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1. [FLHIC

HERIERZEOBG I Z AN IB OB OFETH Y, HABUMNIL 2050 ££F TITIRBH R A DHEH 242k
ELTERIZTDI—ARr=a— T2 BEEL, EEHEPT T 2035 45 % T3 M HO BT HIRGE TR
HVY o BEEPOIZTEZ 28T TS, A—Rr=a— b FAOERIZAT T, HAETREZRLE—L
FAEDOETKRFBOFHENER SN TWD. BRI TOKFEOFIH & LTE, KFELBIEOESLTFIG
R 2 EFERE (FCV : Fuel Cell Vehicle) 23FZEBA% STk 0, 2014 2L I TND D,
ZHETICEMHE (LDV : Light Duty Vehicle) , /8%, 74— U7 h N FCV & LTERENT
WRAHFINTWD. FCV OB TH 57KkH#I1E, BABEHZY O3 F—HENE L RW2D,
K T0 MPa (15 “CHHE) ICJEME L CEADEMI/KBERECAIET 5. KFEOFIET O 72D OIEREAKE A
2R KEAT—vay) bRENED LN TWS 2 . BURTIIMM LDV T5kg, NAT25kg, 74
— 27 )7 FT1kg (35 MPa) DOJEME/KEZBEH L TV 5.

VTAETIE, KEL (HDV : Heavy Duty Vehicle) ~®O¥kEHEM OIS A RANCIER STV 5 3-8 |
HDV TiZ, K 100 kg DKEEHENHESHTNDS 9,10, X512, HDV DL RIS KEHEREN SV
E, iR, MIZEHEOTEE D T 0 ~OBEE (F7213KBREET VY ) OIGH BIFFEBIR B ED ST
WH1~13)  Z DX ) IR KREOKBEZBREHTHEE Y 7 4 T, BUEMAIN TV D ERAKETIZRLS, &
BB TORMMEE L BTSN TWD. 70 MPa OJEMEKE KXV IREKFEDOL D, BEENES LD/HhINR
NR—ZATHIIZEHTEZ 270 FME INS.

KB DALY O TR I NT=DIX 1898 4£ D Z & T, Dewar (2L Y 20 cc DIEEKZBNEHNT- 19 .
Z D%, KEOWAL TFEOWFIEN R, BETE+ b/ BREEO KRB RRLKET T > b HER&HT
B L5 15,

EE YT 4 OB U CTRIKKFZ DTSRG SHAED 72O M 1950 FEHTH 5. T OEHRELE LT
IR ZHEH LT RATHES S 1 o N OB 3RS AT 72 0, 1963 FFRITITI KRR 2B & L= v
vaudy MO THEHA SN 19 . BIETYH, ery b Vol LTRIHER TV 5.

—J, M bEETT D EBA~OWERMBKFZEOFIHIL, 4 LiEEINT 1966 412 General Motors (GM) 75~
0 M A THE ARSI 1D BAE, filko FCV TR SN TWAEMiIKSE LD & BB TR iA K
FOFHPKFI SN TS, £z, vl vy b ERBRICEERRZ DHER L TBY, ary MNIREEE L ToF|
MATHDN, Zo7a Mo THEIBEERSE L CORATHS. 2000 FEIZITKFZEAT— 3 T
HL]~ O IKTE O FEIEFRBRC B TOETHRBNEME I TN D 19,

2010 FhiteH 6, FiFZRR AR T2 < BER S EEK $ 58 L 72 Cryo-Compressed Hydrogen (CcH2)
WCBHT DHFEN L < 7o > TV D 19,200 | K [E D Lawrence Livermore [ES2AF%EAT (LLNL) , BMW, Linde
72 Bl K o CTHEBEA~OFBIERER 72 K3 Thiv T\ 5. IT4E T, Daimler Truck & Linde (2 X % Subcooled
Liquid Hydrogen (sLH2) HiEH ST\ 5 20,

ARG T, EROWEMAAKRFHE (LH2 : Liquid Hydrogen) , CcH2, sLH2 O#FIHBREIZ & L CHBLEAMT O
FREBRBDOER 2 LD 5.
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2. BERKZFDEE
AR K ZE D IR 2 PR 5 72 0121, IRIEKFEOM 2R L TR NERH 5. [EM/KE DO FEEE
W CIEEEEIROYIENEE CTH 503, WEKE CTIHMEREROYMENEECTH D, £, EAMICHED
FanNITHAE & KAHDNRIET 2720, IREKFEORETIIHENOBE L ME L 720, L0 EME P S%
ERORTER SR, 2T, BHEEEZEZD L THRICEERYETH I EEIZOWTE LD D 22,
IKFWNHAE L UCIEAET DIREHIDPAIX 13.957~33.145 K TH 5. M 1 ICEMZ RV IR 23, 7&K
KUEHRR (vapor pressure curve) @ _EIZNEAE (liquid) , FAIAEAE (vapor) TH 5. FESA (critical
point) %8 X - EHIR N EEER (supercritical) TH Y, CcH2 TILZ OBl AMEE L Z B I 5.
LT L, T b bEafREEOKFOEE LIRE, [EHOBMREZX 2 LK 3 I2ENEIuRT. K
L LTOBEITKE, KETEL, 13.957 K T 7.36 kPa MIREETHI 77 kg/m3 1CET 5. (KIRAKEMD S
R IR <220, WKROBEITEDT 5. —F, [UEOBE T EH L, A (33.145 K, 1.2964
MPa) T—#7 5. EASOEEITN 31 kg/m3 TH 5. 70 MPa (15 C) DJEAEAKTE DL DK 40 kg/m3
D=8, 27 K LLFOEFRIE DA /KE CTIXBENK 61 kgm3 LA EE20, 15U EOBELRS.
EEEROFIE LT 412 35 MPa & 20 MPa (28T HIRE L EEOEGRZRT. BRURED 33.145 K 73
AR EEBERERODIG R Th 203, IRE LA & & QITEEITHEGFIEADT 5. 35 MPa ThiLiL60K T 70
kg/m3 LA DB L 72, KED LH2 L [FASOBENSGHND.
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4 35MPa & 20 MPa lZ$ 1+ 5 BE - ZEDBEIER

PR B EBEDIRRE TN 2 TN ARITH D720, BHMICHEH S5 Bl S 1T B 22 2 12
L CTHNEEDN S OBV R JHENT U, (IR ZHEEF T D LERH D, L LR S, BRICKENT 5 Z LI1T AR AlEE
ThoHiz, KFZORE TR LT, BME EbICRIELTENZIERTS (X1 . Zetk, B
DIE % —EBLL FICRFFT 2720, —HOKMEEZPEH LTz b2, Bl 2 &3 2% & BRELOKED
AR bND Z 2D, ZO XIS DO ABUZ K > TIRIBORIEN S5 LT 2 T AD Z & &R
ANF 7 HA (BOG : Boil Off Gas) & FE5. BOG OHEAA~DPEHIT D2 WNE ER WO T, FFHEE THISH
RN D X 0 BRI A ENIEARKF IRV TN D, B TRESCEB 2 £ > TW AR A O HDV X2
WNRAIREDHN, — O LDV L0 HHERBEWE WL S,

B, KBIIIEAC UV BIER L LTI KFEL AL MKENFEL, DVEENRR S 29.20 | BT, b
BASBRERIIRE S B D, BRI TIHEHRIED XT KFE L AL FAFOERIL1:3 THY, TOEEIE
BT 5. ARIRIZ72 D122 TRTKRBOEIEGHEML, 80K T 1:1, AKE TIXIZIE T KHE L
2%, KFBOMMAE L LTIE, RTKFEE AN MKRFEORGEIGIZE DN IEARL 725728, REKFEITLIZ
ERTIKFEOYHEETH D .

3. LH2 (EX D &IAKSER)

1966 H-12 GM 76 LH2 2### L7- 7' 1 k¥ A 7 HE D Electrovan 2333 SV TW A2, FEFIEIZD
WTCDERITRIZ BB 7= 5720, 0%, GM 1% 2002 412 HydroGen3 Z 3£ 5. % EBEER; T EBIC AL &
SNT-REHIIT LH2 % 4.6 kg H#AIHET, JENIFIRKRETH AL 20K EHE S TS, K1 XY, &
ROBREEITK T1kg/m3 Th 5. HFAEIITL0.7MPa T, ABUZ X BIRE EFHIC K-> TBOG BNHRFE/IC
ET D EHAMOKENEH SN S, EizLRTdE B H720 2~4 %DEKNH D 19 |

FHIIKDO L H I L TiTbnd 9. HEHO ) AVEEBEO LY 72 7 G L, ~U v L0 A (S
DAKFEL VK TR E X—Y LT, BREZRET D, ERNMEIS TR R ENREFET D%
2D THD., ZON) TLAHAFHKE o SNz ) AVNT, SHICAT—Y a VloWNE (B2
WiEh o> —EE T cold finger & IMES) MNHAOEE IO THER SN D, HIASRDH0m 2 IORETHA
X, RIEKZEOFEIL S DU T TR T 5.

BMW % 1970 70> B KR 2 R8F & 3 2 WIE B OAF 8B 2 0D TN 5 29 ~20 . 2002 4FFE TIZ 5 fi:
Koo LH2 2## L7 0 & A4 ZTHEmAEE SN TWS. Mo LH2 A0, FHEIC 5 BIESE L
EHE SN TS, £D%, BMW 760Li 2 ~— X8l & L THA% S 4172 Hydrogen 7 7% 2006 253 <
i, ZHUILH2 &V Y o 2RELE LT T 531 « 72— VORNBRKBEIOHEE Th 5. %1%
\ZRRIE S 472 LH2 OFZRIT 170 L T 8 kg D/KFMEH fHE T, I AE1IL 0.561 MPa ThHdH. FtalL
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HydroGen3 & [Fl£RIZ cold finger (2 L - CHEt S 5.

—J7, 1999 T 2 AV EREIZTTHIOAIKFEAT — 3 2k LH2 HEf~OFRENME ST
19,25.28) | [X 5|23 2 UANUZEEOFIE ) AV ERT. K6 IZHm O LH2 OFE L 7 ¥ 7 v E R B
f5elX cold finger HT, FEN O S EH O TRHEE TRENTON TS, 120 L A4FI1SK 1.6 3 TH
HTX, kol V) U HERSEOBEHIHRIER TS 5.

5 RKKZFOFRE/ XL 6 RIEKROFELETEZINL

4. CcH2 (Cryo-Compressed Hydrogen)

CcH2 i, LH2 X v @i (~H1iE) homlE (~35MPa) OBBEAERS EE L2 ThH 5. Kbk
ITLTHENEML T, KED LH2 Fa LV biifERNmW s, BOG & BAMIHEH Ui 2 IRl 2
LD ENAMREL 72D, KFEOEIPKRESEESND 20 . FERBRITKRDOEEICH % 2 HEED &
L7 B0, BB L CREIINCEIRIZ R o7 & LTHEMAKRENEZ D, (KED LH2 8% & &> THl 2 8
PTG O+ KRFEEDIMECND. BEERGFOBATIE, KERAY Yy N THD.

1998 4£{Z LLNL T 24.8 MPa AZ3 DAt T TR Y, 80K MIRRET LH2 L REEDEE &L
HIEMNRENTND 29 | FHEFOELK, BHFEFO BOG 12X 2#HK2E S LH2 L0 D7 LAURE
NTW5. 2010 4EI121%, 35 MPa @ CcH2 &%57° LLNL & BMW 22538 S TU5 30 | [EfEKEF O
35 MPa X A 7 3 % (7 /v 74—, CFRP DB AR ZHEEMBWE CE =AM ThHD. o
T, JEfMEAksZE LH2 O L& 7% 7 02 Bl AN E T IUXE ST OFRERAEETH D .

2010 F{RIZ LLNL CTHREIZBE T 2 @28 Thiv TV 5 8D L LH2 XS Lo @R v 7 2 i %
el a Mg L, CcH2 F4s (151 L, 34.5 MPa, KFEH#EIE 11 kg) ~OFERBRNBITOIL TN D, ik
DEE~DOFIE TIIFGNIRER TSI TR O TIREE L 250, +0Wm 2 K~ OFHTIL 70 kg/m3
FEEDOBEBENER SN TS, FHEEREIIMA 5~7 DRBRETHS. 3L ACORERRT, KKXHREIT
1.67 kg/min (100 kg/h) Z# 2 TEY, FHIE 1.1~1.4 kg/min TH 5.

2015 (21, CcH2 IZxfs L2 FREBRMEN I 2 >~ OV —E AR T —v a P&, BMW OF
FEHEM AR EINTNDS 2.3 . FFTlE, A YDORZ— 7 v 720 CRYOMOTIVE 738 HDV H o
CcH2 D% & FRIEEA Z BT T THh 5 39.39) | 20234 % TAMERFFE 7 = — XL LT, T4 —EB/LHIC
VCd 2 s R 1,000 km DL F, FRIEEFRH] 10 43 LL T OMEREZ i o 72 HDV 28 CcH2 ORI L 0 BHFE AT
HEE STV 5.
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5. sLH2 (Subcooled Liquid Hydrogen)

Daimler Truck & Linde 7%, ##{A/KFE 24 - 7258 Ly sLH2 BT OBAFE 2 2021 FFICFERK L2 2D . KK
JEL VD EWENEHES Z LT, REEEZHMIYE, BOG OEEALVRTHHME SNDD, FEfi/eA D
S ALFFSICHEB STV 2R, 2023 FRI2IE, RAYORBRAT — 3 - CTFa M F A THE~DRA)
DG STV D,

AL RIR T A (LNG) 123 LT, HENOKUEZE ik b3 % subcooled LNG & FETILD FiEN & 5 39 .
FRHERFWAH L7z LNG 25880 FH O RBNICEHE T 25 2 & THRIRILZRET 2B 2 Th L. KN
(ZHE 2 72 BOG Z AL THAD SE D L & bIZ, BRENENZERTSELORNH L. LnLRn s, B
WO FHEAIZBET D0 5E013 70 <, FHRALDFEMI72 X T = X L ORI+ TidZe .

sLH2 I%, Z® subcooled LNG ¢ [EEEOE S EE 2 BND . [RIEEOBISEN, LH2 ODKFAT— 3 1T
BT 2000 FEN RIS LTS 290 Lo LR D, sLH2 (2250 TH FHRILOFEMZR A 1 = X A%
F IR S TV,

B LD A T = X L ORI, IR & UKD DY FE 2 1R T 2 LB H U, IRIKKFE DY)
MREETH L. REWTILD 203, BURERDIRET AL EOMHENFERINHE I N TN D 30,39
F7-, K ETHZFICHEN I B RAHIEY S 2 L— 3 U CiMliT 5 2 & T, HRIICWIEE %2 &k
ETTHFEETH D 39 .

6. T&H
I ~OWRAEAKFEOFHEN & LT, LH2 (kDA /AKE) , CcH2 (Cryo-Compressed Hydrogen) #3
& OV sLH2 (Subcooled Liquid Hydrogen) ([ZOWTHEE A2 & L iz, TNENORFEAER 1ICE LD D.

®1 RERWOTLD

REWE | LBEH | BETE oy
K] [MPa] [kg/m3] ’
" s o oBLE FRMENEC, ETHBEERELS L.

BOGOEENE <, BEELOLEL.

FROEMARICHG L, RERFARE.

CcH2 14~HiR 35 80LLE BOGOHEEMN DL, BEELEL.

ERSENGORRFO=H, TR FAFL.
LH2& Y BOGODREA DALY,

sLH2 14~33* ~2* 70LL > BEBFFMMPaT, CcH2& Y .
HMNATRLZANS L.

*sLH2(E, SEZEEMMN DR, BEShHHUE

LH2/Z60F-LL ERICGERRRME Y, DB TOETRERR EOFEEL L, HINMIZTRbHBEL TV
5. il g5 &, REO ORI EBOGOEENL L 2 D HELHOCEKD TH D, CcH2IE, HEITH
BETHA—LTEY, EREHE35 MPaE THIGL TWAHT-OEEECESF ENTHD. FEED
LH2E, EFEENTWDIEMAKED A Y v M EFENLEHIFES 25, 72720, CcH2OESIZIL, KR
X LT ERE KB RGN NI L 72, a XA NENKERFETH 5. sLH21E, LH2IZ%f LT LRE %
LD FEMPafRE L b D) ITRETHZ L TBOGOEKZSE LI TcH . CcH2EZRE D b
sLH2ZHI LM 72 5 LHEI S5 72, HDV/ EREOKFEAERH T2 7 o O RIZITAY » b
EZEZ NS, FTo, sLH2IHFHFNOREE FILT 5 2 & TBOGE D S5 HifrE B b2,
WAL DO EEBL G I3 IR S CZe . sLH2E I 2 @ BRI R S A 72012, Ak E 2t Efa o
12 & B OB G OfFANLETH 5.

JARI Research Journal (2021.12)



EiE
Z ORI, ENIHFERRIE N = L — « PEEE IR G B SRS (NEDO) D Z&RE¥H (JPNP20003)
DFERF LN H DT

SE 3k
1) Toyota, Honda get ready to launch their FCVs, Fuel Cells Bulletin, Vol.2014, Issue 11, p.1 (2014)
2) —AEEIEAN WA A B EIRE Y 2 —  KFE AT — 3 g IR, http://www.cev-pc.or.jp/suiso_station/index.html
(31 2021.10)
3) Philipp K. Rose, and Fabian Neumann : Hydrogen refueling station networks for heavy-duty vehicles in future power

systems, Transportation Research Part D: Transport and Environment, Vol.83, 102358 (2020)

4) Kate Forrest, et al. : Estimating the technical feasibility of fuel cell and battery electric vehicles for the medium and
heavy duty sectors in California, Applied Energy, Vol.276, 115439 (2020)

5) Emir Cabukoglu, et al. : Fuel cell electric vehicles: An option to decarbonize heavy-duty transport? Results from a
Swiss case-study, Transportation Research Part D: Transport and Environment, Vol.70, p.35-48 (2019)

6) Volvo, Daimler Truck in heavy-duty vehicle JV, Fuel Cells Bulletin, Vol.2020, Issue 4, p.1 (2020)

7) Dong-Yeon Lee, et al. : Life-cycle implications of hydrogen fuel cell electric vehicle technology for medium- and heavy-
duty trucks, Journal of Power Sources, Vol.393, p.217-229 (2018)

8) Toyota, Hino to jointly develop heavy-duty fuel cell electric truck, Fuel Cells Bulletin, Vol.2020, Issue 4, p.4 (2020)

9) PRHYDE (Protocol for Heavy-Duty Hydrogen Refuelling) : https:/prhyde.eu/ (accessed 2021.10)

10) Amgad Elgowainy and Krishna Reddi : Hydrogen Refueling Analysis of Heavy-Duty Fuel Cell Vehicle Fleet, 2017
DOE Hydrogen and Fuel Cells Program, Annual Merit Review (2017)

11) Yvonne Ruf, et al. : Study on the use of fuel cells & hydrogen in the railway environment. Report 1: state o
f the art & businesscase and market potential (2019)

12) HyShip, https:/hyship.eu/ (accessed 2021.10)

13) ENABLEHZ2, https://www.enableh2.eu/ (accessed 2021.10)

14) James Dewar : Liquid Hydrogen, Science, Vol.8, No.183, p.3-6 (1898)

15) Songwut Krasae-in, et al. : Development of large-scale hydrogen liquefaction processes from 1898 to 2009,
International Journal of Hydrogen Energy, Vol.46, Issue 62, p.31699-31726, (2010)

16) D. Cecere, E. et al. : A review on hydrogen industrial aerospace applications, International Journal of Hydrogen
Energy, Vol.39, Issue 20, p.10731-10747 (2014)

17) GM Heritage Center, GM Hydrogen Fuel Cell Vehicles : https://www.gmheritagecenter.com/featured/Fuel_Cell_
Vehicles.html (accessed 2021.10)

18) Gerd Arnold, and Joachim Wolf : Liquid Hydrogen for Automotive Application Next Generation Fuel for FC and ICE
Vehicles, KT, 40 %, 6 &, p.221-230 (2005)

19) Salvador M. Aceves, et al. : Safe, long range, inexpensive and rapidly refuelable hydrogen vehicles with cryogenic

pressure vessels, International Journal of Hydrogen Energy, Vol.38, Issue 5, p.2480-2489 (2013)

20) Salvador M. Aceves, et al. : Vehicular storage of hydrogen in insulated pressure vessels, International Journal of
Hydrogen Energy, Vol.31, Issue 15, p.2274-2283 (2006)

21) Daimler Truck : Linde link for truck refueling using liquid hydrogen, Fuel Cells Bulletin, Vol.2021, Issue 1, p.3-4
(2021)

22) Eric W. Lemmon, et al. : Thermophysical Properties of Fluid Systems in NIST Chemistry WebBook, NIST Standard
Reference Database Number 69, Eds. P.J. Linstrom and W.G. Mallard, National Institute of Standards and Technology,
Gaithersburg MD, 20899, doi. 10.18434/T4D303

23) Zhao Yanxing, et al. : Thermodynamics analysis of hydrogen storage based on compressed gaseous hydrogen, liquid

JARI Research Journal (2021.12)


http://www.cev-pc.or.jp/suiso_station/index.html
https://prhyde.eu/
https://hyship.eu/
https://www.enableh2.eu/
https://www.gmheritagecenter.com/featured/Fuel_Cell_Vehicles.html

hydrogen and cryo-compressed hydrogen, International Journal of Hydrogen Energy, Vol.44, Issue 31, p.16833-16840
(2019)

24) Jacob W. Leachman, et al. : Fundamental Equations of State for Parahydrogen, Normal Hydrogen, and
Orthohydrogen, Journal of Physical and Chemical Reference Data, Vol.38, No.3, p.721-748 (2009)

25) [LARGE, 5L - BMW Hydrogen 7 -iEIAKSE 2 MK L7 IRUKSR B B di-, (IR 7%, 42 %%, 10 5, p.334-337
(2007)

26) Franz Amaseder, and Guenter Krainz : Liquid Hydrogen Storage Systems Developed and Manufactured for the First
Time for Customer Cars, SAE Technical Paper, 2006-01-0432 (2006)

27) Thomas Wallner, et al. : Fuel economy and emissions evaluation of BMW Hydrogen 7 Mono-Fuel demonstration
vehicles, International Journal of Hydrogen Energy, Vol.33, No.24, p.7607-7618 (2008)

28) K.Pehr, et al. : Liquid hydrogen for motor vehicles - the world's first public LH2 filling station, International Journal
of Hydrogen Energy, Vol.26, Issue 7, p.777-782 (2001)

29) S.M.Aceves, et al. : Insulated pressure vessels for hydrogen storage on vehicles, International Journal of Hydrogen
Energy, Vol.23, Issue 7, p.583-591 (1998)

30) Salvador M. Aceves, et al. : High-density automotive hydrogen storage with cryogenic capable pressure vessels,
International Journal of Hydrogen Energy, Vol.35, Issue 3, p.1219-1226 (2010)

31) Guillaume Petitpas, et al. : Rapid high density cryogenic pressure vessel filling to 345 bar with a liquid hydrogen
pump, International Journal of Hydrogen Energy, Vol.43, Issue 42, p.19547-19558 (2018)

32) Hydrogen fuel cell system shows future of BMW eDrive technology, Fuel Cells Bulletin, Vol.2015, Issue 8, p.2 (2015)

33) Total opens Munich hydrogen station for CEP with BMW, Linde, Fuel Cells Bulletin, Vol.2015, Issue 8, p.7-8 (2015)

34) Cryomotive startup for LH2 storage, refueling, Fuel Cells Bulletin, vol.2020, Issue 12, p.11 (2020)

35) CRYOMOTIVE : https://www.cryomotive.com/ (accessed 2021.10)

36) Liang Yin, and Yonglin Ju : Design and analysis of a process for directly Re-liquefying BOG using subcooled LNG for
LNG carrier, Energy, Vol.199, 117445 (2020)

37) T. Charignon, et al. : Dielectric coefficient and density of subcooled liquid hydrogen, Cryogenics, Vol.47, Issue 4, p.252-
256 (2007)

38) T. Charignon, et al. : Thermal Conductivity of Subcooled Liquid Hydrogen, AIP Conference Proceedings, 985, p.765-
772 (2008)

39) H. Nagashima, et al. : An evaluation of the self-diffusion coefficient of liquid hydrogen via the generic van der Waals

equation of state and modified free volume theory, Chemical Physics, Vol.539, 110952 (2020)

JARI Research Journal (2021.12)


https://www.cryomotive.com/

