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Abstract >> In this study, we compared the performance of several refrigeration
cycles using different refrigerants and utilizing the cold heat of liquefied natural
gas (LNG) for the liquefaction of carbon dioxide. The final conditions for the lique-
fied CO, were set to -20°C and 20 bar. The refrigerants used included R404a,
ammonia, propane, and propylene using a vapor recompression refrigeration
cycle. For the refrigeration cycle, the CO, at room temperature and pressure was
compressed in a two-stage compression process with an intermediate cooling
stage using a refrigeration unit. To compare with the liquefaction process using
refrigeration, we compressed the CO2to 8 bar in a single compression stage and
cooled it to around -50°C using the cold heat of the LNG before liquefying it.
Results showed that using ammonia as the refrigerant required the least
amount of compressor power for the liquefaction process, and the heat transfer
area of the evaporator was the smallest when using propylene as the refrigerant.
Using the cold heat of LNG instead of refrigeration using R404a resulted in ap-
proximately 69% less energy consumption.
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Table 1. Vapor composition of obtained through wet, mem-
brane and VSA process

Item Wet Membrane VSA
Temperature (C) 40.0 40.0 45.0
Pressure (bar) 1.2 1.2 1.3
CO; 0.950 0.904 0.990
CO 0 0 0.003
Mole N2 0 0.026 0
fraction O, 0 0.061 0
CH4 0 0 0.007
H.O 0.050 0.008 0
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Fig. 1. Schematic diagram for an overall process to obtain lig-
uefied CO- using cryogenic distillation process with vapor re-
compression refrigerant cycle

MEMBRANE

VSA

Fig. 2. Schematic diagram for an overall process to obtain lig-
uefied CO, using cryogenic distillation process with the cold
heat of LNG
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Fig. 3. Aspen plus flow sheet drawing for the two stage com-
pression system with an inter-cooler
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Fig. 4. Process flow sheet for the vapor recompression re-
frigeration cycle
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Fig. 5. Process flow sheet for the utilizing of the cold heat of
LNG
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Table 2. Coefficients in new alpha function proposed by Twu

Component Cl C2 C3
CO; 0.24384 0.84843 235153
N> 0.152278 0.894469 2.34036
(0)) 0.15357 0.908845 2.43551
CcO 0.207918 0.860685 1.71882
CH, 0.11949 0.90402 0.20000

Table 3. Binary interaction parameters of binary pairs

CO, Na O, co CH,4
CO> -0.0300 - 0.0500 | 0.0933
N2 -0.0078 | 0.040 0.03
O, - -
CcO 0.0322
CHa
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Table 4. Physical properties of refrigerants ——————————
N P P 1 12 3 456 7 8 9 1011213141516 17 1819 20212223
AN IFH0jsalE) [FToyIEe 1st Compressor Ouflet pressure
ftem RAGWA | R717) | R290) | (R1270)
MW (k ol) 100592] 17.031 | 44.097 | 42.081 F|g.. 6. Schemath diagram of CO; compression and lique-
g/km, faction process using a vapor recompression cycle
NBP (C) -46.222| -33.316 |-42.114| -48.619
Tc (C) 72.1 132.50 | 96.68 | 92.42
Pe (bar) 374 112.8 4248 46.65 Table 5. Simulation results for the two-stage compression sys-
ODP 0 0 0 1.64 tem
GWP 3,800 0 3 0 Item Value
RI25 | CHFs | 44 1st stage compressor power 218.6 kW
R143A |CHsF;| 52 2nd stage compressor power 179.4 kW
~ |RI34A | C;H,F, 4 Inter-cooler heat duty 203,127 kcal/h
Weight
(%) NH;3 100 After—cooler heat duty 180,933 kcal/h
CsHg 100 Total compressor power 398.0 kW
CsHg 100 Optimal compressor outlet pressure 6.24 bar
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Table 6. Simulation results for the refrigerants of the vapor recompression refrigeration cycle
Refrigerant R404a R717 R290 R1270
Evaporator duty (kcal/h) 339,882 339,882 339,882 339,882
Refrigerant temperature (C) -42 -31 -40 -45
Compressor outlet pressure (bar) 20.59 17.82 15.34 18.43
Expansion valve outlet pressure (bar) 1.22 1.14 1.11 1.14
Refrigerant mass flow to evaporator (kg/h) 7,143 1,044 3,361 3,264
Total refrigerant mass flow (kg/h) 19,254 1,414 6,885 6,701
circulation rate mole flow (kmol/h) 197.27 83.01 156.13 159.24
Compressor power (kW) 437.4 246.2 340.4 374.8
Compressor efficiency (%) 70 70 70 70
Condenser duty (kcal/h) -716,003 -551,580 -632,541 -662,188
Cooling water consumption (kg/h) 89,590 69,016 79,147 82,856

Table 7. LMTD and heat transfer area of evaporator in the refrigeration cycle

Refrigerant | Hin(*C) | Hout(C) | Cin(C) | Cout(‘C) | Hin-Cout | Hout-Cin | LMTD | Heat transfer area (m®)
R404a -15.21 -30 -42 -40.89 25.68 12 17.98 5,251
R717 -15.21 -30 -31 -31 15.79 1 5.36 17,614
R290 -15.21 -30 -40 -40 24.79 10 16.29 5,795
R1270 -15.21 -30 -45 -45 29.79 15 21.56 4,380
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Table 8. Simulation results summary for a cold heat of LNG cy-
cle

Item Value Unit
CO, Compressor power 258.6 kW
liquefaction |  After-cooler heat duty |233,769 | kcal/hr
cyele | Compressor outlet pressure| 8 bar
LNG supply temperature | -163 c
LNG supply pressure 8.5 bar
Mole flow 108.04 | Kmol/hr
The cold Mass flow 1,937 | Kg/hr
heat of LNG Propane 0.014
cycle
’ Compositio ci 083 mole
p Ethane 0.086 | fraction
nof LNG 0
Isobutane 0.003 (70)
Butane 0.004

Table 9. The result of between refrigeration cycle and the cold
heat of LNG

Vapor recompression refrigeration cycle The cold heat
t 1 2 Y of LNG
Refrigerat CO Total | Compressor
Refrigerant |ion power |liquefaction| power power
(kW) |power (kW)| (kW) (kW)
R404a 437.4 835.6
R290 340.4 738.6
398.2 258.6
R717 246.2 644.4
R1270 374.8 773.0

Table 10. the result of saving cost between refrigeration cycle
and the cold heat of LNG

saving Saving
power | kWh/ kWh/ | power cost |power cost

Reffi

cHg consump| day month |(Won/kwh)| 1 month
erant .

tion (thousand)

R404a| 577.0 | 13,848 |415,440| 101.8 42,292
R290 | 480.0 | 11,520 |345,600( 101.8 35,182
R717 | 358.8 8,611 258,330 101.8 26,298
R1270| 4744 | 11,386 |341,580| 101.8 34,773
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