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2.1.1.

z

|
X
2

MOZtA U2 MYTYIAAM Ldst= BOG & &3}
Qs 1960 HOHFEH AE-HE =7 A|AHES HEJYCE (Yeo et al,
2007, Ekanem et al., 2015, Wayne and Hodgson, 2006). O|= 2ot
BOG € HYZOIM AAAZ F7IE ddstn, 4l S7|8 FT
AMFITF HE LHZ|0 Isotq F=ZH oA dTHZ diste

S AO|CH (Fernandez et al., 2017). 23t BOG € GIEE AtESH0
Mg 4= Qrtes HEo=Z Qg @2 7|7F AELEY AT F7
AMa"oz MER 2ROt Z2ibf AELEE A2 ol JfEE
ST (HFO, Heavy fuel oil) #+& 2 & X% C|& QAZI H|S
20| XOf, gz ARO[ Rt AELEHE ATl Ol2st I
g2 Qo HE J|l=2 IS BOoG EHMEOl E0E MY

0

o
WAZE L Eo et E0N F7 AERE SS0H0fSte =0
MUCE (Yeoetal., 2007; Ekanem and Bucknall, 2015; W.

L

ayne and Hodgson,

2006; Lee et al., 2008; Gilmore et al., 2005). E$t 7|2tof H]sH HfZ|
ZFA0IM O RE2 Ao O|LtalEFAT HiZEE|RY
Ol8 HMUIIA QHEMO| XX A|AHIS
(Ekanem and Bucknall, 2015).

2000 HLH Z=0{ HFO 2 BOG £

oF ¢z |2

S D5 QRE ABE £ Us
™7| (DFDE, Dual fuel diesel-electric) F7%
H5§ 280 O

AAl HCh= 0| QAUCH (Yeo et al., 2007;

NEERA2

Hi7|7kA Wel 2g=2

Ol= 2E-HE AT

Wayne and Hodgson, 2006; Lee et al., 2008). DFDE A|A&2 X 2| &
BOG o 372 =TE2 4 ¥H C|B LM7| Ao SZ6HA
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2.1.2.

>
dal
[0
Jal
40
3%
o]
=
rot
=
>
H1
rt
re
N
[ >
Ho
T
rx
1o
19
N
3
X
Yl
A
N

2 ol o Ame

M4
J
mo

2 =
=22stX| 2ot THEO| QUL (Yeo et al., 2007; Wayne and Hodgson,
2006). EETF A APEOIM 2 HEGE JHEEcE  FHE
MOt fIgh A|AHIO] S22 Zeds| ATISl 7|7t 210 S7H0]
Mol ZRstH |A[ & H4=0| B2 HE1t 30| QI (Lee et
al., 2008).

ha RAL AT 2 WH K% O AN £HO BHE
Aoz, - O A EAF AT

H
ATOR LELOFCH £ AN 25 7ta

sl
Ral
2
N
| >
M
>
Hd
[N

=
=
Ar2) & =28% 4 ULt (Man Diesel & Turbo, 2014; WinGD, 2018).
=2 22 C2 AMO|ZL 2E MO|ZE2 HEDH A=, ofaf
=

|
a8 1,2 o 20| € S=1t HiE0| LoiLts Ao XHo|7F ULt

(Man Diesel & Turbo, 2014; WinGD, 2018). HX, C|® AlO|29| HL
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2d Y= YEioA O|FOZICE B2 2E AO|22| 8% &FT

—

MAE otoM O|ROTILE S7|2t AE7t M0l AFoAME Xto|7t

A=, CI2 AO|Zel 39 BHAN S71§8 HEH WM HE
=t §f HRE ZAGHE WACR Xt o7t O|FO{TICt HHH
RE MO|29 4% 5% MIOM 7|2t drE AN =gt F
O CHE &= ¢ = H=trt o|R0{TILY.

1-2: Isentropic compression
2-3: Constant pressure heat addition
3-4: Isentropic expansion

Qin 4-1: Constant volume heat rejection

2 * 3
P,=P; }---- ‘ Ts
[
|
H Wout T
1 4
'\ &
]
4
|
P ! 4 T
Py fomomboee e R e e e S
| I
)
| —>
| |
Py e == o Qout T
] | i i
1 | |
1 | i
i ! A
V2 Vs Vy=V,
V —_— ©2017mechanicalbooster.com S _—>

Fig. 1. Pressure-volume (left) and Temperature-entropy diagram of
diesel cycle (VIVADIFFERENCES, 2017).
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1-2: Isentropic compression A

4 2-3: constant volume heat addition
3-4: Isentropic Expansion
3 4-1: Constant volume heat rejection 3
w
an out
Pl 2| T
E &ut
E wl'n ' 1
: > . >
V=V, Vi =V, $1 =82 S3 =S4

V—

©2017mechanicalbooster.com

Fig. 2. Pressure-volume (left) and Temperature-entropy diagram of otto
cycle (VIVADIFFERENCES, 2017).

ditdo=z O AO|Z22 280 RE AO[EELC 2 Ay
20|, Mufo| JtA EAF AT Al ZE2 FEES HeIChL 0olE
HoEE ERE2 2E AMO[Z20| F2 £ UXT 1 ATIO|
XMt AT HIS| Z&0] O Z£Ct (Juliussen et al., 2011). XM Z 5L
EHE 7| st Az A2 2FOI SFOC (specific fuel oil consumption)
2 HuslE™ oF 7 9o HE XO|7} L= AS =l = UL}
(Man Diesel & A gz 2

Turbo, 2014; WinGD, 2018). =gt =2 0o| Qb=
Xpo|Zt QUL e AMTIel FL 9 300 bar 7tX| BOG & ¥

SaOoX|CH MY ATl BL 9 16bar 7HX|TH =SHH EICH (Man
Diesel & Turbo, 2014; WinGD, 2018). O|Z ¢
AAEIOMe] Y ARE0E 2 XpO|7F HCf ATIOl HiZ[7tA
ZHOM EXEH, K ATIO| NO, HiEO| MOl /EISICH (WinGD,
td #HE TSESHEH Z2E2| EGR

tot

2018). 1@ AAZIol H<L

r
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Fig. 3. Linde-Hampson liquefaction process.
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Fig. 4. SMR cycle example.
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E6 K6 E5 K5

Phase separator

To LNG tank
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LNG tank To auxiliary engine

To propulsion engine

Fig. 5. N2 Brayton cycle example.
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Fig. 6. Temperature-entropy diagram of N2 Brayton cycle
(Venkatarathnam, 2008).
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xl—-l g7|’ﬁ ( mre—liquefied LNG)
(Ppower consumption) o= 0" LﬂXl E% (SPC) % 7:"
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TAC = ATCI + ATOC + Cgogloss

HZb IXH|l (ATcl)= HHEIIA REHMO 2ET|ZH (n)

I mo

20 Hoz JpPgsta AZE 10 %2l O|F (i) & MEoty 2H[e &

EXHIES Z=H™UCE (Shin et al., 2003; Turton, 2013).

ATCI = TCI (a+ o
B 1+i" -1
S HX|H|= orzfel Anp 20| BAHE|H, Q = A[XHO| B
Zgolct.

TCI = Fgy X C) Ry § €Q

TOHHIE (C)) = FHl j 9o FHs " L WEO s
As=0[Ct Zt &H| j of CHSH HlOf 2E WE (F)y) = Ok E
&Lt OfHH| (contingency) 2t ==& (fee) €2 7t HEZ
7| s AAER A (Fy) & DM AAEZ A
(Fgee) E MMM 2 =20Me 118 22 7PFRUCE F0f HIE
C)) = sid FRHel & (A) o Cist g==0|0, otz Alup Zo
e 5= ACH ZH FHIC| AlF (Ki, Ko, Ka) £ Of2 EQF ZC} (Turton,
2013).
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2
loglocp,j = Kl,j + Kz,j " logloA]‘ + K3’]‘ " (logloA])

Table 1. Factors and coefficients for capital cost calculation.

Equipment K1 K2 Ks Fem
Compressor 2.2897 1.3604 -0.1027 7.0
Liquid Turbine 2.2476 1.4965 -0.1618 6.2
Heat exchanger 4.6656 -0.1557 0.1547 4.3
Intercooler 2.7652 0.7282 0.0783 3.3-8.8
Phase separator 3.4974 0.4485 0.1074 10.3-36.9

A7t 2H| (ATOC) = RAl 2| A 21 2AHAE HES

SHASE0] A A5kDY, of2f At ZCf.

Ol7IM Fero = A B 2

==0 M= 0.066

2|
OrR|gte =, S7tA9 &4 H|IE (Cpogiess) = OFEiet 0
AlLrHCt

242t Hei7pAol B9l 7t

Nl

2
ol ", 2 HIRE () oM BLAAT a%EE &
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Klo

GRI 3.0 28 HAHLIZO & LLE AA AZELQ|0Ql Cantera &

Jlgto @ AAt
H Ao A

JETESE]

Ct (Frenklach et al., 2021).
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Table 2. Thermodynamic state of the combustion chamber.
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Fig. 7. Process flow diagram for the fuel supply system without BOG re-
liquefaction
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Fig. 8. Process flow diagram for the fuel supply system with the LT
process (the LT-JT process is indicated by the dotted equipment LT).
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Fig. 9. Process flow diagram for the fuel supply system with the LP mix
LT-JT process.
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Fig. 10. Process flow diagram for the fuel supply system with the IP mix
LT-JT process.
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Fig. 11. Process flow diagram for the fuel supply system with the HP
mix LT-JT process.
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Table 3. Design parameters for the fuel supply system.

Parameters Unit Value
Compressor efficiency adiabatic % 75
Liquid expander adiabatic % 75

efficiency
Intercooler outlet °C 45
temperature
Intercooler Ap bar 0.5
Heat exchanger A Tmin °C 3
Heat exchanger Ap bar 0.03-1

Mg d30 MEgE HeiEHATrAo] =E2 EU AIZOIAM

tESHe REoE JPYSIRSH, XtMEH MHE

Table 4. The conditions of the stored LNG.

Parameters Unit Value
LNG composition
Nitrogen mol % 0.37
Methane mol % 95.89
Ethane mol % 2.96
Propane mol % 0.72
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n-Butane mol % 0.06

LNG temperature °C -161.80
LNG pressure bar 1.06
LNG density kg/m?3 437.89
BOR vol % / day 0.1

ol
2 2Eo H2 YEE Ve AR M8, MM 2=

Table 5. The conditions of BOG from the storage tank.

Parameters Unit Value
BOG composition
Nitrogen mol % 0.48
Methane mol % 99.49
Ethane mol % 0.03
BOG temperature °C -120.00
BOG pressure bar 1.03

ME 30 EdstE BOG o &2 FA4sH7| o BEE

(BOG, boil-off rate) Al4t0] ERotH, Ol FH

MEL FH X Aoz FE, MESl & &1t &0

BEEE F4E =07 W0 =Z=ZHQl cFD ZH0| ER5tot

ESH MBIMATEA o] TR ZEE0| s F X|&H
Ad=0le BAR Eteleadt R0 ez Had

ZO|Ch XNIE MAHIIAL[ AlZto] ME = BBLE  weathering

O

Z2M2e2t o5tH, Ol 7=t HAHUENE s 0K

38



=

gof g2 7|XIcth o|ep TS EE2 MAAFSO|
On, otF XNZEE HAIIAOl 008 O|A 0.15 vol % 7t

Z . M2t & =20M= BOR & 0.1
vol %/day 2 7HISIRAD, AlZtE YdSt= BOG 2f &2 Ofzf

Map 20| At + UL

oM 4> oQ
o
H
3@ M

ne
ret
in
rr
re
-1
[N
=
\d
[0 — o
30
n

Mo = T'BoR X Viank X LVtank X PLNG

0] 7| A rBOR% TUE, Vane MY &322 T 2L, Lygys
WAO| WH| 2|, pinee HRHAIIAQ| HEO|CE & HAFOME
170,000 m3 (new conventional size) 2| BHEZ QY XZIEHIE TJtE
e MAJA QHIMS nastPom, 89| 95 vol % 7t BHEE
MHA ACHD ZPIRUCEH Ofof 2l Altter ADf, 29465 kgh 2
BOG 7t &3 Jo| dHEE=E AeE IJHELCL  Al=olH
DHOME MEYIN 7ot E YOl JACte A2 JPIRLEL

T CHe| DFDE 77| AZIO| 50 % FSHO|A ZSE[Of 4000
kw o THZ dASHe MATA UMM ZZotCt O[E 2H
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Sl SFOC (specific fuel oil consumption) =
7671 kIlkwh 22 Zt-3UCH FX
Atel 5670 REE MBS BT £ E W7 T 9938 kw 2|

o
SHs Aoty flet 22 =S A7 fI8l sFoc s

AMXIo] AL Man Diesel & Turbo

6280 kJkwh = ZpEYCt ™3 g4 9 R=T0| ot A=
Qe otz Alut Z0| ALtYct,
Pengine X SFOCengine
LHVfye
O7I1M Pengine X SFOCengine = ATl TH 277 8
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A XIS SFOC 40|, LHVy = Y9EZ 33E+& BOG 9
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Table 6. Specifications of the products.

Parameters Unit Value
DFDE fuel temperature °C 45
DFDE fuel pressure bar 11.5
DFDE fuel mass flow kg/h 621
rate?

ME-GI fuel o 45
temperature

ME-GI fuel pressure bar 300

ME-GI fuel mass flow kg/h 1262
rate?

Re-liquefied BOG bar 95
pressure

BOG pressure for GCU bar 3.5

HMel7tAol 7tAL 5 USD/MMBTU (1 MMBTU = 1055 MJ) 2
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HEfO[1 B AT JtSE[H, H= BOG = &ZTtCh Ofd H=
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Table 7. The voyage schedule of the LNG vessel.
Parameters Unit Value
\oyage speed kts 155
\oyage d/cycle 12
Unloading d/cycle 0.5
Number of cycle cyclelyr 12
32 Ol Mot EHE B7F WHEEN Wt 7|E dr 35
A" 8L Tl SFO| HIES FAUSIALD, 34 oM METt
Aot HYHEN ZHSE TAUCE = Hot= Of2f Aldp 20| B
x Off mep AZE H|E (TAC) & %[221517| {5 +=AUCE
min f(x) = TAC
X
subject to  ATpincue = 3
ApyLy-1 2 0
xz?luﬁ 0.05
1.5< Prg_s < 4
X|p =X =Xyp
HOME gH7lel EF @S Jtr aZ AzrHem
BUWXl= BOG o &7 ¥HQl 35 bar & SFHGHEE DFPAUCL F
A 9L CRA A 2Evlol HjE e =z dn o A
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@2 d20= 1P mix JT 380| Hixet d55 W= oS0 & =
AS Aoz EQlo
Table 8. Bounds for the decision variables and the best solutions
obtained.
Optimal value
Variable Unit LB UB - P pmix TP
Reference  JT T mix LT-JT mix
LT-JT LT-JT
Meey  Kg/h 0.0 10704 1070.4 00 00 0.0 0.0 0.0
Pri-3 - 15 4.0 3.8 3.9 3.8 3.9 3.9 3.9
Pri.4 - 15 4.0 3.1 3.1 3.1 3.2 3.1 3.3
Prs3 bar 5.0 60.0 - - 7.9 7.7 8.7 12.0
Pra4 bar 2.52 20.0 - 25 25 25 4.0 12.0
Tr2 °C -122.0 -60.0 - -1196 -120 -120.2 -1174 -117.2
24.0 for the LP mix LT-JT process and 12.0 for the HP mix LT-JT
process
Table 9. Optimization results with process performance parameters.
. LPmix  IPmix  HP mix
Unit  Reference JT LT-JT LT-IT LT-JT LT-JT
Liquefaction ratio? - - 0.75 0.80 0.80 0.83 1.00
miNG kag/h - 1063.34 1063.66 1063.71 1063.33 1063.90
Mgcy kg/h 1070.42 0.00 0.00 0.00 0.000 0.00
Peomp kw 511.09 109741 1071.05 1068.47 1055.01 1089.41
Pt kw - 0.00 8.81 8.78 8.83 9.21
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Specific power® kWh/kg - 0.46 0.44 0.44 0.44 0.46

Cold duty kw - 268.47 251.67 250.80 253.48 252.76
MCH UA MW/°C - 26.55 21.20 21.18 20.41 22.80
LMTD °C - 10.11 11.87 11.84 12.42 11.09
ATin °C - 3.52 3.34 341 4.78 3.00
Compressor ~ $/yr 234161 421747 414256 413520 409664 419480
LT $lyr - - 4102 4084 4113 4326
ATC MCH $lyr - 75305 68415 68385 67358 70511
Intercooler $lyr 4600 16933 16525 16488 16340 16684
Separator $lyr - 15694 15694 15694 15693 15691
Total $lyr 238761 529680 518991 518171 513168 526692
Other® $lyr 134159 297626 289315 288864 289037 312621
ATOC Net power $lyr 226055 485385 469828 468703 462724 477770
Intercooler $lyr 2100 6857 6648 6633 6560 6791
Total $lyr 362314 789867 765791 764199 758321 797183
BOG loss $lyr 948686 78834 78834 78834 78834 78834
TAC $iyr 1549761 1398382 1363616 1361204 1350323 1402709

2_jquid fraction of the phase separator inlet stream.

®The fraction of the total compression power related to recycled BOG
mass flow rate / the final liquid product entering the storage tank.

“The fixed cost, the maintenance cost and the cost for supplies.

Table 10. The optimization result of the LP, IP and HP mix JT

processes.
. LT mix IPmix  HP mix
Parameter Unit JT LT-JT T T T
TAC k$/yr 1398.38 1364.41 1395.72 1379.15 1428.21
Relative payback 5.60 513 5.56 531 601
period
415 9ZA4E FM
Heizkaol Jhze Mool oz ZF AlAHol AHMS
Horgt f =% O/ & StLO|C 9E= AMEStL H2
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Fig. 12. Total annual cost as function of LNG price.

Table 11. The mass flow rates of the LNG product and the BOG sent to
the GCU for different LNG prices.

LP mix IP mix HP mix

LNG price  Reference JT LT-JT LT-JT LT-JT LT-JT

[$/MMBTU]

MENG Mgcu MLNG MGcu MLNG MGcu MLNG Mgcu MLNG Mgcu MiNg Mgy
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Fig. 13. Process flow diagram for the fuel supply system with total
recycle and no external refrigerant for BOG re-liquefaction.
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Fig. 15. Process flow diagram for the fuel supply system with SMR cycle
for BOG re-liquefaction.
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Table 12. Classification of simulation cases.

Case 1o, Process type Maximum feed gas pressure
1 NER total recycle 64
2 NER partial recycle 40
3 NER partial recycle 64
4 SMR 16
5 SMR 40
6 SMR 64
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des0 R4Fez JHSY| Wm0 MY 30 HTE
MAILAO| b= XO|E EQICt BOG 2 SEE2 € FUO|
AN™SICHE 7HEE Sl 0.1 vol %/day =2 7HIRUCE
Table 13. BOG thermodynamic state and evaporation conditions.
Parameters Unit Value
BOG property
Pressure bar 1.06
Temperature °C -120
BOG Composition
Nitrogen mol % 0.48
Methane mol % 99.49
Ethane mol % 0.03
BOG generation
Boil-off rate vol % / day 0.1
Tank Volume m3 170,000
LNG Liquidity vol % 0.95
LNG Density kg/ m3 437.89
&8 gH9l =8 REAEs Ok ®ep #0| AL F
MAE 9= B3 A2H L WA BW| Oy £Eo=2 %7,
Euety| A Y BE 522 FHEO ACL SugI[oAM e &=
dot= M 2HeF FASHA JP8en, Boc o =i YWdE
282 non-isentropic FHME ZHEUCE 2 CHe| EHZx QAZEIO| 50 %2
FOLE 3600 kw O UHE Jitotttn dARMON, 28 UHE 6
bar 2 7PIUCH U= 2RSS ALUSH] Rl AT ZA0M
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Table 14. Modeling parameters of the process equipment.
Parameter Unit Value
Compressor isentropic efficiency % 75
Intercooler outlet temperature °C 45
Intercooler AP bar 0.5
Heat exchanger AT °C 3
Heat exchanger AP bar 0.03-0.5
Auxiliary engine power kW 3,600
SFOCaux kJ/kWh 7,590
Propulsion engine power kW 11,620
SFOCpror kJ/kWh 7,269
g EOlE ZALE Tt £ 31 1 32 Ol A& ofHX]|
28 =4 %A FHd @7t YHEN 2 58 gx§ 48 F,
I gr S5 Al2E H MUY=t SYS 34 oM Mzt Z[Hst
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M x O U2t S5 28 Z230H7] fIsl AU

min f(x) = SPC,TAC
X
subjectto  ATpincue = 3
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Table 15. Bounds for the decision variables.

Variable Unit LB uB
Mgey kg/h 0 1030
Pr4 - 1.1 4
Pris - 11 4
Pris - 1.1 4
T °C -160 -90
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Fig. 16. Results from energy efficiency optimization.
Table 16. Results from energy efficiency optimization.
Max. feed _ Re- _ LNG
gas liquefaction SPC Power GCU roduct
Case pressure ratio? P
[bar] [%] [kWh/kg] [kW]  [kg/h]  [kg/h]
1 NER total 64 74 05004 3516 3307 7025
recycle
2 NER partial 40 74 05410 2158 6349  398.8
recycle
3 NER partial 64 74 0.5057  366.1 300.6  723.9
recycle
4 SMR 16 97 0.5211 5154  37.7 989.1
5 SMR 40 77 0.4717 458.6  51.0 972.2
6 SMR 64 81 0.4653 476.0 0.0 1023.1
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Fig. 17. Temperature-Heat flow diagram of Case 4 to 6
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Fig. 18. Optimization results based on economic analysis.
Table 17. Optimization results from the economic analysis.
Unit Casel Case2 Case3 Cased4 Case5 Caseb
Re-liquefied LNG kg/h 726.8 398.3 726.2 - 1023.6  1023.9
GCU kg/h 306.3 635.4 307.3 10288 0.1 0.1
Power consumption kw 368.5 216.8 371.3 - 548.3 520.3
Specific power kWh/kg 0.5071 05443 05113 - 0.5356  0.5081
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CHE Cold duty kW 200.1 112.6 199.4 - 1092.7  986.7
UA kw/C 21.8 9.2 220 - 1134 110.6
LMTD C 9.2 12.3 9.0 - 9.6 8.9
AT min C 3.0 3.0 3.0 - 3.0 3.0
Outlet T o -117.8  -1189  -1182 - -1345  -137.8
TCI Compressor  k$ 282213 2254.48 2832.02 1798.96 3825.13 3725.40
CHE k$ 547.94 40205 550.18 - 1302.49 1282.35
Intercooler  k$ 21395 176.04 21441 162.12 320.39 305.05
Separator k$ 4451 4451 4451 - 4451 4451
Total k$ 3628.54 2877.08 3641.11 1961.08 549251 5357.30
ATCI k$/yr 426.21 33794 42768 23533 64515 629.27
ATOC k$/yr 502.07 386.80 504.14 25426 752.68 730.00
BOG loss k$/yr 359.58 665.00 358.64 1005.54 74.38 74.37
TAC k$/yr 1287.86 1389.74 1290.46 1495.14 1472.21 1433.65
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Fig. 19. Sensitivity analysis according to LNG price.
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Table 18. Optimization results from the sensitivity analysis.

Case 6

re-

LNG price liquefied GCU ATCI ATOC BOG TAC
Case LNG loss
$/MMBTU kg/h kg/h k$/yr k$/yr k$/yr k$/yr
4 495.6 537.0  361.84 42521 459.48 1246.53
Case 1 5 726.8 306.3 426.21 502.07 359.58 1287.86
6 746.4 286.9 434,01 51457 409.78 1358.36
4 397.8 635.8  337.79 386.52 532.33 1256.65
Case 2 5 398.3 6354  337.94 386.80 665.00 1389.74
6 401.5 632.1 339.34 389.08 794.37 1522.80
Case 3 4 703.8 329.6 419.03 49440 303.62 1217.05
70
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5 726.2 307.3 42768 504.14 358.64 1290.46
6 743.1 290.5 43446 51526 411.47 1361.20
4 0.0 1028.8  235.33 254.26 804.43 1294.02
Case 4 5 0.0 1028.8  235.33 254.26 1005.54 1495.14
6 0.0 1028.8  235.33 254.26 1204.20 1693.79
4 0.0 1028.8  235.33 254.26 804.43 1294.02
Case 5 5 1023.6 0.1 645.15 752.68 7438 1472.21
6 1023.4 0.0 644.71 75416  89.18  1488.05
4 0.0 1028.8  235.33 254.26 804.43 1294.02
Case 6 5 1023.9 0.1 629.27 730.00 74.37 1433.65
6 1023.4 0.1 628.48 730.87 89.26 1448.60
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Metst S0l EME deel Zus 7| AO|ALb HUSHEH,
Moot SHS Sl =t=2 &S E0|12 O|LeEx HiEES Y
= AZS & =+ UL =2LLME HES Ao/~ 5 2 6 O
A7t otE M9k A 0|A 13 30f H|B| OfLtotErA HIZEO| 15%
tEd HEs & =+ UL ol M=t 58o| 8= S7HAIA
b aZb A AE”0Mel BOG F4aE Y= A0 2HFHQ ZHO|A



[—1Propulsion
7 H B Auxiliary
[ ccu
—{O— TAC

(3
T

(.202 emission [ton/h]
w £
T T

0 1 1 1 1 1 1 1

- -- -
2] 8: o

5

& & § &
TAC [M$/yr]

-
N

Ref. Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Fig. 20. Breakdown of CO2 emission.
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Mg S22 2L 7|8 492 Be) 2 U Su ALEHSeZ

St WO AFO|20|AN AER (R1) 2 2 B 2F7| (K-3, K-4)
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£ Sl e=E =T (R2), SuV|0M LA (R3). Ol #E

—

(VLV-2) OA HE = (R4) Su27|0A BOG O HEZ XNSTHCL.

432 BAF =4

MATIAQL BOG o =AML ofgf me} Zto| 7pEUCH ZH

DOALE QI A8 AZEQOQ ASPEN HYSYS V10 S AtEICH
ot 2 AN FE AFE EbStpAo] 1 M2 MM

Il

O|F0f X|2 2, AE| EYAlO 2= peng-Robinson 2 X-83UCH.

Table 19. LNG and BOG condition.

Type Unit Value
LNG compositon
Nitrogen mol % 0.37
Methane mol % 95.89
Ethane mol % 2.96
Propane mol % 0.72
Butane mol % 0.06
BOG composition
Nitrogen mol % 0.48
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Methane mol % 99.49
Ethane mol % 0.03

ddE BOG ol &2 LhE AL ZO| ALt
BOG=V Lv-p-V,

O7|M MEH3AS| £ £ (V) = 170,000 m? (new conventional
size), A& 39| M| (Lv) £ 95 %, MAUIIAS| UL (p) £ 437.9
mé, SEE (V) 2 01 wday 2 7HF30f, O|F Sof Aoxl
AlZtE BOG L2 2946.7 kg/h OfLCt.

AZIOMO] HZ QT (BOGewyine) = ==t T, A3}

)L!

SHYOE EHENHLE BOG 2o R (Bl, BOGriiq) = Of2f
7 (e]]
AA

BOGe-jig = BOG — BOGygine

2 QTOIAE Muro] AT AlAHES FTS 93

of

=pe|
- T =

>
=

M3 MAS Y3 BX Aoz RNYOD, Aol HE DS
Ofef AT Zo| AArCt

Fuel riom — PWSFOC -1

uel consumption = LHV

ATl F me| (Pw), AZEIL] SFOC (specific fuel oil consumption),

HZ 252 U7 g AT 2} () o =

0|'

b 242 BOG 9
ML (LHV) 22 LHrof FH 3jE QX0 AR AR

A = ACE oM Mast 2 AT HO|HE ot & Z0]

r

Table 20. Engine specification.

Type Unit . Main ) AUX.
engine engine
Manufacturer WinGD Wartsila
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Fig. 22. boiling point of each composition.
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Fig. 23. The optimization results.

Table 21. The optimization results.
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parameter Unit Value
reference Case 1 Cz;se Case 3 Case 4 Case5 Case 6
# of refrigerant 5 5 5 4 4 4 3
components
N2 mol% 57 127 87 180 127 110 173
Cl mol% 274 306 287 272 300 288 390
N C2 mol% 334 312 269 212 318 294
Composmon
C3 mol% 258 00 00 336 43.7
nC4 mol% 1.7 255 25.6
iC4 mol% 35.7 308
MR mass flowrate  kg/hr 5308.6 5181.3 5786.3 5317.3 5463.1 7087.9
BOG feed pressure  bar ~ 66.51 107.68 10554 98.72 107.86 92.15 116.51
MR inlet  bar 9 72 4 95 72 55 108
compression
oressure  outlet  bar 60 488 37.9 887 49 464 T2
BOG temperature 1454 -1452 -1454 -1454 -144.8 -145.6
after Heat exchanger
Total power KW 4239 4466 5268 4243 4479 5558
Consumptlon
SPC KWhikg 0.3046 0.4487 0.4728 0.5576 0.4491 0.4742 0.5884
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Abstract

Optimal process design of BOG re-liquefaction systems
for LNG carrier

Chulmin Hwang

Naval Architecture& Ocean Engineering
The Graduate School

Seoul National University

Due to tighter environmental regulations, the demand for liquefied
natural gas (LNG) is continuously growing. The natural gas carrier does
not require a separate fuel storage tank since it can use naturally
generated BOG (boil-off gas) as fuel. However, the challenging issue for
using BOG as fuel is to handle the surplus BOG. Unlike previous engines
that incinerate surplus BOG through a gas combustion unit (GCU), the
development of gas injection engines is changing the approach to BOG
treatment of natural gas carriers. As a compressor capable of high-
pressure compression is installed inside the fuel supply system, the boil-
off gas can be recovered to the storage tank through the re-liquefaction
process only by adding some equipment such as a heat exchanger and a
phase separator. Through re-liquefaction process, it is possible to obtain
economic profits by minimizing the loss of cargo, and also to reduce the
amount of carbon dioxide emitted through GCU. Due to these
advantages, studies on the re-liquefaction process of natural gas carriers
are being conducted, but studies on designs that comprehensively
consider process performance, economic feasibility, and environmental

impact are still lacking.
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In this paper, energy efficiency, economic feasibility, and
environmental impact are analyzed by subdividing the fuel supply
system and re-liquefaction process of LNG carrier according to their
types. The fuel supply system is divided into a high-pressure gas
injection engine and a low-pressure gas injection engine according to the
operating pressure of the fuel. In case of high-pressure gas injection
engine, this paper investigates the economic feasibility of the additional
BOG liquefaction facilities in the high-pressure fuel supply system on
the vessels. To utilize the existing BOG compressor for fuel production,
the liquefaction was conducted by the Joule Thomson (JT) cycle, which
can use the pres- surized BOG as a working fluid. For the comparison of
the fuel supply system and its variations with BOG liquefaction, they are
optimized with respect to total annual cost (TAC) as the objective
function. With an LNG price of 5 USD/MMBtu, the optimization results
show that the use of BOG liquefiers on LNG vessels reduces the TAC
by at least 9.4% compared to the high pressure fuel supply system. The
use of a liquid turbine in the liquefaction configurations also resulted in
2.4% savings in TAC compared to the JT cycle based process. However,
a sensitivity analysis with different LNG prices indicates that the
liquefaction systems are not economical compared to the fuel supply
system when the LNG price is lower than 4 USD/ MMBtu.

In case of low-pressure gas injection engine, this paper performs a
comparative analysis in terms of efficiency by simplifying the
composition of the mixed refrigerant in the liquefaction pro- cess.
Additionally, a single mixed refrigerant process is used to pursue the

compactness of the pro- cess. For comparative analysis, the liquefaction
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process is designed and simulated, and the specific power consumption
calculated as the power required to liquefy the unit LNG is used as the
objective function to optimize. As a result, it is confirmed that when the
number of refrigerants is reduced from 5 to 4, the efficiency is only about
a 1% difference, but when it is reduced to 3, the efficiency decreases by
23%, resulting in a decrease in performance. And also, this paper
comparatively analyzes the re-liquefaction system for a low-pressure gas
injection engine according to the refrigerant (no external refrigerant or
single mixed refrigerant) with three key performance indicators:
energetic, economic, and environmental aspects. For an energy
efficiency analysis, the design is optimized to minimize the specific
power consumption required to liquefy BOG. In economic analysis,
minimizing total annualized cost is the objective. For an environmental
analysis, CO2 emissions at each optimal point is calculated and
comparatively analyzed. The results show that the process without
external refrigerant has better performance in terms of economy, while
the single mixed refrigerant process is suitable in terms of energy

efficiency and environmental impact.

Keywords: LNG carrier, LNG, Boil-off gas, Re-liquefaction, Process
optimization, Optimal design
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