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Abstract — Gas hydrates are crystalline solids composed of water and gas molecules. Water molecules are linked
through hydrogen bonding and create cavities(host lattice) that can capture a large variety of guest molecules under
appropriate conditions, generally high pressure and low temperature. Recently, many researchers try to apply gas
hydrates to industrial processes to capture greenhouse gases due to the facts that the process is eco-friendly and target
gas molecules can be preferentially captured. In this paper, we introduced recent studies on CO, and CO,-N, mixture hydrates
to evaluate the feasibility of industrial application of gas hydrate technology to CO, capture process. Specifically, we put
emphasis on the technical feasibility of CO, separation in steel industry using gas hydrate formation principles.
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Fig. 3. Gas hydrate structures.
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Table 1. Geometry of cages|7]

Hydrate Crystal Structure I I H
Cavity small large small large small medium large
Description 512 51262 512 51264 512 435%° 51268
No. of Cavities/Unit Cell 2 6 16 8 3 2 1
Average Cavity Radius(A) 3.95 433 391 4.73 391 4.06 571
Lattice parameter(A) a=12.0 a=17.3 a=12.26, c=10.17
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Fig. 4. Gas hydrate applications. (a)NGH(Natural Gas Hydrate)[9]; (b)Hydrogen storage|[11]; (c)Flow assurance(hydrate blockage)[15].
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Fig. 15. A Clausis-Clapeyron plot based on the hydrate equilibrium data from the CO,/H, mixture with and without C;Hg[21].
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Fig. 19. Gas hydrate apparatuses. (a) Magnetic drive apparatus[14];
(b) Water Spray apparatus[26]; (c) A pparatus using CO, ocean
sequestration[27].
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Fig. 20. Process flow diagram for the separation process of CO, from

the flue gas by using hydrate formation|28].

Mole fraction in the feed Flow rate in the feed

Component

Flow rate in the feed

Flow rate in the product ~ Flow rate in the off-gas

) (10°Nm®/h) (ton/h) (ton/h) (ton/h)
CO, 0.10 100 196 186.2 9.8
N, 0.79 790 988 0 988
0, 0.04 40 57 0 57
H,0(g) 0.07 70 56 0 56
Total 1.00 1000 1298 186.2 1111.8
Table 5. Pressure, temperature, and flow rate condition for separating CO,[28]
Hydrate formation
Pressure and temperature
I 1 2 3 4 5 6 7 8 9
P; (bar) 20 20 140 140 140 1.0 140 140 1.0
T;(K) 776 298 536 298 274 274 274 768 280
Flow rate (ton/h)
Brine 1 Brine2 Brine 3 Water Water purge ~ Seawater Product Off-gas
5310 813 7466 430 56 6343 186 1112

sjstgat
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Table 6. Breakdown of the power consumption for the separation
process of CO, by the hydrate formation[28]

Power consumption MW)
Compression 240.1
Brine cooling 153
Water supply for hydrate formation 0.40
Removal of the heat of hydrate formation 29.5
Supply of seawater for hydrate dissociation 0.85
Recovery by the turbine -127.7
Total 158.4

Table 7. Breakdown of the power consumption for the separation
process of SF,[28]

Power consumption (kW)
Hydprate formation

Compression 1.436
Brine cooling 0.043
Water supply for hydrate formation 0.077
Removal of the heat of hydrate formation 3.028
Supply of seawater for hydrate dissociation 0.087
Recovery by the turbine —-0.655
Total 4.005
Liquefaction

Compression 5.974
Brine cooling of feed gas 0.124
Removal of the heat of condensation 0.640
Recovery by the turbine -1.972
Total 4.766

U] 25 S LFERA 327} Table 6010}, AAE 34 oll4 2] A
NAA] 25 AAE Zh2 158.4 MWO] 1L, ©] 3L CO, 1 tonS 2]}
br—ﬂ oF g5ehe]7} Q3 218 LERdITH28).

oM B AAHT COE 140 bar7HA] 7Y (compression)s =t
Q&J %jeﬂ 2871 240.1 MWEH] o] 8-S X}Xl's}ﬂ i
olL1=] Penalty”} 15.8%%241[28] TF amine SA14 2]
enalty 7~10%[341°1 B3} S o) o] QA kgt
QoA Q158 nhe} o] slo| =0 EL] AsYE 21 ¢
$IA1Z 5= 1= promoters ARE-SHHA, ZEloF sh= ko] ©F 10
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Sk SFe2] AE3 2710 2 Q18] =5 (compression) oL A] 257}
20k7] whitoltt. whbA], CO,9t N, E37kA4 slo]Edjo]EL] 23

Table 8. Properties of inlet gas[18]

§E

4-2. Simulation =Ad(promoter: TBAB(tetra-n-butyl ammonium
bromide, C,¢H;NBr) &7}

Nguyen Hong Duc[18> PRO-II(version 7.1)5 AME3Io] 371
TBAB(tetra-n-butyl ammonium bromide, C,sH;NBr)E H715131&
], 7}A slolEdo| E B o) st AAAdS 24151t} Table 89
vehd 238 714 579 #8490 12 (Blast Furnace) 7%
B4 gPko g A74ske a1, 71713 NFBF(Nitrogen Free Blast Furnace)
with shaft injection, NFBF plasma, CBF(Conventional Blast Furnace)
top gas®} CBF flue gas®]T}.
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Table 9. Variable cost per ton CO, captured[18]

Technology NFB.F. wit.h CBF NFBF CBF
shaft injection top gas  plasma  flue gas
CO, concentration 36 23 35 24
of inlet gas, %
Cost, €/ton CO, captured 16.8 22.4 14.5 29.6

O Pump

M Cooling water

O Cooling fluid before entering each crystallizer
Compressors

100%

80% -

60%

40%

20%

0% -

NFBF Shaft NFBF Plasma

CBF TG CBF FG

Fig. 21. Cost distribution of each working group[18].

CBEF top gas CBEF flue gas NFBF shaft injection NFBF plasma
Hours/year 8,500 8,500 8,500 8,500
Average flow rate (Nm>/h) 663,500 457,600 595,000 288,300
Pressure(bar) 2.5 1 2.5 2.5
Temperature(°C) 55 200 55 55
Compression CO,% 23 24 36 35
N,% 77 76 64 65
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Table 10. Summary of materials and conditions for separation of CO, by various processes[36]

Process Material Temperature (°C) Pressure (atm) Operation cost ($/ton CO,)
Absorption Liquid
MEA 50(A) & 120(R) 2.24(A) & 1(R) 13.9
MEA (with Fe) 55(A) & 120(R) 1(A) & 1(R) NR
PSR 50(A) & 100(R) 2.24(A) & 1(R) NR
K,CO4 45(A) & 55(R) 1(A) & 0.15(R) NR
Solid 800(A) & 1000(R) Atmospheric NR
LiOH 27.8
Absorption CFCMS 30(A) & 60(R) 19.7(A) & 1(D)
HSC* 25(A) & 40(R) 0.039(A) & 0.008(D) NR
Cryogenic -56.6 7.4 32.7
Refrigeration under pressure -100 3000 NR
Membranes Organic 1.01 NR
DAMA 1.00 NR
Ceramic metallic (ideal) 350 1.00 NR
Hydrate 12.3 NR

A represents absorption of adsorption.
R represents regeneration.

D represents desorption.

NR = not reported in the literature.

Moisture content and particulate amounts(such as mass) were not found in the literature for any of the above processes.

Costs($/ton CO,) based on $0.045/kWh.
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