30(16):2518-25.
[7] Moran MJ, Shapiro HN. Fundamentals of Engineering Thermodynamics. 5th ed. Chichester: John Wiley & Sons Ltd; 2006.
[8] Marmolejo-Correa D, Gundersen T. New Graphical Representation of Exergy Applied to Low Temperature Process Design. Ind Eng Chem 

Res 2010;52(22):7145-56.
[9] Wechsung A, Aspelund A, Gundersen T, Barton PI. Synthesis of Heat Exchanger Networks at Subambient Conditions with Compression 

and Expansion of Process Streams. AIChE J 2011;57(8):2090-108.
[10] Li Y, Wang X, Ding Y. An optimal design methodology for large-scale gas liquefaction. Appl Energy 2012;99:484-90.
[11] Chang H-M, Chung MJ, Kim MJ, Park SB. Thermodynamic design of methane liquefaction system based on reverse-Brayton cycle. 

Cryogenics 2009;49(6):226-34.
[12] Schittkowski K. NLPQLP (Verison 2.2) [Computer program], <www.ai7.uni-bayreuth.de/nlpqlp.htm> [accessed 01/09/2014].


