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Abbreviation & Acronym

BOG . Boil Off Gas, @7}~

CCS . Carbon Storage and Capture, ©]4F3}ets 3 2 HAA7|&
CO, : Carbon dioxide, ©]4Fs}gtA

COF . Crude Oil Fractions, ¥ #3

COP . Coefficient Of Performance, 4% A4

CW . Cooling Water, ¥zt

ECA : Emission Control Area, W& A A4

GCU . Gas Combustion Unit, 7} 4 &X|

HFO . Heavy Fuel Oil, Aut& &

IMO . International Maritime Organization, =3 A 3jA} 7]

LH, . Liquified Hydrogen, }s}<4~

LNG . Liquified Natural Gas, <§s} A 7}~

NOx . Nitrogen Oxides, &4 A3} E&

MEPC : Marine Environment Protection Committee, 3|l&f 374 E 35 ¢
SEC . Specific Energy Consumption, il oL ] 4H]

SMR . Steam Methane Reforming, 57| wWg 712

SOx . Sulfur Oxides, 3 4+3}&

SW . Sea Water, 34~

SWATH . Small Waterplane Area Twin Hull, %54
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Design and Assessment of Re-liquefaction system
according to Boil Off Gas Re-liquefaction rate of
Liquefied Hydrogen Carrier

Cho, Wook Rae

Department of Marine Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Global awareness of the necessity of environmental regulation in response
to climate change is also strengthening its environmental regulations on

maritime transport.

The International Maritime Organization (IMO) has agreed to decrease the
SOx content allowance for fuel oil from the previous 3.5 % to 0.5 % as of
January 1, 2020 at the 70™ meeting of the MEPC in October 2016. The
72" meeting of the MEPC, held in April 2018, decided to improve the fuel
efficiency of international shipping by 40 % compared to 2008 by 2030 and
reduce greenhouse gas emissions by 50 % compared to 2008 by 2050. In
addition, in the Baltic Sea, North Sea, and some parts of the United States,
emission control zones (ECAs) has set up the regulation to use of low
sulfur fuels and increasing demand for clean seas is expected to expand

the area.
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In order to improve the fuel efficiency of ships and reduce greenhouse
gas emissions in response to the tightening environmental regulations,
several methods are being discussed such as improvement of hull structure,
speed optimization, cargo loading management, application of sulfur oxide
post-treatment devices (SOx scrubbers). And some other methods are use
of low sulfur fuels and environment friendly fuels such as liquefied natural
gas (LNG) and liquefied hydrogen (LHy).

Among these alternatives for GHG emissions reduction, in particular,
hydrogen is recognized as a promising energy of the future. In recent
years, with increasing interest in hydrogen and widespread development,
the transport of liquefied hydrogen by ship can be a reasonable method in
terms of long-distance transport in large quantities. It is also possible to
respond to environmental regulations by using Boil off gas of liquefied
hydrogen for ship propulsion.

The generation of boil-off gas is inevitable in liquefied hydrogen carriers,
and appropriate measures need to be taken to avoid pressure problems
inside the cargo tanks. As mentioned earlier, this boil-off gas can be used
as a propulsion fuel for ships, and the remainder must be effectively
managed such as reliquefaction or combustion.

In this regard, this study propose a BOG reliquefaction system optimized
for a 160,000 m® liquefied hydrogen carrier with a hydrogen propulsion
system. The reliquefaction system consists of a hydrogen compression and
helium refrigerant section and increased efficiency by effectively utilizing
the cold energy of the boil-off gas from the cargo tank.

In this study, the system was evaluated through the analysis of exergy
efficiency and Specific Energy Consumption (SEC) according to the rate of
reliquefaction of the Boil off gas having a supply temperature of -220 C.
And the parametric study of effects of varying the hydrogen compression
pressure, inlet temperature of the hydrogen expander and feed hydrogen
temperature were conducted.

KEY WORDS: Hydrogen, Boil off gas, Reliquefaction, Liquefied hydrogen
Carrier, Excergy efficiency, Specific Energy Consumption
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Table 1 Physical and Chemical Properties of Hydrogen (Balat, M., 2008)

Properties Hydrogen
Molecular weight 2.016
Density of Gas at NTP, kg/m® 0.08376
Temperature to Achieve NTP Neutral 950,03
Buoyancy in Air (1.204 kg/m®), €
Normal Boiling Point (NBP), -253
Liquid Denisty at NBP, kg/m® 71
Latent heat of vaporization, kJ/kg 445.6
Lower Heating Value, MJ/kg 119.96
Limits of Flammability in Air, vol% 4-75
Autoignition Temperature, C 585
Minimum ignition energy, mJ 1.017
Burning Velocity in NTP Air, m/s 2.6-3.2

o] A3 & AHoA B & %o 7|A HEjdlA spEa, 53] A4
L I (253 C) ZE=AHL 7T o] Aol AFE] oAHSS ¢

o ol8d EAo s Asprie mpy Bl Fwslxo] tF A
w7 79

e x0



2.2 749 A, AR 2 &F

2.2.1 49 YAk

AA, FLhLE F2E HAAG 7129 F7] dWe 2 (SMR, Steam Methane
Reforming), A& 7}23} 5 43 38 &3 A4 2 5 Ao

S5 MA F£4& AAES oF 7009 Nmlel| @3ty 714 dutdolx 3

U Q1 F7] WE JiEo] oF 50 %, A e df 8 (COF, Crude Oil

ol8g FAHL 34 ARE AESY F4AE AASEER, ARHor 24

2 Z ZdoA 10714 F4 A4

Zles vl 3 AR olisteA =3 " A A7]& (CCS, Carbon Storage and
=

e 7k=3t Aol At W& 24 Vi wlE SHelA

FA7I1H 02 CCSE AMEdle T FT2 AnjoA et 728t == HA
7} MEAS 53 4 ALko] g rE Ad =2 Aoly, olo uE 334 AR
B3l FA40 X & 71Esk AlAikoe] Te & Ao E ¢ "o (Ball,

7l ZslzHH A4 € 4 Ju (Balat, M,
2008). o] FHAHoAM B2 & HA7|7F Eostal, o= 34 ds=2 FYH A4

4»
B>
o [
5
e
il
A
rr
o|N
N
1o
R

2 4 9t} Table 2= 7z A9 Global A%F 4 AAES el o 7] A
B £ Q%o F£49 9oF 96 %7} HA 7t A 2o 34 dAgE HEY
AEALS & & I

X
o )

AN

(Demirbas, A., 2017).

Collection @ kmou



Table 2 Annual Global Hydrogen production share by source (Balat, M., 2008)

source (Bcm : Bﬂhi;miiic meters) share (%)
Natural Gas 240 48
Oil 150 30
Coal 90 18
Electrolysis 20 4
Total 500 100
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Fig. 1 Hdrgen as an energy carrier linking multiple production mthods

and sources to various fuel cell applications

(Sharma, S., & Ghoshal, S.K., 2015)
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Compressed hydrogen gas
tanks

Gaseous and liquid storage

Materials-based hydrogen
storage

Hydrogen [g
storage :

Metal Hydrides

Chemical hydrogen storage
Hydrogenation/
ehydrogenation reactions

Carbon-based materials, High
surface area sorbents and new
materials and concepts

Fig. 2 Flow chart depicting various hydrogen storage methods

(Sharma, S., & Ghoshal, S.K., 2015)
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Table 3 The characteristics of hydrogen transmission technologies (Balat, M., 2008)

Pipeline Liquid (Road) Liquid (Ship) Tube trailer
. Large volumes . Higher volumes than . Could allow international . Can be deployed at small
. High efficiency compressed gas transport scales

GW)

per shipment

Advantages . Also provides storage and . High efficiency . Very high volumes
buffering
. Low variable cost
. Capital intensive . Expense and inefficiency . No experience of LH; . Small deliveries per truck
. Needs large volumes of of the liquefaction process shipment . Energy inefficient
: hydrogen to justify pipeline . Boil-off losses . Not feasible until large . Can't handle large
Disadvantages costs . Increases road traffic supply and demand exists capacities
. Required volume . Boil-off losses are more . Increases traffic
increases with distance significant than road
. Large and very large . Large quantities of gas . Very large quantities of . Small quantities of gas
Suitable for quantities of gas . . Where liquid storage is gas . . Small distances
. Where pipeline storage is used . International transport
used
Capacity . Up to 100 000 kg/h (3.9 . Up to 4000 kg per truck . Potentially 10 million kg . Up to 400 kg (delivered)

per truck

Capital costs

. $200,000.$1,000,000 per km
. $0.1.$2.0/kg H2 or more

depending on distance and
capacity

. $300,000.$400,000 per truck
. $0.3/kg H2 (excluding
liquefaction plant)

. $155 million for LNG
barge could be 3-4
times higher for LH,
barge

. ~$300,000 per truck
. $0.10-$0.40/kg

. Energy costs of pipeline

. Driver labour at w $18/h

. Crew labour and fuel

. Driver labour

O&M costs compressors . $0.02-$0.20/kg . Uncertain . $0.5-$2.0/kg
. ~$0.03/kg

Total cost . $0.10-$1.00 . $0.3-$0.5 . $1.8-%2.0 . $0.5-$2.0

$/kg/100km

Energy required

. Pipeline compressors

. Transport fuel

. Transport fuel

. Transport fuel

Efficiency

. 99.2% per 100 km

. 99% per 100 km for
transport

. 75% efficiency of liquefaction

. fuel use unknown
. boil-off 0.3% per day

. 94% per 100 km
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Aubel o)t fgsae] gaol td ATALL ofeel o] B A4H A
7 sk,

NASAL -7 %BHo] A28 FFa7] A8 w4 Ao s T 95
AF AVY $F AHE S5 Fig 34 RE kel el o wAH A
ofoll zhwel 947 m’e] C B} Wk FAE AT (Verfondern, K., 2008).

2

S
LUt Lty

Fig. 3 NASA LH, Transportation by barge carrier to the Kennedy Space
Certer (Verfondern, K., 2008).

Euro-Quebec ZZ2A Eo| A& Fig. 49 Zo] 5719 C g B#aAE F 3}&E &
ZFo] 15,000 m*¢l =34 o2 AAF v o7t AHEE AT
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L

L J | | /

Fig. 4 Dock ship of 180 m length to carry 15,000 m® of LH, in five
barges (Verfondern, K., 2008)

T o0& AEE Fig 5= 47l o8l i @ 570¢ -3 (spherical)
A2 125000 m*e AslFLztES $WElr] 93 Catamaran-typed] SWATH
(Small Waterplane Area Twin Hul) A¥h& B Ft+ (Verfondern, K., 2008;
Takaoka, Y., Kagaya, H., Saeed, A., & Nishimura, M., 2017).

Fig. 5 Barge carrier concepts for LH, transportation

(Verfondern, K., 2008)
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WE-NET Z2339] d&E F& ZALELS LNG &5k 7S 7|dte =
WiFE dsksa BAE Fig 63 22 A4 OAeR gk o] AelA
£ Table 49} & ASS 717, F 3E o] 200,000 m® <1 4749
Self-supporting Spherical B Z& 7}x tx}13}t 271 €] Self-supporting Prismatic
Type B ®38 7k DiARle] 3% Ag Azl ta) A7tk F Alzw
DEoA 2 &5 0.2-04 %/dayE A EHACH LNG SHrA ) 2o vk
oF i =3 A 2H Z2H7AE AL5EE A AT (ABE, A, 1998).

Length:345m
Capacity:200,000 m3
Boil-off rate:0.2-0.4 %/d

Fig. 6 Japanese WE-NET project (Verfondern, K., 2008)

Table 4 Specification of conceptual design of 200,000m® Hydrogen tanker
(ABE, A., 1998)

Spherical tank Prismatic tank
Length O.A 345 m 330 m
Length B.P 330 m 310 m
Breadth 64 m 56 m
Depth 26 m 24 m
Draft 14 m 14 m
Main Engine 40,000 PS * 2 40,000 PS * 2
Tank Capacity 200,000 m* 200,000 m?
Distance 6,000 Nautical Miles 6,000 Nautical Miles
Speed 20 - 25 Kt 20 - 25 Kt
Boil Off Rate 0.2 - 0.4 %/day 0.2 - 0.4 %/day
- 16 -
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20173 12€e) o H JE J|E $4 ZHF (The Japanese basic
hydrogen strategy) o+ dAA| AHEEHXA v A e AdEoA CO7F gl
= T4E AN F de AL FEH e x3EH o, o FF
g dAE dstrs & Tl dECE FYste MEs AL AT
(Ministerial Council on Renewable Energy, 2017).

Takaoka et al. (20172 qstra T3 /Y Z2AES Jd3t < vdg
Aot 7 WL dFe L7 o] FdE HEgsL ERkdd= S
£57F 193 0.2 %9 % & &3 2,500 m°e] F 71A] C B9 #3a
At o] BYE ZEAES FQ EAL Table 5049 o] C B ©
A= FA 71sol Ao TEILATF I FZ o] H F3 A5E AME B
ANE}t st thal 7~ A4 AX] (GCU, Gas Combustion Unit)7F H& A2 &
StUE AFHT= Aot

Table 5 Principal Particulars of Pilot LH, Carrier (Takaoka et al. 2017)

Ship
Principal Dimensions 2L X B X D (ab. 110m x ab.20m x ab.11m)
Gross Tonnage ab. 8,000
Propulsion System Diesel - electric
Speed ab. 13.0knots
Flag State/Class: Japan / Nippon Kaiji Kyokai (ClassNK)
Cargo Containment System
Total Capacity ab. 2,500m® (No.1 & No.2 Tank: ab. 1,250m*® each)
Tank Type IMO Independent Tank Type C
Max. Design Pressure 0.4 MPaG
Min. Design Temperature -253 C (20K)

Vacuum Multi-layer Insulation + Supplementar
Insulation System y PP y

Kawasaki Panel insulation System

Pressure Accumulation in Tanks in principle
BOG Management

(BOG is not used for propulsion fuel)

_17_



A7) ATEL F2 dakss Wad] AXE 32 A Axde) L F
A T ol9h R Asisa BANAE FUvbs0] WAe] WA o|m,

O

]2} #F&HEstd IMO RESOLUTION MSC.420(97) ‘Interim recommendations for
carriage of liquefied hydrogen in bulk’ o4& B39 ddAd%so] AEHUS
S BASE FL7F2E S ING Bt F4vF o 2 BAE 4o F gl
= el Ao MO, 2016). o] A2 729 F 9194 SHolA 1y
FRAS W Table 6014 & 4 A= Hie} Zo] 72 Aol e 471 LNGO
18 o W& 7FddA (Flammability limidE 7AW, Ha2H 3 oA
(Minimum ignition energy) = LNG Rt} Yo} ZHbo) Qlojx Ajd o=z ¢ &

gl Udee &+ At

AMAE =

ol U[O o,

jng

ol

Table 6 Comparison of physical properties of Hydrogen and Methane (IMO,
2016)

Hydrogen Methane
Lower flammability limit 40 53
(% Vol. fraction) ' .
Upper flammability limit
pp ty 75.0 17.0
(% Vol. fraction)
Minimum ignition energy 0.017 0.274
(m))

N E L RE - o
om, e AAeA

_‘|8_
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2.3 7t~ #E £ AE

Aohrd SWHS LNG SHHIT FASIEE ING bS] ZWrts B

of e B AES olefs} 2ol Fa st
ING Subde Aul HA 9 v 2% meo] gep Ageld w4 8 38
T SWhas £ § A224 489 S gw, £2

__Cll
. Hiﬂii, Fubze] o] F3
Ao UF £0F 234 G 0, A3 Azdol gl A% FYe Fuvs
£ 3 lUAE ASSAY ANSEA 21 GCUAA 94 bt (Fernandez,

ol®@d =yl AS Mute] =z ALEEE A 2B 7 Unx] 2o
ol FEHoE AN st= A" tist AFE T3S AHHE o &<
EigE e =

Choi et al. (2014)+«
i AYs A2EE =UF = z
Hol o d8 Fg & Hole SHIIAE AgE & 5 Qo

Choi (2017)& A< LN E

BN Agstel Ag L)

D
o
r]I,
L
ofo
e
g

2
ot
>,
[»
oZ,
o
o

S
9 522 AL 5 AE Y FHE 9L FARAL oo w F-E
Muel oA EEE F/HA77 A3 AEA ALE thd AxAlS By
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Aozt AzEe dubEel BB Aozt AsET Hwale] &8 S 8 %
_%

e B FU

Romero et al. (2012)= LNG &8Hdo] tigh dubzQl o HolE Ato|E&
ZIgto 2 3 Ut s AAE A2"HS s A us) HeEE B9 &
232 Q& Add wj) WFdE g 5, AAd W7 e, =l EF
25, A T F7) B&, AL Aol oY 5 2 3R A A Y 25
ol Aot ol wiMHS e B2 Hsl FA A A HE Al E]

Gomez et al. (20152 W 2A ol Wx Alo]EFS ztx A4 A A3 A2dES
Arats zAA ARS AzEe) Fus GEFE AR sk FF A
FHAT A" A= FEA77] #8, SE7ERe W evA S 5 SRV
2 FED AAC A5E ol4F WAI7} AL HU. o] AF Fukrhre)
A& ol &3 dudr|e s Wgrie & AT Fa FAVFE ANYE Alx

[e)

g AA Aell= I A8S 113U
Tan et al. (2018)2 LNG W& 9§ o5 &3 W] Ato]&S A&she
SE7F A Qs A 2="le AQbskaL .

ok O A WAzl A e STt 0]
COP B Az FEo] F7letal oA LREo] HAHE A

.

T4 43et LNG Y35 v &) & o 4 A3 agt FH4 ol oYy
A= 3.92 kWh/kg(LHp<! ®FH W&ol 0.31 kWh/kg(LNG)7} B 835tt). ol&=
T4 A3t Z2A| 27 MegRg A oy Jopd zEAAYe B F4
(Peschka, W., 2012).

weld Asiea Sutde|Ae] Fdvls BelE 9T AYS AzEe] M
2 918 LNG 93} Aslol @ e I |49 Fa Furts A5} A
29 Fx & Bayol k. oo wE F4 Fa Furts B

WA AEES e AAe A sk

Md
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232 4 74 FU7t~ A

o

ol WA FAE A7 BE ) FH 169 %7t %éiﬂ‘r (AIAA, 2004).
wetA A BIolA S £ 5 A7) Hdl, F4 H3 ZWEA o
23 Agks S8ty Y Sz AHEHY. (Essler, J., Haberstroh, C., &
Quack H., 2012). o]#3F L=4-02} ey Adste] A g S0}
$ =g7] wFo (Petitpas, G., Aceves, S.M., Matthews, M.J.,, & Smith, J.R,,
2014) 2 AFolA A3 AAst FAHAAE I AL WA P A=
718 skt

Yuksel et al. (2017)2 &F W7 T4 A3t Alo]FLS 7|HEo 2 3 = A
T4 N3 FA (supercritical hydrogen liquefaction process)3 o4 x| 2 A
A 2F4s A7 o] AN E 4 2 AFE AHY S A4A 9
AMA G50 vR = FFol sl FAstRar, = A o e 2 F

g = ]

l z
F2AY st B2 GFL A A2H e B4 sk

Valenti, G., and Macchi, E., (2008)2 449 Wz % A= &) 4 7o &
F 3 B2 Z-B#o|E Ato]F (helium recuperative Joule-Brayton cycles)e] 2
&< A3t 60 bar R 300 K& 4 &5 ZHAA Ae]E9 duyA AR
&2 9F 5 kWhikgLH 012 A2 E8&L 47.73 %2 <2 HATE ©] AFolA
&

A835 Wujel AFL FaRT 94 L5V b1, dHg 8o 95317 o

—

=4

il

_2‘|_
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Krasae-in et al. (2010)-2 1898 ¥ 2009W@7FA] & F4 A3} 349
Mets AEIT 71E2 dE ¢4 93 duls 20 ~ 30 %9 ouA =
ZHAH AR AE Al vl 40 ~ 50 %9 &&

B oA AAENY AR, o8 AFFEY A T oHE 43t SWEY

= Eol7] g o 71A] OPOlEloiﬂ A =] A &

A3 &=-F<& WAS Fote], 18 &9 FF EHYlo] A=A ol A+
< F33le B AFNME F-F<& WE giil 52 BAVE A

Sadaghiani, M.S., and Mehrpooya, M., (2017)& &% 300 2 43} 5828 7}
2 g Re] A 4 Ag FAHS AGIATE o] AFdAE AXMA 5E
7 A= o] BAML E AsHS Wy} stgom, A= A LA
F AH] Ay 2 AMR §&0] 441 kWh/kgLH, 2 5547 % 1 Ao 2 et
i, 7HE =2 IAA s 457 AEEHAA YET

o

&719F o] LNG &g 27k Ay Alz"H3 S g4 SL7ts
AE] Azde g £ AE & 2 AT F4 AYs} A=ge] A 9 3
7FHe Q8] nefslof & F8 AM-S Table 73 Zo] Qo 3t3ith

o]7]4 A& upet o] ING ¥ 3§49 4 FE7t2 A3t Al ~H
of g ¥ A7t = Aol s Y5t F4E s Tt enteta
olwf WA= FLvtso HE AHsle] ik AFE Y ®H vk gith o]
el B Ao oA FlE Y] dT7Ee H8" Tt AE AzH
2 g7t S Faste] Asiea st A B SAAE A

& 7 e AlzdHls AAs A Bl ST
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Table 7 Summary of literature reviews

(-)Collection @ kmou

A partial re-liquefaction system with an open loop
cycle using boil-off gas as a refrigerant.

Propose a new system to reduce power consumption
using exergy analysis. The results reveal that the
Joule-Thomson valve is the key component with the
potential to improve system efficiency.

A boiloff gas (BOG) re-liquefaction system based on
the typical reverse Brayton cycle for LNG carriers was
analyzed with varying design parameters.

To improve the system performance, cold energy
recovery of boil-off gas and the rejection of the
boil-off gas compression heat to seawater in an

inter-cooler are proposed.

COP and exergy efficiency are increased and the SEC
is reduced with a decrease in the re-liquefaction rate,
resulting from boil-off gas consumption in the main
engine.

Description about major challenges of the ortho to
para hydrogen conversion.

Studied a supercritical hydrogen liquefaction process
based on a helium-cooled hydrogen liquefaction cycle
and conducted energy and exergy analyses.

Suggested the utilization of four helium recuperative
Joule-Brayton cycles for the refrigeration and
liquefaction of hydrogen.

Several ideas to increase the efficiency of future
liquefaction plants are suggested, including the use of
an expansion turbine instead of a Joule-Thomson valve.

The system was evaluated through analysis of exergy
efficiency and exergy destruction of each component.
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A3 d3fga A FRTFE A A 27 A

31 s w2 FWsks A AzsE s

2 AFdAE dstrs R oA #AStE St~ #AEE AT AY
N2"S FA 8t oA B IAA] #HoA T A 2EE A48T
Ao AgH AF}gELA HHALS 4 7)o IMO B type prismatic 7}al ®=
2 FAHY o F 3E &3S 160,000 miolth H3gis B UolA
Ibare] ¥ o2 A% HuH, L3 dHoA S/t Y He A"
aorsldth. B3 vacuum-insulated panel @ polyurethane foam panele] 3
|8 @ A" 33 lom % oF 0.3 % FU kAT AP E T
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A S 98] Deckoll X3 FFEAZE o]F3) zﬂoﬂpj. N2Ho 2 Eo]7}=
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27t 37 g W, Adbez 44 @ FWle
sk, ol & I Wi ¢
& Aok A8 AX AT M LHEHE Z87pA0
F2 AR FH, e £= 5 Ao dA As el wEt SRR Jo
(Fernandez, LA., Gomez, MR., Gomez, J.R., & Lopez-Gonzalez, L.M., 2017;
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Syngas
thydrogen & carbon monoxide)

Fig. 7 Schematic of a solid oxide fuel cell (EMSA, 2017)
Table 8 Specification of liquefied hydrogen carrier in this study

Gas carrier

160,000 m?

31,000 ton

18 knots

IMO Type B prismatic

vacuum-insulated panels in combination

with polyurethane foam panels

1 bar, -253 C

0.3 %/day

1 bar

-220 C

Solid oxide Fuel Cell

65 %

85 %

85 %

_25_
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Gear
Box Electric Motor

T

""" .
i Converter Fuel Cell I
| | / Boil-off gas T
i 1:ﬁ _ oil-off gas from
--------- . N v s s s e 2 O-y H* H'\ - ¥ -
. P- E [:‘— - — - \ Cargo Tank
Electric Motor ! | = 2
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...... l 5 g
%z
wi——- - i o =
)
——————a e L L1238
! Hlfi?}leﬁm Re-liquefaction
‘ jftmgen to System
|,'_1 2 Carg Tank
| | —— L._._.4 N - U — _
| — ]
,: , P ' ] Common header pipe
f | Cargoroom W - ry
I | I 7
‘“::p- Fud el Cargo tank #1 Cargo tank #2 Cargo tank #3 Cargo tank #4 ,l"!
— ()| System \
| ':Z: I
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Fig. 8 Overall system configuration of the liquefied hydrogen carrier
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32 SL7F2 A Ast Al AA

Fig. 9= 2 ATolA A3t
< e A" E5S %t
W2 otef e} Ho

2 AFA AT 272 Qs Ax"e 4 oS AAdY EF EA
Aoz FAE Aot A &3 T dAstgs oA B 3 Sdvts
+ B39 A" ASATIA Ha, ded dEe] Bay 24 dEEg AR
H oA Baet ddE WMBEIE dy A A9k (220 C, 1 bane] HEH=E S
7y27F wlE "ok o] Sl AE Fig. 113 o] Lee et al. (2009)0] #|¢ksk =
W72 2ke] dulglko] 73t 4w dlr] HEX-1 o= S ith

e 4 FTEvk=o A Yt Al"eltth Fig. 10
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Al Hojsa lom Alzglo] thglk Ak A
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dw¥r] HEX-1§ &3 3 Sd7t2+= 94=7] Comp-1, Comp-2 ¥ Comp-3
2 &3 1 barolA 20 bar7bA 4E=H 11, d4E ALLst= Wzhr] CR-19] 93]

Iz P W7 H sls 2EY HE AR 2EHS 9 2EW HFLH 293
E
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dw3r] HEX-3o|A HlE & S/t 2EH HIlLS 94 ez &4
HEX-42 f9=a, dF 3524 F-BHyolE }olﬂoﬂ ols Yo=Y,

2 FaEg YA 2&7F 33, dd9 sgo] st (Valenti, G, &
Macchi, E., 2008) =gt E&4 7}2o]7] wjiEdd WulE F4E AH8ste Al

=]
=
Zd S =Y F+ A= (Yuksel, Y.E., Ozturk, M., &

r’l

1% R
oo
N

ol ws) FE2 AT
Dincer L, 2017) Aol 23l o] WY& Alo]ZFoMes LFS Yulz e 31
o}

dF 3 E2A F-HolE Ato]ZodA] Wul= 4=F7] Comp-4 2 Comp-5Hell
9J3] 1 bar oA 10 bar® =%}t Wztr] CR-2 9 CR-3= 2z} g7 A
Ue 3120 2EHS 40 C7HA Y743

A& B AF 2EF M5E dudy] HEX-52 FY=ol ~EF M8 93

WZhe o, @ 524 BAY) (smgle phase wet expander) EXP-3& &3l 1
barZ HAHET =2 JdE=ZD AP 9 virtgddo= Q3 E-5& AAS T
dfof sl= WHA, na &9 o] utgA sty W 54 #A77E AHEU
o olHE o|FE oY AN E-F< WE O F4 BAVE AP

(Yuksel, Y.E., Ozturk, M., & Dincer L., 2017; Valenti, G., & Macchi, E., 2008;
Berstad, D., Decker, L., Quack, H., Harald, T., Walnum, H.T., Neksa, P., 2013).
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RCY-3 E KQ1 c
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comz  KQ2
H5

BOG
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Fig. 9 Design of the re-liquefaction system for liquefied hydrogen carrier
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Fig. 10 Flowsheet of the re-liquefaction
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NBOG A
101 BOG_HX

E-100 LBOG
E ] L. ) Seperator

AN A AR
WA ko

L e
=
Cﬂld—l——l Cold
Box LMNG-100
Box
A B f
M2
Comp. : i:d
M2
NBOG 101 Expnader
Temperature 1000 C
Pressure 1.060 bar ‘
Mass Flow 2738 kah
Liguefied
BSG

Fig. 11 HYSYS flowsheet for process simulation on BOG re-liquefaction system with BOG-BOG heat exchange

(Lee et al. 2009)
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Al 4% FL7EE A3t A2H £4 B Bt

41 N2" AEFolA WY B 714

B AFolA ARt 3 FTE~ A Y3 A~EO A EYHS FHEHT Ho]
B aE Hfsta, =83 54 Altto]l 7Hsd ASPEN-HYSYS &ZEdofo]
o 43 HUth (Asadnia, M., & Mehrpooya, M. 2018; Asadnia, M., &
Mehrpooya, M., 2017).

Aspen =#]& B4 A= FHA ®ol= NIST (National Institute of
Standards and Technology)llA 71 3+ REFPROPE ZZste= ~7]%5°] A
(Valenti, G., MacChi, E., & Brioschi, S., 2012). REFPROP+= &z} Al& 7}53F
7V A RdE OFEHE oF FAY 4983 EAd tis] Helmholtz

o L o |

energy Oﬂ /H o) /\] Z] 0 ]—EH l:]o]-Xé] /;l] E.EJE]

o
-
r (0
r
iy

B AFA, 224 9 I i EYF %*é% Aspen &%
=
[6)

Qodsta AlzE B4

At

o W3}FAE FE BFo) 1 bar, -253 CE AZAEHIT T3 AHoH S
7h27F A E .

e e AW JPYS Aos dof £y

o

o =Wy} ~0] F A F% (mass flow rate) & 1,400 kg/hZ AAHT, o=

% £ 160,000 m’ HFGA LuAelA T 0.3 %9 Fwo] Uojd W F
& sel
o ZUIL2TL WA Sl HE BN AR 2RO 0% F A I

AEE BB G 4902 Aol AU ALHoT FUHE Bhse i

-220 C7} #o}.
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e Nz"el @ £, RE du@y] L sol= T axel ¢ Fahi

Al H T

e WZt7]1¢e] CW (Cooling water)= SW (Sea Waten)& AR&3tH =& 2EH
2 40 CE YyZHL.

o 4=V]o 5 dEZY FEL 85 %=E 7HAIL
e W7 5 EEY FLL 85 %E 7HAIT
e g A FLL 65 %E 7M.

o N2HY 7|&E AH 25 3 ¥ 424 25 C 9 1 bare|th

o =Wyl A~E para 98 %, ortho 2 %= FAEM AZ < =24-ug} Ag
£57b w9 =g7] vl A9t A4 <k I S DAYstR] Fe A=
7}4 3t} (Petitpas, G., Aceves, S.M., Matthews, M.J., & Smith, J.R., 2014).

o Tk =719 4Hul= 4 olstelr HO wiE 2%+ 160 C m|¥olt}
(Essler, J., Haberstroh, C., & Quack H., 2012).

o« A2d

rlo

B AEolr AzEle @ FEe RAHL,
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42 NZ" 4 1Y

42.]1 YA £E2&

B ATAAE ouA AR B 53 A Axde] 4% Bt 5
Gk e AUA 2RSS FH AUA Tgol e Yehdth U &
BEe oUx ANE ARE A © AL AYT AU Fao FoE

F Ao=E the3 o] Ao Atk (Vatani, A., Mehrpooya, M., & Palizdar, A.,

w,
SEC(kWh/kg,p) = —————ro D

Re —lique fied H2

=

= Net required power in the whole system

Mass flow rate of the re-liquefied hydrogen

3 .

G0l A A3} oA 7F 3.91 kWhikgdl whd, wlgk @ "io] oyAE
77+ 0.31 kWhikg 2 0.21 kWhikgo]7] wj&o] 2 )
oAl o HA ARES Eolv AL 7MY +83% 84 F styolt (IMO, 2016).
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B7HE el ANA BAe AHgste 2 THES 9 m a8 2 4NA 33
Fe ZAR ATE U2 2 /h4 ATAEE B8 2 F 5 Aok Hammad,

A., & Dincer, 1., 2018; Choi, J., 2017; Tan, H., Zhao, Q., Sun, N., & Li, Y.,
2016; Yuksel, Y.E., Ozturk, M., & Dincer ., 2017, Asadnia, M., & Mehrpooya,
M., 2017; Sadaghiani, M.S., Mehrpooya, M., & Ansarinasab, H., 2017;
Sadaghiani, M.S., & Mehrpooya, M., 2017).

3ol ﬂ%f?} AXA a3 FAAL AMA
‘/F S&‘E‘n A el Aol AoFe sk, AAA B 9] At A 2
o3 7EL°l Uebd 4 9ttt (Gomez, JR., Gomez, MR., Bernal, JL., &
Insua, A.B., 2015; Thomas, R.J., Ghosh, P., & Chowdhury, K., 2011).
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ZEXQ ZEXW+ ZEXﬂowI EEXﬂow 0 EXdes (2)
=Y 1—— W+ 3Y(m e),— Y. (m e),—EX,,

EXQ = Rate of exergy transfer due to heat exchange
with the environment

EX, = Rate of exergy transfer related to work
EX, . = Exergy destruction

Eszow = Exergy transfer rate associated with the flow of the stream
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7M. EXy,, © Thed Zo] Ao Hrh

EXpp,=m- e=m- [h—hy— Ty(s—s,)] (3)

m = Mass flow

Q
1l

Mass exergy

h = Mass enthalpy of the stream
s = Mass entropy of the stream
h, = Mass enthalpy of the reference environment
s, = Mass entropy of the reference environment

T, = Reference environmental temperature

A7IA, 7+ 7 2=(71)e FEe 44 25 C 2 1 bar o]H o] EE
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Table 9 Thermodynamic properties of each stream

Collection @ kmou

Mass Mass Exergy
S T Tempuerature Pressure Mass Flow Enthalpy Entropy Flow
(€) (bar) (kg/h) .

(W/kg) | (/kg-C) | (kW)
From Tank -220.00 1.00 1,400.00 -3,129.59 -20.47 1,203.02
H1 -220.05 1.00 1,402.22 -3,130.15 -20.48 1,205.93
H2 -164.93 1.00 1,402.22 -2533.48 -12.82 548.11
H3 -89.93 4.00 1,402.22 -1,599.69 -12.03 820.38
H4 -21.38 10.00 1,402.22 -655.73 -11.45 1,121.40
H5 44.62 20.00 1,402.22 290.90 -11.00 1,437.40
Hé6 40.00 20.00 1,402.22 224.40 -11.21 1,435.98
H7 -161.86 20.00 1,402.22 -2,519.45 -25.05 1,974.73
H8 -161.93 20.00 1,408.00 -2,520.29 -25.06 1,983.43
H9 -211.85 20.00 1,408.00 -3,114.51 -32.16 2,579.46
H10 -211.85 20.00 287.22 -3,114.51 -32.16 526.18
H11 -246.94 20.00 287.22 -3,851.62 -50.73 909.03
H12 -252.00 20.00 287.22 -3,905.84 -53.02 959.11
H13 -252.83 1.00 287.22 -3,928.36 -52.82 952.66

H14 -252.83 1.00 2.22 -3,482.91 -30.91 3.60

H15 -252.83 1.00 2.22 -3,482.91 -30.91 3.60
To Tank -252.83 1.00 285.00 -3,931.82 -52.99 949.05
HF1 -211.85 20.00 1,120.78 -3,114.51 -32.16 2,053.28
HF2 -249.94 1.00 1,120.78 -3,449.39 -29.36 1,688.96
HF3 -232.46 1.00 1,120.78 -3,260.49 -23.28 1,182.89

To Fuel Cell 37.00 1.00 1,120.78 172.34 1.02 -3.99

M1 37.00 1.00 293.43 62.64 0.23 -0.57
M2 307.42 4.00 293.43 1467.91 0.61 104.83
M3 40.00 4.00 293.43 79.21 -2.60 69.54
M4 203.11 10.00 293.43 928.17 -2.32 132.07
M5 40.00 10.00 293.43 81.18 -4.50 115.94
M6 -245.94 10.00 293.43 -1,409.72 -17.31 305.81
M7 -260.03 1.00 293.43 -1481.31 -16.25 274.18
M8 -249.94 1.00 293.43 -1428.25 -13.25 205.56

M9 37.00 1.00 293.43 62.65 0.23 -0.57
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AA A" QMR G&2 O 2o 4 FUIt2 2 A3 F4 3t
o] Mz zpole} A~ Net required powerzte] ®HlZ Ao =t} (Asadnia,
M., & Mehrpooya, M., 2017).

EXProduct - EXFeed

_ (m)Re—liquefiedHZ' (e)Re—liquefiedHZ_(m)Boil—offHZ' (e)Boil—offHZ
W,
Ner = Exergy efficiency of the overall liquefaction system
EXp,oe: = BExergy flow of the reliquefied hydrogen

EXpo.y Exergy flow of boil-off hydrogen
€re—nigericarrz = Mass exergy of reliquefied hydrogen

€ Boil - of f H?2 = Mass exergy of hydrogen boil-off gas

B oATolA AG AxdN Fa FRrhxe AR Yul B AREA
AGET ek AAs " pa SRvbse] W Farwe] X EE AL

= & 2HEHAH =,

(m)Re—liquefiedHQ = (m)Boil—offHZ (5)

2 0)F @ dgsta 2 DOF DWE AFstdE o3 2
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(e)Rg—liquefiedIﬁ o (e)Boil—OffH2

SEC(kWh/kg,m) =

TIBZL'

(6)

o] 212 1 bar, 220 C& 4 SU7I27F 5 o], 1 bar, -253 T2 43}
2 wjo] XA B oUA 2EE Aol BAE YERI E7E o] 23 <

Ha A &8E Adtsts d A I

7t 7HEe] ANR BE L EEo e AL
o] oMx B AzE e RE TA 24 A s3] ook

Table 103 2o HA Al

Table 10 Equation of exergy destruction and efficiency of the components

EXdES o Z(m e),+ W—E(m e),

Yl o~

e),

176 T

w

EXdES = Z(m e);— W—Z(m e),

o %%
" TN ), -2 (me

e),

. . : (m- e), .~ (m e),,

EX,,=Y,(m ¢),—Y,(m e), My = g( ‘ ) 7 _gi ‘ ; 7
me € m- e),,

EXdeS - Z(m e)i _Z(m 6)0 Nexw = %

EXyo =3 (m ), =3(m- e), Mew = %
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431 4AA R A £2& £4

B Aol A AT Qs A" dMA g8 8 odyA LRSS Fo

B7F H A

Table 11 A5} vl &o] Z7hol W ANz agel Ws 2 oux 4w
go) WMot vepach Aote S8 B304 44 B 2wk 20 %7 A
s @ w, oMA Feol HuFkel 601 %E UEhta oA Amge 41
KWhikgLH,o] HAgto] E28e Relzth oleld oNA &g 2 dux 4
wgo] WEE Mul Frlo] AgEE dEwe] Z71EH, 5 Al B AzxH
Aol Qo] Qe st FWskso] o] FrEHA W ol we AxE &

go] FolE Aojghs 2R A & Atk

Table 11 Exergy efficiency and specific energy consumption
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Nz ZF FAFY AMA 'E B AMA gy = Table 12 3 Fig 12 9}

Table 12 Exergy efficiency and destruction of each component

91.44 75
66.65 82
52.72 86
9.15 92
6.67 90
260.06 29
25.79 18
4.65 28
61.79 98
648.14 75
123.22 94
18.55 98
16.26 95
0.00 100
1.42 100
35.29 66
16.13 88
1437.92 60
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%, Sz BH7] EXP-19] MR Ego] $2 FHF7] EXP-39 MR &
A Ee bed, AR w3y =2F B o Ueyth o=
TA 24 4%5e Ho FEAA WAow By 5 Jux Te& oy
A G E FA nHI ok t= AS o] o} (Vatani, A., Mehrpooya, M.,
& Palizdar, A., 2014; Palizdar, A., Ramezani, T., Nargessi, Z., AmirAfshar, S.,
Abbasi, M., & Vatani, A., 2017).
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rlo

74
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ABHOoE AMA w3 gho] Zx AAA Fgo] B
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432 e 4

4321 74 B3] A7E W

T4 BATO] AT 257 A Ao A IS v X 7] wFo (Valenti,
G., & Macchi, E., 2008; Walnum, H.T., Berstad, D., Drescher, M., Neksa, P.,
Quack, H., & Haberstroh, C., 2012) 44 IA7|o] d+F 2% WS W& )

R} Az"le] AMA &8 H oyA £2EES E48ATH

Fig. 1314 X= nie}l o] 4 W79 A5 255 -253 CTollA 246 C
A Zds NRe W 248 TollA GAx &) HUd 63.3 »E HAEH
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Fig. 13 Exergy Efficiency of varying Expander inlet temperature

NIA A2=&9 A9 Fig. 1404 F<lEE= utel o] Axx Fg7= v
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Fig. 18 Exergy Efficiency of varying BOG feed temperature
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