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Study on Exergy Efficiency of Hydrogen Transportation System and Evaluation Method

[Abstract])

A method to evaluate the efficiency of hydrogen transportation systems is proposed in
this study. Three of major types of long-distance hydrogen carriers, organic chemical hydride,
ammonia and liquid hydrogen, are evaluated with the exergy efficiency as a criterion. In
addition, exergy loss resulting from gas compression for road haulage is examined. Efficiency
1s expressed in terms of ratio of net reserved exergy in the carrier to chemical exergy of
hydrogen. As a general observation, the examined carriers would lose exergy, by around 40%
to 50% during modification processes (hydrogenation, dehydrogenation and liquefaction) and
lose 2.5% to 10% during long distance transportation. With the exergy consumption accruing
from compression for local delivery and filling included, which comprise another 17% of losses,
depending on the types, around or more than half of the chemical exergy are found to be lost
in the whole transportation system, based on the current technologies. It is required to
recover unused exergy generated in the system, in order for hydrogen to be an efficient
medium of energy carrier, which would improve efficiency by 10% to more than 30%.

The second major objective of this study was to determine theoretical efficiency of
liquefied hydrogen as carrier. Analysis of the exergy efficiency of hydrogen carriers by type
requires setting of physical conditions such as pressure and temperature of the
hydrogenation and dehydrogenation reactions. In determining theoretical efficiency of
liquefied hydrogen as carrier, the model employed possesses a suitable parameter to work
out the optimal conditions for the whole of a system after each of the refrigeration stages has
been optimized. The model in this study consists of three cycles of refrigeration and a final
cooling stage. Each refrigeration cycle is principally a reverse Brayton cycle comprising
compressors, expanders and a heat exchanger. Trial-and-error adjustments were made to find
the cycles that provide the maximum cooling heat to the next stage. The branch flow rate e,
which indicates the volumetric ratio of hydrogen to be sent to the expander in the hydrogen
liquefaction cycle, was found to be a suitable parameter to seek the optimal conditions of the
system. Only hydrogen, helium, and neon as a pure fluid can serve as a refrigerant for cooling
in the hydrogen liquefaction stage, and these three refrigerants were compared in terms of
the changes in pre-cooling heat requirements and exergy loss with change in the flow rate e.
The comparison brought three major findings. (i) A trade-off between pre-cooling heat
requirements and exergy loss exists, and this suggests that the flow rate e is an indicator of
optimal conditions. (ii) The efficiencies of hydrogen and helium as a refrigerant are very
similar and better than that of neon throughout the range of the flow rate e. (iii) In a certain
range of the flow rate ¢, the difference between hydrogen or helium and neon becomes small.
This suggests the possibility of employing neon or nelium (mixed refrigerant composed of
neon and helium), which have higher density than hydrogen or helium and are considered to
be more efficient to rotate turbines.
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Bl1E IHAIALF—Fx )Tl LTOKRONMNEBEST
The role of hydrogen as energy carrier
1.1 IANLF—FHL LTCOKEOMEDT L ¥+ ) TR OBE

HREECTOKZLTERIANALTF —JHO—2L LTEAINDDH B, FIETHIKE
fig A v 7 7 OFAFs . WNER AL L 7284 2 ~—> a vHEE7 v 77 4 ([SIP))
B DO AN F—F v V) TUISEFAFERHENICE-D < SR O TICHED S (NI, 2017),
Z oK FE O RIFHEX - KRBT OEL LT, A F 74 P TvE=T U
WHKFRDREREHET RS FEAKFEF Y ) TEMEMTONTV S,

A F 74 F (methylecyclohexane, 2-aminoethanol, n-ethylcarbazole % @
carbazole 7z L) Z/KFEFX ¥ UV 7 & L TH W 2 J7iEOITE TIE, KR, BKFEC IS OBERE
fiftiH & OGO Eh R DO IFFE O Ic iTh LT 5 (Okada et al, 2017, Hu et al, 2015,
Choi et al,, 2016, and Yasuda, 2014) ., Z#iZ I N6 DRIGEH. & D D FWEASIG DG E
PG N EBDORZ I BRI ANF R 2 KRESELT 200 TH S,

TVEZTIE, BERLEKELFERE T 5EKE X O RRIGE v 2 KR OHEFER L
L CORHAMFTERED H T3 (Kojima and Ichikawa, 2011) 1&72>, 7 v =T MRl L
KFEHEFTEET % 720 ORE % FRFICIT 5 ik Hl D & % (Wang et al., 2013), H7E,
TVEZTIIRATAFOARE L RAPOERZIFRE LTor—N— - Ky v aikic
LY ERETh, 2012 Fick T 22 MFOEERIIN 1.6 EH . HADOEERIZ 99 /7 b
v, R OREOK 84% IHLIERERTH 5 (P22, 2015), HADEFERE O &
— 713456 JTF VIFETH o708, 2015 4F1CiE 91 T b VIFEF TR T LA, TVYE=ZT D
BPEa A MIFRHE IR L, i LB T K EF v (bid), KA O DEREERIIY
HEELS A B I 5 X 5 1278 o 722D 1860-1990 HEDAIC 2 5T 178 o 72 L HEE X
N5 05, @R R HEIEIC X Y B o BRI T 2 R I T Ko G R, W - WH1VE O Bk
#fb, WEELEROFEIC X 2 HERIEBL & v o 22 REBREO KN & 2> T2 (i,
2010), % & CIEWAEERZ MR L 20 b EHRIE O % B3 2 kst EhTn b

(Good and Beatty, 2011), 7Y E=T7 %2KKEF ¥ V7L L HHT 220X, FICERE

BEELE LCoT vE= 7Bz e o tichseExbns, LarL, hdo
R 7 v =T HEECHE RN R EARIC L o TET vE =7 FIHRIM Z G F i
T LA TII RS, BRERENK ORI H 5,

Wk FE IR, KERFCES 2L ERIE 7T e 208370, @il - EBEEoX v ) T L
Y25, BIEEERAIN T 2ILEIIch 2 ) vTikd 50wz 7 vy Fikid, 5UkkHR
DIEM - Bk, Bl N TEWEDLOGRY . L7 2L F—HEPRE VL TN T B 05,
KHET 7 v b TOEMDP T &5 b FEI LG IR 72 IR I Tnia vy, F 726Xk -
IR TRETORA LA 7T X 2RO HEHETE 2\,



F2EDI 7 N F —fHTId, SHOREKIKEF ¥ ) 7 2 W RICHBIVIFE 2 R L
TN F—ROURE LT RLEDSE T2 L L35, KFEODZANLF—F
X VT & LTCOREERT oI, KEREFEXORKRN*F v ) 7 31 AR, I 70
AFTAV, TvE=ZT REREKSE) 2 oiHliTiEzZERL, HT 5, HICHAE
WCTHLX T 2 BB CTOIERETH 2 HEMIKFED T 7 eV F—BRICOWTHEET 5,

B3 ETIIRMKEDOEAM - BIRICX 2ty AT 2D 7 v ¥ —5h#EZ 53 5 7=
DDOETNEEET L, SEEFHGHE T VIE, LA by A I rvo—FTHE Y VT A
INICIREZ — v A z70y N9 A4 I Ve mi&afibto TRET 20T 35,
WS A I NDBRTHEETL2008) VTFHA I A0BL B0 FHA 70 TH LD, B
BRI A INADBREX VRN TH S &FE 2, REIC~Y 7 L, KR, 723 a4 v 2wt
ZHAIN%, SEHICERZGHE L TE29 A4 7%, RIKBICIILNG 258 5244
INEEL, TWEICHW2 2L DT 2 WY (SR O R) 1 X 0 g R
LNTWE2, ZOMANICD DOWTH IR L7z, 2B HI A 7 VICHWRBEE LT~ ¥
LEKFICMAAA v Z2E R L Lz ld, HEORE WnEIZFE X — vy olblimicf
Flchrl LTAFVYRUOAV T L (A Ve~ T LORAEY) PEHINTHE 05T
Hbo RoOTrab s 2 720 IHEFRIRER X T A — X —% KT 2,

ERMERFE T r Y =7 P Th AR RAIERIED 2018 FEEICIAE 5 H7z 7 KB
TuY ) MF—2D—DTH 2 [ KRR ICHE R FHRIKFRBRCEA ] & LT [
WEREANTIC X 2 FHrR KRR o A 7 L OBAFE | RIS 723, WS aRic X 2L b i
YA 7 i 05 &) JCIEBIEOEH - RiE L B L Tk b BN s L —
FAZNMTED T 2 EEM EDFAITH 2, = DB AT IR S 2]
BEtED & DibEffic L Cd v F~e—2 2T 2 b DL 7 %,

1.2 I3V X — 0O Pl 7

AEICIEL 7 2 ¥ —%25EE & 3 2 FHET R ICBAS 2 AT B L OARIIE T - 7299
WMl E IO W TihR 2, AHL IIEFE LHOKERICH ) =7 er F—BHEOHEINTT
% %BA% L (Ishida and Jin, 1996). EUD (Energy-Utilization Diagram) & FEE 5 =
INF=ZHR T 7 e ¥ -8 % KA U T3 2 735 RIE (G- BRBES) &,
Bt IR R OEER DT TV RATLHNDI AT —LEWr KR L7, F77.
Taprap Sl n-~F Vv & nA 7 2 voZE2EH & LT EUD EEHE LS 0HE - RS
WS =7 2 ¥ —BROMNTICEH L 72(Taprap and Ishida, 1996), 2 Z CT 7 &L ¥
—fB%IL, F—HNTOWAD - gL, L GEF - B . BA O 7 1w R0 Z{LHiED
KR (varv—RUzvioevr—) 20HMH L%, Jalalzadeh-Azar 53, KRN
ZIKFELRSE ., T & 7 —VKKRNE B L CEBRIFIC X 2 /KEBLE - fF3 - g 27 4
DIANF KB LN 7 ¥ -3 EHH L 72 (Jalalzadeh-Azar, 2008), & T T
DI 2 NF—1BRO KT IIKEARSLER IR O — 2 BB L Tfa T 28k 7 b



SR HDFERIC X > TRE D, av 7Ly —HEBENLRIEYTH S CO DEAT 7 &
A —RIEEAEHE LRI, FLEIAALF IR 72 AF—ERDOET/NE v
T EHEoMEmES 2, COWIEIE. JIGIREZ N2 2 &8 7 e ¥ -8R I ERY
B 0KEEGENROBMT 2L LW PL—=FAT7HRED L L, BIUVRICICHE R
WHNC O LT, HNREAREERE IR ST Iz 7 e v F—HRIINE AL, BT
BER D 2 & %GR L7z, Thengane b3, 1.2 XP 13 KR TLIICZ 7 ELF
—BEDOHR T EOMIICH D, T2 A X —BERBIIV AT LEERTHKETZZ Vb
OE— CHEEREAEL DD TH Y, VAT LWL v AT LRI OB L R DI
GRHCEE A E ONTET 7 L ¥ — DL LB Z A 72 H DICF L & L 72 (Thengane
etal,2016); ZD I ZCTIDEZFHWBH L7727 —ARAXT 4 L LTRAZXVKEL[WEE
IC X BARERE Y R T LA EEL, BT AL F -\ L Y bLFEZ AL F— DK (M
KBl - BREME RO &L O TR ol 258N TH 5 L ismAT T 72,
ToSgen = Wrey — W Z 0 (1.1)

Wiev = (gsupply - Egenerate) + Qin (1 - %) - Q (1 - E) (1.2

TI‘
W;ey ¢+ Theoretically maximum work in a reversible system; W:Work practically transferrable;
T,: Reference temperature; Sgen: Entropy generation; Q;,: Heat reservoir at temperature Ti,;
T, : Heatreservoir temperature; Q,:Heat recovered, T,: Recovery temperature;

Esupply’ Egenerate’ EXergy input to the system and output from the system, W:Work transfer

P2 ED LY X T O TR AN I EER oSk & FET, T2 e ¥ 8%
FrvbuE—RAEICLEbDTHSE T LICERLE, RIFHTIZS 27 2ICHAD T2
TN F—ROPLYEAE—DINTICE DV ToTz, 7V RAT LT L ICERICHEAY T
27 en¥— BB X OMEHELFEL, BN AT 7 e ¥ -2 L ICHEFEFIC L DR
FRICIE N RE R BB K ME R OB %R Ko 72, T7abb 1.3 ek ko, REET
H2bxr e F—HHE D 72 53O EINAATHE 7257 (e(thermal)oss) 3 & UEF D Y
RHARE 2857 (e(Work) pss) DEFTED Y 2T L & L COMRMNI R T 7 2L F—1EK (gos)
L7,

Eloss = £(thermal)joes + £(WOrk))oss (1.3)

H2EDETNATIE, KGEETT 3720 LERR - EFHOFEERIZ, VAT LNB X
Oy AT 250 b OWIGTHi 723 2 L 2R L L7z, Y AT AN THRAET 2 B OMEF L
ME R EO S TREIEA T ITFIHRTRETH 2 23, St % sz & T IR <
TS S OGN ETH D, T, FININDE A VF — DR - B E T LT
Ve —REBRKEL AT 7 v X —RIIET T2, WICRITREE 72 1 [BIIY
AIREZR B MEE R E TR IZm L3 5,

IKFEDHLE TEDOZNRICE] L Tlx. Rosen 13 X & v OKIKA[WE ., ARA AL, KOEBER



DR KOBIL R RE X N ZN O DHED S B 2 00 A EDLE 3HYICONTI AL
F—EB LT 7 vV F 5K %2 L T % Rosen, 1996), T7 ¥ —fHEIL, &
BN OETROmE - ENGEMFZAITRE LT, AT LAICHAY T 28k REED LE
HEnhrzz 7 e ¥F—EOENILRKD T3, F72, Berstad bk, /KFRIL 7" v & R ICH]
BS3MESPL 7 2V F—RICEZ 5882 3oL 7T om 2R ICOWTHRETL %
(Berstad et al, 2009)

1.3 WAL R /7 1

B3 ETIIRMKEOA - BIRIC X 2ty AT a0 7 2 F—wh#EZ 53 5 72
DDETNERL, PHERICHWARIEES LI 7 e v F =3 EZ M+ %, KEOHLE
& (latm T CH 20K) 122 2 M{KIIH O [EHE - B iR(EFH ORI D ) LR c B3 2 51T
W13 E5C Bersted & (2009) 23ME—ofFlTH 5, EAMN RN & L TORRT AL
BY RS — v v EHWEZBERRIC X > CTHREAOEEK T L AFHOMY KL 2K 2 7 u
v 2EGELIOTHY, ZOWMEEN (latm T T 111K) FTOHHICEL Tz D
D> DWFZEHIA3H %, Aspelund H1Ea—A F R+ ) — 24 Gh) 2BSHORTICES 3
LI X oT, WERM LTS % RH L 72(Aspelund et al., 2007), XURDHLH 4 7 v
b L7z Ts s X O P-ARKCRT L Figure 1 © X 91k %, FE (X
1-2) 275 ¥4 7Tk, wHI 7 v 2 (M 2—3) 23RS Z EiR. & 5B
gk (X 3—4) 1C X 0L I N7ARERRIAZ it e LTV 2 2 L ic XD BRI L
TEGHAR A RELS T 528 TE 20 THED OGS 2 BRI E 72 3R L 5 C
EDHREL T2 D, TsHRIXID 4 2> 6 AT 2 KFE X P-AfRIXID 4 2 HATITH T B K
PR O EIAFR O NI (B 4—m) AZAFEEEZ GEMIEREIR & L CRIH < % 2 5EIC Y 3
%,

Bty P 7 =2 1cBAL Tid, RFEREIIEHHED 5T % 72, Linhoff b1k, + &
TLNORET 0 R LT 0 X X F 72 I ERTTA & KRR O 1T 5 Bt oG
BT X o TEEIY D 1 KA % [X] - 7= (Linnhoff and Flower, 1978), % @ {1 T & KR D

2
o o 3 2
5 >
& . 2
o) 0
[o% o
S
@
4 |m 1
4 m )\ Saturation Line Saturation Line
Entropy Enthalpy

Figure 1 75 and Ph diagrams of Refrigeration Cycle



PammE (v v FiE) 2SEEINED FRZED 2 Z & 2 AH L7, Onishi bk, v¥vF
fight Z ~—2ic, HEN (B\sffat v 7 —2) & WEN (E/1= 2 2 F—olIt vy + 7
—7) ZRFFICEE L2 AT L0 a X M R#ftz 42 729 D €7V % 5 L 72(Onishi et
al, 2014), Z T Tl¥, ¥ A7 LNEMZZ % Fodfl. (BCSHARRARTHE © fIME 3 X OFER 2>
LtfE T 2B AN F —DiR/ML) T2 L &b, FlcT 3R  —evviav Ly y
—DflAAbE RS 5 Z LI X VI oG T 2 hFE 2 R/IME L 72,

KB 7T B2 RICH IR EZ — v 2 v 203, KiF%E Cldgikib i3 e m S ic
THCZ % L O CHFRIAIE 25 L 72, Fu 5 (Fu and Gundersen, 2015a) 1%, {Kif
a2 BT EERADOEM T ) N EREICEAL T, =7 e F-HER/NMLE D
72 b3 4 D DOREERIER 2 F20E L 72, BT 1 2 RIS & Sl o iR A 72 23
RONSI L R HEOME (¥ FiikE), 2 v 7Ly ¥ — O H PR &K BB R O &{kE
I X o TEMERIROREEE (2 v 7Ly =D AINRE) 2% ET 5 &7 e ¥F—EK
ZHMETE 2 2 L ZREERAIC I L 72, [FRRICKIR 7 v & X2 B 1T 2 (FERA DR %
BtR 3 % odEiRfE b A L 72 Fu and Gundersen, 2015b), % 72, Marmolejo-Correa & i3,
Exergetic Temperatures % Bfl& X @ /5 ik CE > 72 (Marmolejo-Correa and Gundersen,
2013), £FT 7 br¥— (EERELOT 7 LA ¥—%) 2REZ 71X —LEhT s
AV F—ICRET 5, AREPRELHHI D> T ELIRET S L, HEL 72 LF
— ik, BABRICEEOADEBAEL b0 RF N, BEKKEZRKEST L, JEHhz s
EAF -3 BERICENOHDOBIMEEL 2D e RIIND, 2nbD NREDHDHR
TR RO TS DA DRIEEE] % %% 1D Exergetic Temperature & 3%, Z D X
LTV AN F=RB L7 el ¥R | ORKE LTERII NG DLH, FkIcT 7 &1
F—ZBRDT 7 eV FRELEOBBE LRI L TE D, TNERANRIR
ftofzooMi7 L4 b vy 4 7 ViR L 7=,

o UCARRFZES S BTk, My 4 7 vo& 7o X (Fx v b u v —WEEE, SHES
H, Frvarv—R, X UCFEEMR) Oihs XK T HOREEZZILI 42D
v Ialb—vavEiTv, JREEIT NIST REFPROP ver.9.1 (LA F"REFPROP”) I X » T
AHEARERRAE TRk, 27 e F—BI P v AL —%FRH L, 2 O % iR
52 IC X o TBRIRE R EN DS EE 5, £ OFEOHIFIIZ, BN T v R
T3, BIUEVYFREREROTRTH 2, ZDENHETTH IV AT LT hbb&H A7
TR L TR X 2682 & O e im B S OV G535 2 Bl fE AR & L 72

723, L5 REFPROP ICUE X LT B7KkFE (A~ VKER TN T KHR) ORERE
1%, Leachman H23BHFEL 72 b T, FERICH D < BV R EAE Z 0 0K B8 & 1 PR
(quantum law of corresponding states) IC X > THii5¢ L T\» % (Leachman et al, 2009).
5 3 B CHET L 25 E O IREE 123~ T NIST REFPROP ver.9.1 (LA'F REFPROP) I
LVEMELZDDTH 2,



1.4 AWtZEo BHY

7Y —VIANF—THLKELZEBAN - E KT 2720 Ic8LE, fiks X O L Vo 72t
OB B CEAMEAEIED b, AL F—EIGE~OMY MHAD I NTWVE, L
2 LB TRV O N 2 Eff i 3 @b s h vz L 3523, #ifficsllL 284
REFTHRDBZNZENDOHEEREL T, ) LERIICHEEAR, A TEowT i
bEHARE R fTiE%k, =7 e F—%EEL LR T2 2 L2 MtoH L Lz,
1.2 ffici_7= L 5 1c, REBTH 3 T 7 v ¥ — DB OKEBUEE 7213 7 RN HY
AV T 2RBLOEFEAHHETL2LICL VAT LEROT 7L F—BREEZ KD 2
TEWBTED, 7uw AZEAO IS LAY T2 WEORE, T E X OH:FEH
BECENTRERZHECEZ 2D TH 2 Bt CiEnzeArF¥F—BhLt /2L ¥—
MROBEEIT ), ZDITEERENEKEZXF YV T THLIAEN A Y IA N, TvE=T
B Lok FRICEN - SAE L. BEEL TR0 R AR RS 2,
KFZEOWICBEL TE 7 vy FH A4 I WHTEL I N TTEDLD 208, HEICENT
WAREAG, REWEPHRIRE L Vo 2H - R oMt diTbiCw 3, 1.1 ficik~7:
EIICER 7w Y 2 7 b CHEAURHIC X 2KRIBLITRFRAFREDI MR E 2 2 L iCh o d, %
DEALIF 1.3 fi TR 72 [MEHIC B T 2 HAN 7 70w 2 TH BB L E#E (E
fifi - JZIR) ICDoWT DAy T —27 & L COMERE I T 5 B %2 o0 B0 CikE
22819, ZDXIICHILICBIL TOSMRGEM DD 5D T, 26D WFTHLICH#E
<& 257623 B M —ERE TR A IR 2 S L ASA[REL 2 5, 5 3 EHiCk W
TIIRMEHE - WL > AT L% & 7 VI Z OFHI T 5 DB % 54 72 o TR KR DS HIC B0
Tl WY A 7 0V CEFE - BRI RINCHIH C % 2HPAMBIREN TH 5 Z &, wiofE
RO NTWSE Z LEDOHIFI 2 L K St 2 M2 720 0 — ki a5tz ko 5 2 Lk
BH TR\, ZCTHRICHEST AT A—2 L LCHEENICELEE 2 2 & BAREAZ
Bre R L biffEfEL L,
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Exergy analysis of several types of large-scale hydrogen
transportation systems by type of carrier

(%5

ARECTIIER 7w Y =7 FECTHETOKEZEZIANF - XA T LICHONEKFEF v
V7 %L 2N F—ICXYFHEi$ 2 7E2RR L7z, KEDZAALF—Fx VT LLTD
W ZRT 72010, KEREHEXORENF ¥ ) 7 38 (AT I A4 P4 P 7
VEZT ROEAOKTR) I oFHii B EA L, B L 72, T HICHARENCRX T 5 B
FECOBETH 2 HEMiKFED L7 2N F—HRICOVWTHOEHE L, ThbzRicF )
TIUIL, TR RATOIZ v AF—BREKFOREIE L Cofb¥Fr 7 er ¥ —icxts
LHCR L, BRI ICHHE L 720 WO TERE T b BRI C 132810 O R PR X o B fE
TIKEZBDILFET 7 vV F =D 40%5> 5 50%ICHY T L7 e rF—pkbhd, THIC
Fdi%k - SR OB COIBAIH 17%H 3 DT, BUROFMTIZy 2 7 ok TiEo bl |k
DI ENF=DBEbNEEPHALE, T2 bIns KFHo 7 2L ¥
—Z [ - FIHIC XY 10%2> 5 30% B D= KE D JREMED ® Y . SiRkEE TE R T 4
N —F > VT LT 27-0ICEZDNiEZERT2HMOMBELLIETS 5,

&

i)

KEDPEELZZANLF—FHO—D2L L TL L TEAINDDOD S, KPETDHKEMRLE
4 v 7 7 ORIFED, 2014 FICHNEF2BIZE L 728G 4 7 _—> 3 v 7 v 7 4 (SIP)
FHIHOZANLF —F v ) THERFAGTHEICE SR O T ICED b LT &/, KFELIH
IR BARTE D S DIHI D 72D ICH N B L H T TlER, =27 A F—FHFIH L
SHE DO b KEMHIEKROMBEER VP L 7 e F—BEERBESREINTE -
(Okazaki, 2004 and 2007, Tsutsumi,2006),

KFBIICEREL BARZ AL T - E2 AL CHEI NS 2R AL X —TH Y | Bk
& LTI ZE 2 2Dk -\l S ., HBEICE S, 20720, ZBHIHES ZALF—5)
RAPKBRZANF —FH Y R T LR2RONFICHES 2, HAOE - RE1LLH 2V AT
L% —H LT 2 ICIIBE S L ICRET 2 27 e F—1BREZHBT 2 L BEET
Hb, KEOIZANF—ELEL 7 e ¥ —CiHli 3 25 01E, KEST1ELYLE D
237kJ T, REMLABREICH B A2 v D1 EL YT D) 869kI L HARB E/NEVH DD,
BHEZE TN 11TMI/kg L A X VORI 2f5THY, ZALF—F ¥ VT L LTHHET
» % (HESS, 2014).

KR Dk - BB RS C I AREEEZ S T 22010, REL LAY, WikkFEX 21
EEICEAE L7REBIC A NG, ZNODTRET, =7 ¥—23HE I, —EixF v



UYTYEICERI NS, TAAF — D[ - FIHORIIYE OWREE - 155 O S Ik
T30, KFMHY AT LOPFTOLNLRKMFER S & H-ICD> Tz 7L F -1
SOV DERVIREEICEWL I N Z B30 5, B & OISR, TENEDI RS b AL F
— DRI - FFHIENEEIC 7 2, L72dd o TOKEMM S A7 L0325l 3 2 1 13PE ok
RER IR - JENFICESWTHEINSZ Z 7 A X —CiMli L. ¥ OERECRIIY - FIIF % X
LREDDIEERB(IRNZTH S,

IKEHLE RS C L, BN, BURHE D Y u v AT 2w A X —IBERKET 5, LITIE
TRRATA, AN~ R EFARBEKD A 2 v, 22 —VFEOHEILEYMEXET 2
T, KeBRADRE 72 3BMLAN DR T 2 T7EZ Wi 7 a2 XD 7 2L F —4)3%
HH L7625 % (Jalalzadeh-Azar, 2008, Rosen, M. A., 1996, Christopher, 2012,
Tsutsumi, 2013), KFBL TIXEME. R, PHREDO 7w XA T 7w ¥ —HANKE
T30, WALRTERE COIEMEN S AT LD T 7 eV F—FRICE 2 252 0MET (Berstad,
Walnum and Neksé, 2009) Ofl], AKREEITE > 2 7 L2 O%F R ETHE Y AT L8k
I EoMET (Kamiya, 2007) O#l23® 3, KEEEE S ¥ U 7 & L CdiRAKRFEOM
CHBET SANVAAF T4 FPRTVEZTBMREI N, ZNHD T e A0, BijOiHE
B aX FOBEH, T3 LeM 2 L 256 (Okada, 2010, Okada et al., 2013, Ito,
2013, Kojima, 2014, Tanaka, Yamamoto and Itaya, 2016) 2% ., /KEDO T AL ¥ —JH &
L CoOFEMLDREESEZ R L 72,

L2 L e 3Ok « BFEi s A 7 L DR UGE DR 2 /R 7 = v ¥ — % 5l L 724
7, EEIICIE, RIGEHESER - SETHNENEr 0525 272 F— 13 KEL
Y AERYONEZ AN F =N FNEICOBER TR I N = 7 e F— 3K Z
7Y [EUNFIH T 2 AREMEA TFRCTE 5, % 2 TARIFFE CIHREN 2 B2 IE L <
BIFEH DKRHEIAE OkKFEF ¥ VT) 27 ¥ —I1C X b BARMICEHE L., 213 %2 868
T B HBETEIC DOV TEE L 7,

2.1. ik

2.1.1  FHfirTE

AL TIEIAFEFX v U T OXKE% [KFEOF T 7 e F—2WEA R GERC & | LATE
f1F 2, 20 LT [KFOFEZ 7 wrF—] 20 [VATLEZBLETCOHE—, F_F/0E
HEoxz 7w ¥F—BK BBRTER)| 2ELIFVAEEZ EROT /e F—LEZ . %
DHERE EFET 5, AL TR 2T 4 &%, KEL, BIERSZRCBkEICE
2 —HOT v AEiET L L L, ZOBERAZHEME (¥ v ) THLU0Z0FE) LA
DEICED 5, Lo TYHEBEKD L eV F— R UORIGDBICHATEZ 7 2L ¥ —
RAHI SR & L, EAERE, BHRER, B S TR T IR R YA SR O BE D & BRETICEL
W 2EUCHET 2T 7 v F BRI R L Lk,
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2.1.2 FxVT7TYHOREWERETOZ 7w F—F(b

Fx )Tk KEDG T2 EKEBLEYCER L 720D &, KEGTHHALE 2 IZEML 7=
bDICKAEINE, FNFNOBEICIG L 2L 7 A ¥ —48k 0B )7 & 3/l /7 3 % LA
TIZED 5,

2121 FxVT7THWEOLERIGEERTOL Y A ¥ -1

KEFXYIVTELTHEBENA FIANRORT VE=ZTEZHVE VAT LD 7 2L F—
R %S 2720, KFEHM T v 2 ROEERUBAFLZNETND —ED T v X% [¥
TYAT L] LS, Figure2.1 3, 3 7V AT LDOHFTOT 7 L XL NT Vv 2%
MRL72bDTH 5, MFEBKOEAVOEE X, WHEOL 7L F— (K#FE 1mol H720
DARFER) DAL ~ V%2R L, L i SOCHT OYE o, i RIEFEX IS F ¥ )
T D LI KFEE I AR LR OE D L 7 2V F — DL ~VTH 5, KPR
BEEE 72 3EEYO L L EWTDIZ 7 A F—L L2 RHEL L2 TH O, Hokt
e ERIZ RV, REIOE X, ERZOGAENRYEICIZ N BB E 2 13fEFHIC k- T
Mg sz ¥F-—2tE8%2KT, THAZIRMOKRE I IATZIItFEoRMicks

Heat & Work Heat & Work Balance
Supplied Generated
/l\ /I\ I Product
Material Recyclable
- inal

Reaction 1 Esupply

Recoverable as final product exergy

N

I Product

i Recyclabl
Material ecyclable | egenerate

Reaction 2 n Esupply

Recoverable as final product exergy

Egenerate

Recyclable

Material Product

Unrecoverable

N

Reaction 3

Figure 2.1 Concept of Exergy Changes and Balance
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72N ¥ —ZALEE R T, REFOBRIKEI L. SOCE, 2T, iRkt HFo L AL ¥
—DOHAY T, FERICX > TEEIAHAEELRZ T 7 eV F—ETH 5,
(#r%]

YTV RATLHADRIGT 0 A% —EDFRMED T TADICMAEIREL 7L X
—Z LD DEZDY TV RT LD csupply & T Do € supply IZIEELOMEBL, M, T2,
RIGDICEE L ORHHEED 5 b, ZET 2000 0% %, ZDF TV AT L0 OIS
57N F¥—%LEL72b DR egencrate & T Do & generate 13 A D EV VLTl NI F
BRISORISED S b, ZMT2d000%5, TNHLDOIT 7 X - % T2 FREHE
original path EFERZ & & T 5, & generate DEGRE 72 13 —FB1T £ supply IO IC L 7 fIEHE
IANF—) L L TIEHPAEE (recyclable) TH %, ARIEHL 25HHDOT 7 2L ¥ —
AL DR % recycle path EFERZ L & 32, INLORKERTYEDOZ 7 ¥ —I13
HIHAIREE R & initiar 2> O FEHPIREER ¢ finia ICZALT 5,

(]

FRLOREEZ R CRICHEDOYED T 7 2V ¥ — 1% ¢ finia 1ICET 525, LRLOEM IMEFHD
HAD 72T T RRDDH Y, ZDEE cvalance £ T Do Ebalance [T FITHE Z 2 KIGIC X
L7 RAF—BEECIEIRL, T2 erF—MHE (coppy) XITZ 27 F—fitH (¢
generate) D 7 02 ATREFICHEETZ2HDTH 5, B LIV 72 27 L DIBIREED & K6
ERETHRIRBICEZ L 7 e ¥ —ZLDOIL ATV AR L ZHATH 20, ZDOKRE IR
FOSDWE R ENFFIC Lo TREZETD . RICDOIEE R P RICEEE I X > THllF)
INd, KIFRICH T 2R TIE, —MRVICEESRF L LTRAIACH2RE, Eh%zH
WTHED . Chalance [TZNIC K o TIRODONB{H%Z & D, Ebalance DEATTHAHIEIR GV ITD W
TIIBROETIHL %,

(2 —v]

YTV AT LN TOYVELEIED 2REEKIL, IREEETH D £initial LT € finial € supply M N IC
ZALRTH 5 & generate X T € vatance D RK/NERICIE L T3 2D XX =3B V152 (Figure
2.1Z),

Hi—nX%—v (Reaction 1) Tl. & generate % P L 7212 D #F% (Recycle path) 13,
Einitial £ & finial DHEIFANICH Y | T 7 1 F — DI T ERYINEICE 2 b5 0 THE
LI irn,

B D x— (Reaction 2) TlE. € generate D—1P1E £ supply FHY 53 & L TEIUL X Hu, i@
TP VIHEARTE & finir ICIET B 72 D ICHELTR € finit D — 2K T 2 A[REME D B 5 DT, FIH
A[RERTTiER & 5 2 e TENIEHRE L 1350 kv,

B=D % — (Reaction 3) Tl. € supply 25 € generate % _F[7] 2 #8i# 5> (Unrecoverable)
i, BT 3 iz TESIEEE RS,

(GEfitFS)|
(1) =Z7erF¥—%EINFIRAL Z0EG. 372 27 LN KIS Original path (ICfEs,
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7k :\;'—TQJ\E. j:( & supply + Ebalanc(,) ( & halance Z,})J‘_ECDJ:HA) Izl e supply( & halance
BEDEE) THE, thve [F-oxr7erF—i8%] LEHET S, Figure2.1 T
F EmERAIOSTOAHETD 5,

2) M7 ATLTEREIN, MBENDZ T 72 F— £ gonerate ZHRINFIH L, AT Z
CAX—THD conpply Db E 2 X EHBEMK L 2BRORFFZ[FE_ 0 /L ¥ —
B LEFRT S, Figure2.1 Tlx LR ZRHIOE X OGEIED HIRIKET T OE X
ZaELgjlwi-ETh s,

(3) H—D X =V TD &upply D € generate % AT 27 Z I L Hp S 200 L [AE
I, B DR =Y T & generate D & supply Z IR T 50 % RILCUHE T, =720
—BRABZMWERT 2720 ICH, EPNCEA L LB TE a2 R0IBALIERD
72\, Figure 2.1 TliX”"Recoverable as final product exergy” & F/Rn L 72, 8 =D ¥ %
— v T"Unrecoverable” & L 725D A0 b 518Kk % [H_0x 7L F—iE5]
LIERT D,

(B4 FI~DIGH & 3 D il HE]

FRROERIHE ST, EEAAFIAFTROITVE=T 22X Y VT LT EHVATLOT
7N F—FHli 21T 9,

KFZDHEL 7 e F =05 v 2T & OKFEL-Ri#E#E-iKkRL) 2B ToE %
EHE O 7 eV F—BEREEL VR ERT 7 eV F—LE X, ZolhesFe
ERT b, Thbb,

FE—DZIAF K p=1- F—DIT 7 e ¥ —BERIKEDNFL I L F—

BLOZIRAF—HNE  p=1- FOL 7 eV F—HERIKEOFEL 7 2L F—

FBZDZ I AF—FIE : p3=1- FZDOL 7 e L F—HERIKFZONMFT I L ¥ —

LERT D, 15T 5 L. BV OIMEICH U Tk H & L < &2 OffifE 23 % & 4,
ERENZ T OMERAEZ b 0% HliT2bDTH S, T T, KRDHFT 7 ¥
—1, Kk GEIE) oA HEB T A0 F—237kd/mol IZ% L\, EIH I N 2 RARKIZ, Hin
ICFHRE 7 e L F—D 5 b, ENAETREIN - FIHCTE 22Tk 2D T,

SEHNRERRAME = p 2.1

L%, InB, HZDL I A F—BRIDKEBRLICIEIZLE L RO T, HF=ZOL7 A F
—%h# i{ﬁz{ztvk?%@wr A U 2R 7}(7&{151{[2@ ) WAD B I ERA
%

Ao & 51 $ﬁ%ﬁi*%#«ﬂ?&@%@ﬁﬂ’ﬁk@%:ﬁ%”¥‘@&%ﬁﬁ
THDT, R RIGa TOMMBLA T ZNO 2N L CREICE®E T 2272 r ¥ —D%
72T EERORFE KL %2 5,
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2.1.2.2 KEHBRLOZ 7 er¥ -2

KRFRACELE D LA E. BEN R FEORX Wy = H - Hi— TS - S GIRIRE, £
FARRE) 1o, REAFEAL» L/ ONEERAL TH L2 R/INRILLEEIC 7 v~ ik
BANTIKBICEMT ZRORBEEZMAT-bDE L7 A F—EI L LT, Bk - B TR
THETREYHE ORI, WARKEOGEDRA N7 TH 25, AfaCIIBEER I
T b EAKEETH 5 0.2mass%/day ZHiTE & L7z (Kamiya, 2016), H/NEILEE, ¥F
IKFB~DEM, KA NF 7 BRICRIEREE ICEST 2N IC T 2 = 7 e v ¥ —HE %
Mz7zb0% [KEFILOE DT 7w LF 8% L L, [HWEKZEOE DT/ ELF
=0 FHRICH W, b, s NRALEE O 3 5L b b Bl R R OH ¢ o il
#SRfE L L7z (HESS, 2014),

¥ 72, R KFBRILDE —D 7 2 v F -8 2 ORIRKROMEATL 7 L ¥ — %]
AL IRE L. BT 7 eV F—2EZELFIWERZ [ oz 7L F—BE| L L,
Hiffio = 7 2 ¥ =2 LR UER TR T 5,

Table 2.1 Exergy Loss, Recoverable Exergy and Exergy Efficiency in Transformation
Processes

Transformation processes of hydrogen carriers

Chemical Physical
(synthesis, (compression,
decomposition) liquifaction)

Heat and Work Input (in exergy terms)
Heating to raise Temp. of Raw (1]
Materials

Work to pressurize raw Materials [2]

Heating for Endothermic Reaction [3]

Compression - [4]

Separation of Product Gas [5]

Liquefaction - [6]

Balance (to achieve final state) [b]* [b]*
Boil-off - [9]
Yexergy loss (loss of 1st kind) floss(1) = [1]+[2]+[3]+[b] floss(1) = [4]+[6]+[b]+[9]
Exergy Efficiencym 1'81058(1)/&1ydr0gen 1'81088(1)/&1ydr0gen
Heat and Work Generated (in exergy [10]+[11] [12]+[13]
terms)

Heat from Exothermic Reaction [10]

Heat of Products [11]

Pressure-based Exergy of products [12]

Cold Energy of Liquid Hydrogen [13]
Net Exergy Change (loss of 2nd kind) eloss(2) (—[1[(}]]:[[121‘]")[3]"'[7] loss(2) (E1[24]].|.-|-[[163],]-;[8]+[9]
Exergy Efficiencyne 1-(£loss(2) )/ enydrogen 1-(£loss(2)')/ enydrogen
Unrecoverable exergy within generated [u]* [u]*
exergy in the process (loss of 3rd kind)
Exergy Efficiencys 1-[ul/ enydrogen 1-[ul/ ehydrogen
Fuel consumption of tanker [7] [8]

* [b],[u] : Balance and Unrecoverable exergy respectively, as described in 2.1.2.1
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2.1.23 =7eA¥—AK HEHEFOHEH

Table 2.1 I ¥ + V 7WREZ ARG 2 T 7 A ¥ —8%, AN - FIFAAEEART 27 &
F—BIU0z 7V F-hFEHICH3KEHZ R L 72,

2.1.3 EpXARETOoZZerF—E1

2.1.3.1 EREEX (2vh—) KBF37er¥—21{

R PEBEEE DREE CKE F v U TIT LA ELIT v S RGE L 72, A o BRI
BT MEloEE (b Ex 7 ¥—) 27 wrF—HKE LT,

2.1.3.2 HE#ikFZEOox 7 AL ¥—21L

X v U 7 & v CRERERXE L 72 12ic, RERIPKEF LR ©H 2 EHE A BHE
DRV IICKELXZFET 2 TOHO T ATOI Y ¥ —HEx FiiT 5, K
RIREAT — v a VICEET 2720, KBFEEFRNICIR S W, ik h s, BRSci
JEX N5 MRS CORREL 7 vV ¥ —2 T 7 L F—HEL LT,

2.2, KEF ¥ ) 7TEOHE
2.2.1  FhEFHmD 720 DEHE T

g Bl i3, KT RERRIERX 3T (BT I~ f FI4F, TvEe=
T K HAKTR) TH D, Figure 2.2 IC/LF G % S HT 3 @ Kasai and
Akiyama(2006)D /5iEIC X 3 7 u v AL AT AR ERT, KOIMEIZY 2T L2 RkobER
T, Erblikle ik 2kEE b vEREIER) PEERE KRS 7Y 2T LA

( Total System
Sub-systems Sub-systems

w4 expansion Q ’
l Recycle ‘- ’ Recycle ‘
on condition % on condition

Figure 2.2 Process-system diagram of a hydrogen transportation system using chemical
hydride as carrier (unit: kJ/molHs)




Table 2.2 Exergy Changes and the Formulae to calculate the values in the Chemical
Hydride Hydrogenation Sub-system

Exergy Change

initial state final state

formula Ag/molH2
Heating of TOLiiq 25°C 110.6°C JGQ-Ty/T)ar 0.6
TOL Vaporization@110.6°C liquid gas AHQ-T/T) 2.5
Heating of TOLgas 110.6°C 200°C G(1-Th/T)dT 1.4
Heating of Hagas 25°C 200°C JGQ-Ty/T)AT 1.1
Feed gas Compression nRMn(P/P) 12.0
Heat & Work Input sum 17.6
Reaction Heat (exothermic 0.(1- T/ D -96.9
energy)
. . 200°C 25°C

Cooling & Expansion of MCHiiq 1MPa 0.1MPa [C(1-Th/TYAT 3.1
Heat & Work Generated sum -29.2

3, 22 CTHFx U TLAEMICE I N, & v h—IC X 3 B2, BikELY 7
¥ AT L CIEEMERBED KR L fho JFRHc it S . b v AT o045, FlE. B
PR, EIE, B 2 MEERER T, RGOS E 2 v -k e R,
RS, EREM» L2 Ak E RENZA T 23 EFOHAY 27T, ULx—vT3
FKHNISOCH B X OB DB FE RO T8 X CBOGRELV & L CRUCRI FH ATRE 7 Bt
DRI E KT o

3HFHOEETH 2 RAKFZOBIELRIT R 70y VA4 7 kil 75, Hia
W/ NRALE S T s Eo#ihn ) —F 4 7 uh bRk,

I X ) 7TOHEK, WEROHEICET 2w 7 e F—RABEZEL, &
ArEEZH O /e F—BEEL Lz, R 7 X2 bEINAREAET 7 2L F—%
L' ERE oz /e F—iBKEL L, 7 F—3EKiF, choiBkes
KEDHEL 7 eV F—2 LB 7,

Long

11.7
Y

product exergy

1 1 1 1
I ) I h | Dehydrogenation |
| Hydrogenation | Distance | ydrog |
! ! Haulage ! !
1 1 9 1 Recyclable 1
| | I 9.3 |
| | I pesssssss |
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
IN | Heat & Work Heat & Work [ [ Unrecoverable balance [ ouT
TOL & Hydrogen : Input Generated Balance : : 436 34.3 : TOL & Hydrogen
1 1 1 1
=TT 6 el R I
| A B Heat & Work Heat & Wor |
1 > 1
1 ) 1
- .|- LEE )
1
1
1
1
1

|
MCH : Input Generated\/
|
r Nasssssas
|
|
|
|
1

I
I
: Recoverable as final
1

Figure 2.3 Exergy Changes in the Chemical Hydride Hydrogenation and Dehydrogenation Sub-
system
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Table 2.3 Exergy Changes and the Formulae to calculate the values in the Chemical
Hydride Hydrogenation Sub-system

initial state final state Exergy Change

Formula AglmolH2

Heating of MCHiig 25°C 100.9°C J C,(1-Th/T)AT 0.6
MCH Vaporization@100.9°C liquid gas AHQ-Th/T) 2.1
Heating of MCHgas 100.9°C 300°C I Cy(1-To/T)AT 5.4
Reaction Heat (endothermic Q- T /D 34.4
energy)
Minimum Separation Work Mixture Separation  -R7Z(xilnx) 1.1
Heat & Work Input Sum 43.6
Sooling & Condensation of 800°Ceas 25Ciq - Cp(1-To/ TIAT -Aewy 7.0

gas
Cooling of Hagas 300°C 25°C -JC(1- T/ T)dT -2.3
Heat & Work Generated Sum -9.3

222 T Ihrr{FT4F OB

BT IANANAF T4 FIZ bV VIOKEEZRM, BKET 2 7E2ERL -,
Terada et al. (2011) ZZ#HIC, Pz v (TOL) IC/KFZRML T, BpEkFETH 2 A F
¥ rzu~xy v (MCH) Z&MKT %)% % 200°C, 1IMPa &, MCH Z k&L,
K ZAF D KBS % 300°C. 0.1MPa & RGE L 72,

2.2.2.1 FAZV~OKREIMEIG
C7Hs(TOLiig) + 3Hogas — C7H14(MCHgas) (4 H=-212.3kJ at 200°C) (2.2)

ERoRIGENEFHT 5 =010, BEHIREOJFEZ KIS E o, mET 27
¥ =2t FIFATRE R SOGEY (8l B2 Y 7 Hsc(2007) . K UHERY) &
LCTHEbNE MCH SWADBKUIES T 7 2 ¥ — %15 2 5t OFHERE S % Table 2.2
I, BEROBE TR LAEAEICE 527 v F—HEE % Figure 2.3 DRHINICRT, 2D
K D& 7 a2t Figure 2.2 0 7o 2 it T 5, AT /7L F—&
(Heat & Work Input 35 X Of Balance) O &EHE, H—D T 7 2L ¥ =3 OFRICH W
bid, FEETFEE X OCINEDFTE R 17.6kd/molHs 1X, EMICIIRET 27 L ¥ —
29.2kdJ/molHz D —# %> b RBRIFEAIRETH 5, ZDOH/AE DT 7 v L ¥ —HHEIL. FH
DIV RVF—FNEDOFHRICH LN S, X HICRES 11.7kJ/molHz & balance
35.9kd/molH, ®—# & L CHIFIH I NS L L7551, 272 v F—EARIIWHEIC
BEMICE 2z b 2 7 e v F—ZICHONZDTHE =D 7w L F—{HKIZ0 L7k
%, ¥k, B EEO T — &1, NIST(2013) &% O PCEH(2007) % 7z (LA FRIER) .

2222 AFnrvZu~FHvofiKERG

C7H14(MCHg2s) — C7Hs(TOLsas) + 3Hosas (A4 H=214.9kJ at 300°C) (2.3)
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Table 2.4 Exergy Changes and the Formula to calculate the values in the Ammonia
Synthesis Sub-system

Exergy Change

initial state final state formula Admoll2

Heating of Nagas 25°C 525°C [Co(1-Ty/T)dT 2.1
Heating Hogas 25°C 525°C [Co(1-Ty/T)dT 6.0
Feed gas Compression 0.1MPa 20MPa nRTIn(B 1 PRy) 46.8
NHsgas Compression

(0.1t01.0032MPa) 0.1MPagas 1.0032MPaiq nRTn(P:/PR) 3.8
Heat & Work Input sum 58.7
Reaction Heat (exothermic 0.0-T/D 993
energy)

Cooling of NHsgas 525°C 25°C -1C,(-Ty/T)dT -6.2
NHs Expansion Work 20MPa 1MPa nRTIn(P/R) -7.9
Heat & Work Generated sum -36.4

HIFIKBRMO 7o X LEFRIC, MA 2 _RE T 7 2L F—8, RO S Bl AT§E 7
T 7V F—RBOGHHETE, WICEHER R % Table 2.3 12, FEROE TR L7ZHEICX S
T 72 F -8 E% Figure 2.8 DRHINICR T, MCH ZHi/K#E L. 1mol ® He 2155
7o D DFTEARA L 7 2V F — 1k, WEAR)GO B fibia 3 2 255 1 X Y 55 43.6kJ/molH>
IC72 %, £ D—HB 9.8kd/molHs (. A D E & IAGFTRECTH 5, [IUNAIFH D12 ICHR 2 P
P A 34.8kd/molHz 1, O 7L ¥—j8KkL L CHIKOFHICH W ONE, B
ZENAIRER T 7 eV F— 3R VD THE DT 7 L ¥ —HRIIFE O 7L ¥ —{HK
EFRICICR S,

2938 TYE-TOIEHRE

TVvE=T2XX V7L 35HNd, "—— Ry v aEZTTVEZT AL, NE
U CHAL S 2 ik IR L 72, &GS DH% 525°C, 20MPa &, NERILL 727
VEZT R, WRBICELKERZSE L RICOEMEE 425°C, 0.1MPa L RE L 72
(Kojima, 2012),

2.2.3.1 T VEZT DA
0.5Nggas + 1.5Hggas — NHsgas (4 H=-53.5kdJ at 525°C) (2.4)

WRT vEa=T 2KEFXF ¥ VT T 2103 LB RKISEMIC X 2 BRI 2, EEHEIRRE
TRIRDT vE=T ZMELHERT IMPa ORIKAICEIET 2081 H 5, Thbo 7t
ADI 7 eNF 2R, I, BUEER T 7 v X —BOFHETE, FHERERE
Table 2.4 (T, T 7 &L ¥—MEHE% Figure2.4 DKHINICR T, A4 F 74 FokE
AMEFRRIC, AT 227 eV F—BOGEEHI, B DL 7 A F—ROFHEICHL
Nz, FETFESE X ONEOFTER 58.7kd/molHe ® —ifix, FKET LT/ wLF—
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Figure 2.4 Exergy Changes in the Ammonia Synthesis and Decomposition Sub-system

36.4kJ/molHz 2> SHIEFIEECTH 5, 2 DHEOR T 7 e L F—HREIZ, F .07k
¥F—hROHBEICH LN S, E Y D 22.3kJ/molHz (3 TH 2 7 v &= T ICHEERN o
I/l F -2 L5230 hDT, F=DT 7w ¥—BEIZ0E 5,

2.2.32 T Vv E T DR RIG

NHs(g) — 0.5N2(g) + 1.5Hs(g) (4 H=52.4kJ at 425°C) (2.5)

TYEZTHERDO 7oA LFERICMA 2 _XEL 7 A —ZLE, ROKH AL
AfRE7R T 7 e V¥ —BOFIEAE, WICEHERHR %L Table 2.5 &, T2 A F—KijH %
Figure 2.4 o Gfllicnd, 7vE=T7T 2L, 1mol ® He 2155 72D DT AT 7 &
AF =3, WARICOBICHG T 2EHFICL Y 46.6kJ/molH: T 15, Z O
11.0kJ/molHz . YO L fitiGrlGETH 5, MINFIHO®ZICE 2 TEKZ AR
35.6kJ/molHz (X, B DT 7 A F—iBELL AT, HixsEIATRET 7 £ F— (T
DTHE DT 7 AF—BEREIF O/ L XF—{BRLFILICR S,

Table 2.5 Exergy Changes and the Formula to calculate the values in the Ammonia
Decomposition Sub-system

Exergy Change

initial state final state formula AemolH2

Heating of NHsgas 25°C 425°C 1C,(1-Ty/T)dT 4.2
Reaction Heat (endothermic 0.0-Ty1D 40.0
energy)

Minimum separation work Mixture Separation  -R7%(xlnx) 2.3
Heat & Work Input sum 46.6
NH;s Expansion Work 1.0032MPa 0.1MPa nRTn(B/P) -3.8
Cooling of Nogas 425°C 25°C -JG(1- Ty / T)AT -2.9
Cooling of Hogas 425°C 25°C - C,(1- T/ T)dT -4.3
Heat & Work Generated sum -11.0
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2.24  WAKFEOFEHE

BT ROT 7 v F—j{EEIC, 2 v h—ERICET R0 e ¥ —-RUIFA
NATTHREINDIZ VA F -2 MAT-AEE, WEKEEZFY I T LT LV RT L
DE—DL AL F R L1, BRAL 7 e X — 2 2B L 2560 RT 7 2L ¥
—HEEEZHE oz e F—BEL LT,

(2 en¥—ith]

K CTHIIRE T 5278y NI A4 7o FEEFIE, WIRE(LEZ D 7253 Joule
Thomson . % DRI DZiReE M BB DR TH 5, KFLAMRITL > 2T LIk
b1 5 ENCER R AT (1815kPa) & b mVEIChE T 15,

AR 2 bEE Wiq 12, WA —F 4 2V ZIRGE L 28560

Wiig = H— Hi— To(St— S0 (LIRIREE, fHIREE)
(2.6)

ThHzbnd, ERiC, Leachman HRAE/SFREIIC X 2 HREEH (NIST, 2013) % A5 & &/
A5 25.9kd/molH 23S 5 5,

A b KFE (0-Ho) 1kg %S 7 KFHE (p-Ho) 1C&HE (op £HE) T 28 &EE LT, Wi (B
20.3K) 12 BV TH) 703kd/kgHs DEAH ST\ % (HESS, 2014), % D5t T 25% p-He
D = rkFE (n-H) %#) 100% p-He ICEH 3 2 RO FEEE 12, 1.16kd/ molH2 TH Y |
R XD EVIRED S EZ T 2 BRSICEET 232 LIEL, WElT 5720 oflf
AN =Tl % & 2.1kd/ molHe & 72 %, WiALEFH & n-He 25 p-He ~D np &
= o AEHE 28.0kd/molHe & 72 V. A BERIRLAT R & L 7=, BIER R O fifr
T2 D 3FotFEE2ET (HESS, 2014) &L INTWEZ A5, 84.0kJ/molH: % S fH
L L7z, b, BRI ZKERILSI R L7 e Y = 7 bl BRI LTS E O 2 5 0%
KEZHIEL T3 (Berstad, 2013),

RANF ZICOWTIE 1.1 IR Y . L — b % 0.2%/day (Kamiya,2016), ik
ZKFFERLE 72 3 A % FEH T 2 FEZEIMN 2 & O N TEE (IMo, 2014) 225 20 HE D
R EE, BABRIKZEONFE T/ ¥F—D 4% T b b 9.5kd/molHs & 72 %,

[(FIHARET 27 2 n ¥ —]
WHKBFIZABRT 7 e ¥ — %>, 22 TlRARGE (101.8kPa) F. s (20.37K)
LR (298.15K) O =7 A ¥ —7% (22.5kJ/ molH:[13]) ZHEEmMIFIHEET 27 2 ¥ —
& L7 (NIsT, 2013),
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225 & vh—EpkoEME

KA RERNIC  ARANEE OB E T 2 Ml OB E AT EI AL F— L LCEIEL
7o BHET IANANA FIA FROWET vEZTIZT IANLZ Y A—IC XV WilkkE
TAKFE X v A= XD BN OB ~EW S 2 b 0 L HE L 72 (WiATiEAE
10,000km), International Maritime Organization D % ¥ /1 — % 4 7'}l dwt (dead
weight tonnage : #EHEE F V8. FEAMITIEAEX CCFEBEHE E & 5> 5 7KFE 1mol & 7-
DR YIRS 7 eV F—il{E %, BED X v 71— DR TV 2 KT
»H25 CHEBOFKENRICIVEIELZ (IMo, 2014), 7ndk, EYEREIL dwt © 90%L L7z

(KKK, 2016).

Wilk/KFE 2 v 71— ZREH T MUTEBICYTED OBV, X &V XYl nk
BrRERL =3BV - OMEERELSFRSERD LNG £ v 7 —Ll Rk 3 LRE
L. AFHAlRERT — 2 ohc, BYERESKS (6676 ) © LNG 2 v h— (KA
2 9.4 J7 Nm3) DRE % FH\ 7=,

226 SEHEHEOL 7 erF—18%

Table 2.5 Fuel calories of tankers

Avg. cargo Fuel calory Hydrogen in Fuel calorie
tonnage (TJ/10,000km)  cargo (Mmol)
* (dwt) (kJ/10%*%km/molHz)
Chemical tanker 1162.2 24.3 [7]
(chemical hydride)
Chemical tanker Liquid 42,605 28.27
ermica’ tanker 1du 3349.8 8.4 [7]
ammonia)
Liquefied hydrogen
tanker* (169N m®) 11,360 29.71 5061.4 5.9(8]
cf. LNG tanker 6.676 14.85

(94kNm3)

* A LH tanker is assumed to have the same fuel efficiency as a half size LNG tanker shown in the
lower row since the former has apparatuses consuming larger amount of fuel such as cooling
system than the same size LNG tanker.

AR IIKFEF ¥ U 7TICOWT, H D 6 O RFEHEEZRER IC T 7 2V ¥ — 8K %%
RY2HDTH 50, ENALEIC DT IRTERRIE M H BB I A%, Tk s h 2R &
LT @Mk R 2 e e L CERET 5, HMiKFEICO W TiE, AN ICl~ 2 B
THEI NS Z L ZHifEe L, ZoffkiE, BFETAALF—T8L 0 £ Lo [KE - BRE
Bithig e — N~y 7| (P26 4 6 H 23 H) B X U2 0EfiFEHRDO—>TH 5 — Mt
FNOKFEMEF AN (HySUT) 23EE3 2 FEICB T 2 K[ MERT—> 2 v &2 [
W 7 BRRLE M E B~ D KGR T LA CIEEME IR I T2 b D Th B, L
5 I & 72 EMEK R 13, 20MPa 77— FOVICHTRR & 5, EREENERFIC 13, 2014 4 OB
FEAICHRE & 72 o 72 EIR 45MPa OFHEIE 10 2 v 7 Z w5, KFEAT—> avicsnT
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kJ/molH,

20.00
10.00 I I I I
0.00
20MPa 45MPa _ 82Pa_ 70MP5_1
(10.00) Curdle Road Haulage Dg::;ir;trlgl Pre-cooling
(20.00)
(30.00)
(40.00)
m Pressure Exergy Accumulated Work Required

Figure 2.5 Exergy flow of a road haulage system of pressurized
hydrogen gas tank (unit: kJ/molH>)

X, ZHEFRED - ® 82 MPa ICE L., HE/HEEH D 7T0MPa % v 7 ICHET 5, Thb 7
Bt RCEF LTI er¥—DE{%E Figure 2.5 1T/ d, ik v EoBiEIL, fEHEREE
DEMKE R FHE L T B FEHIKEDOFES T 7 2 F — (AT NIST, 2013) % BRI £ 7,
ilh X v T oK GEIZERtES L CRBEORICHE R T L 7 -0 (HE L v 7 25
oW ImHIT L) MEMFEOREETH 5,

JEAF LR EWEVERE 2 RE L. W= CpoT(P/PONRICH-1) I X VEHE L. JEJCSL
THEIMS 2 MRS (Z=PV/ nRT ) (HESS, 2014) CTHfilE L 7z,
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2.3.

2.3.1

RRRVER
e S TS

Table 2.6 Exergy Loss, Recoverable Exergy and Exergy Efficiency of Three Types of
Hydrogen Carriers (kJ/molHz2)

Chemical Hydride Ammonia Liquid Hydrogen
]1;1;6 Hydro-  Dehydro- SyI;tllllgsm Decompo- Theore- Reference
genation genation Liquefaction sition tical (a)
Exergy Loss and Recovery
, ITS;iltHeat and Work 53 43.6 75.6 46.6 28.0 84.0
2 Ingjftmg and Work 17.6 43.6 58.7 46.6
Balance (to
achieve final state) 35.9 0 169 0
Boil-off 9.5 [
Y'exergy loss (loss of
5 . 97.0 122.2 28.0 93.5
1st kind)
Recoverable Heat
[13]
6 and Work 29.2 9.3 36.4 11.0 22.5
Net Exergy Change
7 (loss of 2nd kind) 58.4 74.8 5.5 71.0
Unrecoverable
exergy within
g generated exergy in 0 34.3 0 35.6
the process (loss of
3rd kind)
9 Fuel consumption of 94 317 8411 5 9l
tanker (c)
Exergy Efficiency (d)
Exergy Efficiencym o o o o
10 (1-line5/237.2) 59.1% 48.5% 88.2% 60.6%
Exergy Efficiency e o o o o
11 (1-1ine7/237.2) 75.4% 68.5% 97.7% 70.1%
Exergy Efficiency s o o
12 (11ine8/237.9) 85.6% 85.0%
Exergy Efficiency (d) with fuel consumption of tanker considered
13  Exergy Efficiencym' 48.9% 44.9% 85.7% 58.1%
Exergy Efficiencyne' o o o o
14 (1-1ine7.9/237.2) 65.1% 64.9% 95.2% 67.6%
15 Exergy Efficiency s 75.3% 81.4%

(1-1ine8,9/237.2)

(a) curent best available technology
(b) In case of liquid hydrogen, sum of exergy difference (between 20K liquid and 298K gas) and work
accompanying normal to para transition heat (2.08kdJ/molHz ).
(¢) Fuel calory of Bunker C consumed by an average tanker (IMO, 2014)/ hydrogen load(mol)
(d) 1-Zexergy loss /chemical exergy of hydrogen (237.2kJ/mol)

Table 2.7 IC = 7 v L ¥ =G EICH W2 fis L O

7 N F =R IR X ITKE, BOKFRL L v o 7kFEF v U 7 2 AT 5k T,
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IKFEDILH T 7 e ¥ —HHK 40%70> 5 50%D T 7 L ¥ — 8 & ., HAERRL OB
TH 10%LA L2 HEE < v, BUTKFRBLEA ©ld MCH & FIREE DR 40% 031 E S 15,
¥ x U 7RI O 2 SOSIEEE /TE & v o 72 RS2 K L Tw 5, L2 EE{L 20
SF¥ ¥ VTOEfTurR0m Tk, TYEZTEBOIMEL 7 v E= 7 B0 inshic
T5L7 e F—HFAFER, K\ T MCH /KR 7 1t X OWEH K Z v, FICHHME - 2
RO TR CELE X LA TRER 2 WilAKR T, i —Fictkr3 B -7 v
¥ —J8% 1 28kdJ/molHz & /N X v~ (Table 2.7 Line5),

FHDEKROFHTIIER T v A COMEMRLIEME ) 2B L Lz, cndb T ek
APOHECIE-ENZ 7 e F—%EIL, 702 A~DFREHRALT 7 L F—ICHHT
%% L LA DE g2 (Table 2.7 Linell) (. m H# 10-20%+F4 v riaikd3, &5
7 a e A CHET . (LFEL2LTHMER L2560 g3 13 85%LL Rici#E S 2 (Table
2.7 Linel2),

Table 2.7 @ Linel3-15 342> & O RFEHEHHHE THE 3 2 BRELZ IR L 72 303 %2R
T 3STHDOIKFEF ¥ U 7 OFiEMRE O 720 FER L, EriAFic o 2 kFoEROHA
DENTH D, HTERICEHD ZKEQOEED IO P TRL/NE W MCH Dlinkkkl ol
BHEIIKEL 7 AL F - T 10%EB &R D E,

IHICEF v Y 7ICHE L TR TR OBX - FEHE D B T ORI 5 BEK
17%H 2 DT, 7a e ATHEAET - ENZAMEH L (L2 F v U 7 CHiRKE
DEUTHM CIRKFEOFHE T 7 e F—DEnE3 2 U LR kbbb 2 itk

231 TIAANAFFATF

LRI DET 7 2V F —F X MCH RUGEAOHIA © & S BEER L B R/ MEF % 2 0
IS 5 L TE B,

Zvh—igkcli, EMERICHD 2 EMKEOEEA o X v VT X Y/hI T L2
LKFELY ) DRE K, RECIHEHE O I A2 v A —%2E LR, Rz lER
29, FRFETEOWAKCHEETE 2RREZFO IV Y / AF Ly Zu~FH viionT
(i e BT E A AR WE A & v —ic X o TREASETE ZAREM S H B,

2.3.2 FYEZT

AP OB 7 2V F —F X MCH KIGEADFIF © & 1S BEERN L B R/ MEH % 2 0
JFRIDZEH 0.56mol £ 7K 1.5mol 2257 ¥ E=7 1mol Z AT % MG DEESL# A
Hi7-oox s erF L NBAHINE) CEto7zdD 7w VX —FEEZMA 5 &
70.1kJ/molHs & 75 %,

IGB K OEBYI 0BT 7 eV F =2 TENITT 7 L ¥ —18%5% Z D0 2
TEHRTED, LT VEZTAREER. MET Tz o<, BUHTHER T 7 2L
F— Ik D FEE MFEICH ISR UGE ICE M TH %,

Tl T VEST AL, Imol ® He 2557200 7 2 ¥ —8% 1%, 31.2kd/molHs

24



TH D, FYDET 7 eV F—DBHHTENITIEIEZ DO T2 ENTE S, T 6
2T v = T EEE (382.6kd/molNHs) % WK G D ZVJE & 3 % i (Hikazudani, 2012)
LIREINT WD,

2.3.3 WikKkFE
Ak 2.6 =X

Wiiq=Hi — Hi— To(S— S)  CARIRTE, £ARIREE) (2.6)

ICXHIGY BIREEfE % R AT 2 & /M bt gs 28.0kd/molHa[6] 2313 541 5, EERICIZZ D 3
5L (84.0kd/molHz) Td % (HESS, 2014), Figure2.6 i3z vy K44 71D
BXEc, &5 15006 7T OGS 28R ONEZ/RT, Figure 2.7 IZF ¥4 7L
D T— sHX T NIST(2013)1C X Y 1R L 72 55 MR I OV EEAIAR B ICBRES moFS 2R LT,
KHWE A (Jkzv b rE—) BICERL, ZOMHEBTD hORNERT,
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Lig. N> gas for

Pre-cooling E
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0
4¢— H, gas feed

\NT
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Heat
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TV
WITIVV TV
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<

Description of Locations
0. H;gas feed
1.  Outlet of Pre-cooling

6 ; .
Joule-Thomson * ) heat exchanger
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Separated gas (gas
side of biphasic line)
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I
|
No oM
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Figure 2.6 Schematic diagram of hydrogen liquefier
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Figure 2.7 Temperature-entropy diagram of hydrogen liquefaction cycle

Joule-Thomson ik (& 0 ) 13, Figure 2.7 DL 657 ICR T X H ICHFET VY XL —ild
BT VAR E R o TR T OREICET I 5, Leds TRfkeESRILI s DT
T L, RIL S N2 IR BER 2 BT 4 7 Ahicak b &, KRR 23 i3
A 7 NMTETRI NS,

¥ 72, RS ISR NIC KRR Z RHIT 5 720 o, FAERICIIBEEE, $4abb%
IV brE—@RETH L0, ERICIRORERD Y Fx v 2 v —iEfRIsiy, fERT
LMD ANT =T VALY | Figure 2.7 P& m n(I~Nic B F 2 KkFEotkz v 2y
—% ., BWREZE S AEOHBEEIGE &35 &, WALEIG 413,

A=(ho — 1 + &hs— hs) ) | (ho — h2) (2.8)

THK I %, PCEH(2007)®D Cryogenic Processes DEICR TN T W AR EZSEFICL 72,
Bz 22 0.5 THIE, WALEFIX LG Wig @ 25L& %2 DT, WL Loz
IZIRREE ho 2D b 2 2L IR TAZRELST 2L HNETH S, 2NnbHD I b, fIHIK
W EDIREEICHINT 5 W lZEZ 6N\ D T, ho, b, ha RN hbs TN Z N B E 5 F
ErEET D,
© hENILT L EMiE YA 2 DT, By AT a2k e RS 5, - - @
© i B/NIL TS EEEEEE CEREMRT . ARy AT AAREE T
5, @

C mERELST S EREAODREZED S, - - O
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© B ER/NILT LR BEENEL Y P e —@RIGEDT 5, - - @

INLHED DB, WKHWHEN 2D IZQOKR VOO RKEONR TH 5 5 (Berstad,
2013), @® 5> b, MEEEMIIKREELEEx bh, L ICREL2HAL ) —F 4 7D X
Sk 2 LRILZ Y b —ICEFCTEEMT 2DIEIARAEETH S 5, ORIy 2T 4
RoEEl. L@ > AT L ACHREE DR T (388 0 g iz 2 X PR T
IIF[HETH A I,

234 ZRVA—ERICETIIALF—

K2IWWRTEIIWCKFZX YV TOBEBICL>THEHTE2Z VI —DE AL T ROEY A4 X,
$-EVIC 0 2 KEOHEBRR L L2 oMREDEITKE v, 3 FEOKEREEE
DHEMREINE DD FER X, & v 71— O EEE R PRI 50 2 kE0EE
DENTDH L, BEFINDG F ¥ T OKRMEHMIFEL 2o T, BHFED LNG 2 v A
—BXOMT I AN Z -SRI CORERHE L, SHMERZET LIk
THMAEL 72 D dwt Z KELKTB 2 L iIC k> TRE 1) L X 3 0[BEMER D 5,

2.356 FxVTF7HEOTZEAF—BERUE
2.36.1 EENAMAFZA4F

KFERM GBKRTIRE TOZ 7 vV F—20F mlk 59.1% L 72 5, KFERMLIEICE
F 2 FESSE M OCBOKFR RO AR OO L 7 e V¥ —% RIG 7 v A THHMMT 5
BB D ol 75.4%., EEFIH L7256 st 85.6% L iR I 5, KifEt4 v h —nko
PREREE 2 Ik 2 & 2h3RI134% 10.3% K4 v MEF L. 65.1%. 75.3% & 72 %,

2362 TVvEZ=T

TVESTARPONRECOTIROL 7 e L F 3K 0113 485%L b, TVE=T
AR TRRIC BT 2 RESICAR OB DO ERN OO L 7 eV ¥ =% G 7 v A TH
SRS 256D 213 68.5%. &FFIH L 728560 n3id 85.0% L st I L5, Kiffix v
1 — Wk DIREREE 2 R 5 L3R I35 3.6% K4 v METF L. 64.9%., 81.4%¢ %3,

2.3.6.3 BN FI7A4A FRUET VvEZTORIGEHFITOWT

AWHFE T, OGS EZ RN R EBESRMN 22 F I L, - HOEMFD L DR Z{T - 7,
T2 TRZOZYEICOWTHETT 2, 22 TR EZM EIE 27201/ E»HMA 5T
ANF B2 5 HTRE M TEN 227 d OIC L2856 DRl & @tk %

FMEAEHET L LI X VRO TER L 720G (evalance) 23N E L ZnduiEnh
é%muﬁiﬁémfﬁéﬁ EEICIKRE LR EDL RV, ZoEABEHIZ, MGEVLIE
IS U TRE QBN L R 0D, MSRELZ TIFWEERY O AL F—b/NE
52 LICH B, 21X MCH DRiAKFEND S % 300°C2> & 250°CIC T T b Kt
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e, I 7134 58kd/molHs 2* 5 54 kd/molHe & H T EIC L2278 678\, T AITKE
L. BRI 50%A (Terada et al, 2012) & 72 9 BRESMAL L CRAREY b DICR D,
AWK FE e vatance ARICDOWTEZ TR 2, FHHE LIIICOHTHZ TO 4V F — D iREE
BOELIANTF—OHABDOEZID 2D DICEE w2, RENICIEIRIGHED 729

SRR TH D, KIGE ZKFE RIEE & o 2N L D= AN F —DZIFHEL
iz, AR ORERICEL 20 ICHERRE LTERLEZLLTH L, ThDENEHD
IANF—REOEICHERETH 5, KIGHIBROWEDFE L T b PR oKt
DED 1T £ batance 13 0 1T 72 B 45, PVEI DS 7 B L HRIRGE & ARIRRE DIRRER A3 B 72 2 O Tl
SAF TG HEATT L LTH 01Tid e b,

2.3.6.4 WEKE

3.4 (TR L 72 X 9 el MEALESE 28.0kd/molHe 2315 &, FA Ad 7HEEMA Tz D
L7 e F—EEGEEL L, ZMTROBICERTFT 272X =D 0M%E n 2k
5L 882%Lmb, JHICK VA —HHRICET ZPEHHE Z IR L 7220512 85.7% L 72 5,
BT 7 e X —FAZNEL: mEatE T2 97.7% & o 72,

T 7z, EERI AR IC A, WAKFEOEE T, TENRLEBOREN T 7 1L ¥ —18
FICH D BRI 2 SHEE L TR L 72, LB IR THEE, ZROMSHEES., BRA —
vy, EEERICE ., B UKEEEERSEORMNE) 1225 2 7 n v 2004050, 2156
THRETI2HEADO D ICERORLEFE RO X 5 CHFmEEFONIFLINTEY
(HESS, 2014), HEHITlZ I ZHA L 72, it 7 v 1 ¥ — 18Kk 2 BB O R
AN T RERB L mi2606%., T7erF—%22THMARALE 3 701%E %5, &
PR 2 v B — TR OBRENH & 2 RS 2 LRI 25%F 4 v MET L. 58.1%. 67.6%&
5,

2.3.6.5 HFiEKE

2.6 fiith® Figure 2.5 12/~ L 725 RR DK - BT D FBBE C IR SE & 72
D, BEIEHEBE~OFERKICIR, LA PELRE, LD FEORRMICK -
T#H9 40kd/mol, FiC L T 17%D = 7 AL F—niEkp AT 5, ZoBKERhoH
FicoERICHEL ThEI KB, 2oMAFEROMEIZANEe — Fv v 72Kk E MG
MM Efine (HySUT) O FEAEFEOHEMFBEREICIZZET o Tz, BREFRES
BHIIKEAT—vavEBIUHEL o FlfyEIN-ERTHE720, FIfT57-0IC
HNED 2 — v EFEDTANF —EHEBOMAEILETH 5,

2.3.6.6 W OUEALH

L7 REOFELAZENT I L. O - SE 70t 2 E X CREISIC DO
TREET I 72~ F—%0L, BEEOFE, MEICHWS Z &, QWA KFIZONT
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FNAOHMZR 2 &, OREMERCEL Tid*+ Y 7ORFEICIE U5/ Z v
528, BLU@EMAFRICEL CIEREEFZENATNT 228, ¥ TFoN05,

2.4, X
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Nomenclature

G
dwt
H
Hore

A
P
P

Ghore

28

T

Wiiq
Waep
Wore

Greek

Y| & vap

m

172

173

heat capacity at constant pressure [J/(mol*K)]

dead weight tonnage [ton = 103kg]

enthalpy [J]

amount of enthalpy to raise temperature of raw material to the reaction
condition per one mol of hydrogen as the product [J]

number of moles

initial pressure (atmospheric pressure in most situations) [Pa]

finial (targeted) pressure [Pal

pressure at the reaction condition [Pal

heat flow [J]

amount of heat to raise temperature of raw material to the reaction condition
per one mole of hydrogen as the product [J]

gas constant 8.3145 [J/Kmol]

temperature raised by the transition (ortho- to para- hydrogen) heat [K]
temperature before transition (ortho- to para- hydrogen) [K]

ambient temperature 298.15 [K]

reaction temperature [K]

minimum liquefaction work [J]

work accompanying transition from normal to para- transition heat [J]

amount of work to raise pressure of raw material to the reaction condition per

one mole of hydrogen as the product [J]

symbols

exergy [J]

heat of vaporization expressed in exergy [J]

efficiency derived from exergy loss of the first kind (1 - exergy losses/chemical
exergy of hydrogen) [J/J]

efficiency derived from exergy loss of the second kind (1 - net exergy
change/chemical exergy of hydrogen) [J/J]

efficiency derived from exergy loss of the second kind (1 - net exergy
change/chemical exergy of hydrogen) [J/J]

ratio of gas liquefied to the total gas [mol/moll

ratio of gas running through expander [mol/mol]
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Subscripts

1 initial state
f final state
gas gas state
liq liquid state

Literature Cited
Berstad, D., Walnum, H. T. and P. Neksa, “Integrated design for demonstration of efficient liquefaction
of hydrogen (IDEALHY)” Fuel Cells and Hydrogen Joint Undertaking (FCH JU) (2013)

Berstad, D., Stang, J. H., and P. Neksa, “Comparison Criteria for Large-Scale Hydrogen Liquefaction
Processes,” Int. J. Hydrogen Energy; 34, 1560-1568 (2009)

Christopher, K., and R. Dimitrios, “A review on exergy comparison of hydrogen production methods
from renewable energy sources,” Energy Environ. Sci., 5, 66406651 (2012)

Hikazudani, S., Mori, T. and S. Araki, “Method for Producing Hydrogen from Ammonia,” WIPO Patent
Application, W02012039183 A1

Ito, Y., “Potential of Ammonia as a Medium for Hydrogen Storage and Transportation (Suiso Tyozou-
Yusou Baitai toshite Kitai sareru Anmonia),” (in Japanese) Kagaku Kougaku, 77, 51-54 (2013)

Jalalzadeh-Azar, A., “Potential Role of Exergy in Analysis of Hydrogen Infrastructure,” NREL/CP-560-
43064. Presented at the 2008 NHA Annual Hydrogen Conference March 30 - April 3 (2008)

Kamiya, S., “Hydrogen production from Australian brown coal and the development of liquid hydrogen
transportation system,” (in Japanese) Kagaku Kougaku, 80, 394-397 (2016)

Kamiya, S., “Trend in Hydrogen Transportation and Storage with a focus on Liquefied Hydrogen (Suiso
no Yusou-Chozou-Gijutsu no Doukou),” (in Japanese) SCEJ 72nd Annual Meeting, Kyoto (2007)

Kasai, E. and T. Akiyama, “Science and Engineering for Recuperation of Material and Energy
(Busshitsu-Energy Saiseino Kagakuto Kougaku),” Kyoritsu Shuppan Co., Ltd., Tokyo, Japan (2006)

Kojima Y., “NHs as a Hydrogen Career,” 9th Annual NHs Conference, TAMR 2012

Kojima Y., “Ammonia as an Energy Career: Present and Future,” /. Japan Institute of Energy, 93,378-
385 (2014)

Okada, Y., “Safety of Hydrogen Storage and Transportation System by Organic Chemical Hydride,”

Hydrogen Energy System, 35, 26-31 (2010)

Okada, Y. and M. Yasui, “Technologies for Massive Storage and Transportation of Hydrogen Energy
(Suiso Enerugi no Tairyou Yusou Gijutu),” (in Japanese) Kagaku Kougaku, 77, 46-50 (2013)

Okazaki, K., “Hydrogen-Rich Biomass Gasification System as an Example of Exergy Enhancement of
Low Quality Waste Heat,” Hydrogen Energy System, 29, 18-25 (2004)

Okazaki, K., “Significance of the introduction of hydrogen,” (in Japanese) Suiso Energy Dokuhon 1-3,
pp. 18-20, Ohm-sha, Tokyo, Japan (2007)

31



Rosen, M. A., “Thermodynamic Comparison of Hydrogen Production Processes” Int. J. Hydrogen
Energy, 21, 349-365 (1996)

Tanaka, R., Yamamoto, T. and Y. Itaya, “Ammonia Synthesis by Microwave Plasma,” J. Sces (Kagaku
kogaku ronbunshu), 42 119-124 (2016)

Terada, H. Noguchi, H. Takegami, Y. Kamiji and Y. Inagaki, “Conceptual Study on HTGR-IS Hydrogen
Supply System Using Organic Hydrides Hydrogen,” J4EA-Research 2011-041 (2011)

Tsutsumi, A., “Integrated Coal Gasification Combined Cycle using Exergy Recuperation Technology,”
(in Japanese) Kagaku Kougaku, 70, 476-480 (2006)

Tsutsumi, A., “From Cascade Utilization to Exergy Recuperation,” (in Japanese) Kagaku Kougaku, 71,
179-184 (2013)

Source of Data

HEiss (Hydrogen Energy Systems Society of Japan) eds.,” Encyclopedia of Hydrogen,” (in Japanese)
Asakura Publishing, Tokyo, Japan (2014)

Hsc (HSC Chemistry for Windows), Ver. 7.0 (2008)

IMO (International Maritime Organization), "Third IMO Greenhouse Gas Study 2014" London, U.K.

(2014)

KxK (Kawasaki Kisen Kaisha), Ltd. “Tonnage of ships,”
https://www.kline.co.jp/plaza/kline/dairy/1189397_1474.html (2016.4.7 Fi%&)

NIsT REFPROP ver. 9.1 (2013)

PcEH (Perry’s Chemical Engineers’ Handbook), 8th Edition (2007)

32



H3E  KBERILYRT LD X —
Exergy analysis of hydrogen liquefaction system

[EE]

FHKEXF v VT O VX —NR LT 27-01C1F, F ¥ VT DA, KIS
DEMHREPBETH D, WHAKZEF Y VT LT 5. ZROGHY A4 7 VEHIC
[z 7 er¥—BEkom/ML] (LA TERE(L]) 2RKo 7%k LT, v 27 L2 Ro RSt %
AT 2 0TE YR ANTA =2 %FOET LV EMA VS, RIFFECREEL 727 VIt
BRI RIS U 72 B DGR A I b n b, W& A 72 VBT 7L A4 b v
YA 7 AERFARE L, Effigs. RS L UBSIRG 2 80, THEBROMBE{ENSRK
K53 A4 7V ERITHRICK DV ED, VA4 7 VoRElLE R - 72,

EFMICEZ VI aL—va vORER, VAT L ekoRELE RET 20085 X —
2L LT, KFRILFA 7 ANTKFEO 2R E — v ichms 2% (e)#EY)TH
2B bh ol KBTI A 7 V% THT 2B TH 2 2 LA ATRER GBI E &
LTIKHKZ, ~VVLBIUOAAVIBONEDT, 2D 3 MoBBOELZfTH) 2L &
L. PHFA 2 VETHG 3 GIEOEREIC e DIEOELICE 7 ) HEVHAE VB R B X
O/ e F¥F—iBREOEE R, ZOfR, O wEMtEvEEs XUz 7 e ¥ —18
KEOZEIT I L — VA7 DOBRICH Y oSz ED 2 FH»r v icks 2, () e
CHVKBEL~NY T LOMOEI/NE L, MFEFALVICHEs T L, BXIU Gil)
KBEXEI~NYV T L AF Vv DEPNS K B H L L, LORHA %G, 553 DA
HlE, - v EETOICHEMBHERRZVE WS FREROA AV, 23~ T 4
& A v ORATUE (nelium) AHNICER & 72 2 HIFASHE TR 5, $72. THY A2
NEfES &7 my P A 7 VICHRIEREFER (=7 e F—2(E) 2/ ST 5L
TELZ LR IN,

&

i)

KETHERIZM T L CBEONE 2 R-AALF—T, ZDOJFRL T &R LN %
FEL TR LD TIANLF R FHEAE & 72 5 (IEA, 2006), KFEF ¥ YV T DL &
X —shEZ T L 7-8E S ofiE (Nakui et al, 2017) Tlx. KELEYVDOEKE X O
IKFE DRI DO W - BN S Z20E L CRHRE L 7223, AKRILIcB L Cigdian s —
VA INERYFR—=TICLT2DBRTH o T WAEHHIC X o THEHEWICEM R R AN ) —
A INEWETEERNTEEZZLAEY I 2L —Ya v TRrL7H (Numazawa et al,
2006) 23 % D TKBBLDKBEETHNL ) —F 4 7 A58 H X 5 aJGEME X H 2 SEH
(1A 72 HRER SR OFVETH 5,

SR IR DRIFRACICBE T 2 SEATHIFE T3, AKRBIL 2R E L2 DTk 23, KiRH
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Figure 3.1 System diagram (Pre-cooling required case)

BB HEBIAZ MG R T 2 > 2 7 L4 D iad b i B3 % iff 7845 (Fu and Gundersen,
2015a, 2015b) 23 %, KFWACEIER L2 HEETHIEL L TR, REGEZH W 2T
LDy I a2l —av (Berstad etal, 2010) OHIRLELATEMLFEE IV ) —F 4 70D 2

Bz 250 % HiEd 72y 27 b (Stolzenburg et al, 2013) 2% 5,

5 LJeATiigeicim 2. S[ARmHIC X 2 iRAKRELE IR U I3RS o fEEh A& o
WS X OENZAICB T 2 B A E IR D W 2Rl A BT B B L F 2 IR
&R IC Bl T R D O T2 2 KRILEE O E T VAL . = v 2 v v —58) (B4
) BLUz s e ¥ —BLE (EWREFERR) 23R L, FHfi 21T o 72, IT4KE
ALY 4 7 v DGR (T <79K) % %#HI3 % cryo-cooling ¥4 27 WICH W 2 i 0 ER
IOV T DG (Quack et al, 2014a ,2014b) 2EEA TH 2 25, ARBFFEIC BT H LLikkk
MNEITo 72,

3.1 IKRBALIEE D € 7 MRS

EHERRE D XAk FE (P=0.1018MPa, 7=298.15K) % /JEffi. WHl$ 5, K2 —n b
LY Vi (JT 9) TR & TR O N 2 50K 2 HHKFE 2 0HE L CRIAKFEEZF 2, i
NSRS L iR 2, £ 2mHigd o5k % 7ii(Figures 8.1-3.2 D 7' v+
2 el-e2 LIIRZ — v v CihillT 5, Z20EIE%R e (0<e<l T2, b, ZOWHI
NERED G LCERE 2, chomHl SN Tmiie LTH 2 KFED 5 HREN 281
Gy CTHER > & DB HIHBAE L 72 ) KFEOHDIEERTHAL A 7 v & LCHERT % X 5 iGh
INTZDR Iy FH A 7 VTH D,
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RETFAMCEWTX—E VL2 EMBLOEERERIEL Yy tre—2{tTh s L LITH
CE BRI v 2B TH B L LTz,

KFEHAL DB 7 1€ 2 (HEX1) 13, &y b2 b U —24 2-3 ZEEHEBECHHI N
2B Da—nF A+ Y —24 (Figures 3.1, 3.4 and 3.5 D()-(v)) THETL2HDTH 5,

3.1.1  #{kEWQ)

Ya—nbayy (D) BEToOWE ) BEEROAY OORELENTHRE S,
RN YRR X E R LT v 2 v — DI A L RAE KD 225, £k Rk
L SRR GO R CoOWRIRE) & RIRIRAR L ORRO T v 2 v — [E I SR
EDORMDOIT Y ALY =X JIT O QHRE) oz v 2re—5201% KD 5, KE
TNAOEEFIALNEN%Z 2MPa & L, AMRE IR SREOREZ MR T2 BA (ks 2E
AT WS ICED F2AER, I 0.567 & 7o Tz,

3.1.2 iikkE e

DR (e)ERE T2 LB~ ZHEREII DR D05, 134 70470k
IN2EDDERL LD, HlZIEI7a Y FH A4 70D e=0.875 DEHIZ 14 70 TH
17% L AL I N2 DT, WihKkELR 1 ELEZ72010H) 14.1 BEBR X ¢ 2 T nE s S
v, MM R I ICK (8.18) TRI XS IV A4 2 A Buc Il L TS 5,

3.1.3 op %

IKFDIRFEICITA N bIKFB L N TIKERD O, FEREATLIZEEICHE S, 208K UK T
T8 T HDIREITIZA N FKFE L STKERD Y, FHERRAHIZEE I 1;125 298K D&k
TII NI KFERIT 25% 725, KRAUE FTO#MTH % 204K LA T TIHITIE 100% T, +
b bR IFEH B A T TARBICFREERZ E VDD FKRICHIEL | %ﬁﬂ AQURN3uN/ &
D—H#IT5IL T 5, TALZBG 7O Il %2 T AL b KR Z N TIKFEICHRIE T 2 W E
BH L0, ZOEROFEE LY R BREY 372 2 e BB L 75, PR EZHERE L 72

35



Dl 2 & T EAGHRRE S R/NC AR 2 L ENTWER, KRy X7 AT EdRD X9 ic
WAL 4 2 sl s nkFBLAEPREES LT 0T, TaRERC L 2HEEICST
7 P ZKFRHFE (MNp/No) & RIKFRSIE % & ORI O N ZKERFE (n) L%t
L (Figure 3.4). ¥4 71 ®D 5 bHEIEHRERE XV &< 7o T 3 iR CEf ) Iz
- BREVEITS & L. TERREZFIREL 2,

(0

r =1-0.751 o X[ 1-2-e1, el-e2 (3.1.1)
14
1 -~ [X[H] 3-4-e2 (3.1.2)
1-A+0.25¢A CRR e21 (3.1.3)
1-A+eAd
(0
r =r,=1 - X el-3 (3.1.4)
14
RICHFWCIE U T28T /F 0 P IKEDOHEKE K553 1 O [l iz i BHEE B L MR — i

¥%¥%TWT5x6ﬂéo»7m$kﬁme$@@wiE%Xty@@ow%Tao
RN EIEAR R b b, BEEETHE J & L BRZIDHFINDE DD S TKET, &
BIZODBHINDE DA N FIKFETH 5, GROGEDOHEEED 3 T, BEOHEAIE1 4D
T, %7 - A PPERRAYI O TG U 72 [Ink BB 50

4r = Zjeven(@ + 1) (= 57%) + 3 Bjoaa(2) + D exp (- 22L) (3.2)

THEz2b6N, TP LEEICILL 7287 « A MKEOEALIT,

Np. 1+5exp( )+9exp( 209T)+ -
= 120 (3.3)
No 3(3exp( )+7exp( r)+ )
L%, TZT OISR DRI C.
hZ
¢ r = m (34)

THY, 77 v 7ER (h=6.62608X10-34Js). RNV~ v {%E (k= 1.38066X%1023JK1)
BILUOH 7 olEEE— 2 v b (1=4.062X 1048kgm?) 75 87.544K & §HH & 1 5 (Silbey,
2005),
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Figure 3.3 para hydrogen fraction (equilibrium and status quo ante/post)

LARIC X 2EMEFE R L ReT L OKFRIL Y A4 7 v COIRREEZ L L 724558 % Figure
3.3 1KY, TEERL T 27KFRDTF (KUK DIEE AR X KR BRI 23 (4
RERICH B A5, # T CHMIHRIC AR B X 5 1c 8 TKFICHERICER T 2, % DiREIFR
GILDICRT LI AIIKET 22 e ICIHKEFEL v, ZOFTEEE (BE) ORI
McIntosh, 2015 IZfUNEHE L 2.1 21X 7 v 7 F 94 2 L DA 1% 1.05kd/molHs & 72 5,

3.1.4  F#% (precooling) ¥4 7

e<0.875 DG EIE. KB 4 7 VDI O GT 2080 H 5, JT RO AY M
(Figures 1-2 Offifr 3) & L CHEY)RRE (RETLOHAE 38K) T TRUAKRZGHT
5, RETNTIE33IORTHEICKY 4 BREOREHEE (>300K, 300k~113K, 113K~
67K, 67TK>) 1T/ TRt & 7 2 ik 2 E L, MADRZEZFHT 5, b0 H 47
NTlEEIRfl OZiE 7 8 2 X DFRAKRE IZREDOHE Y 4 7 v D557 v+ X DTk
¥ 5, MR REHTIIE O ERBAEZAHT 228, AET A TREKBIBT S Lo Iczhici
P HEED AT X BEVTH L BT,

3.2 ExEtESt

H A 7 VB REER OfEIZ. NISTREFPROPver.9 #7223 2L —v a3 vickb
ko, ZoBR, TRo&RICHEL T,

3.2.1 JEHE - BIRORB AR OIRER

JEAERHAE
A 7N DR TRMENP RO E DR 7 v ADMKETH 555, AFEBREZFMST 2
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Figure 3.4 Cooling Heat Source by Refrigerant
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FIF$ 2, LALKEA~D Y LEESFA 7V FUTFoMBIIC X ) ERADRIC X 3 5HHE X
%, BEREZHHEL T 2 ROGHBEORIKEE X 79K 72 D T cryo-cooling ¥4 Z LD v b
ZFY)—LDOBREORESEZ TIK & L, 2 ZhLEREBL S ICREEZ T T35, R
R DFET) 0.1MPa D REE X BEFIERFR D FMENIC B 2 O THIHFBIFIH T 72,

INOHA 7N CREGHECIRERE F CIRES LR Lz & 2 A2 EMbMhE L 35,
BB, AL VOLHEIXBC L 2mHIT, LEER Lol TA (T E 21x P-h#
M Tl AIfIZASRROIMINIC B 72 & 2 ) % IEkERGS & 3 5,

JE RS R

JZERDOFTD 7' v 2 A CTREGHIIC X DV IREZK T X4 22, ZORKIERE XY F
WEDEZ /b, REDGH 7T re ADMRE+2K & L7z, 2z, ikx—e v %
FFZenTE2 L5, FIET v ADENZFEE L. BRI GRER TG micswv
TEWRDIRAETH 5 2 & 2R L -,
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Figure 3.5 T's diagrams of hydrogen liquefaction cycle and pre-cooling cycles
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BEFA TN ROEIA 7LV ORBIRZREDONT v A% L D, BN Y v FiRERE
MR L 72 9 2 TR COmBEZ B2 I ¥ 5, v v FREIEL FEIRICE T 2
bo b bIMENELT 2EMOREAETH 2, RET AV CTEARBEBERNICITODNS 72
DICRIEEETCOREZ%E 2K A EIS X 5 ic L7z, BWRffar v v 7 —2Da X MR %
REVERERHECIT 9 C L IR WIEEAIfRFcE v & S TWw 3 (Tatsumi, 2002) 23, A
MR CIRRLEHETCE 2REREEZH V3 2 & & L7, 2K & WA T, BGSihds o9 4
RXIKEL 25D DD - RGO I A P %2IflF 2 TRAAT7TELHDTHS
&R L7, flZ L Figure 3.1 IR INEZH T HE R 2-3 L EHT mER 85 D] T
RYZAT D DIEH, Gl 7T v 20M 7 e d —HizZm 7 vt 2ORIKRE X ) HKL
WET D2REDD 5, DL CEIAATON., BORKZEEZ N7 Vv A I+ 205D
BN, TNLENETTZEDOMHEREIT-> 72 (Figure 3.4), BAMICIZF Yy PA Y
—LET— N FRPY) LD VALY —ZHDB T L LT A I VB ERTEL
7z

3.2.3 IKFEWLY A 7 nDFEE

JT B CORLEE RELS T 5720, BTy 2 —D/NSWIREED O IR % B
M3 %, 20720, FHEGHER (2-3) ZER MO Lz@ ) WLERTOWEE T IJT I A
255135, 2omOWEE, ENiZZEhZh 33K, 2MPa) TH 3 (Figure 3.5),
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Figures 3.1, 3.2 and 3.4 # &M L 2>, FEOREHEEAICKEHE 2B ~R 3,
Pre-cooling (1) (>300K %)

7'a R 2-3 13 (298K) X U @R Z AT o T, +2K © 300K LA kI3 EREL
BEDORAE 2IIKEIC X > THENT 2 DL LA 2 LRI L. 300K LA T DifitkD
HICE S 2B LU NICOWTEIRL, BE L&, 7. TH¥ A4 21 D>300K D
b KR T 2D DL L,

Pre-cooling (2) (300k~113K #Higk)

BE LNG #2233 L A ERRA R DT, AETACIRINTGEADERIGE DK
BB OWIEE LCLNG 2T 2 2 L #UE L7z, LNG [3#iH 7 2 & vk & [\ U2
PEZFFOb DL AL, XX VRRI[ETHETH 5 111K &RE L., ¥ v F iR
INRD+2K @ 113K LA DOFEIL T LNG 2%t 42 2L & L7z,

Pre-cooling (3) (113K~79K fEi%)

SR H BB RIS EOPEBETH 5, ZOBROBEIZ, A4 VICRTRWlR %
Fo&ERL T2, EES A4 74 (0.IMPalllh) #IE#Er — 292, ZOFA 7 0i3m
WY A 7 THEERACLONS [RKAY A4 70 ] ©, SRR b Y — 2B FRS L 0 {Ruili
FET. B A 7 VR TIREEZR S LA O EB 4 1 AU AR o NI £ 5, BZaRBAAG 2 1% 2
MR ZEX) RO TE—E vy TR Fo vy 2L —@fEo JT I X 3ke 32,

FHBE LTHGEEREI A ZVICBIEESF A 7L EAESF A 20D 2 FEREL.
G AR BE R B & LT, BIEFA 20 L REMSB AL 2139 4 2 v kT
BHERLIEL D DIEWEN DD 3B 294 2 0THh 308, JEMEIEL 2D, RAF D
KL T A 7 VB A L, BRI & 72 25 OMED b — Tk v, L LK
T—ADERATEYA I VDWEAA v ZIEHRIED 5 D TRD Cryo-cooling ¥4 7 LD
SR A v g, JEME R T EAEFE /N E {72 ) (Table 3.1 1 ® Breakdown L),
VAT LERDOT 7 e M F—ERA LT 5, BIEY A4 2 DRl E LTIk E i
& L CIEMBA L OIRBER DY 7°C, 0.9kPa TIEBIT 2 iy R 7 LA 2 EfifERE L L TR
L7-45rh®» % (Sakai et al, 2012),

T — XTI 1 RETCTOMWE TTK OEREEMT 2L L, BEFFI 70tk vm
HEIN2BEOMKE 7T v 2R (F+2K © 79K LA RICERET 5, Zhicr L, s — 2T
X, ERLAEORAMLE P = 0.0174MPa TO#l s TH % 65K+ 2aK @ 67K LA I1C#%
TE L7z, Zim 7 a0t ZADORAKRE (R4 — v v A 13 LNG I X 2 % #EH12350[6E 7 118K
L7,

Cryo-cooling (79K~33K fHIE)

FRHREFEFA 7 OFTCORE T v 2DIRED TTK (R — 2 Tl 65K) 2D T,
FHI A 2N DR CRIKIRE DB DR 7 1+ 213 79K (Fifk 7 — 2 Tld 67K) 7* 5 33K
ICIREBPEFTELICRE LT, ZOHA IZNTREREFI [ I ADOZE L. KE
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WAL A4 2 e 5d$ 5, KERILO T 7 102 2 3B % 1T 5 IRE SRR TH % 7-
O, wmEE LTS 2 e afRERmitiE, ME O TR, ~V v o, KEBLVOA AV
DHTH D,

DEDFEHd A4 710D TsHiXl% Figure 3.5 DEFICRT, T TIRKEERGELE T2
Cryo-cooling 44 Z VvZH W EH%EZR L, 2OV A I NEHHTEIERY A 71D T
WFIEEY A 72 voga%aI1c, AEY A 7V EICRT, Fx v v v — D -
RIZEBEOMRCRENI R ZNOLDOA Y FAFIEEZZ 7L F—2{LEL T 5,

3.3 I AN F —Sh R G
3.3.1 BzxaAF¥F—pE

3.2.2 TIb_7- X 5 ICHERZ B2 —HI ¢ 35, 2D LT, WEroitiaT 3 mEo v
AN —F, KR DOET A TIREEEZ AWV GHIORKETH 3 LNG I 2 5B 0%
KEICHRZP, ThE [BA AL F—3h%F | OFHlifeE e 32, ZdER S 3 iAKE
1mol 472 Y D& TRT,

EF. BHREFA AN L HA 2NN 0 T E 2 ERAEE Hactaeyde % 3K 3,

IREACLH A 7 it s Tl

Hnet@cycle =X [(ﬂOW rate)- AH] = AHg-en+ (1' 6) AHe1-3) (35)

HERFPRT2PMOL Yy AN —E2 KT, 72720 2-el i3 7 0+t X 2-el @ H LIRLEA 300K LLF 0y %53,

Cryo-cooling cycle ICFH W T X

Hoetacycle = A Heo-ey+(1-€ )A Hie1-9))/[A His-5+A Hie-]} *A His-5) (3.6)

L 6T 7 atkR 67 D5 biEE2 300K LT oy 2483, UWREGED L. KBRS 4 7 42 58RI N 2 HEED Cryo-
cooling 1 ¥4 7 L CHAHHERIHERE IS T 2 R TH Y. Ko [z AL F K| o EL THW LN S,

hoFEH A 71 E2RicHEL TETT 3,
TR/KZE 1mol 24k 2 FrEuib 4 7 }V}?kkNliq.cycle [

1
Nliq.cycle = (1—e)7 (3.7

TH Y., ik TR R DN EEE K S Hiotal req. 1%
Hiotal req. — Coohng heat by LNG:Miq‘cycle' z Hnet@cycle (38)
&b, TOBRPVEVEGHIE VAT LRKRD BT ANF—FE] BEEF 2 5,

332 fHEIALF—EE

e MEFL AL -] 3, B2 e ¥ 2B TiHli§ 2.

CTHRTROT 7 e ¥ —2{tAclir v b o v —Ef ENTE THEZ2—t )
DA
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Table 3.1 Cooling heat by LNG and Net work-required

Positive-pressure case Negative-pressure case
Hioal req. : Cooling heat by LNG [k]/molHz] Hioul req. : Cooling heat by LNG [k]/molHz]
e 0 01 05 0669 0875  Breakdown ¢ 0 01 05 0.640 0.875  Breakdown
(Expander input rate) e ¢ =15, (Expander input rate) e ¢ =15,
Claude cycle - - - - 0.0 IR=H. Claude cycle - - - - 0.0 IR=H.
H, 128 125 104 81 00 NG 5.9 H, 180 175 133 97 00 NG 5.9
cooling cooling
Intermediate Pre-coolin Intermediate Pre-coolin
refrigerant He 12,5 12.3 10.3 8.1 0.0 by N & 18 refrigerant He 9.7 9.7 9.7 9.7 0.0 by N & 34
(IR) YRR (IR) vk
Ne 245 236 164 81 00 9O 2.7 Ne 329 315 199 97 00 9O 4.1
cooling cooling
Weun. : Net work required [k]/molH2] Weun. : Net work required [k]/molH>]
¢ 0 01 05 0669 0875  Breakdown ¢ 0 01 05 0.640 0.875  Breakdown
(Expander input rate) case : e=0.5, (Expander input rate) case : e=0.5,
Claude cycle - - - - 1533 IR=H Claude cycle - - - - 1533 IR=H,
H, 268 286 427 589 00 flhdcye 395 H, 270 287 424 543 00 Lldeyde 395
work work
I di Cryo- I & Cryo-
ntermediate gy 983 30.0 43.5 58.9 0.0 cooling 1.9 ntermediate py. 949 267 414 543 0.0 cooling 0.3
refrigerant refrigerant
cycle work cycle work
(IR) (IR)
N pre- N; pre-
Ne 38.1 39.2 484 589 0.0 cooling 1.2 Ne 432 439 494 543 0.0 cooling 2.6
cycle work cycle work
Ae = AH — Ty AS = AH (3.9)
Frvzarve—afe FEENEIER) o5h.
Ae =AH — Py AV —Ty, AS = —P, AV —T, AS (3.10)

X3, 72721 Th=298.15K, Py=0.101325MPa

IKFHAL S 4 27 Vv COEMEEOREE 1(mol) & 32 L REDOREIX e TH D, FT
v b v —BENEME - BREFEIZGCORICTRT L IICAH RDT1H A4 204720 1E
A3 Waetacyee (FX(3.11-3.12) KI5,
IKERAL 4 72 ricsBnTlid

VVnet@cycle =X [(ﬂOW I‘ate)'Wcomp./exp.] = AHa-2+ e -‘AHe1-e2) (811)
Cryo-cooling cycle IZFH W T X

Whetacycle = UAH(2-e1)+(1-e )AH(e1-3)1/[A His-5+ AHe-nl} *[AHs-0+ AH-8)]

(3.12)

UREGER D HE, KB A4 7 v p HER I N2 BEVED cryo-cooling 1 4 7 4T
PG FTRE 7 I BVER IC 0 3 5 fi536

foFErA 70 E2RICHEE TEET 3,
RETE L EEW, 1

1
Weum, = Nliq.cycle g2 Wnet@cycle = -2 2 Wnet@cycle (3.13)
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Bstfa, G - RO { 70 e R 2 GV AT LAICBWTIE, WREEZ—v v L Efia v 7
Ly ¥ — DOt & # R 298D H % (Onishi, 2014) 25, KifFFECTIIfHAE DB T

37K, &TORR - L E OO RS CRHEi$ 5,

BRI IEWRITEE S (Figure 3.70Weym) TH Y. FE2EDOT I 2L F—HKETD

b5,

3.4 vial—vaviER

RETNCTIE, FEUREOREN & 3HEHE e DB ZANF —RFEOREZREDT 2
T Do Tz ARRMITFHEBCHV 2 OB L TR o HRIZ, Ro LB h T

H5,

eBIHICHIZVKFEL~) 7 LOMDEZ/NE W,

KFEXE~NV T LWL T 27 —ADRBAA VDT — A>T b, edS—iE
LLE (ZBRIEESA 7 L0856 e 2 0669, EFRAIETHA 7 LDEH e 2 0.642) Tl
IKFEHHL T A 2 A DIHED B C 300K LA T D EVEE R X U op ZIREVE 2072 3 @
T cryo-cooling [ AEE L 72 0 | BB EUZ IS .

e 0.5 755 0.642 DHEIPA TR A A v 2 ml L §2 7 — ADRFEPKKZXE~Y 7 LD
BhERICIE-D <,

X5l e £0.875 CTRIBEREOGHHIK &L 4 2 LN DIKIE/KFED & CHHIMHE
T, TNLNDOTEHEFA ZABAREDr7uy FH A 70b b,
IKFBUS DG Z b2 a Y FH 4 2 ik, FHBICINERIERES > A7
LOEMESE (=7 e F—2fE) Z/hT v,

EETOHICTIRPATEY A INMCT B AT LAREKDO T 7 A F -3 L
T AHH, INTSEAO BRI T 5 (Table 3.1), &H [l — 2D Breakdown 1271
ENBISIRLERIAIIMZDHOOMEFNICLAEATEY, =71 F—1H
FHAY T B DIFEFEFA 7 i LY mHlF 5 eryorcooling cycle T O A EN 11 A Rij
WmEz Lo Cb sz ick s,
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3.5 EE
3.5.1 VA4 7 NEHERE OBIEREE

WY A 7 VOGN B 72 o T - ) o#iFA X, RESFEACFHE eI, £
FRBAIR 1T SR (F 72 13HEER) ©H 2 L wo HIic X 241K, B X OMEERE ORR, %
WL Vo THNERE L ORI NG, BT LA Py I A 7% EARL T 2500
REZR i 2 Ts GRE-Ib v b v v —) BRIX I AEfR AR 5 X CRIRZRShfr & & b
~9 L. Figure 3.6 Do) X -#HiFHAMNIC /R %,

—MRANTIHE S 4 7 v TlE, ZERBRAEITEH T 2720, Ts#HiRBs X0 P-h (F)-It
Ty A=) BRI OEH 7 7 AU O KER 5 LA R 3 X OCRIRIZE SR o N
i 2 25, KEBLDGHSI A 7 0iF, ZOfEBENN, TsHoEHE - &S v b
o e—fll, PPAMTIEEZ Y ZAE—ICERER T2 20V, 7L A P YHF A 70D
—fETHL7a T FIA 7 VFOHPFADORINEE S T &ic X o THERREVE RE &
LI BIEGTEE A Do

KFEDET LV TRE 7 vk 2 DRAKIRE % 33K & 7%7E L 72, REFPROP 0¥tk 7 —
ZICEE T 13 33K, 2MPa D EEEGAUREED & ZUHICE T & T % & —HiRiRIc 2L L (5
BRICIZFHNICIE R b v o THEmAREE) . X % 31K, 0.97MPa LAF < fHIREEIC 7
D, REEETHENZ FFNIEH 20.3K £ TIEEMET L, WEROINKIZEL kb, 7=
72 L. OFEBICITTFHEIRE Clda v o TlmH o REED IR % Bl 3 2 o 25861, (i)
HITE A3 CIREE AR - TENER A D TT — 4 X=X > TRBEIER S, HFo
BHICE D 29 LAERRNALEOBIEIES7-b DEBEA LN WHEERS S, C
DEZH 7T aL ZCHIGT 2 5Em 7R3y FiREREEY 2K &2 &b 31K AT
OYE %I L T 0EHRD 5, — I Z T TR T 32 25, vRE 7 HiPH
CIETIR2® 2, ERZWIEL T2 FHEcCIbEf & L, REHERIC X 255
REFRSLDOP = 0.0174Mpa, T = 65K & \» 9 BIEOFENCHlE 21T o 72, BIEH A 7 11Tl

Pressure Upper Limit

Temperatue

=Temperature Lower Limit

Entropy

Figure 3.6 Feasible region of fluid of refrigeration cycle
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K& M, KA oKZEROEAFEOFER EOMEILH 2 23, BRI 7 L ¥ —
BRIKEOFRENEDY H 5, DR TIIRAETOMEOLRIRELEITE 5,

Fido X S, BB ARS A 7 VDORICE 2V AT LEFEERT 2 ERIXH 22, KT
FLOREICL VPG HOEED L7 L F—BE /ML T 22 iIckh ot rF—
R ZmD D EDBARETH DI LB o7z, 78V FHA 7 NVICHRTHEEZED S
N TELZELZDEMNTFDO—DOTH S,

Fido X 5w, BB A 2 VDORIE 2V 2T LEFEERT 2 HRIXH 22, KT
TAORFIC XV PRIGERDOEEZ R T LI ) ZANF MR EED 5 L H
ARETH DB oTe 2RV P A ZNICHRTIELZEHD DL ENTERZI LD
ZDHEMNFD—DTH 3,

3.5.2 LT

PTEOKZVYE L ORGGIEIIZ — v VIic X 2 - EE2 A% 1T 5 (Fukano et
al., 2000), A%E 7V CIRIRAT 14 B D BRI FE AR & 8% E L 723 (67TK~383K) T4
v E~Y Y LDRATK nelium %L LTHW 3% (Berstad et al, 2000) & 5,
nelium OFMMEEZ. ~V vV 2ORMTH 2 AANFHEL EOE WA A VY LRET S Z
tickhx—vrRoEMGE - RERHFORZREETE 2 L ) HIcd 2 (Quack,
2014a), Figured.7 ORI ND L HICAF Vv EHBE L L2 ICOREDEE LD &)
KIPMENDIZ, AFVDOBHEF L ZALTIE, TVAALE—RUOPIY PR —DERKELE
{LE 22D L VDL THS (Appendix 3 ), AWFFETlE nelium D> I 2L —v
a VI Tb b o3, Z DEIIFPIEIE A A v &~V v 2oHICH 5 (Quack, 2015)
LbDOTHE0oHEe Lol X 2 TE 3, AFE0FECRERZE
72 REFPROP TiI~V v L L A A v ORAEVOVIEIZFR O N2\ 729, nelium O I =
L=y a Vi Tbaprod, 20BN EYEEA A v e~V v LohiElich s L d 5

[J/mol] [)/mol]
(a) Total cooling heat req. [H iota req (b) Net required work [W .,m]
-25000 o _ 70000 —H
- H out of range
-20000 60000 | eeeees He
Neon -« He out of range
-15000 Less - —N ’
Disadvantageous 50000 € - 4
Ne out of range -
-10000 -~
- . Neon
H out of 40000 - _ . -=" o Less

-5000 H outotrange w7 =T Disadvantageous

...... e .

------------ He out of range 30000

0 — —Ne .
~~~~~~~~~ Ne out of range
5000 20000
0 0.25 0.5 0.75 0 0.25 0.5 0.75
expander input rate [mol/mol] expander input rate [mol/mol]

Figure 3.7 Cooling Heat Requirement and Net Required Work
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Quack et al (2014a) I XX WEE L L CoRUFHiiiis s X 2 TE 5, & IR
PC BT 2 EERKTTH S nelium DLLEACEMEICEI T 275TH~NY v L L 14 v D
RIOEICZR > TV 5 2 2 LRAVOEHHEICET 2R~V v 4L 24 v opEIChiE
T2EEzLN5, Ah(Fx v o —BRICBIZZVALE—H) bXZD—DT, TD
LBEREEEARL, 27 eAF—HIUFE LWL 7 e F =Y hiciiE T
Lo TCLv, BEHNED D 5 —DDPREMNIERTH 2 LLEUC DOV T, BRshF %
BT 2201344 VHRIZECHLALE LA, BRAVOHERIZEHROEICIZ~Y v L4
ISEWZ & ORI T2 05TV EeEZbND, REFLEEEDEMICE T 5%
T A =R FAF VHERE AN TS Y HlZIXHE 50/50 TH UL, B IT~
Uy 2EL, IREYOFEREEZ RT IO LEE X LN,

KA S A4 2 A rh DRI K e 25 0.5 205 0.642 OHEIPHTIIA A v ZmiE e+
57— ADRNEPKFEXIE~Y 7 LICGEDI K O TEERE W & VI 14 v oRiEZ2FIH 3
5 A[REMED E K 72 5 O T2 OHiPH T nelium OF|HA[EEE D Em R ¢E 2 LN G,

3.6 &

|

KBS 2T L DR 7 e X —BIKBEEH A 7 VEOFEH N ORMTH Y., &
HREII A LB CORTIREDO NS Vv ATk 3, HHITE 2 REHF L& B AL
DR CRE 5, TNHHEEHD T, FH A4 7L ORE(LEFT - 72, HELIREEF K
DR & v o 7L Ofillf 2 B EFRNICEN T 27 A — X ClES A KRR T2 2 L 3R
ATRE T, AATHIERIC X D BV A 2 VO EREIREF KD T2 2150w, 20 X5 &iillfy2s
H BT, BKIREEEE D KBTI 4 7 VDS TRIE e 1., Mt IcZ{LTE 3255
A—=Z2THBEENHPAL, e DELICIE L TY AT L2 ICH 7 > TOGBMER (v
ANE—) BIXOZ 7V XF—HEBRFRT L0 TEL, ZTOME, mEVEREL
7N X —HERIMNL - P 7BRICH LB > 72D CHIEORESF 255 C
3 c& % (Figure 3.7),

T 72, KIRE PR OGO D 1T o 728, KFEE~V T LDEF/NS L, WiEH
FEAFTVICRKEL BT, eDHICL > T 3HEDENNSL ARZEEDH L, TN
FERTFEIREZAA VERLIEIAA VvV 2ECRAGTEEZH W CEM - WRXx—v vy 7L —
F&2BIRIICHEE S € 2 720 D52 REBE L TW» 3,
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General conclusions

HFEMARECKELRTFELRZIAAF—FO DL L TELTEAIN2D2H S, EH
[ETbhKFEMIGA v 7 7 OfIFE. AEFPEIEX L 28B4 / X—> a VHEET e 77
L (SIP) 1Moz AL ¥—F v ) THERKEICE IS LKEO T RED bz, 20
thCKE DR IFEERE - KHEIEOEEL LT, B FI4F., 7vE=7 KUK
KEDPHFEZHEST _EFELAKEF YV T EMNEMNTONTWS, KFRIEZS LI-E
2R OKFEF ¥ ) TORLE, @A X VRS CIRAT A 7 e F—2BIET S
ZEICXVEEEFMLAZDDOTH S, T HIC 2018 FEFEIC IFEFRHEMAE 7227 b T
HERFHSAEREOFHABE 7o v 2 7 M llF—<D—>2 2 LT [REdESICHE
[ S EETIC X 2 kRt s 2 7 Lo PR S Wiz, 2 hic X v kFEiik
A 7 NDORERZFHE ST 2 2 MBI ORE Z M 2 EELEETH S & LTEZ DN
EDTR—EEE o7,

B2 REICBOTHE, WERBTHIZ 7 A F—0EBIUVKEFY ) 72 DEEN
HAY T 2RBLUVMFELL AT 2RO 7 e F—HRKZ KDL LB TESL L
CEHEL, WHMCGERFTRERFHI TR E L 2. =7 e F—id, [H2RVRE LT
BrHice 2 ¥ TICAT ZLATE ZRADMEE] TH 50T, BRED T CREN IR E Tl
INBTNE Lo wAKEF IV TOIAALF—MELFHET 2f5EL LGEYITH S &
EzZzond, AR TCERENLEZKFZXF Y VT3 b, RN FZAFBLUTvyE=T
K2WTIHMEERICD SRR E L REEZEH L 72, BEBNICH FHTZ S22 L TlRD
505, RICEE R ER - mETHNENE»P L5227 F— 13 REL AL, ElPID
Nz AN F—2/hT FNEFRICOBETHBINE 72 F— 13K E L 2 BEUFIA
TaReErE £ d, AR CHEREVCEELAE» OB - EHEZRBINT 2 LIk D
I 7 N F =D UE OFHI b 1T 72,

iR E L7 o 23 F v )V THICK Tz 7 A ¥F—ERICENELE T uk
A, T hab b ELED 72 0 DL EREC B U BRI ZE(L. X - E0aRIc BT 2 A 4 7,
RIEHEHEDO 72D DMFHEE TH 5, T -&MF v V) 7icdul§ 2 28, BEIER B EHE~D
BLiX - REDERE L L T EMKRZREST 2 oMt F RN I AT 0no
TI7eAF—{8KE LTEHiEiL 7z, Z DR, KEOMHFEL 7 A F—ITx3 2 HHH
17% L HEHTERWITERE W LRI NI,
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LML T e R BT 57 2V ¥F—BERIE, HET 5 44 F —RED ITH]
BiCHBT 3%, ThbbERZRIGENS GRERCEN) (CBZ 5 -0 I H B MEAE R
FftEO L 7 e F— B 6T 2 Z L BA[RER 7 kL ¥ — L DED LRD
Too MIPRZAL7T o2 RICE T 5 27 e F—BERIT, IEWE - R(EEI KD 72,
LU, ERICIEE - ENREDGOAFICENOGEZFET 270w AR FEMATE
T\, ZZTCZ7eAF—%NINLAVCEADELKEY [0z /7er¥—EK] HLY
7 AT AN TORINFIF CIEAESBREAIRE ARG OEAE [F o7 e rF—1%k .
U727 LARTEREIFIHTE Z0AERYIOREL L TERS LTl 7Tl
ez arEEod 282 ELlWiBA% [FZoz7eAr¥—B%k] L LT, ZhZh
CXIGT AR 2 EHMT L 72, F 2 & iREER N LR 0 ERIRE AT A 7 —
ML L IFRUGHE N b, S KRN ROCEFC B - FIF L Z BT
ZenTcENE, FUAECHELESTC EIREL v, X o IbFERICOFEIC X 53,
BERVEN#FHECENEIMOBEDOF V) T TH- THHE U HETIHET 2 2 L 25T
%3, AbkFED ORAKFELZEET 2 ik ALERIC TR A BGKiEs X CEEET
HLEDTEDDLI_NEFNHIEBRANAAFIAFNBIOTvE=TLIZERS, L2 L, (REE
FIUVHAY T3S IUOMHELL VAT 2O 7o ¥ —fE5E2 KD B L) Hid
[FCTH 5,

RIFE#EED =002 v —BREEE Iz 7 e ¥—i8K L 2205, V32 v h—o
PAXEF ¥ VT LICRLIKREREAGIC I > TENBEL S, BBEKFEOFA VA7
(. B L RIAATRECH 3 A ERICRSRAENFIMAT I C L R TH I DT s ¢
AF R B L, MBKEORRL 7 w1 ¥ -3, [F_0x7er¥—H%] ik
VT EER LA e Ak LI 53 L,

FHIBTRAR L7 e F - FHEIHETIE, TvA4 v 4 7r0-fThHD
VY THAINCERE -y EINATZ70Y FH A 7L ERENZBILOTRET S D
DTH5B, BLH A 7L DATHEETLIOBY VFHAZABLEZ70 T FH A 7L TH
L0, HEMEFA AR L VIENTH L LEL, REIC~Y VL, KE, Fizidx4v
G T EHA 70k, SERHICEREGEL T334 7 0%, R#EEICIE LNG & imlt
LAY A4 I NEEC, REEFEERRT 20 chE R @R Ic AL 357 2 —
ZOERITHE 18] 1.4 HICA_7Z X ICESTE R o720, Ya—L LY VR
t A TOMWHLFE (1) CHEEfR O EE DT 2 EG (e) & EH & L7z, #iA/KTE 1mol %
FRT B BMBEDRE Hiotal req. RUFTEMLERE Wam, 1. E74DY 12— a vtk
WRDI-ZENENLFA 7 NB72 0 DIERIGEAR Hietacyle DFRFTE X 1A 7 0H7 D

D EIESRE Won, QRIS 4 7 MEZ oA RUT S DTDH 5.
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Hiotal req — ﬁ z I{net@cycle (4 1)

_ 1
Vchm. - mz VVnet@cycle (42)

e M NS L T/ T Hiotalreq & Weaum DIHOZELZ RS L F L —FA 7 DRICR S

(Figure 3.7), T7&bb elFAL TIEAAF 2 XM FOEREICHL TREHEZ KD 2 Z &
BTELI LW holz, B, ZEROGBIC 70y FH A /A L) b FGIELEBHTE
BZELMREINTED, FHFICXoTRZue Y FH A 7 v0FE L rGWEEDHLZ DD
otz THIC 2 BHYA ZVICHG 2 BIEO B TIX, ~) 7 L LKFOEI A4 v
DENFEZ LR 2 BEFICIL o TEHEMNIVEHIAER O, HEORKZWAA 1T
AV VL (A~ T LDREY) ZEEEL LTHY 3 LR — v o[z 2HGF
LENTWEY, ZOFRIAV Y LEXZFENT 2200542 ETELLERET
2HDTHD, il RE Liz27 L 3REGH T 4 7 L DM EE TH - 7258, BRGHE
fhp 24 7OH 4 710 THoTHHVLREEOFEHIIFE L 20 CRKDFHI I THETH
=

Fel DI Y | BEREERIC X B KRB b ARHNICHFE T 05 & & iC7n o 7225, K
R, WEgR 2 — v v, T - BARE A v b 7 — 7 R O KRR o FE R i B
LTHH MRS ITOR TS 2 b H Y, AT TRE L aHli 7 E 2 Sk udtss
EROBF 2R LKBLANF —DHRHEE~D -t 2 PN,
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A

AR ZED I8 0 FEHEOKINKEEIZ» b 3 ETFORMK» 0EMRICES £
THRKEZMS BV E LA ELEHRERL LT T, ARREREZHED ThizFnw
fEAREEEEZ., K -2 R RN ELR#EZIRIC I, X DEE LG 5 T8 H Y £
Ll b icE#HoERZR LT3, —RKEEIEAT AL F—RE TEMFETOF HE#E K2
IR RICHE LR 7T — 2 ORERS Y T Lz, ELHFLZHL LT, BT 28T,

KFEF v ) 7 OFFlfiic i, JEE TERA St IO TR TSR 2t 0 EaE 5
FZEICIETHEZILAZLILHEZRL 7, lIHRETLERASHOMAFE K AT
B —Kic i3, KR T2 - BEEERmHT R Cofhtifmoa 25 A THZ I L
ZEiCHEERLES,
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Appendix 1

[ 1IN DEF1% Table 2.1 U Table 2.7 o [6] %5 D & AT I G,

B 2 EORMHEFTE

[GtE 1) Frx v okEFRM

(1) [nzk]

JEE % BRI T 20 O KIGERE T £ THEAT 2 AL ¥ — (A Hpre=Ghre) 1ICHIE L 72
NE = AN X -2 H 5, Z DIEREINAS N Z OBfECcCO L7 v ¥ —{E L b, E
JEEFETCORNTMzAALF B TH LT v 2 A =B MA T o R TDOT 7 LA
—HE LD, TVEAAE—FRAARBOES L LTTRT —2FHOWTRD X ICFER

Nnd,

C7Hs(TOLlig) + 3Ha(g)

— C7H14(MCHg)

WD C,=C1+C27+C372 (J/kmol)

C1 C2 C3
C7Hs 140140 -152.3 0.695
C7Hi4 131340 -63.1 0.8125

HAT : 7 — % Perry’s Chemical Engineers’ Handbook 8th edition (PCEH) Table 2-153

Sk D C=C1+ C2(C3/Tsinh(C3/7))2+C4(C5/ Tlcosh(C5/ D)2 (J/kmol)

C1(x1E-05) C2(x1E-05) C3(x1E-03) C4(x1E-05) C5
C7Hs 0.5814 2.863 1.4406 1.898 650.43
CrHi4 0.9227 4.115 1.6504 2.9006 779.48
H 0.27617 0.00956 2.466 0.0376 567.6
N: 0.29105 0.086149 1.7016 0.0010347 909.79

HFf © & — % PCEH Table 2-156

2AtE=C1(1 - TH)"C2, Tr = T Tt

C1x1E-07 C2 Te(K)
C7Hs 0.5814 2.863 1.898
C7His 0.9227 4.115 2.9006

HiFF © 7 — % PCEH Table 2-150
b v VIR 25°C—110.6°C | Cpd T'= 14.503kdJ/mol (4.834kd/molH2)

vy R LEY (@110.6°C) 33.365kd/mol (11.121kdJ/molHz)

kv v SR 110.6°C—200°C
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[ Cpd T'= 105(C1+ C2(1000C3/ T1sinh(1000Cs/ 7)2+C4(C5/ Tlcosh(C5/ T))2
1000Cs/T=A(D, Cs/ T=B(D L &< o

[ Cpd 7= 105] [(C1+ C2(1000C3/ T1sinh(1000C3/ 7))2+C4(Tlcosh(C5/ D)2)]1d T

=105 J [C1+ C2(A(D)/sinh(A(D))2+C4B(D/cosh(B()A)]A T

ERE S (T = 110.6°C, T = 200°C)

=105[C17] (71~ T%) + 105[C2*1000C3/tanh(A)] (A(7TD)~A(T2)+ 105[C4* (-C5tanh(B(7)))
(B(7T)~B(T2)

=13.411 kJ/mol (4.470kJ/molH2)

KFELE 25°C—200°C [Fl LD ERST | Cpd T=5.096kd/molHz or 15.287kJ

mEEEE  76.566kdJ(25.522kd/molHz[1])

@ [

M X Y RS T CoEMtE TG T 2 NEz AL F—2383 5, BHC 2% D
BB AE - F I 4 L X — OIS L v, R n B2 KAUE P2 b IGHET] P&
THIES 2 13 AW=nRTIn(P Po) 23 EHE X 72 R DPIEET 2 0 ¥ — DB & 72 5 25, iR
EEIH S ATRITELKE RS, AT cotHER2z 7 e F—BRICMET 3,

4mol, 200°CEAE G R D IE  101kPa—1000kPa
nRTn(P/ P) = 4%¥8.314*473.15*1n(1000/101) = 36.07481kJ(12.025kd/molHz[2])

MEEIMEIC X % e B OAEE 112.641kJ(37.54Tkd/molHs)

3) [Fic#E]

FASOCTIHREZ —E IR R TGP Z L. RICHHEE 72 < 72 5 O TEULFR
£F32b0e 35, KB Q220 CHHT 2RI EZEZLZON RS DRV, 22 TR
—HEHEL. NG THHT 23D LREL, T 7V F—RE2FTLEEX AT AL F —

(Z7enr¥—) 93,

200°CIC B1F 2 RIGFHED T 7 2L ¥ —
Ae=-@ (1- To/ Tr) =212.29%(1-298.15/473.15) = -78.518kd (-26.173kJ/molHz2[9])
HAT © 57— % HSC

(@) [EpHo]

R E LT 200°CD MCH %A 1mol 23565, ¥+ V7 & LCIIBREREE ThET
BHIZINE D, ZOBBRCHRI 7 eAr X —2FHINIEE. ZOREIX. de = -] CQ-
To/ T)AT=-7.092kJ (-2.364kJ/molHz[10])
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[ 2] MCH ik

(6) [hnzk]
C7H14MCHg) — C7Hs(TOLg) + 3Hz(g)
HiEiEFE 1 L [FkEIC PCEH &I X Y EEELVARE R ST LEZ Kk 5,

MCH A& 25°C—100.9°C

| CpdT= 15.355kJ/molMCH

MCH %4t#h (@100.9°C) 31.280kJ/molMCH (10.427kJ/molHs)
MCH %4 100.9°C—300°C

[ Cpd T'= 43.520kJ/mol (14.507kJ/molHz)

EEE 90.155kJd/molTOL (30.052kJ/molHz[17])

Ne=AH 1 - Th/T) = 214.863%(1-298.15/573.15) = 103.091kdJ (34.364kJ/molHz [3])
HFF : 5 —% HSC

NEL & ROGRBVIHIG I X 2 e HE DA 193.246kJ/mol(64.415kd/molHz)

AR 7 L F -7

b LT v &R 300°C—25°C

Ae= -] Cp(1-To/ DA T = -12.963kJ/molTOL
IKFEEUAR 300°C—25°C

34e="-3] Cp(1-To/ DA T = -3x7.0251kJ

YAe=-19.988kdJ(-6.663kd/molHz2[10'])

B, Py bE (@25°C) (3.
AH = -38.000kd/molTOL 7- 2 ERIEEE T 72 DT Ae=0

(Gt 3] 7vE=T7 D&
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® [hnzk]

0.5N2(g) + 1.5Hs(g) — NHs(g)

SUED G, = C1+ C2(C3/Tsinh(C3/7))>+C4(C5/ Tlcosh(C5/ )2 (J/kmol)
C1(x1E-05) C2(x1E-05) C3(x1E-03) C4(x1E-05) C5
HsN 0.33427 0.4898 2.036 0.2256 882
Hs 0.27617 0.00956 2.466 0.0376 567.6
Ne 0.29105 0.086149 1.7016 0.0010347 909.79

HFf : & — % PCEH Table 2-156

EFRAME 25°C—525°C
[ C, d T cal/molK = 14.988kJ/molN»
KLU 25°C—525°C
[ C, d T cal/molK = 14.555kJ/molHs

IMEVEEE  14.988%0.5+14.555%1.5 = 29.326kJ/molNHs (19.551kdJ/molHz)

2mol, 525°CEIAEZ R D IE  101kPa—20000kPa
nRTIn(Ps/ P1) = 2%8.314*798.15*1n(20000/101) = 70.185kdJ (46.790kd/molHz[2”])

7 VE = TR 25°C— T v ' = T A 25°C
0.1MPa—1MPa Oft:% (ZEREH)

[ PAV= RTIn(VI Vo) = 8.314%298.15*In(1/0.1)
= 5.708kJ/molNH3 (3.805kJ/molHz[5])

IEAEINEIC X 3 e B OGEF  29.326+70.185+5.708 = 105.219kJ/molNHs
(70.146kJ/molH2)

525°CIC 31T B RICRKREDOFHZ AL F — (7 L F—)
Ne=AH Q1 - Ty/D =106.911/2*(1-298.15/798.15) =33.487kJ (22.325kJ/molHz [9'])
HiFF © 75— % HSC

EEPIE LTEOND 525°CD T v E = T KUK BRI E (298.15K) Xt L T2 2T

7L ¥— %
Ae=-[ Cp(1-To/ DAT = -9.358kJ(-6.238kJ/molH2[107]),

(;tE4) 7 vE=T DH#
NHs(g) — 0.5N2(g) + 1.5Hs(g)

7 V' TSI 25°C—425°C

55




| Cpd T (Tv25~425) = 16.795kJ/molNH3 (11.197kJ/molHz[1])
% 20 S s
Ne =AH (1 - Th/D =104.853/2%(1-298.15/698.15) =30.037kd (20.0249kJ/molHz [37])

e & SOSRAMERIC X 2 e iE D AFF
16.795+30.037 = 46.832kJ/molNH3 (31.222kJ/molHz)
HFF : 75— % HSC

R DBT 7 2L X —
ZEFAUK 425°C—25°C
Ae=-[ Cp(1-To/ DA T'= -4.373kJ/molN>

IKFLUE 425°C—25°C
Ae=-] Cp(1-To/ DA T = -4.268kJ/molHs

YAe = -8.589kJ(-5.726kdJ/molH2[107"])

[Gt55]) KFERILDO T 7 L F—HEK

@©  weR, wikid. MPROBUEZ FV-T,

Wiiqe=Hi- He- To(S-S) = 25.934

i(initial) 298.15K normal hydrogen, f(final) 20.27K para hydrogen gaseous state,
Th=298.15K

kd/g kd/molH2
H 3.9318 7.942236
He 0.44606 0.901041
St 0.022006 0.044452
Si 0.053377 0.107822

HAr : 5 — % REFPROP ver. 9.1

@ npZEfa, WLEENOHES 1.56MPa @ T,

77K (Z#E) T para25% —parab0%. 30K (JT BRIELHET) T para50% —paral00%
BT 5 LT 5,

normal:para=2:1 DEA T 50%para IZ 7% % D T parab0%DHFFEEE 13,
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Cp=CpNormal (2/3)+CpPara (1/3)

paraH 1500kPa n-H 1500kPa para50%-H 1500kPa
T(K) Cp(kd/g-K) T(K) Cp(kd/g-K) T(K) Cp(kd/g-K)
30 0.00641 30 0.006254 30 0.006306267
77 0.0074313 77 0.006584 77 0.010681

HiFf © 7 — % REFPROP
5« A —ZhE O
Wap = (T (T - T))* @Q=(TH/IAT ) *Q=Th*G
Wa-p = WT7TK)+ WM30K) = 1.66132274 + 0.4173304 = 2.0786531 kJ/molHs
HERTALAT S Wiiq + Wap = 28.013 kJ/molHs[5]
SHRALIT S ERd X 3 = 84.040 kd/molHa[5]
RANF 7 0.1%/day X 20days X 237.2kd/mol = 4.7 kd/mol[8]
FIFATREMEAT 7 & L ¥ — 1%,
AH ThAS=-22.520kJ/mol (ikfEHE © 7 — X iff REFPROP)
(GtH 6] % v —iik o MRERNE

IMO2014) D % v 71— 2 4 7l dwt, “FEMUATEERE, “FEAREREEEZ V72 (F— %
AT+ SCHRIV), C EiFEE  40MJ/litre, C EHILE 0.9618 L E W7o, AT I
ANIAFPROETvE=TI, 7 IV 2y h—%H05 LIREL 6], RikKkFEEL VA
—lt. dwt6676 ¥ (RIARH X 9.4 77 Nm3) DI/ E 7 LNG it D REREE B %2 5%
L, XD 250K R ME T 2 L MEL T, T/, KO REIC X - T, BEK

DIRERDEALZ2DTICIIE 2RV, IRITHEER P VD 90%0EY T &
% | CCik NEEAR) & L CEYERIT dwt(dead weight tonnage) ® 90% & L 7=,

EHEANAAFTIAL (FIANZyi—) OMREINE

=IMO 7 — 12 X 2% (TJ/10000km) %1000/(dwtx0.9x{t.&¥F/KkFENHFEH/N =L
IKEEE) = 28.27x1000/(42605%0.9x6/98/2.02) = 24.325 kd/molHz

WRT vEe=T (FIhLEvh—) OWRENE

= 28.27x1000/(42605%0.9x3/17/2.02) = 8.439 kdJ/molHs

WKk E % v — OBRENYE

=29.71x1000/(11360%0.9/2.02) = 5.870 kJ/molH2
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[Gt8 7)) KEEMDO T 7 2L F—HEK

O BEHEINGEHNZ /AT

REFPROP X v . #IHAIREE (25°C. K&UE) KO BBERIEARTE ) DK FEDRREfEH & = 2
L ¥ —liEf57-,

P (Mpa) 0.10 20 45 82 70 0.10
Exergy (KJ/mol) 0 13.43 15.83 17.91 17.33 0

L7 —nit, 25°CE —40°COT T L F—Ehh b
-(R*(233-298.15-1.N(233/298.15)))/1000 = 1.87kdJ/molH2

7277 R (REEE) = 8.3145 J/Kmol

@ WEENETS

WiEAEAE @ PVCpl/(Cp-R)=—7E RUERESKZRET 5 &,
JEAEEEE X

WA = Cp* T*((P2/ PRI Cp)-1)

T 72, [KFEoFEM | OKBR AL X —Hai) OEMGRE L V. EMEE D #HFH O EAERE Z
i (P L.

P (Mpa) Z=PVIRT
0.101~20 1.061259

20~45 1.204848

45~80 1.409055

Wxakot (FH),

P (Mpa) 0.10 20 45 82
EfET 7 e ¥—fE%
30.87 2.26 1.62
(KJ/mol)
ZI X BHHIE 32.76 2.73 2.29
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Appendix 2 KFEWALY AT LDEF AL 7 VDERFHITDOWT

10.00
g <€ el 1
glm
s h
o 1
>
gam 1-A
o

4_»e2
1-e (1aum)x\v9
0.01

1 10 100 1000 10000 100000

Enthalpy (kJ/mol)
Figure Phdiagram of hydrogen liquefaction Cycle

IKFRWAL > AT o KRB D KFRWRAL Y 4 7 Vi v TR RE O KR KR
(P=0.101325MPa, 7=298.15K) %JEfEd %, KiC¥a—A b LY VR TR THD
NBRM 2 HKEZR DL CRifkkERZE S, SMHITGBEE LCERS 5, £25HE
HOSEEIEF O 7o 1R el-e2) LIIRZ — v v THEIT 2, ZomHlEnz5kd
WL LIRS 2, IhomiElE Gl LT 2KF DG5S v+ cHMR
2 DEHHBARET, KEOADIERTHILI 4 7 v LTCREMET 20082707 K942
NTH 5,

Z ZTH®% (cooling heat source) &3, WEAEMIA T 2 2 & T, BEHEI A 7 LDOHRTH
Brehb 25, 3 bbBe®E S 2 Leigs s, BARNICIZECHE s o ik z w3 2
TLTHB, IR EHEHRT iﬁ%%%ﬂ%ﬂﬁﬁ@“%ﬁ Ky AT LTi3RdT 25X 5iczhn
OCFE"Q?:EE??& X BB &, %#% (cooling heat sink) & I3, (’\ﬁk’i’aﬂf?‘Z) z

T, WEAAE R T 5, Tﬁb%ﬁ%ﬁxéukf\EW%uiﬁﬁ@%f@ﬁ@ﬂ@C
Wﬂ?é ETHY, mi%%E%@ﬁ@ﬁﬁﬁﬁﬁbﬁiﬂfﬁ%ﬁmo%@\5@®N
7 VADEND D VAT LAETOWAEOERENSINE 5, AFRTlX, GHICIET 72 (4)
DffF %, ZHTlE~<AF 2 () 52T,

RETNAVDOE S, Ya— oy VERTOWRE (D) 2350567 TH Y., ZnxkHilE

Cra g P4 o050 DR/NDHTIE () ZK® 2 L1 0.875 TH o 72, A 1%,
—&Wum@ﬂﬂ%gﬁ%ﬁl/ﬁ»t DBy 7 53R 2 D & [FERk I, SO, fufl
HKABLUO2HRED Ly 2 —06KkD 5,

e>=0.875 £ 35 &, Ao TEIHLEIIRL AR DED, 14 7 AERT 2HEIZS
{72 %, e=0.875 DLGAEIIHKT% L2k I N DT, Wik KkEL 1 ELEL7-01C8
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14.1 ELDOHEEZIER I SR T IE RO v, TEfEFIZREICHHIT 2 0 TFhictfun
I/ F—ZLEHENT 5,

IKFEDRRBICTIE AN PIKFE L NTKFERD D | FHEREEHIZREICHE 5 . 298K D5UEAT
i»7*$%$i2ﬂ“7wv»m$)kﬂ%@ﬂﬁif?ﬁ®%ﬁﬁﬁémMKuT)
TIHIZIE 100% T, A v FAKFRITEHBED F THBENICHERZ DD T KBTI L |
FEUC X VK FEO—HIERILT 2, RALEWT < 720 Al E FlvC AL b KFEER YT
IKFBICHRIR ST 2 DD 555, Z DBROFEEZGH (B +2 2P0 TEE D, Ok
P BREMIY 2 — v b LY VIIRDRNCAT 7 9 o “PHIHE ZHERF L 722 DR g 2 & T sl
THBEPR/NCEELINTWER, AP ZXF 4 TIE ERD X 5 et 4 7 Aathicdid]
INTKBLEEBREEINTW DL DT, JERRAED X ZKFRLE L REICIE U 72 <2
KB L ZHEL, ¥4 71D 5 bRETEPEE LV &< 7o T 2 & clinil - FREVE 1T
)& L. FERREZER T 2,

T (precooling) ¥4 7L e<0.875 DEEIE, KB I 4 72 VD HZmT 5
DB 5, /1~wEA//hﬁ@AD(I¢@i%3)kLTﬁWﬁmﬁifmﬁﬂm
YA INDIBbZHmTaeR (KhD 2-3) OKFxRHEZ DI A4 27 v b KERL Y A
N EFRIRICKRO G 7T e 2 (FlziE 85) LmEmilmoZm et (Flzife67) &%
E,

Bz IEZm7TatR 23 5m7atR 85 DR THRIAZITS DR, G 7T v 2D
Db —HIEIZH Tt AORIKIRE L ) DIERET 2 LERD 5, RMEFIHT
BRI, BAORIRZEBEZ N T VAI L0 ELH LD, INOLEEEMET I ED
iEe8lx Th GRIE-Ih= v 2 e —) HITIT 9, BB ERNICITON S 7= D ICRESLE T
(BvFHEA V) ToREELZ 2KMUERS X5 ic L7 (3(2002),

B 7ok R 2-313HFE (298K) X b EWiREHEE A & DT, +2K @ 300K Bl I35
BREORREZIIKFECL>THENT 2 DL L, ALz 300K LT OFED&H
ICET 3 HEAEB X ICOWTEHE L, ZEE L7,

KBWACDFH 7 v 23t D% O & THHOEESL I 4 7 vhoMr R %,

%L DWHRY A I NTIEIV A 7 AhOEAY A 7 VGBI BT 2 BA0kZEZ KE L
T 270 KFEEE BHEERAENAT 2, 207w, T (RE-Lz v oy —) BMEENY
Ph (JFH-Hx v 2 v —) MK DR 7 1 4+ 2 LD K355 13 BIR1E S ORI 78 S
BoONMNCH 22, Lo LKERILDO TR 7 a ke RICEBWTIE, ZH 7 01 2D RKIRE
3R TR . TNERTME-EREY A 7 o547 av 2352 DTE 3RO
FRON TR, KITEDETFALTRZE T ZADRKEEZ 33K LHELZDIE. Zh
DIEES T2 LA UENTRILLTLE ) 20RIC X 2IbATE RS R RATH 5
0 TH DD, HICEL T ERLERMEL RV IEBI I 2 RE S 200 7w F
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—HBERPERICTR D, TOZHT R RICHIGT 5557 8 R Im/NEEF ¥ v 7% 2K
T B LA SIK U TOME 2% § 2 0680 H 5, —ICEN %2 T F Tk s
TF 22, 2052 EBLTHEERETGHEZ, Moh=%E (PCEH(Q00® L
NIST REFPROP (2009) Tt % MZRIRERWIE) DTl ~V v A, KERTFAA v
DHTH D, KFELY DIEOED~Y 7 L EZKFEOHSLLTICHHAT 2 & &I BAL
BT 2ZDMET~Y 7 LG EE LTy, L7z o TRE TIRKERK
AFVEHBETEIA N EETADT —RICED DL, TNOLDH A 7L TlEEiRHE D
ZHT 0 ZADFARRE I REDEEY A4 7D E58E T o ZDRECHRE 35, KEHA
IADEEEL L TEA A VICR O TRWIHRZRF2%EHR (P=0.0174MPa THJ 65K, L&
WIEN% T2 EREELFHRERTELRVOTTIRTH S,) &5, kb, EFRORITHEA
DARYE 1 Z— LR FZ TH 5 23, MEtEFOMAIC X D OB & XL &\,

KFEZFAAVICLDHHIA 7 VDZE T o R (24 v DA 45) ORKEE X
LRl CTOEROWR LD 2K @\ 6TK LA L& 32, 7272 L5034 7 VICEIEBE%
FIAT 285E8ICIIRIKIEE % 33K A FICIZTERWD T, 24 v ORTEBEDSEH Y 4 7 L
ELTHw AT, ZREBEREZH VWA LIE, 707 P34 7 voXEsEs (75 X
DfE - LYy b e —fll, PARKTCIERET Yy 2 e —Ml) O X5 ICHEET v A TOH
Buc X 3 BVEfC X 2 55 %179,

BRI A I NERH T o AORKIERE (R - v Al) 2 118K & LT H5m7m
L A TCHERBARILEA 2 LB TE S, 118K I3 A % v DKRAE (0.1013MPa) 1231
2 111K L 0 2K E W Z DHEAETAICE T 3R — e v AINCEHET %, 29 L
TEREIA 7 LOHERE L THHINTOWARWEES 2% v LNGURST O K533 A % v
THDIRAN AL 2D D)REAEH NS 2 R TE 2D T, BRI A 7 Ve AKWET
A3 2 SR OB & 2, BRI 215 L L C LNG I X 2 imBloE kg%
2, 2R WEEHE CEWIERE W E X 5, ¥ 7 EWEmEE (EMLE -
RMEE) ORBEEZ T 7w X 2L 325, K CHET 2 €7V CRIEM 72 1325RT
HiFz 7 er ¥F-—FLEICFE LW,

T NF-FEA £l
Frvbwvy—iafd GEREENR ks —vv) Tl
A e=AHTHAS=AH
Frvaonv—aE (HEENERS) <iE
A e=AHPAV-THAS=PAV-THAS

7272 L ThoA S=298K, P=0.1013MPa & &\ 7=,

61



SEH
PCEH “Perry’s Chemical Engineers’ Handbook 8th Edition” (2007)

NIST REFPROP ver. 9.1 (2013)

£ G2 (vvFrr /ey —Eax V¥ —iroTEe EE] MEEAEZ A LVF—%
v 2 — (2002)
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Appendix 3 Detailed simulation result of the liquefaction model in Chapter 3
EIEDYVIal—vaviER

Further to the description of the summary of simulation results of the liquefaction
system and selected figures of cooling cycles in the third chapter, this section gives total
thermal (enthalpy) balance, cumulative required work and numerical data of each
cooling cycle.

In order to liquefy hydrogen by cooling in gas refrigeration cycle, gas must be cooled
below inversion temperature followed by further cooling by rapid expansion. As in the
case with the model applied in this study where liquid hydrogen is produced through
Joule-Thomson expansion, hydrogen gas should be cooled as low as the critical
temperature (approximately 33K) before expansion, because the Joule-Thomson effect
takes place in isenthalpic process (See the central graph in Figure 3.5).

Among pure fluids, only helium, hydrogen or neon could give cooling heat continuously
to "cryo-cooling cycle" down to as low temperature as 33K. There are again limited
numbers of candidates of pure fluids for refrigerant to cool "pre-cooling cycle", such as
argon, carbon-monoxide, oxygen, nitrogen and fluorine. Nitrogen is chosen from the
aspect of safety and economy among the candidates. It's to be noted that cooling heat to
cool nitrogen cycle is given by LNG vaporization heat from outside the system.

In order to pursue the possibility to reduce the amount of cooling heat from outside (LNG
vaporization heat) and the amount of externally supplied work (net work-required), the
"negative pressure case" where a part of the nitrogen cycle is in lower pressure than
atmospheric pressure was compared with the "positive pressure case" where the lowest
pressure point is in atmospheric pressure. As in the Table 3.1, the result suggested that
the negative pressure cycle (i) contributes little to the reduction of cooling heat, increase
in most cases, (ii) improves work efficiency in the limited area near the upper limit of
expander input rate (branch flow rate) "e".

F3BICBWCRTILY AT LETADY I alb— a VERMEL X OB EHBEOY 4 7 LD —5
ZEIRL GGk L7z, KIETREBEHRDOEANT v 2 BREATATER S EHEEY 4 2 V0Bl % E# T %,

RAAREBIETKEERIL T 2 103, [ EZVIRREM TICHE L 2%, SRS MICH T < 2 ik
FHEBILITI-TEHIGHT S, AEFTADI I 2= ay Yy (D FRICLY ILICEER
iR & & CRAKEEB LS LT 2581, JTIRPEFEL Y 2L e —i@fh o T, WRATICFOEFEET
DRI X o THERFEFIEE (10 33K) UTICHEHIL T HERH 3 (Fig.3.5 DhRoMBR),

33K ¥ T [REKEEEE Y 4 7 2] (cryo-cooling) THIFAICIHEAZ G T & 2HME X, ~V 7 4
KER AL D 3HICRONL, Thd 3TN HAOYEDBHY A 7 VicmB e tbiad 2 [P
WY A4 7] (pre-cooling) WCHWZHMME Db 7oy, —ELKRE, BBE, €K, -3 7ryH#FL
[REFTH Y., £ DR CLEERRFEOBIAD L THEMCEMTRERAYE L L CERE E IS, &
B, EEIA V2 BHT 2GEIE LNG 25T 2 BomE s ZAr05 250 LT3,

AEFTE T, BUEKESSEE D 4 27 v O B IE R AT B KB O A REME 2 B8 T 2 720, EFE VA
IND—IREEHERGT L VIEVWAIEL 3257 — X (negative pressure case) % #% 1. EEHI % ZEHE KA
JE & F 3IEES — A (positive pressure case) & DILE A {To 7z, fEHIE, Table3.1 IR N7z L HICH
JEHA 70 & Liza, ORARBEOHIRICIZIZE A L5, L AMINT 2, QFTEMF 35k #i
(e P ARHF LRI 1THh 285H) THEINE, LWwIBbDTHo 7,
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1. Negative pressure (in nitrogen pre-cooling cycle) case (B &EHY 4 7 L7 —X)

Negative-Pressure Case
H total req. : Cooling Heat by LNG (kJ/molH,)

e
(expander input rate) 0 0.1 0.3 0.5 0.640 0.875 B_reélz]dgm{r;{_H
Claude Cycle - - - - - 0.0 e ERRs, e
. . H, 180 175 16.0 133 9.7 0.0 LNG cooling 5.9
intermediate Pre-cooling
refrigerant (IR) He 9.7 9.7 9.7 9.7 9.7 0.0 by N2 3.4
in cryo-cooling Ne 329 315 273 199 9.7 0.0 Cryo-cooling 4.1
W cum. : net work-required (kJ/molH,)
e
(expander input rate) 0 0.1 0.3 0.5 0.640 0.875 B.rea_kdown B
Claude Cycle - - - - - 153.3 case : =0.5, IR=H,
H, 270 287 336 424 543 0.0 Higoyde 395
intermediate Cryo-cooling
refrigerant (IR) He 249 267 320 414 54.3 0.0 cycle Work 0.3
in cryo-cooling N2 Pre-
Ne 432 439 458 494 54.3 0.0 cooling cycle 2.6
Work
ambient, ambient
external cooling ambient, LNG, N, and H./He/Ne LNG
and N, only

“Breakdown” cells indicate cooling heat supplied by each stage of refrigeration to produce
one mole of liquid hydrogen (upper table), and net required work, which is equal to
exergy consumed, in each stage of refrigeration to produce one mole of liquid hydrogen

(lower table) for the case where hydrogen is used as intermediate refrigerant and “é” is
set at 0.5.

1.1. Total heat balance and Cumulative work required, with respect to
intermediate refrigerant (IR) in cryo-cooling

(BRI D 2RO B 7 v 2 REFTRLS)

H [J/mol-lig.Hy] W [J/mol-lig.H]
-35,000 i . 100,000 :
S~ Cooling Heat Requirement Net Required Work Do
RN 90,000 P
125,000 RN i
, N 80,000 He —
\ - = =Ne §
\ 70,000 | eeeiien H
\ K
-15,000 \ 60,000
. 7
goorrmensenens 50,000 Y,
He . /
5,000 T _ e Y 40,000
H . . ‘_‘."
30,000 | o
5,000 o 20,000
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
e (expander input rate)[mol/mol] e (expander input rate)[mol/mol]

The above figures present the heat balance and the cumulative work required for
the case of “negative pressure” in nitrogen precooling cycle in contrast to Fig. 3.7.
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1.2. H liq. Cycle T-sdiagram (KFE®RLH A 7 1)

Temperature [K]
1000.00

Temperature is indicated at
each corner of the cycle, and
pressure in isobaric process
is indicated along the
isobaric line. Dome shape
saturation lines  (phase
boundary) are also shown.

100.00

0 25 50 75 100 125

Entropy [J/K-mol]

1.3. Cryo-cooling cycle (FRIKIISSEEH Y4 7 )

1.8.1. H cryo-cooling cycle 7*s diagram (KzHE %S E 3 2854

Temperature [K]

44.00
42.00
40.52
40.00
Temperature is indicated at
38.00 each corner of the cycle, and
pressure in isobaric process
is indicated along the
36.00 isobaric line. Dome shape
saturation lines (phase
34.00 33.15 boundary) are also shown.
32.00
31.00
3000 /31.00 P=0.9MPa
10 35

Entropy [J/K-mol]
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1.3.2. Heecryo-cycle T*sdiagram (~V 7 L & 5L 3 2 55)

Temperature [K]

1000

644.15

100

Temperature is indicated at
each corner of the cycle, and
pressure in isobaric process
is indicated along the
isobaric line. Dome shape
saturation lines  (phase

/\ boundary) are also shown.

0 25 50 75 100

10

Entropy [J/K-mol]

1.3.38.  Necryo-cycle 7T*s diagram (A4 v &L 355G

Temperature [K]

110 104.342
100
90 &L
§ Temperature is indicated at each
80 o corner of the cycle, and pressure
Q in isobaric process is indicated
70 67.000 along the isobaric line. Dome
shape saturation lines (phase
60 boundary) are also shown.
50
40
30
27 1040 L 27.1045
20 P=0.1MPa
-20 0 20 40 60 80

Entropy [J/K-mol]

As is indicated in this graph, neon cycle produces smaller entropy (enthalpy as well)
difference compared to other cycles, which leads to lower efficiency than other
refrigerants. It is difficult to design a cycle to bring larger entropy or enthalpy difference
due to pressure and temperature restrictions.
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1.4. N pre-cooling cycle 7*s diagram (Z£H&IC X 2 Flm#E ¥4 7 1)

Temperature [K]

350
312.28

300

250 T
Temperature is indicated at
each corner of the cycle, and

200 pressure in isobaric process
is indicated along the isobaric
line. Dome shape saturation

150 lines (phase boundary) are
also shown.

100

50 64.999  P=0.017MPa 65

60 80 100 120 140 160 180 200

Entropy [J/K-mol]
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2. Positive pressure (in nitrogen pre-cooling cycle) case (£2xRIEEY 4 7 17 —R)

Positive-Pressure Case

H total req. : Cooling Heat by LNG (kJ/molH,)

e

(expander input rate) 0 0.1 0.3 0.5 0.640 0.875 caseB'rzélédgV\f;{—H
Claude Cycle - - - - - 0.0 - €e=0.9, IR=H
H, 147 144 133 114 8.8 0.0 LNG cooling 5.9
intermediate )
refigerant (R) e 126 124 117 105 88 0.0 |Precooling 55
in cryo-cooling by N2
Ne 257 247 216 16.2 8.8 0.0 Cryo-cooling 3.0

W cum. : net work-required (kJ/molH;)

e
. 0 0.1 0.3 0.5 0.640 0.875 Breakdown
(expander input rate) im0, [P

Claude Cycle - - - - - 153.3
H lig cycle
H, 28.1 298 344 428 54.3 0.0 Work 39.5
intermediate Cryo-cooling

refrigerant (IR) He 304 319 36.1 438 54.3 0.0 cycle Work 0.3
in cryo-cooling N2 Pre-

Ne 41.1 419 443 485 54.3 0.0 cooling cycle 3.1

Work
ambient, ambient
external cooling ambient, LNG, N, and H./He/Ne LNG
and N, only

“Breakdown” cells indicate cooling heat supplied by each stage of refrigeration to produce
one mole of liquid hydrogen (upper table), and net required work, which is equal to
exergy consumed, in each stage of refrigeration to produce one mole of liquid hydrogen

(lower table) for the case where hydrogen is used as intermediate refrigerant and “é” is
set at 0.5..

2.1, Total heat balance and Cumulative work required (Z\x7 vz, BEFTHMLE)

[/mol] [¥/moll
(a) Total cooling heat req. [H ot req] (b) Net require work [ cum]

000 o 70000 —H

-~ H out of range
0000 60000 | ceeees He

Neon - He out of range

-15000 ess

- - Ne -~

Disadvantageous 50000

Ne out of range

-10000

. Neon
40000 P Less
Disadvantageous

—H

-5000

------------ He out of range 30000
0 = = Ne ’

--------- Ne out of range
5000 20000
0 0.25 0.5 0.75 0 0.25 0.5 0.75
expander input rate [mol/mol] expander input rate [mol/mol]

Fig. 3.7 presents the heat balance and the cumulative work required for the case of
“positive pressure” 1n nitrogen precooling cycle.
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2.2. H liq. Cycle 7T"s diagram (KFBHLY 4 7 1)

Temperature [K]

1000.00

Temperature is indicated at
each corner of the cycle, and
pressure in isobaric process
is indicated along the
isobaric line. Dome shape
saturation lines (phase
boundary) are also shown.

100.00

0 25 50 75 100 125

Entropy [J/K-mol]

2.3. Cryo-cooling cycle (FRIKIISSEHEH Y4 7 )

2.3.1. H cryo-cooling cycle 7%s diagram (K% it & 3 2854

Temperature [K]

600 583.50
500
400
Temperature is indicated at
300 each corner of the cycle, and
pressure in isobaric process
is indicated along the
200 isobaric line. Dome shape
saturation lines  (phase
. boundary) are also shown.
100 sat. line undary) W

10 35 60 85 110

Entropy [J/K-mol]
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2.3.2.  He cryo-cycle T*s diagram (~VU 7 &% & 3 2 8554)

Temperature [K]

1000.00 763.41

100.00
Temperature is indicated at each
corner of the cycle, and pressure
31.00 in isobaric process is indicated
! along the isobaric line. Dome
10.00 shape saturation lines (phase
’ boundary) are also shown.
1.00
0 25 50 75 100

Entropy [J/K-mol]

2.3.3.  Necryo-cycle T's diagram (4 A ¥ Z it & 3 2 558

Temperature [K]

100
90 §D 88.7836
S
80 >
R 79.4]
70
Temperature is indicated at
60 each corner of the cycle, and
pressure in isobaric process is
50 indicated along the isobaric
line. Dome shape saturation
40 lines (phase boundary) are
also shown.
30 313
20 P=0.3MPa
-10 0 10 20 30 40 50 60 70 80

Entropy [J/K-mol]

As is indicated in this graph, neon cycle produces smaller entropy (enthalpy as well)
difference compared to other cycles, which leads to lower efficiency than other
refrigerants. It is difficult to design a cycle to bring larger entropy or enthalpy difference
due to pressure and temperature restrictions.
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2.4, N pre-cooling cycle 7's diagram (Z3H&IiC X 2 PlimEy4 7 )

Temperature [K]

190
170
150
130
110

90

70

50
60 80

77.355

100

120

P=0.1MPa

71

140

177.4

77.363

160

Entropy [J/K-mol]

Temperature is indicated at
each corner of the cycle,
and pressure in isobaric
process is indicated along
the isobaric line. Dome
shape saturation lines
(phase boundary) are also
shown.

180




