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ABSTRACT 
  

Thermodynamic cycles for natural gas liquefaction with single-component refrigerants 
are investigated under a governmental project in Korea, aiming at new processes to meet 
the requirements on high efficiency, large capacity, and simple equipment. Based upon the 
optimization theory recently published by the present authors, it is proposed to replace the 
methane-JT cycle in conventional cascade process with a nitrogen-Brayton cycle. A variety 
of systems to combine nitrogen-Brayton, ethane-JT and propane-JT cycles are simulated 
with Aspen HYSYS and quantitatively compared in terms of thermodynamic efficiency, 
flow rate of refrigerants, and estimated size of heat exchangers. A specific Brayton-JT 
cycle is suggested with detailed thermodynamic data for further process development. The 
suggested cycle is expected to be more efficient and simpler than the existing cascade 
process, while still taking advantage of easy and robust operation with single-component 
refrigerants. 
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INTRODUCTION 
 

A number of thermodynamic cycles [1,2] have been investigated and developed for 
the liquefaction process of natural gas in accordance with the demand of high efficiency, 
large capacity, and simple equipment. Since natural gas is a mixture of hydrocarbons, the 
specific heat varies considerably with temperature along the liquefaction process. In order 
to achieve a high efficiency, it is important to reduce the entropy generation due to 
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temperature difference in heat exchanger. Mixed refrigerant (MR) [2] is generally effective 
in reducing the temperature difference with a small number of components in simple Joule-
Thomson (JT) cycles. On the other hand, pure refrigerant cycles [3,4] are easy and robust 
in operation, but require a large number of refrigeration stages. 

 The most popular liquefaction process under operation is based on propane-cooled 
MR (C3-MR) cycle [2]. The natural gas feed is pre-cooled to approximately 240 K by 3 or 
4 stages of C3-JT cycle, and then condensed and sub-cooled to 113 K by 2-stage MR-JT 
cycle. Recently, the cold end of C3-MR process is equipped with nitrogen (N2) Brayton 
cycle (called AP-X) to attain a larger liquefaction capacity. Another liquefaction process 
under operation is based on cascade with single-component JT cycles [1-3], shown on the 
top of FIGURE 1. The liquefaction process is composed of three JT cycles with methane 
(C1), ethylene (C2), and propane (C3). Each cycle has 3 stages to reduce the temperature 
difference in heat exchangers. Lately, the authors [5] published an optimization theory that 
the temperature difference (ΔT) in heat exchangers should be proportional to the absolute 
temperature, or one of the effective ways to increase the thermodynamic efficiency is to 
reduce ΔT at cold heat exchanger. As a result, it was proposed to replace the C1-JT cycle in 
the conventional cascade process with N2-Brayton cycle. 

As next step, this study intends to investigate the combination scheme of N2-Brayton 
cycle with C2-JT and C3-JT cycles, aiming at higher efficiency, larger capacity, and small 
size. Towards the goal, a variety of combined systems are simulated with commercial 
software and compared with the convectional cascade process in terms of liquefaction 
efficiency and other potential parameters in associated with the size or capacity of 
compressors and heat exchangers. 
 
 
COMBINED CYCLES AND SIMULATION BASIS 
 

FIGURE 1 shows four different combinations of Brayton-JT cycles, denoted by (I), 
(II), (III), and (IV). In (I), the N2-Brayton cycle is an independently regenerative cycle to 
cover the coldest stage of liquefaction process. In (II), the compressed nitrogen is pre-
cooled by C2- and C3-JT cycles in series before JT expansion. Nitrogen is regenerated at 
C2 heat exchangers and pre-cooled by C3 cycle in (III), but is regenerated at C2 and C3 
heat exchangers in (IV). 

To compare the basic features, the following assumptions are made [2]:  

 The pressure drop in all heat exchangers is zero. 
 The composition of natural gas is 4.0% N2, 87.5% C1, 5.5% C2, 2.1% C3, 0.5% nC4, 

0.3% iC4, and 0.1% iC5 on mole basis.  
 The natural gas feed at 65 bars is cooled from 300 K to 113 K for flash expansion to 

LNG storage. 
 The exit temperature of after-cooler is 310 K. 
 The minimum temperature approach between the hot and cold streams is 3 K in all cold 

heat exchangers. 
 The evaporating refrigerant is fully evaporated in cold heat exchangers. 
 The adiabatic efficiency is 80% for all compressors and expanders. 
 The minimum pressure of evaporating refrigerant is 1.2 bars. 
 The maximum pressure of nitrogen gas (N2) is 120 bars. 

Aspen HYSYS Version 7.1 is used for simulation. The intermediate pressure for multi-
stage compression is determined to minimize the total compressor work subject to the 
given constraints. 
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FIGURE 1. Conventional cascade process and four combinations of N2-Brayton with C2- and C3-JT cycles. 
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The thermodynamic performance of a liquefaction system is evaluated in terms of the 
figure of merit (FOM) [6], defined as the ratio of minimum work (flow availability or 
exergy of LNG) to actual work 

( ) ( )0 0 0min

comp exp

F L Lm h h T s sWFOM
W W W

⎡ ⎤− − −⎣ ⎦= =
−                                

(1) 

where h and s are specific enthalpy and entropy of the feed, respectively, and the subscript 
L and 0 denote the LNG (113 K) and ambient temperature (300 K), respectively. 
 
 
RESULTS AND DISCUSSION 
 
Selection of Refrigerant C2 
 

The liquefaction process of natural gas feed at a high pressure (65 bar) can be divided 
into three stages: pre-cooling in vapor phase, condensation (phase change), and sub-
cooling in liquid phase. In conventional cascade process, ethylene is used as refrigerant at 
the intermediate condensation stage (C2). Ethane has a higher boiling temperature than 
ethylene, and can be an alternative for the C2 stage in cascade and combined Brayton-JT 
cycles. FIGURE 2 compares the simulated FOM for the five cycles with ethylene and 
ethane as C2 refrigerant at intermediate stage. In cascade process, ethylene is clearly more 
efficient than ethane. On the other hand, FOM is almost the same for two refrigerants in 
combined cycle (I), but ethane is slightly more efficient than ethylene for the combined 
cycles (II), (III), and (IV). 

The main reason for the difference is that the C1-JT cycle in cascade process is less 
efficient than the N2-Brayton cycle for the sub-cooling stage. Since ethane evaporates at a 
higher temperature than ethylene, it is more advantageous to cover a wider C2 region with 
ethylene in cascade, but it is favored to make the C2 region narrower or the N2 region 
wider with ethane in the combined cycles. In this paper, therefore, the combination of N2-
Brayton, ethane(C2)-JT, and C3-JT cycles is pursued, and the combined cycles are 
compared with the conventional cascade process with C1-JT, ethylene(C2)-JT, and C3-JT 
cycles. 
 
 

 
FIGURE 2. Figure of merit (FOM) of cascade and four combined Brayton-JT cycles with ethylene and 
ethane as refrigerant at intermediate cooling stages  
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Irreversibility by Components 
 

Combining the first and second laws of thermodynamics [7], the exergy (availability) 
balance of liquefaction system can be written as 

( ) ( )0 0 0 0F L L genW m h h T s s T S⎡ ⎤= − − − +⎣ ⎦ ∑
                                

(2) 

where the left-handed side is the net power input for liquefaction, and the bracket is the 
useful effect of liquefaction (i.e. the exergy increase of feed gas). The ratio of useful effect 
to power input is the FOM as defined in Equation (1). The last term is the difference 
between the power input and useful effect, which is so-called irreversibility, or the entropy 
generation rate multiplied by ambient temperature. The contribution of entropy generation 
can be itemized for all components in the liquefaction system. 

FIGURE 3 shows the composition of exergy utilization and irrepressibility for the 
convectional cascade and four combined cycles. As noted in FIGURE 2, the combined 
Brayton-JT cycles have greater useful effect than the cascade process, especially in case of 
(III) and (IV). The irreversibility is subdivided into five groups of components: JT valves 
(V), compressors (C), heat exchangers (HX), after-coolers (AC), and expander (E). It is 
noticeable that the major source of irreversibility in cascade process is JT valves as the 
throttling process is crucial at the C1 stage. In combined cycles, the irreversibility in HX is 
smaller, because the temperature difference between N2 and the feed gas is reduced, and 
the expander is a more efficient expansion device than the JT valve. To compare the 
combined cycles (III) and (IV), (III) has more irreversibility in the cold box (HX and V), 
but (IV) has more irreversibility at room temperature (AC). 
 
 

    
Cascade                    (I)           (II) 

   
 (III)            (IV) 

FIGURE 3. Exergy utilization and irreversibility of cascade and four combined Brayton-JT cycles (V: 
valves, AC: after-coolers, C: compressors, E: expander, HX: heat exchangers) 
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FIGURE 4. Flow rate of refrigerants for cascade and combined Brayton-JT cycles 

 

 
FIGURE 5. Product of heat and number of streams in heat exchangers for cascade and combined Brayton-JT 
cycles 

 
Flow Rate of Refrigerant and Heat Exchanger Size 
 

The liquefaction capacity and size of heat exchangers are also considered in addition 
to thermodynamic efficiency. It was reported that the reputed process such as C3-MR or 
conventional cascade process reaches a technical limit, mainly due to the capacity of C3 
compressor and heat exchanger size. In order to compare the potentials on these technical 
limits, two parameters are compared in FIGURE 4 and FIGURE 5. 

FIGURE 4 is a bar chart on the mass flow rate of refrigerants per unit mass of feed 
gas. In conventional cascade process, the required flow rate of C3 is dominant, because C3 
cycle pre-cools C2 and C1 cycles as well as the natural gas feed. In the combined cycles, 
the flow rate is smallest in (I) and more refrigerant is needed in the order of (IV), (III), and 
(II). The flow rates of N2 and C2 in (III) are nearly the same as those in (IV), respectively. 

FIGURE 5 compares the sum of heat exchange rate multiplied by the number of 
streams for all cold heat exchangers. This parameter is considered an index to estimate the 
potential size of heat exchangers, even though the actual size may be dependent on detailed 
(plate-fin or spiral wound) specifications. The total stocked column is shortest for the 
combined cycle (I), and tallest for the combined cycle (IV). The required size of C2 and C3 
heat exchangers should vary, to a great extent, according to the combination of Brayton 
and JT cycles, but the size of N2 heat exchanger is expected to be nearly the same. 
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FIGURE 6. Temperature profile of hot and cold streams in heat exchangers and temperature-entropy 
diagram for suggested Brayton-JT cycle (III)  

 
Suggested Cycles 
 

The selection of combined cycle may depend on the significance of thermodynamic 
efficiency, liquefaction capacity, and compactness/simplicity. Overall, the combined cycle 
(III) may be suggested for large base-load plants. The simulated FOM is 40.3%, which is 
notably greater than 34.3% of the conventional cascade process. With the same simulation 
basis as this paper, FOM is 37.3% for single-stage MR cycle and 48.3%~50.8% for reputed 
DMR or C3-MR cycles [2], when the composition of MR and other operating conditions 
are optimized. Recalling that this combined cycle uses the single-component refrigerants 
only, the suggested cycle (III) is reasonably efficient, while still taking advantage of easy 
and robust operation. 

As noted in FIGURE 4, the flow rate of C3 required for the suggested cycle is much 
smaller than one for the conventional cascade process. This implies that the suggested 
cycle has a potential of larger liquefaction capacity on a given limit of propane compressor. 
As noted in FIGURE 5, the total size of heat exchangers should be nearly the same for 
cascade and suggested cycles. For the suggested Brayton-JT cycle (III), the temperature 
profile of hot and cold streams and temperature-entropy diagram are plotted in FIGURE 6. 
The key point is that the temperature difference is considerably reduced in HX7 by N2-
Brayton cycle, resulting in an improved efficiency according to the optimization theory 
presented in [5]. 

Turbine-based liquefaction cycles have been used mostly in peak shaving plants or for 
small- to medium-scale applications. The combined Brayton-JT cycles may be an excellent 
candidate for recently emerging LNG FPSO (floating production, storage and offloading) 
market. If the small size or simple operation is a major concern, the combine cycle (I) is 
suggested as noted in FIGURE 5. The combined cycle (I) has still a higher FOM than the 
conventional cascade process, and is simpler in operation, as the N2-Brayton cycle is not 
coupled with C2- and C3-JT cycles. 
 
 
CONCLUSIONS 
 

Four different combined systems of N2-Brayton and C2-C3-JT cycles are simulated 
with commercial software Aspen HYSYS, and compared with the convectional cascade 
process in terms of thermodynamic efficiency, required flow rate of refrigerants, and 
estimated size of heat exchangers. In the combined cycles, ethane is superior to ethylene as 
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C2 refrigerant. A combined cycle is suggested such that nitrogen is regenerated at C2 heat 
exchangers and pre-cooled by C3 cycle. The suggested cycle is expected to be more 
efficient than the conventional cascade, and has a potential for great capacity, and small-
size of heat exchangers, while still taking advantage of easy and robust operation with pure 
refrigerants. Next steps for process development are underway. 
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