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£ Aol AEA7E(LNG; liquefied natural gas) #1718} #7gollA] HE A= WEE g5k W oE N3 &
715 Akels 37 ESISlT). 913} 371 LNG &7 02 25310 A7 dsks $J3t WnlE Fta o= o
Ashs 52 242 5= Q) o] Y51, A3} 715 LNG 290l A% 71sd 9428 nisslofol st ujelA, 7}
2 ge] ARgERE HEER] AR A5t 3718 Fsk] A8l oF 1.3 barellx] 37171 HA| FEIE EAE o AT AA
ST, AQIeE 37l 371 LNGSFE] st o]F F7121Q1 A nf) Alo]E3e] dudks Fal Hd¥nt. LNG
NP e Huf] §EE A3} 375 Aate o] 508 S TR AAIAY 4 Qlom], HATEA dFaela] &
|8 F e WYo] oA dnt. o] & Hlask] flste], s U 1kg/se] LNG 35 271 slelA] 71& 3785 o] &8st
Base case®} AR Ul 7% 71 732 22t 0.50kgss, 0.75kgls, 1.00 kg/sC = 3= Casel, Case2, Case3& 7311l
GoAska] gl AAA SHA 241Gt A 7] Brkgo] WeTE 1kl Wik & o] B U7 Q7 E= A
S B30 Case3i= Base case thH] 0.18 kWh =7 YERSITE 7 A3} Case32] 3} 371 1kg & 34t Hl-E<] $0.0172
o A Ykt 2eu At 3719 Ao Skl et 1kg & 2% HI-8o] $0.0395 FHAsto] A Hl-E- S
A] Case3t= Base caseoll B8l 1kg & $0.0223 A& H|-E 07 M3l 3715 A W 253k 5= Q)25 gRlsiin).

Abstract — This study focuses on the development of the liquid air production process that uses LNG (liquefied
natural gas) cold energy which usually wasted during the regasification stage. The liquid air can be transported to the
LNG exporter, and it can be utilized as the cold source to replace certain amount of refrigerant for the natural gas
liquefaction. Therefore, the condition of the liquid air has to satisfy the available pressure of LNG storage tank. To
satisfy pressure constraint of the membrane type LNG tank, proposed process is designed to produce liquid air at 1.3bar.
In proposed process, the air is precooled by heat exchange with LNG and subcooled by nitrogen refrigeration cycle.
When the amount of transported liquid air is as large as the capacity of the LNG carrier, it could be economical in terms
of the transportation cost. In addition, larger liquid air can give more cold energy that can be used in natural gas
liquefaction plant. To analyze the effect of the liquid air production amount, under the same LNG supply condition, the
proposed process is simulated under 3 different air flow rate: 0.50 kg/s, 0.75 kg/s, 1.00 kg/s, correspond to Casel, Case2,
and Case3, respectively. Each case was analyzed thermodynamically and economically. It shows a tendency that the
more liquid air production, the more energy demanded per same mass of product as Case3 is 0.18kWh higher than Base
case. In consequence the production cost per 1kg liquid air in Case3 was $0.0172 higher. However, as liquid air
production increases, the transportation cost per 1 kg liquid air has reduced by $0.0395. In terms of overall cost, Case 3
confirmed that liquid air can be produced and transported with $0.0223 less per kilogram than Base case.
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1. Introduction

2015 I8 A0 T &9 AUA] g o|atslebA wjETo]
A2 ARl HAVFAS AMEo] Frhstal QLT
ExxonMobil2] 2019 Outlook for Energy®l] wh=w 2040 o= 7
o Ztko] M7)3} FH R A7) 60%7

;d—jr_

= © 7]’?_——_}
ol A7 = o]23h £ o5 RS 7HE wol 7]oE
Ao 2 A FHH2]. Y37~ (LNG; Liquefied Natural Gas)i=

A7 (NG; natural gas)@} Bl wslo] 5 A&k thn] F37] oF
1/600 0.2 A7 2 FAE] %ol golsith3] =] LNGA
& 2019 354.73MTZ 2018l H] &l 40.93 MT7| Z7 ks & A

LNGS] 87} b ellui ] el mls) §5akar 92 Relchd)
58] =t LNG 41912] 37g]] e} 3 %Jbﬂﬂﬂﬂ%ﬁﬁ*%

LNG7} A 3F= 8] S-2 19901 3.3%°]14 2018'd 18.0%= A
A en, it ol 9)&3kar QAtH5). International Group
of Liquefied Natural Gas Importers®l] 2% 3] LNG 5% &2
Al LNG U] 14.0%E 248k 3102 Yepsith6].
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Y7715 ING YL R tAske] 7]1E i) igﬁaﬂ%° o
60.6%7- 2 7F81ITh. Yajun S[121S BAFZSE AAsks4A
= Beehe 3 5 IS4 el 380 LNGYE S %l% Fol W

7t 32 Ul ehE7)e 207k A= 71 dv] 97.5%RHE A1
SF3ITE. Peng G131 AA 37] oA AZFA| ~E)(LAES; Liquid
Air Energy Storage)oll Al & 718 N3} st=d| 2ol ZE2HE
LNGHYE 2 Y7k 332 AL 3F52H, LAES @5 374 t
H] A F7] 9] FAG A 2R FS 32% L7H8ISIT). Zhang &
[14]2 LNGW{E 719t 7] 3 7] Alo] &3} At slolHa =
LAES 3745 A 0™, A|QtE 792 LAES @& A|~=}
Hlwato] W Agaj2wlo] ve- wals] 9l ar o] 52 W] A%
&Y U s VRt
7122] AT-E2 UIFHE LNG AH]A| oA WS 3]45)0] el
o] gAY thE Ak oll WES Al Tshe WEeZ ReyEojgtt.
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Q7 A= et 3HAIE 7H Y B3 LNG g S LNG
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Th LNGO] 54 WS &-83to] LNG 7HIXE A 9] #1457}
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£ LNG A& =0 Aste] 25317] flalAde LNG -4
AREEE A A '] Abg A Aok 2311 F ol A7 o
& pEsolsitt. sl Ao A= B A= Yl Lee [16]°
ARIEF LNG-CES 3785 48313121, C-type ®=1) 18bar®] &
go 7 HA F7)& et whbA 1 #7o] 7Hssk LNG &
A ent A8 7lssithe A1 7RItk B2 g7k ol & a8
A AF3E AZH S o] -2 At 20015 2011'37H4] Ak
T LNG 2HH 2] 439 30)/4to] Wlu g9l B2 A T3]
wEhA] 2 A AA 3718 HE A AR 83ks LNG &
T A UlellA flBggQl s aA 3715 A% 9 758 5 9l
55 st A AA 371 A 2785 AT HEg Rl B
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Wzts)|of gt} o] 5 fJstod, A3 A5-F LNG-CES 37g¢l A4
Qo ALo] &S F718E 34S A 2 ARKSFATE 3, AA i71
A rkege] g MX] 18 9 25082 HhLo}O% A A o=
ggt 371 52 A3 flste], 371 f9%9= 247} 0.50 kg/s,
0.75 kg/s, 1.00 kg/s ©. = 22| gt Casel, Case2, Case3 S 274
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2. Problem Statement

LNG A 713} ©H7lel 4 LNG W2 S o)l g3l 3715 3}ata,
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Uy o] v]71d A 0 2 Qlal] Aj71sk B ellA] A3} olUAE 100%
3]sk A oy, AR Bd S 35ste] 7] Aste] A
== RS d7heh 4 Qlok ek opde AAke oA 32 A
A7k~ N} F7g o) WelE YA o & giAl|E &= 9tk = LN
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Fig. 1. Concept of LNG supply chain with liquid air [15].
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Z 7 FE o= gskaL 9o, Uﬂxﬁ LNG= ;ﬂﬂ ol -3l
5407 7de Aukg LING A BAEE IMO A, B, C-type
SR A9 WBE Q1 (Membrane) EF) 2] ®=7F QloH17] 54 ®
e ¥ Bk 78 BgaE Aol gAlsts B v 2 Fstod
wiehdo] a1, Ak 8 Al B8] 3 7hs/do] stk gRlo]
ek 1 AR I 3 a8 A AJoRrk vt
£ o] Qitt vhde), Myl whale vk e o] Ao
SFER AL AA Uil Sl R 37k olg a8 9 Aol
31 Ax8)7E vl A st wabs] @AE 7HA o] A Eah
A Alok 2ha gl g g 3tel] f2)st MHyQl Who] 2 ARSH
ok WBE 2l Bl LNG ®A+= X2 GTT (Gaztransport &
Technigaz)AHe] K 2lo] T A48 d-f-sta QJrh18]. 2018
d 7)&, LNG 5549 67%7F GTT HlE#Q B2 #8847 9]
TH19]. 3 e A2 2o cfgk o] sl A Akx A
2 BARE AM-E 5 QTH20]. wERA, 2 ATHE LNG 2 A
5719 A AR GTTA] K ﬂﬂ Ql BAE 7Hgstsiom,
BOG ¥4 o= et e e 1 dte] s &gl
1.7 bar®.t} %2 1.3 bard] ¢Eloz °“Zﬂ T8 AR TS
AABIAT

3. Process Description

LNG WIS 8438 327] ols} 2A o] A4 0 xS 93] A4
T4 BAF A Eo]Q] Aspen HYSYS (v.11)E o] 231t} Abe)
174 2] (Equation of State) 7}~ A Wl 47 318 Fols 2t
g3to] A7k As) FA ol d7] AHE-%]+= Peng-Robinsons %]
S3IATH21]. # A= HERl Al Hof A% S vEst
o] 13 bard SFEO 7 A LIS A= TAL Aokl A4
7] AV Sl i B3] AAVIE Hkehe s BRE
S}, Lee 5[16]°] #I9tsH LNG-CES &3-S Base case® 3} &

7] ol 0.50 kg/s, WHE Sl B NA 3719 HF o
] 1.3 bar} =5 AASIGITE FHA 02, A 7] ArkE
77171 $18l A i e Atol &5 F7hek 385 Al
Ak 3792 3MTPA (Million Tonne per Annum) LNG #]7]3} &
o, dsta] A4S golatA s17] 3l 1.00 kg/sS] FFO =

O

Table 1. Process design basis [16]

Parameters Values
LNG feed Temperature -162°C
LNG feed Pressure 1.3 bar
LNG mass flow rate 3,600 kg/h
Natural gas outlet pressure 70.0 bar
MTD in heat exchangers 3°C
Atmospheric temperature (air inlet) 25°C
Atmospheric pressure (air inlet) 1.013 bar
Heater discharge temperature (seawater) 15°C
Cooler discharge temperature (seawater) 25°C
Pressure drop 0.00 bar
Isentropic efficiency of air compressors 0.90
Isentropic efficiency of expanders 0.92
Isentropic efficiency of pumps 0.90
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Table 2. Assumptions and specifications of the equipment [16]

Equipment Operating Condition Pressure Ratio
Pumps Pressure: <300 bar No limitation
Compressors Pressure: <100 bar <35
Expanders Pressure: <300 bar No limitation
Cryogenic liquid tank Pressure: <1.3 bar No pressure drop
Heat exchangers AT 23 °C No pressure drop

Table 3. LNG and Air composition [16]

LNG Mole fraction
Nitrogen 0.0012
Methane 09115

Ethane 0.0555
Propane 0.0216
i-Butane 0.0051
n-Butane 0.0051
Air
Nitrogen 0.7811
Oxygen 0.2096
Argon 0.0093

LNG7} 35 4 713} "k 7]-Xq SAT}. Base case9t At 37l
Ak 7} o] 7)1 g8 4l W 32702 Table 1 2 Table 2]

717y e gleh. =3k 3ol 191% LNG ¥ 3719 242
Table 3¢l YFERASATH 16].

3-1. Base case design
Base case 373 LNG A7) 8kel 371 Ak F/3=w o]of ot
HEEEE Fig. 2¢ uremqgm WA LNGE -162 °C, 1.3barg]
o2 FEo] dudks T3l 3710 ¥ES dgsitt. o] F
o] 3 gl 7k 7 X*ﬁ AR XS A} LNG A7)
shol] o] &= WA= 7] A3} A AHEEE V19 ddE
P, BTN lA Aabetes ofluA| g} 4571004 ARt oy
A= 2o ANHE 2 2 LNG Hud2 dt7lel 91X]817] wlZof
AT Aoz gA o] &8 F o EE 5ol duds F
3t 71315 71gskelnh. et go] ZE F3t AVt £ES S
AE #HA 70 bar®] SFElo] Q77| Wil 713k A 7EAS] F
% ¢S 70 barZ AAIBHITH22).

I71E LNG 71339 50% 0.50kg/se] F3Fo] 25°C,
1.013 bar®] 2702 FY9tt F4 % 371 4402 LNGS}
A HX6yS B3l 5°CE W= Bel7 15 AAH g=2o] AA"
o} o]uj] 1.013 bar, 5 °C2] A F7] ] maximum humidity”}
= SR slere
] 0]? Azxd 4«71: “”E’H 0“3?4:— Bt W7k

W5k Aslel $ HFA o7 WHE Fa WAE o]
1.3 bar®] $4= 0= AALATE Base case] LNG 4 5719] &% 4
oFe %78 Table 40l LFERHSITT.

BN o

ol-,l of

3-2. Proposed design

AQE B LNG &S ol g3to] 3718 WAs F A4 )
Aol 2E B3l 3718 F7HE 0% FYgoA §719) sk
39 5 QLS AR ool et FYSFEE Fig. 39 Lheh
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Fig. 2. Process flow diagram of base case.
Table 4. Simulation conditions of Base Case
Air LNG
Stream Temperature (°C) Pressure (bar) stream Temperature (°C) Pressure (bar)
A0 25.00 1.013 Lo -162.00 1.300
Al 5.00 1.013 L1 -159.97 57.000
A2 5.00 1.013 L2 -128.79 57.000
A3 -81.38 1.013 L3 -118.90 248.659
A4 -13.18 2.629 L4 -108.13 248.659
A5 -93.79 2.629 L5 -96.79 248.659
A6 -34.30 6.405 L6 -84.38 248.659
A7 -105.13 6.405 L7 -71.47 248.659
A8 -53.38 14.617 L8 -68.50 248.659
A9 -115.90 14.617 L9 15.00 248.659
A10 -68.34 32.500 L10 -4.43 166.956
All -147.56 32.500 L11 15.00 166.956
Al2 -191.08 1.300 L12 -5.82 116.555
Al3 -191.08 1.300 L13 15.00 116.555
Al4 -191.08 1.300 L14 -3.64 87.659
Al5 5.00 1.013 L15 15.00 87.659
L16 -0.29 70.000
UGtk Akl A4S Sl S L LNG &5 2318tellA] 374 Yl whE UAH]E 9 25082 Blarste] Al 0w feleh 37
o 371 FFE 050kgss, 0.75kgls, 1.00 kg/s O 2 Desto] TS ARsta, A 37 i gatel tigk AAE B71sh]
Casel, Case2, Case3% 212} TAIs1Ie. o)i= oA 7] kel $)@olc. o]l <) B71¢] Hvl 43S LNG 7] 5127} 5 &
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Fig. 3. Process flow diagram of proposed design.

1.00 kg/sZ A skate], WH Q1 &3 Ujell LNG A& o]4d2] o
A 717 AREA = stk 3719 S Sl ARE A
2 QA 33.94 bar, YA E -147 °C2) ¥-71313HE A|QD 2]
Yoot} o= £33 Wujjol] v]s)] dafo] YA o® vheelx
Eebarl, 349 fvF Aol dedh A e 3kA] 42 (GWP:
Global Warming Potential)7} <0’ £ & 7]l ARE- 4 317
ol Zdoj|A o] 7FHITH24]. AFZ 07 A Wnj Alo]Ee
A&} S o] &3 Wby 19 WA 2 A W7 gS
Letehs WAl 2R ISR A A Wl thaerE(C5~7)
el o)st WZHSWS~7)E AX F ES BFVE 5
013 bar® o] N3} -195.8 °Cell o] BT} A Wl =4
AE7E | A= LNG WEE Al AA 371E -192.8°C
T @7heith, A4 W7z AbolE U Wnl R A e Aol
= trade-off TA7} A8 wj2bA 7} CaseE Z AHHATE 5
3] oA arsfo] 7h A A4 W] 5 2 HF o =4
S TEaITh ek A Aa ) 43 2 ke 2760A] 9
YA hrgo] 7P A 24 Sl E ghol Aol vidskal e
] 0]Z Table 59 YERA AT Casel, Case2, Case3°l 3ld3}+=
LNG, 371, 49 %9} 92 7S Table 6, Table 7, Table 8
ol Z¥zF JEeRfSIT.

o

fo o &

Table 5. Refrigerant mass flow and compression ratio of each case

Casel Case2 Case3

Refrigerant mass flow (kg/s) 1.122 4717 8.992
C5 compression ratio 1.876 1.678 1.481
C6 compression ratio 1.895 1.647 1.467

C7 compression ratio 1.861 1.607 1.500

4. Simulation Result

Wzt

==
o=

F71E 25°C, 1.013 bar?] 7102 15 o] vtk ¢t 9
198 AX N3LE T} Fig. 49} Fig. 5+ 7} casedll A &7
+719] el & P-h diagram’d-oll VFERA 123 0]t} Base case®]
£, LNGEF] vl A w7 (HX 1S A 871+ -147.56 °C,
32.500 bar?] A& 7HM 1.3barZ S-AE] 254 v T3}
witell EAstAl et S B BAgollA FiE 718} Bt ¥
7] 122 46.58%Rto] HA| F7| =2 AR CE AR T 9] A7t
Z] Case™ LNG 7|8tgo] T3]l A7k 37 ol 7]l
o) AALE] = ol A 1 7)o 3] AR = UA= BT
TS 4 3719 ol th27] wiZel LNG2HE] »EA gt
AW |HXDE A 5715 BF U oS 7 o= A4

Wl Afo) 2ol ool FE4 0% -192.8 °C7HA] FgE 5 Ee o)
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Table 6. Simulation conditions of Casel (0.50 kg/s of air inlet)
Air LNG Nitrogen
Stream  Temperature (°C)  Pressure (bar) Stream  Temperature (°C)  Pressure (bar) Stream  Temperature (°C)  Pressure (bar)
A0 25.00 1.013 LO -162.00 1.300 N1 21.97 1.013
Al 5.00 1.013 L1 -159.97 57.000 N2 86.11 1.900
A2 5.00 1.013 L2 -128.79 57.000 N3 25.00 1.900
A3 -81.38 1.013 L3 -118.90 248.659 N4 90.93 3.600
A4 -13.18 2.629 L4 -108.13 248.659 N5 25.00 3.600
A5 -93.79 2.629 L5 -96.79 248.659 N6 88.98 6.700
A6 -34.30 6.405 L6 -84.38 248.659 N7 25.00 6.700
A7 -105.13 6.405 L7 -71.47 248.659 N8 -142.68 6.700
A8 -53.38 14.617 L8 -68.50 248.659 N9 -195.80 1.013
A9 -115.90 14.617 L9 15.00 248.659 N10 -150.66 1.013
Al10 -68.34 32.500 L10 -4.43 166.956
All -147.56 32.500 L11 15.00 166.956
Al2 -192.80 32.500 Li12 -5.82 116.555
Al3 -192.01 1.300 L13 15.00 116.555
Al4 -192.01 1.300 Li4 -3.64 87.659
Al5 -192.01 1.300 L15 15.00 87.659
Al6 5.00 1.013 L16 -0.29 70.000
Table 7. Simulation conditions of Case2 (0.75 kg/s of air inlet)
Air LNG Nitrogen
Stream  Temperature (°C)  Pressure (bar) Stream  Temperature (°C)  Pressure (bar) Stream  Temperature (°C)  Pressure (bar)
A0 25.00 1.013 LO -162.00 1.300 N1 21.92 1.013
Al 5.00 1.013 L1 -159.97 57.000 N2 73.91 1.700
A2 5.00 1.013 L2 -144.68 57.000 N3 25.00 1.700
A3 -94.72 1.013 L3 -136.66 248.659 N4 75.50 2.800
A4 -48.95 2.059 L4 -124.75 248.659 N5 25.00 2.800
AS -108.86 2.059 L5 -111.86 248.659 N6 72.88 4.500
A6 -68.97 4.027 L6 -97.72 248.659 N7 25.00 4.500
A7 -121.75 4.027 L7 -75.00 248.659 N8 -155.92 4.500
A8 -87.26 7.537 L8 -70.52 248.659 N9 -195.81 1.013
A9 -133.66 7.537 L9 15.00 248.659 N10 -162.64 1.013
Al10 -102.61 13.805 L10 -4.43 166.956
All -156.94 13.805 L11 15.00 166.956
Al2 -192.80 13.805 L12 -5.82 116.555
Al3 -192.42 1.300 L13 15.00 116.555
Al4 -192.42 1.300 L14 -3.64 87.659
Al5 -192.42 1.300 L15 15.00 87.659
Al6 5.00 1.013 L16 -0.29 70.000
2317 Bt oju] =A422] 371 Joule-Thomson coefficient’} (MTD; Minimum Temperature difference)”} 3 °C O]MOI Hx

=9 gk 7HA17] Wil S B ol =7t sl "k &

Casel:> -192.8 °C, 32.500 bar®] Z=21¢llA] 1.3 bar® ¥%-3HH i%

o] F-& 71317) @AY sk 99.84%2] A F7]1E A 4= STk

Case29} Case3+ 247} 13.805 bar®} 7.223 bar®] 7141 1.3 bar

2 WPsto] ZEA 2ol EANEHA HH o= 100% H5HE 9
BlER=3

4-1. Heat analysis

7} Case®] 4t 88 FAsk7] flal 3717F LNGSF 24 W
uj] Afo] 28 A x] T 245 heat flow diagram “Jol|A] 28191 0.

1], 0] Fig. 6ol VFERSILE. 2

Korean Chem. Eng. Res., Vol. 59, No. 3, August, 2021

TS ey o] Ha 2=k

FABHES AAISFSITE. Heat flow diagramol| X dw gkl +
A Aol WA o] FEE HIZFAo] EoEdlE= «] ojsh,

nE FHo] Hrha aA & 5 Qirk o] 7 Ak e) i
<5 2HLMTD; Log Mean Temperature difference)E H] n.5}o] 1
A& = 9l o LMTD A ¥} kS Table 9°1] L]-EM]O*E]- Base case®}
Casel> LNG9}2] vhA 2t A w 7| (HX 1) A st Z 5712
N3}7} WY A Ul ol pinch point7} 4| 0}71] Qoﬁ Case2 2
Case3X .U} 5H2 LMTD #t& ®Belvh 18fu} A9 dwghr]
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Table 8. Simulation conditions of Case3 (1.00kg/s of air inlet)

7] Y 378 A B AV 7Y 351

Air LNG Nitrogen
Stream  Temperature (°C)  Pressure (bar) Stream  Temperature (°C)  Pressure (bar) Stream  Temperature (°C)  Pressure (bar)
A0 25.00 1.013 LO -162.00 1.300 N1 22.00 1.013
Al 5.00 1.013 L1 -159.97 57.000 N2 60.77 1.500
A2 5.00 1.013 L2 -144.30 57.000 N3 25.00 1.500
A3 -90.68 1.013 L3 -136.24 248.659 N4 63.15 2.200
A4 -56.36 1.728 L4 -123.44 248.659 N5 25.00 2.200
AS -106.26 1.728 L5 -109.26 248.659 N6 65.53 3.300
A6 -76.42 2.868 L6 -93.68 248.659 N7 25.00 3.300
A7 -120.44 2.868 L7 -65.03 248.659 N8 -165.57 3.300
A8 -94.86 4.603 L8 -59.18 248.659 N9 -195.80 1.013
A9 -133.24 4.603 L9 15.00 248.659 N10 -171.40 1.013
Al10 -110.77 7.223 L10 -4.43 166.956
All -156.96 7.223 L11 15.00 166.956
Al2 -192.80 7.223 L12 -5.82 116.555
Al3 -192.62 1.300 L13 15.00 116.555
Al4 -192.62 1.300 L14 -3.64 87.659
Al5 -192.62 1.300 L15 15.00 87.659
Al6 5.00 1.013 L16 -0.29 70.000
>0 [CHEE) [e] Isothermal line oﬂ E‘% %9’] OO]:’ Pumpk% %Eoﬂjﬂ _/}_l?_t}l— ?:'—]9’] 00]:’ Expj% jg%]'
818| 8 Heat Exchanger 710lK ke o) S veRdith, o5 Fal] A& case ' ollU]
40 ' kbl A 22 Table 100 LFERJITH
. /N o) 3] 1 kgl AAER=E] @ 7EIE oL 2KSEC; Specific
g 30 Energy Consumption)2 ©]£3}o] 37| A3} AH5S 431t
P SECE A 7oA &n)R olURE Aatet A F7)9) fke
2 2 2 el ARkekelom 4 (4l ekgiet.
& c4 En,,,
SEC = --r-:n——(kWh/kg) (@)
10
. j\J\ En,y & 240] 5918 AAY, & AR 97 379 Aekh
0 A

—450 —400 —350 —300 —250 —-200 —150 —100 -50 O
Specific Enthalpy (k] / kg)
Fig. 4. P-h diagram of Base case.

£ LMTD #S YErd Y HX59F HX6E= LNG & H(L8) &%= 9
QS wol 7} =8 ¢ 252 JHR Cased7) 7P e
LMTD#E ¥.elc)

4-2. Energy analysis

=712k Fzel F]E U AellX HF7 5 Foll 2 olUAl=
= g2 0% A Tl 2H)E ofUAIE AEsIS o, o]

Ak S vt 2t

Ennet = Entot, iniEntot,out (l)
En/ul in Z Compl + Z Pumpk (2)
Enmr,out = EXpS (3)

=

sNo 3L =
AL, Byt Eng, o A2 37800
Q < hS

T

§J8 21o] Fakal F Qo) F9S ekt Comp,

25 LRt 7 37g oA Alilel SECE Table 110 YERAATH
Base case®llA] 7]+ LNG2] QYA TS o]-g35to] &= 2 Wzt 1}
A& AR 28U Casel S 715 -192.8 °C7HA] #dsl7] §)
A o] vt 9 W WA S Few st 7€ IS
g oA A= LNGS WFY S ARE-sto] 3715 53atA
A o] Alo]F2 9 YA & FYJste] 2dsk] o 1S we
TS F7] % 0.5kg/s

o r& ok %

AR S F 27 ). g Casel=

$-7%} Base case H.UF & £ olUA|7} 173.42 kW =711
o SECY] 7% 0.13 kWhikg .2 0.06 kWh/kgiH2 S718ksitt.
Case2 4 Case3i= A4 W ke in] A W Alo]Zo] 244
ah= W wakeko] 247} 38.47%, 43.31%E 16.64%%) Caselol] B]
& % AAWA SEC 7o) & Fo g A5t & 24
LNG 713} 25 358 4= Q1= LNG W] 2 7=
S 7] Wizl == A 3719 o] ST E A
Ato] el Qe Fushsro] F7ishiaA SECTT SV A
S wolt}

4-3. Exergy analysis

oA molut A e ol U AEE e $el7k 3B
2 Sk R AL A S ) D) A Fo ol
UA g ojujgict Z X BAS B uAE YKo
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(c) 30 .
[CREY] [v) — Isothermal line
ﬁ‘,‘ Q f% —— Heat Exchanger
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40 — Valve
=
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g
>
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g
a
10
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Fig. 5. P-h diagram: (a) Casel, (b) Case2, and (c) Case3.

#Aate] A12810) 8] 54 Thetat 4 Slek. A Aol o
o A vt Z2eh2s).
Exnet,in = zExin+ZWl’n (5)
Exnet,out = ZExaut+ Zwout (6)
Ilox = Exnex,oul_EXnex, in (7)
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EX,. ;i net exergy input, Y'Ex, = exergy input®] &2, YW, =
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LNG Y95 283 A5t s} 371 At 374 AA 9 313 87F 353
(a) V== (b) W ==
— NG — NG
0 0 —— Nitrogen refrigerant
) )
T a0 < a0
(O] ]
S 3 S 2
2 80 |~ ) [~
1] « 0] //
% L~ Q
£ -120 £ -120 .
K / 2 /
-160 -160
200 HX1 HX2; HX3 | HX4 | HX5 | (HX6 200 HX7 HX1 HX2| HX3 HX4i HX5 :HXG
0 250 500 750 1,000 1,250 1,500 1,750 2,000 250 500 750 1,000 1,250 1,500 1,750 2,000
Heat flow (M) / h) Heat flow (M) / h)
(c) 0 == (d) V==
— NG — NG
ol ~—— Nitrogen refrigerant 0 ~—— Nitrogen refrigerant
) @)
T a0 T a0 {
g g P
2 0 g 2 0 / :
o e © !
(] ] e
o o
g -120 = £ -120 ot
@ B @ ! ,
-160 /———~/ 5 -160 //
200 HX7 HX1 j HX2 HXSE HX4 HX5 HX6 200 HX7 HX1 ;| HX2 | HX3 | HX4 HX5 HX6
0 250 500 750 1,000 1,250 1,500 1,750 2,000 0 250 500 750 1,000 1,250 1,500 1,750 2,000
Heat flow (M) / h) Heat flow (M) / h)
Fig. 6. Heat flow diagram: (a) Base case, (b) Casel, (c) Case2, and (d) Case3
Table 9. Exchanged heat of Air with LNG and Nitrogen
LMTD (°C
Heat exchanger 8
Base case Casel Case2 Case3
HX1 9.57 9.57 13.76 12.36
HX2 17.49 17.49 13.52 11.29
HX3 19.52 19.52 14.95 12.44
HX4 21.56 21.56 16.41 13.60
HX5 22.76 22.76 23.51 21.28
HX6 84.71 84.71 87.53 76.89
HX7 - 5.68 10.33 8.71
Table 10. Energy consumption of each case
Equipment Base case (kW) Casel (kW) Case2 (kW) Case3 (kW)
P1 13.48 13.48 13.48 13.48
P2 50.03 50.03 47.65 47.71
C5 - 75.21 255.95 363.39
Co - 77.31 248.55 357.60
C7 - 74.92 23542 379.75
ES - -54.02 -171.11 -248.65
Total 63.51 236.93 629.93 913.27
e = T ® 4249, 10), A0l e
net,in
5 Exin " = Expygmt Yoo W )
274802, LNG AZ13E 49 A EEe Ael] $Ia vetin = EXNGan ™ Xt Wiy,
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Table 11. Specific Energy consumption

Total Energy Consumption (kW) Liquid Air mass (kg/h) SEC (kWh/kg)

Base case 63.51 852 0.074

Casel 236.93 1,797 0.132

Case2 629.93 2,700 0.233

Case3 913.27 3,600 0.253

LNG-rgs _ 4 .
E net,uut(g - EXNG,()UI+EXL1A+21'= lwexp,i (10) UH /\]'O]%?/] net exergy output—%, EXNtA ey ;f:_]i ‘/guH /\]—O]%il?—
ING-rgs _ EXng ozu*EXLzA*Zt]Wex i H 71z ;‘(j%% exergy outputsr, W, s = W75 Fal A4t
G- - NG, R () 99, ny = Ak ) A2 oA EES ofvdt,

2
EXLNG, in + Z/: IWpump,j

LNG-rgs
Ex =

net,in -

LNG 718} #7 2] net exergy input, Ex; g i, =
LNGPJ exergy inputs, Zlewpump,]. EHEIE S ARE S,
ExXporon = LNG #1718} 2174 €] net exergy output, Exyg o

NG9 exergy outputs, Ex;,, © LNG #7138} 3H-& 53l 37]=
e exergy outputs, Y1\ W, & BEVE B3l ke g,

207 LNG A1 9] A FEg omgi.
A}E F7gollM &71e] Ade 918 Aa vl Abo]F 2] A
282 AL 93 2212 2 (12), (13), (14)°l] VERASITE
N, _ 7
Exnet,in - EXN'Z,regen+zk:5W£omp,k (12)
NZ
EXnel,ouz = EXN/A + Wexp,S (13)
Exy, , +W
nlll‘]; — XNi4 - exp, S (14)
EXNZ,regenJrzk:swcnmp,k
Exfj,ym © A4 vl ALo]E 9] net exergy input, EXy e, o
3719k dwgks T3 dAAE HE¥ exergy inputd,

N L g

Ay

=
Exne/,oul - =

=

7 A = =) [e)
ST W = 5712 B8l 2w A,

Table 12. Exergy analysis for the LNG regasification

&7] N3t g o] ANA] BEE At

(16), (17)°ll HERAATE.

Ak FAE A (15),

Air-liqg _ 4
E net,in EXLIA+EXN1A+Zk= 1Wcomp,k (15)
Air-liq __
E net,out EXLair (16)
Air—liq _ EXpair
Ex - (17)

ExpqtExy,+ 22: W eomp,k
Ex, o’ = 37] 48} 374 €] net exergy input, S Weompi
FE57E T3 ARH dS, EX,A;Z,;]L,"?‘—E 7] A3} 774 < net
exergy outputs,Ex; ;& A€ HA F7)7F 7= exergy
output, mpr "= F7) N3k 3] AMA] FES o]t
A A] ArkS E38) ZF case H LNG A 713} 34 5 @A
ANAR] E=2ES Table 1201] ERISITE LNG A7]8} 217g 2] <A
2 £ A WA Ausky] W el 93 71 7] Seof 9
3f] WA} Base case?} Casel LNG #1713} #g oAl 34 =
7o) B L3 ] wiel AxA] &AgFo] Zrt gk B Case
7t FEAoE AMA sgel gk 7t 7ISwelA di=k
51.86~65.40 kW= 7Hg W2 Ax#] o] Tttt o= LNG

Equipment Base case (kW) Casel (kW) Case2 (kW) Case3 (kW)
Exergy destruction
P1 7.135 7.135 7.135 7.135
P2 18.425 18.425 20.450 20.401
El 3.235 3.235 3.235 3.235
E2 2.797 2.797 2.797 2.797
E3 2.334 2.334 2.334 2.334
E4 1.962 1.962 1.962 1.962
HX1 25.299 25.299 16.679 14.751
HX2 8.989 8.989 8.912 7.674
HX3 9.549 9.549 9.391 8.182
HX4 10.487 10.487 10.005 8.625
HX5 10.495 10.495 20.100 21.580
HX6 4.340 4.340 6.816 7.580
Total 105.047 105.047 109.817 106.257
Exergy loss
SW1 65.395 65.395 68.565 51.856
Sw2 5.328 5.328 5.328 5.328
SW3 5.757 5.757 5.757 5.757
Sw4 4.265 4.265 4.265 4.265
Total 80.745 80.745 83.915 67.206
Total exergy waste 185.792 185.792 193.732 173.464
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7] A2l Table 1491 W= Base caseollA] WAsh= thFe] H-
2 71312 <1510] valve?} Sep20ll4] 242t 47.14 kWet 51.70 kw2
A xj =] =4 o] WAYSHA FT}. o]+= Base casel] & A A &A=

T 33.11%%5 AA Sz 3 Folnh. 7} Case®] MA| BAE2
Fig. 701 YRl oH o] & F3l ARbAQ] XA &8 s &
A& B 312} ST}, A Base case®l Casel 2] & A X SAHS
Hl R A Yl Afo]E2 ‘:?J O F <13} CaseloM F714

1 ] o] wASHAIRE, FE 7| shkS ARl 0w F
o) )8 £8) 92— oﬂ;qz] EAS 2o HEA 07 olAIX
F&o| T7KHE ER1e = olvk WhA Casel,2,39] ¢ 7% 37
ol STt whet A Jfo] Fhashs S Rl 5 3
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Fig. 7. Exergy efficiency of each case.

Base case Case2 Case3

ZA)2ko] B3] Z7lsle] Anba o g x| Fho] sl A
o7 g 7 A W] Alo| A uhsh= tEke] ol
AA] f=Ao| = B8} al Case2®) Case3= E 33 7+ Case2] A
A w801 70% oVdE ek Ao vehstth

4-4. Economic analysis
229 AL V] SAsjel o Aple ] S

TE7FS7FeHA HaL, ool whet A Wul] Afo]Sof| A o] e A#] oM A1 B7FE skt oluAn]&-2) 2F1]&el it A
Table 13. Exergy analysis for the N, sub-cooling cycle
Equipment Base Case (kW) Casel (kW) Case2 (kW) Case3 (kW)
Exergy destruction
C5 - 6.299 22.162 32.635
Co6 - 6.389 21.417 31.910
C7 - 6.223 20.432 33.653
HX7 - 9.225 67.403 85.280
HX8 - 8.553 37.909 75.062
ES - 18.106 57.389 83.345
Total - 54.796 226.712 341.884
Exergy loss
SW5 - 6.507 17.905 18.719
SW6 - 7.524 19.060 21.191
SW7 - 7.143 17.264 23.853
Total - 21.174 54.229 63.762
Total exergy waste - 75.970 280.941 405.647
Table 14. Exergy analysis for the Air liquefaction
Equipment Base case (kW) Casel (kW) Case2 (kW) Case3 (kW)
Exergy destruction
C1 3.894 3.894 4.502 4.645
C2 3.641 3.641 4.248 4399
C3 3.325 3.325 3.923 4.083
C4 3.030 3.030 3.635 3.814
valve 47.143 5.837 3.529 2.230
Sepl 0.000 0.000 0.000 0.000
Sep2 51.699 0.162 0.000 0.000
Total exergy waste 112.733 19.889 19.837 19.172
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ARAE 212} 2 (19), (20) 21)ell HERASIT
Cprod SEC x (Celec) (]9)
trans (Opdate) (Opcost) / my gy (20)
Ctotal = Cprod+ Ctrans (21)

Corogc AA 371 1kgs A7) 18 oA H] 8ol C, i
A7) 1kWhe 7} & YERATH26]. C,,. = A 271 1kgd LNG
S G, Opgt= A B7] £571E, Op,,ii= A &
UL, my ;> AAE HA F719] DS ERdL C, i AA
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Table 15. Condition of LNG transportation cost calculation

o,
r

Object Value
LNG carrier capacity [27] 145,000 m’
LNG mass 66,805,389 kg

Liquid air mass of Base case 15,813,886 kg
33,349,163 kg

50,104,042 kg

Liquid air mass of Casel
Liquid air mass of Case2
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Ao = kel A 7] 1 kg ol A|v]&o] 7H vt
e gL gakEEo 7 Qg 13] HE IS J|Fo R 5T
I A= HA FI)Fo] 47}X1 case & 7H& At} &, LNG 24
FaE Flal FLE 713]n] 8-S AmshAINE A A E A Fr]o]
217 vl Al 571 lkgDL 25080 $0.0518/kg® 71 =
WS 7 A ek AlQE 379 2] ZF Cases Blwsl| R A 7] A
’“Paol S7FETE 1 kgd oA &2 57 eEAIRE | kg'd 5]

1 Fhashs A BRIt} ojw) Az F7] ALk St w}
NAN]&-2] S7RERTE 25182 RAZo] % & 49 F
J)’H]J‘l"] 7H-3HA) Fie}, A Base case®} CaselS H] WS of, <
A 7] Brkeko] 2ulf o) F o ® FIFRARE el A u| -2 S
o] At o 2 2o} Base case THH] Casel2] F&H]|8-0] 36.8% 7+
23} A & Case32] -9 Case2%} ¥ ale] $0.002/kgqt
F EFZ olvAu)go] aTE Y #5089 dEol & A
Case2 UH] F-2H]|8-0] 5.4% 71/\0}74] 1= é, oA n] g2} &

Liquic.i a.tir mass ofCase.3 66,805,389 kg £H) 8-S B 18F 2 njg=mo)A] 2 “H Case37} AAA
Electr1c1t}f who?esale prlcfe [26] $0.096/kWh 0% 71 Salake Bolak 2= 9T} HEH O CasedS MEIS o]
LNG carrier daily operation cost [27] $71,000/day 1h0 os A g o 15 $0.0223 AL nL0 2 ol
S 8= 8 - A
Distance between loading and unloading terminal [27] 5,000 mile ©° 2 _‘E; E] z_'; —]_ai? c?se ’ e te—r
712 A1 S
Carrier speed [27] 19 knot §718 At Bl 2Ee o gl
LNG ship operating date 11.53 day
Base case -
Caset | NN
M Production
Case3 — Transportation
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Unit cost [$/kg]
Fig. 8. Liquid air production and transportation cost of each case.
Table 16. Liquid air production and transportation cost
Base case Casel Case2 Case3
Cproa ($/kg) 0.0072 0.0127 0.0224 0.0244
Corans ($/kg) 0.0518 0.0245 0.0163 0.0123
Coo (3/kg) 0.0589 0.0372 0.0387 0.0366
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5. Conclusion
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