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Abstract

In this paper, the changes in exergy efficiency and exergy destruction of the process of co-production
of liquefied natural gas (LNG), ethane, and the feasibility of electricity production by recovering the
energy from burning flare gas and transferring it to the natural gas liquefaction unit with two cooling
cycles are investigated. In order to recover the energy from the flare gas, by presenting a new process,
the energy of this unit has been used to generate electricity and supply the energy required by the
distillation towers in the liquefaction unit. Next, the effect of changing the feed gas flow rate on the
process parameters was investigated. The exergy efficiency of the main units and the entire process
was also calculated separately. The results show that with increasing feed flow rate, the exergy
efficiency of the feed gas liquefaction unit increases slightly and the exergy efficiency of the flare gas
recovery unit increases significantly. The exergy efficiency of the entire process also decreases by
about 1.11%, which is due to the increase in the power consumption in the compressors, the decrease
in power output in turbines, and the increase in the flow rates. The highest percentage of exergy
destruction is related to the reactor, heat exchangers, and water coolers, respectively. Moreover,
economic analysis reveals that increasing the feed gas flow rate enhances the process's Net Present
Value (NPV). The results of this study showed that the proposed new process has a high potential for
producing LNG.

Keywords: Flare gas recovery, Power generation, Liquified natural gas (LNG), Absorption
refrigeration, Exergy analysis, Economic analysis
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Nomenclature ex Specific exergy [kJ/kg]
Ex Exergy rate [kW]

GTL  Gasto liquid Exq Exergy destruction [KW]

LNG  Liquefied natural gas Nex Exergy efficiency

LPG  Liquefied petroleum gas CAPEX Total Project Capital Cost

CNG  Compressed natural gas OPEX  Total Operating Cost

NGL  Natural gas liquid CRF Capital recovery rate

RICE Reciprocating internal combustion engines y Years

CHP  Combined heat and power i Real interest rate [%]

SMR  Single mixed refrigerant j Average bank interest [%6]

T Temperature ['C] f Average inflation rate [%]

P Pressure [kPa] n Project life time [y]

m Mass flow rate [kg/s] CF Cash flow

ATmin  Minimum approach of the heat exchangers [°C] NPV Net present value

W Work [kW] k Selected year

h Specific enthalpy [kJ/kg] lo Initial investment

0 Transferred heat [KW] h Hour

S Specific entropy [kJ/kg.K] PO Payout period
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2 Upstream

3 Downstream

4 Natural gas liquid

5 Reciprocating internal combustion engines
¢ Combined heat and power



YU ools L bl s LNG e jen odgs sl |, (SMR) Vaj.é.:.o boloeo 5 o 4> LSS AJ)A o [VF] od 5 an
Sl j ol oy bl o 330,8 olpiin (golaidl g (65 ,mST 5551 o g a3 5l eolasl L
Cubae 9 SzoS slaals )5 lp Koo anlyd 3 55 sle A5 Gl ol SO Sldes 4o 5 4l
h 539y 2 NG adgs (6l ax LS a3 U [V] ol 5en g 4o 0isds 4o g 00les e 4 5L3 L olo
ol gl .ais )5 &l (g 5lwes jid al> o 5l onis ali sle )5 L5k p a5 i L INGL b5k 5 CO

B9 stk 5 oS o (e p Caele SlgelST < IYAD 4l Sl oy g5 B pan a5 slo
9SO e 55 098 i yiwd 0 puiored 9 LNG 0l 3 00 (6551 B rae Co e YL ool 4 a5 L
Yo oLl 5 630 G ae i yeS b LNG adgs jsbiie ay (g il 55 4]l i by 580 dalllae o, plovi
o 31 (651 5l (ais o g0 S5 4 LNG udg jolaie 4y cpgs sl p o gy (ol ) (bl Cron
S8, andllas jelaie 4y (65 ST 5 (6551 sl Judow g au i 5l Lewly ol jo ol &S1)) Jaiis 557 usljgm 5 (OB
bl e astie woliiul 0,90 sla olKiws ol e & anl B S SIS 5 0,5 eolanwl wl,s
e psbite & nt SI5 51 o Gl (53,1 sl 2 355 b g 2l o a1, Sl 5515 ol om
slo T ol om0 o Sllee bl pd poss b G0 oy el gy 0 g Glojed jobo a0 Ul g (x5 (65l

sl Lgol,a;'_m 9 Lg))....f‘ ‘ng).ﬂ

Wl yd g s -
Sl oas ools lias VS jo @l e isn (glwaz LSS 0go g Az LSS v sospde Hlogal
Sl mle axlg 5 Jrdoo 55 Sbsk ol Lol i g0 5l 0l B cpl ] asein V JSS 40 a5 jshiles
Oloypw Giw 43 > gl KB 4z > g0 5l colatul b o oo 35 ngu@u axly yo il sads LSS
S8 Sl oy 40 05d oo oy mle U1 g LNG cbglses o pe Guns (§5lwcSis a3 > ¢ 1 i 0y 5

Dy oo pll b ol (65 5 ol 9 Gy adgh s Jadee

7 Single mixed refrigerant
8 Cryogenic
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Figure 1. Overall system framework.
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Figure 2. Full details of the new process provided K: compressor, T: turbine, D: distillation column, E: heat exchanger,



HEX: multi-stream heat exchanger, P: pump, Q: heat flow, V: separator, VLV: valve, W: work. GBR: reactor, MIX:
mixer, TEE: stream separator,
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Table 1. Specification of the investigated flare gas sample.

Parameter Value
Properties

Temperature (°C) 30.27
Pressure (kPa) 800.00
Flowrate (kg/s) 1.022

10 Steam



Compositions (molar %)

CH4 91.00
C2Hs 3.46
CsHs 0.95
Cyt 0.89
H20 0.06
H2S 0.00
CO; 0.44
N 3.10

b 36 ilegle asly -Y-¥

E-101 " 6uisS S5 s/ Slo slooaiss S5 L K-102 9 K-101 glal> 1o 95 jgm oS 5o lal STye5 58
(b 550 09200 e gl alls (5l D-101 ads 0 db 0g59 5l L8 o 09 o0 00,08 E-102 4
5 0,90 sled a8 sles yailu, jelate 4 HEX2 g HEXL T b > wix 5yl slaJows
lal « D-101 ,dass z 5 YL 51V oA ol ,2) cals@lls b .aiS oo jaue D-101 ads 0 4 09,5 5l
HEX2 b ,> aiz 55> sl o a4 s5lople 0,8 (sl o 5 00 00,88 i K-103 o a5 (o
Sl 0233 sl Sgllae Jlad & VLV-101 "7 s lad 1 5l oolatul b ecules ,0 098 oo Jlo, JHEX3 4
el oo 03,51 ¥ Jgaz 50 coolatul 0,50 b 55 by oS 5w e mbe 2 5

[1f] &1,)95 35 wlakin .Y Jgus
Table 2. Feed gas compositions.

Component CH4 C2H6
Feed 0.9 0.1
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' Inter/after-coolers

12 Multi-stream heat exchangers

13 Throttling valve

14 Absorption refrigeration pre-cooling cycle
15 Mixed refrigerant

16 Separator
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Table 3. Operating parameters at optimized conditions.

Parameters Value
To/°C 25

17 Condenser
18 Peng-Robinson



Po / kPa 100

Tair/ °C 25
Pair / kPa 100
Composition of Air (molar fraction) N2:0.79, 02:0.21
Temperature after water cooling / °C 30
*Pressure drop in water cooling / kPa 0
*Pressure drop in heat exchangers / kPa 0
*Pressure drop in Separator/Mixer / kPa 0
*Pressure drop in Reactor / kPa 0
Adiabatic efficiency of compressors 85%
Adiabatic efficiency of expanders 80%
Adiabatic efficiency of pumps 75%
ATmin'® for heat exchangers / °C >10
ATmin for multi-stream heat exchangers / °C >3
ATnmin for condenser / °C >5
Energy loss to environment for all devices / kJ/h 0
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Table 4. Parameters of the columns.

Column Totaltrays Feedtray Refluxratio Vapor rate (kg/s) Condenser Reboiler

P(kPa) T(°C) Duty (MW) P (kPa) T (°C) Duty (MW)
D-101 35 18 15 4.01 3550 -91.13 1.27 3600 17.65 0.85
D-301 6 3 0.195 3.78 1351 41.5 1.53 1351 157.6 8.11
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Table 5. Energy balance equation for main equipment.

Equipment Energy equation

Compressor Wy = 1iye * (Roue — hin)
Turbine WT = 1y * (hip — Roue)
Pump WP = 1hp * (hoye — hin)

19 Minimum approach of the heat exchangers (°C)



Heat exchanger th * (hin - hout)h = ch * (hout - hin)c

Water-Cooler Qco = My * (hin — hout)
Distillation Column Mg * hp + Qp = 1y * hp + 1 * hg + Q¢
Valve hin,V = hout,V
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Table 6. Exergy destruction equations used in this study.

Equipment Exergy equation

Compressors Exg; = m(ex;, — exyy) + Wy

Turbines Ex, = m(ex;, — ex,y) — Wy

Pump Ex; = m(ex;, — exyoye) + Vl'/p

Heat exchangers Exg = Yiqmy (exin — eXour)

Multi-stream exchangers Exg = Xiim; (exy — eXoyr)

Phase separators Exy = myn(€xin) — Mour1 (€Xoue1) — Mourz (€Xour2)

Water-Coolers Ex; = m(exy, — eXoye) — Qc(1 — To/T¢)

Heaters Exy; = m(exy, — exoue) + Qn(1 = To/Ty)

Distillation Columns Exy = My, (exin) — Mouer (€Xour) — Mourz (€Xourz) —
Qc(1—To/Te) + Qu(1 —To/Ty)

Mixers Exq = Mipq(exing) + Minz(€Xin2) — Moy (€Xoye)

Reactor Exq = Mipq(exing) + Minz(€Xin2) — Moy (€Xoye)

Valves Exy = m(exy, — eXoye)
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Table 7. Economic inputs and assumptions.

Parameters Value Reference
NG price, $/kg 0.140 [¥]
LNG price, $/tonne 449.000 Y]
Ethane price, $/tonne 376.800 [YY]
Cooling Water, $/ton 0.048 [Y¥]
Electricity, $/kWh 0.100 [¥¥]
Average bank interest rate j, %  23% [Y¥]
Average inflation rate f, % 20% [¥¥]
Operating time, hly 8000 [Ye]
Tax rate, % 25 -
Project life time, y 25
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20 Capital costs

21 Operational costs

22 Utility costs

23 Capital recovery factor
24 Real interest rate
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Table 8. Flare gas recovery unit streams data

Stream T (°C)

P(kPa) m (kg/s)

Compositions in molar fractions

CH,4 CoHs CsHs n-Cs CO; H2.0 N2 02 CO H:
501 30.3 800 1.02 0.9109 0.0346 0.0095 0.0089 0.0044 0.0006 0.0310
502 54.5 800 1.02 0.9109 0.0346 0.0095 0.0089 0.0044 0.0006 0.0310
503 148.3 2300 1.02 0.9109 0.0346 0.0095 0.0089 0.0044 0.0006 0.0310
504 25.0 100 14.00 0.7900 0.2100
505 53.4 100 14.00 0.7900 0.2100
506 569.9 2300 14.00 0.7900 0.2100
507 2208.6 2300 15.02 0.0685 0.1868 0.6852 0.0002 0.0394 0.0199
509 1303.7 100 15.02 0.0685 0.1868 0.6852 0.0002 0.0394 0.0199
510 700.0 100 15.02 0.0685 0.1868 0.6852 0.0002 0.0394 0.0199
511 60.0 100 15.02 0.0685 0.1868 0.6852 0.0002 0.0394 0.0199
601 49.8 3000 6.51 1.0000
602 234.6 3000 6.51 1.0000
603 725.3 3000 6.51 1.0000
604 430.2 350 6.51 1.0000
605 138.8 350 6.51 1.0000
606 138.8 350 6.51 1.0000
607 138.8 350 18.20 1.0000
608 30.0 350 18.20 1.0000
609 49.5 350 18.20 1.0000
610 49.5 350 11.70 1.0000
611 64.5 350 11.70 1.0000
612 63.4 350 11.70 1.0000
613 55.4 350 11.70 1.0000
614 49.5 350 6.51 1.0000
T: Temperature
P: Pressure
b 35 il b asly gl oLy Cledbl A Jgua
Table 9. Natural gas liquefaction unit streams data
Stream T (°C) P (kPa) m (kg/s)  Compositions in molar fractions
CH4 CzHe
101 30.0 120 4.85 0.9000 0.1000
102 177.2 670 4.85 0.9000 0.1000
103 30.0 670 4.85 0.9000 0.1000
104 176.0 3600 4.85 0.9000 0.1000
105 30.0 3600 4.85 0.9000 0.1000
106 -35.0 3600 4.85 0.9000 0.1000
107 -65.0 3600 4.85 0.9000 0.1000
108 -91.1 3550 4.01 1.0000 0.0000
109 -74.2 4800 4.01 1.0000 0.0000
110 -95.0 4800 4.01 1.0000 0.0000
111 -161.6 4800 4.01 1.0000 0.0000
112 -159.9 120 4.01 1.0000 0.0000
201 17.7 3600 0.84 0.0000 1.0000
202 -20.0 3600 0.84 0.0000 1.0000
203 -90.0 3600 0.84 0.0000 1.0000
204 -88.6 120 0.84 0.0000 1.0000




oloyw iy 43 52 ol g ools e Joua
Table 10. Precooling cycle streams data

Stream T (°C) P (kPa) m (kg/s) Compositions in molar fractions
NH; H.O

301 -18.8 117 3.78 0.9996 0.0004

302 57.0 117 16.57 0.3361 0.6639

303 30.0 117 16.57 0.3361 0.6639

304 30.0 117 1.56 0.9776 0.0224

305 278.7 1351 1.56 0.9776 0.0224

306 30.0 117 15.0 0.2669 0.7331

307 30.2 1351 15.0 0.2669 0.7331

308 74.2 1351 16.57 0.3361 0.6639

309 109.5 1351 16.57 0.3361 0.6639

310 41.5 1351 3.79 0.9996 0.0004

311 30.0 1351 3.79 0.9996 0.0004

312 -30.1 117 3.79 0.9996 0.0004

313 157.6 1351 12.79 0.1299 0.8701

314 145.1 1351 12.79 0.1299 0.8701

315 84.2 1351 12.79 0.1299 0.8701

316 69.4 117 12.79 0.1299 0.8701

G (53w STS aslg gl ool )Y Jgus
Table 11. Deep-cooling cycle streams data
Stream T (°C) P (kPa) m (kg/s) Compositions in molar fractions
CH4 CzHe C3H8 N2

401 27.0 140 16.48 0.2530 0.5573 0.0873 0.1024
402 1335 737 16.48 0.2530 0.5573 0.0873 0.1024
403 30.0 737 16.48 0.2530 0.5573 0.0873 0.1024
404 123.6 3000 16.48 0.2530 0.5573 0.0873 0.1024
405 30.0 3000 16.48 0.2530 0.5573 0.0873 0.1024
406 -35.0 3000 16.48 0.2530 0.5573 0.0873 0.1024
407 -96.0 3000 16.48 0.2530 0.5573 0.0873 0.1024
408 -158.0 3000 16.48 0.2530 0.5573 0.0873 0.1024
409 -164.6 140 16.48 0.2530 0.5573 0.0873 0.1024
410 -109.9 140 16.48 0.2530 0.5573 0.0873 0.1024
411 -99.6 140 16.48 0.2530 0.5573 0.0873 0.1024
412 -99.6 140 8.24 0.2530 0.5573 0.0873 0.1024
413 -77.8 140 8.24 0.2530 0.5573 0.0873 0.1024
414 -99.6 140 8.24 0.2530 0.5573 0.0873 0.1024
415 -35.1 140 8.24 0.2530 0.5573 0.0873 0.1024
416 -66.3 140 16.48 0.2530 0.5573 0.0873 0.1024
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Table 12. Power consumption of process at different feed gas flowrates.

Unit/Cycle Equipment name  Power (MW) per different Feed Gas flowrates (kg/s)
4.85 6.02 7.19 8.36 9.53 10.70
Natural gas compression K-101 1.70 211 2.52 2.93 3.34 3.75
K-102 1.63 2.03 2.42 2.82 3.21 3.61
K-103 0.07 0.09 0.11 0.13 0.15 0.16
Absorption refrigeration cycle  K-301 0.87 1.08 1.29 1.50 171 1.92
P-301 0.03 0.04 0.04 0.05 0.06 0.06
Mixed refrigerant cycle K-401 3.32 4,12 4.92 5.72 6.52 7.33
K-402 2.66 3.30 3.95 4.59 5.23 5.87
Flare gas recovery unit K-501 0.22 0.22 0.21 0.21 0.21 0.21
K-502 7.75 7.73 7.71 7.70 7.70 7.69
Steam cycle P-601 0.02 0.02 0.02 0.02 0.02 0.02

Total

18.27 20.74  23.19 25.67  28.15 30.62
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Table 13. Power production of process at different feed gas flowrates.

Unit/Cycle Equipment name  Power (MW) per different Feed Gas flowrates (kg/s)

4.85 6.02 7.19 8.36 9.53 10.70
Flare gas recovery unit T-501 21.91 21.89 21.88 21.87 21.87 21.86
Steam cycle T-601 4.10 4.10 4.09 4.09 4.09 4.08

Total

26.01 2599  25.97 25.96  25.96 25.94
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27 Water-coolers
28 Compression heat
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Figure 3. Exergy destruction of various equipments at different feed gas flowrates.
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Figure 4. The portion of exergy destruction in various equipments at different feed gas flowrates.
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Table 14. Results from the exergy analysis at feed gas different flowrates.

Feed gas flowrate (kg/s) 77Ex,Liq (%) 7lEx,Flare (%) nEx,Total (%)
4.85 34.89 60.91 51.79
6.02 34.90 62.75 51.52
7.19 3491 64.60 51.28
8.36 34.91 66.45 51.06
9.53 34.92 68.29 50.86
10.70 35.06 69.88 50.68
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Table 15. Results from the economic analysis at feed gas different flowrates.

Feed gas flowrates (kg/s) 4.85 6.04 7.23 8.42 9.61 10.81
Purchased Compressors 36,649,300 42,417,800 42,877,400 51,474,600 51,878,200 61,136,200
Equipment Heat exchangers 3,105,600 3,366,500 3,630,600 3,894,700 4,492,300 4,776,600
Cost ($) Turbines 18,611,300 18,599,300 18,592,300 18,587,800 18,584,500 18,582,000
Distillation towers 878,200 989,700 1,114,900 1,271,600 1,409,600 1,553,600
Pumps 107,000 110,200 114,000 115,800 121,500 123,300
Reactor 87,400 87,400 87,400 87,400 87,400 87,400

30 Payout period



Separator 37,700 42,300 42,800 45,800 46,000 48,400

Total project capital cost CAPEX ($) 126,625,451 135,785,424 138,547,014 153,236,134 156,417,867 171,996,115
Total operating cost OPEX ($/y) 45,329,757 52,920,218 60,394,700 68,398,640 75,677,171 83,521,450
Payout period PO (y) 9.32 8.75 8.08 7.98 7.54 7.52

Net present value NPV ($) 209,422,196 264,773,719 328,444,282 375,168,825 440,449,079 488,074,211
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Figure 5. Impact of Feed gas price on NPV.
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Table 16. Validation of the distillation column calculation.

Process Distillation tower

T(°C) P(kPa) Composition

NH; H.0
Thiswork  Feed 109.5 1350.67 0.3361 0.6639
Distillate  42.19 1350.67 0.9995 0.0005
Bottom 157.6 1350.67 0.1299 0.8701
Reference  Feed 109.5 1350.67 0.3361 0.6639
[¥¥] Distillate  41.10 1350.67 0.9996 0.0004
Bottom 157.55 1350.67 0.1299 0.8701
Absolute Feed 0% 0% 0% 0%
relative Distillate 265% 0% 0.01 % 0.01%"
error Bottom 0.03% 0% 0% 0%

* Absolute error

Table 17. Validation of the valve and compressor calculation.

Process Valve Compressor
T (°C) P (kPa) T (°C) P (kPa) Wy (MW)
This work Inlet -161.4 4820 -94.42 3170 0.112
Outlet -159.7 120 -70.15 4820
Reference [ ¥] Inlet -161.4 4820 -94.42 3170 Not available
Outlet -159.7 120 -70.15 4820
Absolute relative Inlet 0% 0% 0% 0%
error

Outlet 0% 0% 0% 0%
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Table 18. Validation of the reactor calculation.

Process Reactor
T (°C) P (kPa) Composition
N, H,O H. CO 02 CO;
This work Outlet 2232 2300 0.7203 0.1685 0.0020 0.0055  0.0182  0.0855
Reference ['V] Outlet 2232 2300 Not available
Absolute relative error  Outlet 0% 0 %

YY) Ao (T o N Jeue
Table 19. Validation of the Turbine calculation.

Process Turbine
T (°C) P (kPa) W, (kW)
This work Inlet 2232 2300 1.040e + 006
Outlet 1851 300
Reference ['V] Inlet 2232 2300 1.040e + 006
Outlet Not available 300
Absolute relative error  Inlet 0% 0% 0%
Outlet 0%

(Sl we Gl Jae dlre (i Cs Ve Jgax
Table 20. Validation of the multi-stream heat exchanger calculation.

Process Multi-stream heat exchanger
T (°C) P (kPa) ATmin (°C)
This work Hot inlet 1 -90 4820 3.096
Hot inlet 2 -94.12 2788
Cold inlet -164.5 140.2
Hot outlet 1 -161.4 4820
Hot outlet 2 -158.1 2788
Cold outlet -101 140.2
Reference [ ¥] Hot inlet 1 Not available 4820 3.0
Hot inlet 2 Not available 2788
Cold inlet -164.5 140.2
Hot outlet 1 -161.4 4820
Hot outlet 2 -158.1 2788
Cold outlet -101 140.2
Absolute relative error  Hot inlet 1 0% 3.2%
Hot inlet 2 0%
Cold inlet 0% 0%
Hot outlet 1 0% 0%
Hot outlet 2 0% 0%

Cold outlet 0% 0%
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Table 21. Comparison between the exergy efficiencies of this process and the reference processes.

Process Nex (%) Reference
Liquefaction process (SMR) @ Process 1 50.36 ['¥]
Process 2 52.56
Steam & power generation process®  Steam generation process 41.07 ['V]
Electricity generation process 14.28
Electricity and steam cogeneration process  29.03
Combined cycle 31.90
This Work Liquefaction unit 34.89
Flare unit 60.91
Total process 51.79

@ Values at 40% Ethane content for refrigeration unit [ ¥].
b Exergy efficiencies were calculated by the equations of this work with the data available from [ V].
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