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Abstract — A mixed refrigerant cycle (MRC) has been widely used in liquefaction of natural gas because it is simple
and easily operable with reasonable equipment costs. One of the important techniques in MRC is selection of a refrig-
erant mixture and decision of its optimum mixing ratio. In this work, it is examined whether mixture components (refrigerants)
and their mixing ratio influence performance of general MRC processes. In doing this, mixture design and response sur-
face method, which are well-known statistical techniques, are used to find optimal mixture refrigerants and their optimal mix-
ing ratio that minimize total energy consumption of the entire liquefaction process. A MRC process using several refrigerants
and various mixing ratios is simulated by Aspen HYSYS and mixture design and response surface method are imple-
mented using Minitab. According to the results, methane (C,), ethane (C,), propane (C;) and nitrogen (N,) are selected
as best mixture refrigerants and the determined mixture ratio (mole ration) can reduce total energy consumption by up to 50%.

Key words: Mixed Refrigerant Cycle, Liquefied Natural Gas, Design of Experiment, Optimization, Mixture Design, Response
Surface Method
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Fig. 1. Simplified cascade cycle.
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Table 1. Components and mole fraction of natural gas and mixed refrigerant

Component Natural Gas Mixed Refrigerant
Nitrogen (N,) 0.007 0.01
Methane (C,) 0.820 0.40

Ethane (C,) 0.112 0.40
Propane (C;) 0.040 0.19
i-Butane (i-C,) 0.012 -

n-Butane (n-C,) 0.009 -
Total 1 1
Table 2. Boundary conditions of MRC in Fig. 2
Stream/Equipment Boundary condition Value
4 Pressure [kPa] 2600
. Pressure [kPa] 5000
NG-in
Mass Flow [kg/h] 78.81
4, NG-in Temperature [°C] 32
5 Temperature [°C] -35
NG-2 Temperature [°C] -65
7 Temperature [°C] -148
8 Temperature [°C] -155
HXs!4 Pressure drop [kPa] Hot : 500
Cold : 50
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Table 3. Analysis of variance results

Source DF Seq SS Adj SS AdjMS F P
Regression 7 254650 254650.3 36378.61 243.77 0.000

Linear 3 227470 19580.4 6526.79 43.74 0.000
Special Cubic 2 23042 23249 1162.43 7.79 0.008
C,*C,*N, 1 6994 1300.3 1300.29 8.71 0.013
C,*C4*N, 1 16048 818.1 818.09 5.48 0.039

Full Cubic 2 4138 4137.7 2068.84 13.86 0.001
C*Cy*() 1 411 1485.2 1485.21 9.95 0.009
C*Cy*() 1 3727 37272 3727.15 24.98 0.000
Residual Error 11 1642 1641.6 149.23

Total 18 256292
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Table 4. Estimated regression coefficients

Term Coef SE coef T P VIF
C, 2601 495.9 * * 6736.69
C, -1193 494.7 * * 4798.86
Cs 58 158.3 * * 35.10
N, 8762 4060.2 * * 5216.57

C*C,*N,  -60893
C*Cy*N,  -39681

20629.3 -2.95 0.013 4038.11
16947.8 -2.34 0.039 216.44

C*Cy*(-)  -8039 2547.8 -3.15 0.009 335.54
C*Cy*(-)  -10171 2035.2 -5.00 0.000 182.19
S=12.2161 Press = 4950.79

R-Sq=99.36%  R-Sq(pred)=98.07% R-Sq(adj) =98.95%

y(kW) = 2601C, — 1193C, +58C + 8462N, - 60893C,C,N,

~3968C,C;N,—8038C,C,(C,—C,)—10171C,C5(C,—C3)  (5)
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Table S. Optimal MR mixing ratio

Component Optimal mole fraction [%o]
C, 0.3900
C, 0.4083
G 0.1017
N, 0.1000
Total 1.0000
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Table 6. Predicted and simulated power consumption + Fig. 55 581 & F Uk 95 s A 12 E v N9 5
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Table 7. MR mixing ratio and power consumption in previous studies and power reduction (%) achieved by optimal MR mixing ratio

Mole Fraction [%] C, C, C, N, Consumption [kW] Reduction [%]
Case 11 0.4180 0.2990 0.2130 0.0700 193.5 9.12
Case 21101 0.4250 0.2980 0.2120 0.0650 202.4 13.14
Case 3114 0.4500 0.4500 0.0200 0.0800 2527 30.43
Case 41181 0.4805 03218 0.1556 0.0420 271.5 35.24
Case 571 0.4400 0.3900 0.1500 0.0200 342.8 48.71
Case 6111 0.4000 0.4000 0.1900 0.0100 380.5 53.80
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Fig. 6. Cooling and heating composite curves of the optimum (top) and a previous study (down).
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