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Nomenclature

Cc Specific heat capacity of carbon fiber tank ] kg' K!
Cs Specific heat capacity of the adsorbent ] kg' K!
hg Specific enthalpy the gas entering the adsorption system J mol!
Specific enthalpy the gas leaving the adsorption system molar
hg . J mol-!
enthalpies of gas leaving the tank
M Molecular mass of hydrogen mol
ms Mass of adsorbent(activated carbon) kgac
n, Absolute adsorption (per unit mass of adsorbent) mol kg,c!
Ney Excess hydrogen per unit activated carbon mol kg,c!
ng Mass of the bulk gas in equilibrium with adsorbed phase mol
Njn Flow rate of gas entering the adsorption system mol s-!

Limiting adsorption, corresponding to maximum filling of the en-
Nmax mol kgac'I
tire volume of adsorption space

Nout Outgoing gas flow rate the gas leaving the adsorption system mol s-!
Niot Total amount of adsorbate introduced in the system mol
P Equilibrium pressure Pa

Saturation pressure of the vapour at temperature T or
Po Pa
pseud-saturation pressure

po Reference state pressure: 1 atmosphere Pa
Q Heat leakage / transfer heat J st (W)
R Universal gas constant (8.314 ) Jmol* K*!
S Specific surface area of activated carbon m2 gy
S Specific surface area to adsorb hydrogen m2 g



T Equilibrium temperature K

Internal energy of the adsorbed gas total internal energy adsorbed

Ua J kgac-I

phase per unit mass of adsorbent

Ug Specific internal energy of the bulk gas J mol-!
u 2 Gas-phase molar internal energy ) kgac!
\% Volume of the condensed phase per unit mass of adsorbent m* kgac!
V, Adsorption volume per unit mass of adsorbent m’ kg
Vg Volume of the bulk gas phase per unit mass of adsorbent m° kgac!
Vitank Tank volume m?

Total volume of the adsorption system( including the pore vol-
Vy ume of the adsorbent, the interstitial space, and any additional m® kgac!

empty space)

o Enthalpic contribution to characteristic free energy of adsorption J mol-!
B entropic contribution to characteristic free energy of adsorption J mol-! K-!
€ Characteristic free energy of adsorption (=a+fT) J mol-!
Pg Density of the bulk gas in equilibrium with the adsorption phase mol m-3
Pcbulk Bulk density of activated carbon kg m-!
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Figurel-1  Energy density of various fuel
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Figure 1-2  Average atomic distance of hydrogen
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Figure 1-3 Comparison of hydrogen storage mechanism

ALEE PG Z PR 72 W BRI 72 75 THOKSR 0 D & = /L — 1ML 72 7 TEIC
AT, £OIOKRBOFIHGHEDOMBE L LT — TR END, —FT
JETNZ L D8 CiAD TIERmWIEDICI 2 5 A, KR CIIMRIR 2 HERF§ 5 A2 b 2
ThY ., FHMIIEZ ORGSR = 2 MIED 0 REE 8D, — 5T
JE/K R O FHERARIRAMERH L= R L F — DB T2 v AT MR A L L3R

BT 2560 o D, Bl AITBAEKRFIREIZEHT 5 72 OICiIKFE DR fLF o

-7-



VX —DHK) 30%NMETH D, WURIE TIXHEED SO RRITHIfF TE R0 TR
ZIBRT D EITIIBRIR £ T I 5 & S DY AE O ATREME D RRES 3 &4
HTH D,

1.2.3 {LFHIETRR

(L7225 15 L MRS & AR KB OWE LAbFHRES U TS 2 FF b |
SEREUEAYO LS OB ONTICIIAEND Z L2 BWT 5, ZOBIKE
T L LTHTB S LD, 2 D56 OKKERIFEREIRIE L OKKIFEFORE SI2HHBD
T KFIZE > TREBEEICR D, LPLARBNBLREGEEY o R& oy
b =D AN & TRBEORBAEH SR I L TR F =B 0N TH Y
TN L EIRSCALBE R R DS LB CRDO A £ 11T H R LB 5,

KFELE TR R E OKFEOWRNS TE D0, BEPBAN Do OkFEE
B Hd) 1T L CRERELE 52 HMENRH 0 SRR O RN AR Z N,
FERE R IIZ R A E OfIEA TE R U WNT RN e WS il H 5, 20
T2 DITITRFE DT Y H L MKIR THlE T & - okEOFTE (HER) NI NZRLF
—TCENEIAT) ZENTEDLENRD D, KEWRE & WA IZES 5= R F—
(2T —M%AIZI Figure 1-4 ([R5 5 2Bk O 3 0 | XV EkBEWREOMEHI K
BBt L X — (AH) 202 LT 25, Figure 1-4 TIIME LKFEW R & A
H OBRERT, AHIIKEOFECTE(LT 21V F—%R7, BEILZNLL LD
TR =N EKB TR HEZ2v, ZOKTIE 7 %DO/KEZWET S Mg (H)
13K 70 kI/mol D= L F—Z MR RN EKRFBEZHH L 72N 2R LTS, 2D
CEIIERICHT > TV AT LORNES 2T & & bICmRfAF=RROE L2 TR
Do € THEIDBISITEN ) FHITIIAR L E T D 73 mK R & O FIS 2284 ) 2
WRTLZEnED LTS (RFOREOTN), IKAH =RV F—CRAKEEH
DOMEHIRLE THEA EOREMCHERICH Tz o> TOKRFERHEDO 2> b r— L3

LWDTY AT AERIZHT- > I KRE A2 05T 5, (B L Tl KiE

-8-



THDIREAE CAKFEZ REICH T 28 & R E & &4l L CHIR TORER R ET
B b 72 BT EAEM & DR A SO A i o TR 2 R B g (O (7 np s
NTND, &I 7 AT TIIKE OBHEHEE HRVE & 72 5, FCV O K T

()IZ 120 kW &2 & 555 50 % Tl 240 k)/s TH 0 [T ZEEIT 2 gfs, 7.2 kglh) TH
Do D4R BIEE A D 2 EIIAS TR, MEHER & L bICIRE IS
RO R g D BASE b BT 5,

10 <> LiBH4
. P WQLl NH2
o}; 8 | Unstable area
= H .L‘r‘“_@" —;:f;,
® “Organic hydrid&
E 6 . g 'g%mmn
5 NaAlH4
c 4 35MPaMFg:I'|CrM n)
S &
O | i
% 2|Stable area.
T 0. 1MPaMH T!(}r\/ arbon
b ?Lpllym-sorption)

80 60 40 20 0
Hydride AH (kJ/molH2)

Figure 1-4 Storage potential and JH

1.2.4 v ALUNR— T )

BRI ZRRERTIE I S BICKFE L EMZED 7 n A OKFERE) 23 E
YIR—FR) TITHo b0 &, THFEFTHML THEM ETITRVELZT 2T 60 (U
YU A | FRFATE=FR) b, IR6OfE LTIRr N, FT
A R EKRDBISREIE EBRDOSISN D 2D IED =3 > b r— VR KOfeR (Fril &R
ip) 238 L < BAESRMICHB TH 5,



1.2.5 &BE/KFRITR

KFEW A 472 & DO AR TIXEBOKTNICKFEEZWET 2 OS5 T
WD, BB TKFED FHKFRFICTHE L THE TR & L TR FRIIZH D0
I T DO— L LTHET D, ZONSIXHEBMKE, KAETHLANNTES E
(B DR E DR E N T DIRBOEEE LN K E 72 0 BBEIKFR AT 5 0I20
WRRFEPN/NELS TEDLLEWVWOIRER S D, ZDOT=DKEOWRAHNES T L
7 NN TED L LTHIF SN, L L) DRI CTHRHDSIRE S vk
I D BB = R L — ZREERI 5 2 AL S EISIREE DMK T LTl B MK 5
HONHETH -T2, Hd P IZZOXRE L TKFORMIELZ R LGad Rt
THRELTHEATLIEVW I L2 ha e FaRLADRRTHDLZ L 2R LT, B

TEIIAM BT 3% % 2 54 /KB E A4 DOBRFIZIES LTV 5,

1.3 EME#HRATLEL TOKRITE

YrBRI) 72 BT CIEK RIS T OIRRED F L LW 7 D BT B L TR & 7 i
BIHAET, 2 10 kImolH2 LA R Th 5, TSk L TRFRY 72 7 7E TR SR TR
FAZTHE L TS DICHDJRF LA T 20BN H D5 DO TRIGEUVIRELS R+ 5
HE kImol 1272 %, Z DEDW WD HEF TORTI S AT L DOHEE K& R85 KT
R

T RN BT 56 R UKRITE L W THREREVHRAD . ThTh
DY AT T LNES TSN EE L 72 %, WA G EE O T2 B T EICA SR
DFFPEICERD L L, mEAKFESZ 7 TIEONIE T Z2med 570, BIbEEDERS)
(Tt 2 DM BFOREE R LB TH D | IRIRKSE CTIIRIR 2 WU K o TOMITHERF
LMEVSTCRRENR R ET D, — T TIRFRIZR T EE TGS IONEVE & o X

N D VNI a L b — LT ENEVNI A~ X — A MR ARAT LADOIRE L 7

-10 -



%o o TKFATIED FERLD T2 OITIT KRBT OFFAE L LT 2 HE% &
VN T AT FE D FRAR LIS A 2 OFATHI R D 151 & 2 3 O TR NS LB TH 5,
VAT LAOERE LTUIX 7 ORER LRERREICITRET . WiEk, E—F2—%
UG E Vo B TOE - M EE2 GO TEZD ZENEETH D (VAT LR,
VAT L), ETEm T V7 OBEMECIRO B HEREETH S, Bl ZI1LF

UARETH MR O S ERA SR & ZARRTIR D T & 2RER R CTIHRER IR R
LixFERITH D,

WHEZ DT ROV VHBNED X v 7 U AT NI Y U BEOREHE R &
ZIOL ETDEAMEERITNOL & 80kgRETH D, ZNITkFEL SkgtaHi+5
LBEITIIT AT LAEHETH 6 HEWICHY T 5, KE T x/L¥—%4(DOE)?® 2010
FREN ZOBFITRESNL TV D, BRFATIIV AT AL LTI OEFORIRIZE

LTCWD VAT LT < EBRRIIE S TliEZzu,

Production Delivery, Storage, Charge

Solar GH2
—
-

Compressegd,, -~

Gas

FC stack
& i’ On-board T AR
Storage ——n
CE i bovece > harer ™ giorage”
ey ' —a 9 9 FC vehicle

Electricity Hydride Dn—boar}
Detach
ﬂgg Recycling of hydride

hydride

Figure 1-5 Schematic flow of hydrogen

Figure 1-5 13/KFEOAEFEN S Bl ECTOMEMHE TEBAXMIZHEDS @ SR LELO
ThHbD, TFX—IRE L UIKEOAEENSHEFE COMAE TREDOHT ADE £

-11 -



ThHZOPRBEELY, L2 LIOFEE TIEAHENKE T CTHE ) Bl | 5
TER0, > TIRIE(L TIHRIRIZ T 2 2 JEME L TR A TR 220>, BRI
S D MR D, WEEZ T TRAKEIC LTI T 5 FiEIHRIRIZT 2
BRUICHEIR E Rz f N F—2 B I NBERE v — ) —F TREMENTE D Z
& ERFEDITENER I TED LD T EMBLICK TOREEN A 538 Tl — I
FHISNTND, BRTEELZ EHTOALMA S THRY, ZO%5E HmEH
KBTI S Z O F FIRIE TRAET 256 L AR S THEMA AL L TENT 2 Hik
MWEZ LIS,

RN OER BT E LWHIETH D1 A Z BRI L THW D EAN L E 723D
SIEWATICH D, B OKBAFELITITA 7 T OELa 2 L oBAEL | Hil
NDOFIEDA F—T = — A b F OO B A R 72 S 2T UT7R B0,

KBTI LT R —DAEFEDN BIHE £ TO b —F V72503 & Rk rfiliE %
ERTOIMENRD D, HEMNS X 7 VAT DT 5 ERERIIT TRRO L )74
bORH D, O Z4a, @ e CGeiuhfete, E& S#rE) . @ =22 @ 1
y7 7 LRSS (BE, @ik, BERE) . © St EmA & L CHERTRE R
TR A X, S B/ NH S KM E THANATRER 2 & TH H, 2 TOIERES
PEICHR U CEAKBIGEL TV D VAT AIREERLS L TRV V=
TV T OEETEEOT I r—F NIt TWb, ZNENOERENEZ Table 1-1
ICE L0, ORRIFHELLSFEHAISNTOWEBEIE LTH Y U iR 2 2
RTEDZ L, BESLAMIINWO FCV OEAENKE SBEFEOT V) v H L KE
SERDZLITRNWETHEENLOY A X2 RIEITHEZ RN E Z &0 BIEERRD
HID ., @%hEIT FCV OIFEEL R DMRBEL A OHRSCHER AT A OHIETZ T CTlidze <
HSHBARBETHRZINANF—~DORIETHY | KFEFEATHZ LICL —kR=FL
F—BEM LW ) BEREET 52 EBRETH D, (> TKFEORE - ik -
FIEE TE D= Well To Tank & HlCOMEHETD Tank To Wheel %5 872 Well To

Wheel (WtW) TEEFREHCH L TE LR E W) BEL Lz, @2 A MIELITEEL
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TIEBFREI N T A SN R DT DR IMADBER D D, DA 77 L DEENE

B A D EKFITEBIERRN T X720 THELHTENA A 5 TR, 0> TKERTER

Bt AT L ERET 258 7 T TOm@mELATE L DREWENEETH D,

FZOBEEMHITFRITERE L

B2y
w ;5%&

T 5. OEEMITA

A S

TJEL

« VAT AINFFEDOY A

ARHEMIIHEH TEZ LT TR LVIEKFEHTE AV AT ATHLZETHDH, =

T A v 7 TEFHOY A AP R M

\ZD7RIND,

- By
— 5

Table 1-1 Requirements for hydrogen storage

LT LWTIE L ~DOEsIE B DO EFHE

Requirements Main parame- High Liquid Advanced Comment
ter pressure hydrogen hydrogen
storage
Safety Safely usable Explosiveness o o o Same level
toxicity as gasoline
= Same ag petrol Gravimetric Gasoline
k=3 tank(with sys- density A A o 70L 50kg
o tem) Chamber
= kinetics
o o | Same as above Volumetric Tank con-
S 1S density X-A A © figuration
> Kinetics flexibility
@ 2 Total energy Extraction en- Hydrogen
e S Efficiency ergy, tempera- o % A-X elivery
= 'S (WtW) ture 20-50
S i) A A
5 E Better than kJ
= w other fuel
- o 5kg in 3mins. Heat of ab-
& sorption o A ?
5 kinetics
o 249/s Kinetics
s Activation
E’, energy thermal © © ?
a conductivity
Cost Total cost of Material
usage Catalyst pro- A A o
duction process
> Meet  Pro- Cost of materi- x
=4 2 dulgtlon& de- ol al]c A (gas
2e2 ivery re- yield of pro- A2
§E S quirements leuction_ fenews able ©
S5 olumetric i
8=" density (liquid)
Scalability | Small to larger | Tank configu- A
vehicle appli- ration flexible | %(heavy o
cable duty)
o : satisfy, A : partially satisfy, X : not satisfy, blank : no judgment
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1.4 KFREBEFENO I Er&RE

1.4.1 MgE

BEEBRICITE Y AT L E L TR ESNERAL DI WITEAICEIRFN 2SN TW
% K FERT AT % Figure 1-6 (27597, 35 MPa & 70 MPa @ & £ K E R A4 K& Y 20 K

TIPS DIINKES 7 Th D,

(Storage Capacity Hydrogen: 5kg)

400
O 35MPa |
300 -
Cryo Adosofption High—pressure tank
—~ CFRP
=
o Smassh | 55MPa
= 200 70MPa '99
g MH tank Qo
e 8mass o G\ Lo tho Laves
g WAX - - BCC _@“
g 100 P2mass% o-compressed Y 05
(7)) o | 2mass%
Final 4rr£s% 3mass% 'O'i
T 2.5mass%
0
0 100 200 300 400

System weight (kg)

Figure 1-6 Potential of hydrogen storage method

Z ® Figure 1-6 DI TIET AT AL L TCHEROME T DR Z B 2> Tn
Do MIEZ L TIEHE TV AT A MH (BBRIKFEITHGE) EWET AT AT

FERMBIFOHEE 3 N TV 2, BRI TR BERICE DM BN W2 L3505,
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1.4.2 %%

EH A OKFBETHAE R T GBIV AT AL LTOZ R REEET D
VENSH D, VAT AL LTOZRLF—RITKFEDORFF> T HIEFTRLF— L
KFEZFHE LI BT DICHEART R L X —DILTERSND, WERTH CIXEHED
7o D DJEMEFRIRICT 2720 DORHI RN F =R ERZRXLF—Th Y | {LFH
ZRRTIER CIIKB O L E IR TR VT =NV AT LERICKRESEEBE 2 5, K
FFEHL TR ATEE 72 KB DAL EE (LHV) 2389240 kdimol THDH Z L &2E2 D L
KFFEDHY H LIZ 100 kI BLEAEZ2 MBI FEE A T 40 % = L — 03 84
THZ LIV REFDETH Y EM EREREEL 2D, — i CREFEROREL &
L Ck#EZ AV DGRBS BRI R AT D2PREIEHTE 25600 5,
Z DI DRI X o TIEH 7z 2 B A A B CHERV A BcHfe L Cil A T VR EA
FOHEOFEMBUTEHTEX D2GERH D, WA AT AOLAITIEV AT A
DIFFNIE T E 2 ATREME S B 5, (REFEL O BB T m AR TR X 23 T h
5,) 7212 L2 DA TH h—2 VORI Y AT 2%l IR IR O fhPH TRkat L7z <
TIEAe2W, £ OHETH - THH %X 20 kIimol O T 100 kW H 71 ORRELE
HA~DKRBHAE (K 29/s) ZRBET DL 20kW &) BUESHMERE R M ETH D, &5
b LA VA= R CKREFEZRITHL NI ZLEMETDH LS T kgD REAZT D
T2 OITITEASHEE S & LT 600 kW FEY OEZHMEREDN L ETH Y Bl AT AL
LTORERERE L 725, 100 kimol DR EHTIL Z D 5 5 DMRENSLER T LIZ72 Y

A AREENRKREL 2D ENTRINS,
HERHEFOEA T 2D —F % Bif 5,
FC H /7 100 kW(KJ/s) T#h=R 50% 7 > 2 7 A TlXEAH /1 & RS OHPEE 100 k W A3 %4

T 5, DL X NVBEKFZEIT
(100 kW=100 kJ/s) /0.5/ (240kJ) =0.83 mol/s
Thh, o TKERY H L= %L —20k] /mol D EFTIZ 1 mol 729 16.6 KW D

BHRADBLETH D, ZOHE Z OB AZH| 2 1TKADMBEYREETIT 5 & (I
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% 90 i T H L) B HLESH 100 kKW OBV TIEE AZLE 200 KW
+16.6/0.9 KW & 721 | 2513 50 % x 200,218 =46 % & 72 5.,

Figure 1-7 ICEFEOMELOKFEER Y L =Rk V¥ —%217, AIXAHZRLOIEE
ML RN F—% 79, AlH3 < Mg(BH4)2 IZ/KFEEE 2 E < 100 L T5kg D/kFE %/
TELAEEMERH D, ET R AT —Z2 T AHITIEIE & bIT/hEwn, LR
B EEBICERY T & FITHBERRBESLTRLF -2 R HEE b= R F =R RE <
BUR TR OEA 3 EET S, RUSRhRE b Z 10 %A T &35 Ll 9728
DT )L F—F 24 kiimol LT TARIFHITZ2 572100, 20 %L T & LTS 48 kd/mol LLF
L0 b, BIRES T LT KB ITBIL R KRB E NG DN OFEN & 2 D3 2h=E 08
RBIFFEMMUITEH LW EEBZ NS, FEMEZEN T 5 72 DITITAESE OB T
EMHAE= VX —% N DB NDBREL 72D, RICOWVWTOREFESN & L ToI@Ed
AT E L0, ERa @A CHERNZR BIEITDE 20 %, Y H L= ¥ ——
50kJ LLF & BWTHREFTT 5,

S OIZH THEE L% TH B2 J0E U CHm TIIKFEOR Y H L2 T 2179
Doz VAT LARPBREEE L TB VW TAT = a VETRBIT LR E VD K
) RBMFCEL AT ANEZADBND, ZOHRICITFESLHED L L LD T mE A
ITGETITI) ZENTELDOTRATRAT =2 BT 5 Z & A EBAIZIEAEET
b5, BALUTZEGD DDA LT BVEMICTE A TEAUTERDY L= r v —D R/
T TLH VAT LORBIZEND BNV B FEOLGEIZIT 2 b OBUIEAR
ICEIY T & 22O CHEHBERANEDOBEIC SRR D, Fi= 8 O5ETHAKEIH LI
ICRE RV —=DNEDLE | 8D WVIFHES 2T MIEBSCBAHL S 2T L3
VB2 D, TOHEIXT AT ADBEHE L TR BWAEHEL 2D 5 2 S HITHE
HACIZ ORI D Z M TSN D, BEARIZIZEET A ZRS EDOT AT A THEARL
D O THEIOBWERRT & ZITBMRERRZ NI EL 52 00 S FEE L VA
T LORGHIIIEE R 7 7 7 #—Th %, FCV OEURFEIZ OV TIIERICS S TH
T2,
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140 Ie) ©

Ny A AH
NaBH4 Oirganic Hydride (decalin) Mg(BH4)2
@) O Activation
120 Energy
% 100 AIH3 H
S o“
>
=
= 80
ol
[ A
& 60
%n Efficiency
-g 40 -~ 20% drop line
x TiCrVMo(2.5wt%)
20 Farget 10% drop line
Liquid 3d.ugn Area
0 @

High Pressure Tank
0 1 2 3 4 5 6

Hydrogen Storage under 100L 100kg ( kg)

Figure 1-7 Energy to extract hydrogen

1.4.3 $MEHIR D HNDZ DD E R K

VAT LE UTHBHIR®D B3 2 FrtE TR R AT B, AKRFBRH = 3 L — #F
BN SR, BMmERE . BN WRCHRREE . W . R E DL DR 5 S
mETHD,

VAT DB 2D LTI O e R R LTI A TR DA 5 S 8
BLCHD, HlTIEL AT LAY — b LEKRH CTRREINCT O20LERHY, &5
(R REHINET 7 v N_ENER UL D R a IR HE &R E r Il D &
W ORI D Do BAEHTIE Z T T & 2 MERE RN S fie R R 7)> & S ] T Ik
THZENUETHD, L ZOEMEIT AT L LTOEMAROTH 2T E2
DETOMEAT DL AT LATRIET 2 E VD ZEBARETH D 72O TDOHERMER
MOEHRRPEIZ R IR S D DT TR,

Table 1-2 ([CHMEMRMEE Z DX V7 VAT A~DEBEF LD, KEOEE
(Hydrogen Density) |3 HE ECAFEICEET 5, BV i L= r /L% —(Extracting Energy)i%
ETICHET S, NHESEEBUIK Density)|lZTEESAEMICKE < BT 5, BVERE

(Thermal Conductivity)|ZZAAZHE T AT MTHB LB RICRE S ET S, A
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I (Temperature) (XBEERE-CEAS LGS L OBVBEE D O AT A A HEVWATTCE &,
NEORESEEST S, KEOHRY H LEE (Rate of Hydrogen Release) X Ehir) 7
RV AT LOBHESICRESLSEET D, SHICMYELEEOHIBEORS &
(Controllability of discharging rate)|Z AT S A T L OEEIMERECHE ME S 1T K& < 8-
Do 7ok, BALM LITH & DINT A= Z =T X O VEREDNERINC LT D0 E D Ik
RLTWD, WRHIEE TIIREHEMOPEBA M T 2 (K 373 K=100 C)
TRV AT D~DRENRES R D 2 LRy, (1) 3BK ZBALAITIE
EREALE S TE 0O TIBEE DS HIR S B R2 D, v AT L& LTERL D BT
SHICRESELI RS, FEMTLIBVRICI VRIS RE BT D, MILALE
SETKRFBEBRS L CEA ST 256 I TIRBEK R & 72 TR BRI S T & 2K
SEED LIEEMIHTEOKSE &N 5 Z &1

(FE1) BUR M OV RFRIC I 1T 5 PEFC Ofii IR EESI IR K T373 K (100 C) L& X
SNTEY, FIFATE 8 HER T A, BEIK) bRBELEXHND,

WO* Hﬂlﬂl

Table 1-2 Material characteristics and influences for tank system

Volume Weight | Effi- Influence Dynamic System complexity
ciency performance
Hydrogen density o o Continuous
Extracting energy o © ©31 | Continuous o o
Bulk Density © © Continuous
Thermal conduc- © o © Continuous o ©
tivity
Temperature © o © change © o
%2 above
100deg.
Rate of hydrogen o © ©
release
Controllability of o © ©
discharging rate
©: Biginfluence, o: influence, space: no influence or unclear

#¢1 FC heat loss can be used to improve
%2 Exhaust temperature max around 373 K
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1.5 BRRMOFELD

Table 1-3 (ZBUR DK iy 5 =04 BRI & U CoBLEN G E &, MRk
L THEEIIEM AR H 2 TR s AERETH D, FEICH L TEEER UK
KT AT LBBFETE TV D, REFEIIEEO AR AIEER - REES LTV D,
HRIRIKFE TITARA VA7 T A DI J o TR AN 3702 0 FEHE R BE AN 72 TR0,
NI TR SCHERFIZ 2 A DIRWEE Y AT ABMEN TV D, FERMEICBE L T
EOFHAR G ETMENIED, B TIILARANT IEIZ 22 0 58 8 HERE DAk D
TV B 7R THERT 5 2 L I3# L, (LRSS T EHRRIZZ R
IRBEEN 2 SN TN D DN ETEHIF T 7R SR EE SR T & TV DA EHI R
Do TN, WERRAFIZB L TT E 2R R D7 HIBE TE Tlnan & &
2%, BUEICED ECTORBRMGEEE XD L, SHROMBEINTEEDKRa R ML
FIEWED D 72 VBRI R IZ I b A RE EB XD,

Table 1-3 Summary of current hydrogen storage method

Performance Install
ability
Charge Charge | Capac- Tank Effi- \ol- Loss Cost
method speed ity System | ciency ume | During
storage
High com- © A High o X zZero A High cost
pressures pressed tensile of tank
cylin-
drical
Liquid Liquid X © Super A A evap- A Liquefac-
hydrogen charge Boil off insula- oration tion Energy
gas tion X
Chemical Hydro- Ex- © Reaction A ? Zero A~X
genizes | change Chamber X
cassette | system necessary
Cryo ad-| Phys- o A Low o A evap- o Material
sorption ic-sorpti pressure | —A oration develop-
on A ment

©: target meet, o: potentially target meet, A: target unachievable, x: not achievable
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1.6 SROAM

TERIKFEUTI S AT LOBRFEITIERED 5 H/KEITEE & L2 LM LS55

i

K

NNRREINTETZ, LPLARROEMNNICEIAEBENHEETHY . FERICHE

E

STITEDRIZTAKFZEERY HITHREETH D L E 2T 5, Figure 1-8 (2 X fili 2 IR
Y #il A& B TR LIe A EOKBRE ik &2 R~ I 2 CEBMIIBET CITHAET D

A - MO Z TR LR IS B OBRFE D MO Z R L TVD, S HIZKH

IBRFOF LR L TWD, @EZ 7 AT A (K HP ) TIEEENZ TS L

Ay & W O MRENE LT 2 DO THENZZF DO £ £ TH 7 MERE &2 FF 2 hikiths

Erz P CEEIMEIZE O T Z LIc LV BEL LK a X Muas D D,

FEA A M & 27 A ([ HPAH) UdA 7 U RKSERTIR S AT LTI
HtkiEZ L TRV a v Ry "Ry AT AEAET, RERICR Y 2 o 7 RE
EH—IR T 7 AN—DEEMENOERES 7 225 X9 ICLTER= X Mez
32 %,

b2k 5= (Chemical containment) CI/KSE AR E DK T % H 597 1A THI%E
WHED HITWD, Al AR - OGO CIHMEIRE O T & sl o
] L3RS D ST D, FMEIORRICE O GEED S DILRSMY 22 503K
I E DA O NFRETH 5,

WARKFE L AT & (KH LH) CIIKEICESHASCRBHGESSG GO FE S L TR
EARFREIASBBFEDNTIT LB N0, IIOFEFM X o 7 W IZEARA VA
TYERRDIRI D & o Tl LA RIAD 720, RAVE T ROSESEH O RE RS AT L
DI SN D EBEZBND,

WAL AT LTIEIHNAE 2R L TREREZ SO T B L 2RI 5
AT LTHY, BHFELVIEFEAET AT —ICL DR, B H LML ¥ —n
ATTEDAMREMEN S D 2 Ll TIKIR & A G hE T X v EREm £ (SR T v
7) DFREMEN B 2, IR E TR CORGHIR SN TN DD S BITERW P RRRE (K
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FRFRELGFEIR E OM) OIEANBIEE TIZE A ERFT SN TV RWEIRTH 5,
AWERRR LT DU AT L THD,

RIBEES > 7 VAT A TIEAAMRRICT 5 Z LISV BEN EFT 52 L 27
ML TIRIR & JEMZ WD 2 & TITREE 2 BT 5 5 TH 0 IEO LKW F I OKIR
ZRAWD Z L THEWLT K 2D 5, B L s EOIKIRA R 23 02T Rt
2 5 mEMEE IR DRI T X L 725, WETARUTH L THEM 2 W Wiz H B A
W) ERCESESRRN D 2 LI D T O RFFATREHIE (L~ v—) 13D
AN D EEBEZ BD,

HP

100 jﬁ
“ 1 [HP+MH

10 [ \ o /Possible usable area
*’///’,,,,,///’1dealarea

Pressure (MPa)

RN P S w /'
Ambient > o - k@ / (\ ,) ==
Cryo
l l l l l l

-300 -200 -100 0 100 200 300
Temperature (°C)

Figure 1-8 Current hydrogen storage and direction of development

0.01

Table 1-4 |24t OBRFE D J7 e L IS(EMERE 2 £ & DTz, & x O OMEREE L TE
ST « BB & IR A% BT O 4 & Tz R @mE 2 v 7 13K =2 2 Me2s, &
JE+MH TIEIMBIBRESED ITEFEIY S HIZa "y MIRDREERH L5, H
HWVNIENZTFTCH 7 aA e TFoE0) FatkbdH b, KIKKFEZ 7R
T LTI R EADOHE M ATREES G SN D XEHMEER D, RIEREY AT LT
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X UEM R & @B MBI OBENEENTE Y £ X 0 /R BIR = X MEDSHIfF

ENd, KRERHZ 7 VAT LTERE VAT LAZOLOORENELICH Y 5% D

PRI DEENEEND,

Table 1-4 Potential and development direction of tank systems

Current | Tem- Future Influ- Room Cost Dis-ch | Issues
pressure | perature | direction ence for Im- | poten- | arge
prove | tial
High System design | Cost volume
Pressure 70 MPa Room | improvement A A ©
tank T.
High Material ~ de- | com- volume
Pressure Room velopment pact-
MH 35MPa | T. to ness X X o
353K
di Low-pressure | Low materi-
medium low cost mate- | cost o X—A o al
pressure rial
Liquid Large or | Easy boil off
Hydrogen | 0.8 MPa 24 K | commercial delivery A A charge
Vehicle
Cryo High  uptake | Com- charge
Adsorp- material pact-
tion 5 MPa 77 K | High bulk | ness A o o
density Lower
cost
Cryo Cryo tank sys- charge
Com- tem develop-

© : well satisfy, o: satisfy, A: partially satisfy, x: not satisfy, blank: unclear or not related

TEEEZ G N—7 L L UIEEMH ¥ o7 ORI OMEERE Y AT LD

W L AKEIFE Y AT LOMRER I W TR 2D TX 7=, 72BEE MH O

BRI OWTIES B EE Y I FE ST D, ABFZE Tl Figure 1-9 @ Cryogenic

Adsorption fEIEDKREHZ DWW TR S,
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70 MPa Compressed H,

100 [ O
_ _ H, absorbing alloy and
Cryogenic Adsorption O CHG (Hybrid tank)

Pressure (MPa)

[EEN

] Ideal area N .
Chemical Hydride

Ambient > 0.1 — LH2

Possible usable area

0.01 | | | | | |
73 173 27 373 473 573

Temperature (K)

Figure 1-9 Areas of future developing direction

1.7 #FZE0 BHY & ERSCORERL
ARG L TILFEDIKFE FCV DO A AT T2 THEWEETO RV KBTS AT

LERHET 2 2 L B L TIRIRRE K RATR Y 7 v AT A stG b L TERKD
VIalb—va VRO EIT ). B TITEEN OKBATEEIN OBUIR & fa FE
L7ce £D 9 A TEBUEFROEELEM AT AR S 7 VAT LEXVIEa X hTa N
7 NIRRT AT b L COAREMEDN & D ARIR B AE Z AT A7 L& L CREM
DIKFITIE Y AT DATOWTHIFEZAT 9, ARIRWAE AT S A 7 HIIAELOBRFE 23 AT
LTBY VAT AL LTORMBARELTWD, FRCHEFAI AT 7K RIS AT
Db U TIEBAERHE OBERHEOMIZENRE L TR Y | RIRZE D 23D Fr~ v
— (RE EFICED Z o 7 NEDD BRI T 5 £ TORH) FEORREIZD
WTIEBFEFI DN, DIV AT AL LTOMERINEN Lvn, VAT AEL
TOMEBHZ LB ERRE (G RIS Z T SEESCRMRERE) OfREHce b5 2
5 DWFGERE D30 72 < MABFDBRFE O J5 MPES R Tl o Tz, & DT OB O WFFERH %
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FEELTD OWAERZ LT B> THDRNTH D,

5 2 BIZR W TIRIRBAS 12 & 2 K FRTIE D FTREMEIZ DWW T O FiiikREs & L TRAR~
7 (NAEM150 L) TOABIFHEDO Y I 21— a3 V&0, HIFET5L OF
VI NIWER e SR L CREDOKFEDO I & ORI HSOWTEBR AT, 4=
TIHEZEDORRE b L ITRIRW G M 2 WK FE AT S AT L OMERE Al REME 2 R 5.
L 1% DWFFEBHFE I LB B DR BEL IR 8T A — 2 — Wit L TIRET L5 D
TH D,

AWFFE TILRIBERERTE S AT LDV AT L E LTOMIEELITH Z LIk » TIKIR
WA NTIR > 2T LD AR & i &2 b3 5, EEO VAT ATITEEN Y OR
BRIV OEMBTIZY OWERNEETHDL ZENnholc, 2O LTS AT A
&L TRERA RN TGA—=B—5iRm T 5 Z Ik > THEIOBRBE L RET S, L
W TR RRORLE L B BY D R 0 R A 1A AP RHBE R AR S v 2 —Bhic 72 5 2 &
ZEMT 2,
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21 HHEE=

5 1 ETHFOKFRTIC OV THIOMESE1T > TEAMRIROTE A LB HL =%
VR —DMENF AR ET LT PR D 70 N eI AR T TR & E i L 7=,

IRIRZ WDV AT AL L TRIR IR AR FE ORI D30 5, IRIAK B IIARM % & 20l
B KB THY B EREONDDO TEEH B TIE—RIICERSN TR 7n—)—
(LD KR EHECR Ty MEE L CTHWHILTND, L LAR DS HIRAIR B O 1R 2 1507 i
DTN (20-24 K ) 72O EOHIRIZ VN, £ BNV INS BRFEBG /NSO TH
SO UTIRFEN B T2, Z D72 FRIHEBFCIRFFRF O R A VA7 T AD I 23 5L <
T ARFO BT DEEL N, SHICHTR A X BB B e 7o & i 1
DI CHREME T & 70D, I BACIRBE O ) 3~ 5720 123/ NI C i B od &2 o 7 53 3
(272 BN NI D Z 7% E R - R LS K& H I AL A RS 720 DBMR A BASK
RN I BUENEEL /2D, 76 FERAZR B & L CIT TR E THEMI N TV
HINAKE R E A BITW SRS T D,

HL il O RF I D72 D N AR K B2 A 355 B T b D =L F—hiREE 72D, K
LT DK F DR AL F TR F —D 34 FNFY T HTRAF =R EESNDE T
0%, ZOMRIRDO T FNF — 13 AT HEITITH EVTEA S TR, — 7 TREITHIE
FTIBR SN DA I T TR b AR BN — I S D, ZORIRO =L ¥ —%
FIRAT 2L ko TR RE E O KRBT N EI XU LT RLF —2h b H L5
AREMER DD EE 2 D, ARIR TIZAKEN ZADEE S HINNT 20 TR A K 7 13KE
KSR SR LW AE RO A DN I EE | @LE D KBTS AT LR FEBTE
DOTIFRVINEE AT, Z DO RetEa it Lz,

WA N2 LD KB ITIBIENA NSRRI EFCRRET ST D03 ARIR S M A L 7ok 3R
RIS AT DOMFIEHNT D720, SHIZWKODDOIFSEEIL /D & T E EE T2 003 %
. EBOHER TOMAZIEELEREIT7-bOITIEE AL O, ABFZECIEERR I A

TAZLEBELESMICB N T2l — 2 a LA O R T v )L DO E e T &
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BRIZED AR 2T — 2B L THR DT AT IMELELMBHER ORG24 B Y
ELTEDDIEELT,

Hydrogen Storage Material

o
+330kJ

- . @ o
‘ Lol Ratio for
330Kk heat of
CioHis CioHs St combustion
Decalin 50%
100kJ

Covalent bond

Chemical bond ‘

Metal Hydride lonicbond " 370k+

10-20%
-370k

‘ Interstitial

Spillover
10-50kJ

Kubas bonding 0

200K
Physisorption 4-6kJ

Figure 2-1 Binding energy and material

Figure 2-1 IZBFEIRFEL & 7 ORER TOKEZEOFE AT KL X — L WIS DHEAR
REZ R, MR TIIA A URHEREARE TH Y ZORKE =R LT —IIKFEOF1L
HTFLX—D 30 WIEE TH D, 0-100 ‘CTEBRIKFZLHEAKZLLEDIL 10-20 %
DFBETHRLX—% b0, TNEVIKIETIIWHEWRAE L RS () —FLx—
72 & ZURTEMEIRIZEB VT 5-6 kiimol & KFEHH ORFLFEZRLF—D 10 % &
0 RIE AR,

i TRV F — K BREM B 2 i o T2 0TS AT D2 T D ERICKRAHE TH
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5o RFELBRESEDLTDIITFHAELULHTOOTRANF—PNLETHY | £7-£H
BEZIZZ DOREERHCRAET HEE PRV E LTI RS LEER B D,

WEIRE B T RNF =D NSO TEMEBZDEKFEDOHTAD A HTFLF—D K
TWVER TIXTRBEH S REWT2D R G & (AT H WA &) 23/ NS EMRI TR,
ZORE B BEE IR T T OIITRE A T TR 2 T 270 E % B TR (Fif~
DEZEAE G BEEINSE D) BE T ZENLETHD,

Figure 2-2 (275 (Adsorption) &7K &K ik & 412 LD K FEATIER D Ll A A I R LT
WD, W TIIAKREIT G FOEETRIEIRAE T D, 1o TRAEIRBTOKREL H HIREE
TOTZRNAFX =D N/ NSERNZ AT TR FEOWIEH ORET 7 R TED, %
7o WG TR/ NS =R — LB TR IR BN ZENWIFRF &5,

Gaseous Phase ®

O
Cg‘;o

P —
spiit |
Q) & 8 Interstitial Metal Hydride
’ ( Hydrogen absorbing Alloy )
@0
8 Surface interaction

88

cpcp8\
® %
%

Physical adsorption

Figure 2-2 Schematic diagram of status of hydrogen in and on the material

2.2 BIFEMHEICLKOIWREICET SHEEKOHAE

IR TR R O S EDEINL TERY 77 KURARERIRLE) TIIKFED 2 MPal£)

TT5 WWREETHRETHIIENHERTETNELYY ) BES AT A TIEIMBIOZE[RICH
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WA APEET DTS 7 DT AR E N BT 5 B BT R4y IR BBl
TEALT DR AEE 70T DD, WA BEBRE TIIENUELFL TWD, - TEN %
AT DI LIV ARFDOHLANNTEDLZEEIRL TND, ZOZENS IR 1R ik
DR ENZEDEHETKRBEZHLAN T HIENTEDLREMEDRH D,

O B2 D KBNS AT LK FEZ O 372D 3BVE B2 DB 528
(2 U TR IZ L DK FERFRIEE ) THIBI CEHD T AT ADFESCBV L O 7 vt
AAHE N K E TEDATREMEZFFo TD, SHICHAE BT REMEIZT AT 52 L0350
LI THRVE HIDITHREAEND KERM B D BT S AT AE T AT 2O A REMEIZSHIT
<722,

BUETT RS CODTE MR Tl R O RESITRA N H L L BN LD 5L BRI
7= Metal Organic Framework ®” CI3iE %2 KIEIZEB 2 D L R EFEE FFOL OB EESN
TWD, ZNHDIEH TIHITRAE ESHINT D2 ENIIFFTED,

Figure 2-3, Figure 2-4 |CTEMER TO 77T K TOWE R L EHOBGZEOTF —4& 12 2R
7, Figure 2-3 1AM 1L H7= 0 O 5 - Wk & % Figure 2-4 [FHEE47- 0 OW k& (&
B %7, Figure 2-3 TOMDIZH A DB DB QR &A1 d, KEITEREIT
JEFNTHE UCHBI L THINT 5, ZAUSKk L TROIIESE L TV D KRFEREE T, K
A EIREATIIEDEINZAENEINT 208 S BICENRENT % Lfafid 5, 2
132 DORE CTIIKRFIFI B S I RECRAE T 20T SICREORE R EDILTE
AL EWE BRI L 72N 2R LTS, BAIAEH - OKRFRREITO L@
R LT-MOITHYE 35 &2 72 0 LIk LU CHInd 2 fetk &2 fe o, 1GTEIR & 11
i LTy ME LTSS I RIEMER DR 1235 O THRER IS L TR
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Figure 2-4 Difference of gravimetric adsorption between powder and pellet
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BID Z LI BRI AN DEZENRELS RDLTDTHD,
INEDORERNSIENEEZ D Z LI LD HEIIKEDFTESCHIEN TE 5 Al
PERFEAIINL D, 2T LI G DT — X IDEOIERREZ AW §# 2T —2 Th Y
TR IRKERTE S AT A 2T 5 7o DT R COFRERHFED L E TH 5,
TERIT A TSR E PR OPRER D B AL S U B DIRFHIHI R B I DWW TEH E D
BitahCZieholz, HbRny 27 AFSE S LTI Gardiner & ORFZE ) 236 5
NE 7 ORIERFTE TSN T D REBEOWE T — X ITAR STV,
T BRI IR 2 > 72 A7 5 L LT Cryo-Compressed Hydrogen Tank DHFZES
DOE @ Kk OY BMW %k (192 ko Tieh &1 T 0 ARIROTE ATk L TR &

S TW5D,

23 EHRERMHELEREE

R TIE Figure 2-5 TR~ A 7R T SAEL S BT B A H 5, 19
IR CORFRREIEINEZ B IEL TR REOM BB I T& T, BIEIC B L ECTHRIRIK
TIIME 2R FE BESLNDMEHIEL I TR, MEHEZR ISR QWD K FE £ T
DfEE B3R T OWAE ‘AR CEAIO R EELFFOM IS DEZA R D)o
TR, TR FE LRV EITOM G IERBHRR O TA BB TERWEE I b
%o PE T T HARNZ E EDMEIR T A A NS E 5 MIZANIEB . HiLD,
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Figure 2-5 Relationship of amount of adsorption and micro-pore volume in high-surface
material

757 2 DWEHTEE S(*/g. )T DL, 7T 2 ~DKFHED B RV E W(gn/ g
W=3S/s (1)
ZIT U I7 =2y ERIOKRFE G FDBEG T ETYRE T HLRET S (Figure 2-6 Z2HR) , 7
T7 7 A NDOXKEERENT LY, RFE M OBEREL 0.142nm THD, RFEF T DA% 0.071nm
LT 5l RFBIRA L AHTZVDTT7 = DEifEI
s =0.144 = mr?2 x 0.071 X V3 x 3 x 1078 m3 = 0.0524 x 10~ 18 m?/atom  (2)
L7022,
KT DN % E 2 DA RN — B OWAAKFERRAE L TNDEBZ D, ZDY;
BRI FTEEN T0 kg m™ THY, 7378 S 720 DOERFET 782 2 THDHDT

2/(6.02 x 1023 x 70) = 47.5 x 107%7 m® (3)
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Cubic closest packing Hydrogen on graphene

Figure 2-6 Liquid hydrogen model

/K557 Figure 2-6 DARICIE FEHL TWHEE X HEH K IZIT Y 4 B4y 13
NED, B DEESE a LT HERAMOES 4r OIEHTHO—ILTHY

a= 2y 2r
L7025, H—Hs 1 DRI

a*=(24 2r)*=4 x 47.5x107%" m?

&7y,

r'=190+-16y 2 X 10
L7eh3o T,

r=0.203 nm
L%,

757 2 EOKFEOWEIIHTO 6 AFEOHE LD TNDLEBZLND, 6 ATEOH
FEIT s=2¢ 3r* Lpb D TKFE 1WA I B 7R HifE s
s = 0.143x107'8x 6.02 x 10%3 /2
=43000m* / g (4)
R 1g B0 D 5O DR (M2 ) 1%

S =0.0524 x 10718 x 6.02 x 1023 = 2630 m?/g (5)
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Figure 2-7 Schematic picture of hydrogen adsorption on carbon

2.3.2 Metal Organic Framework (MOF)

ZHUTKIL T 3 RoAY7RZ2 FLAFF-> Metal Organic Framework &SFEIEH AR ERIBAZES
NEHIN TS, — REEDNEME T 50 B Z 728 Cho 7L 7 2 Vg (PET)
THY, - H OB CHLD TR A 52 DK a AN THRIE TE D RN B 5,
Figure 2-8 (ZZDHIE T HIZ R T, 22D B OREE TR ED OB —D/NS72 22 L A
AHFONDFHENR DD L ALV B LB EE R RE N, FIZIEMOBBAF L DBAST
WDT2D KT LD G TR F — OIS IR TE D, WERDA—7R MBS LR HFE T
3000 m*/g < HWDRILTHHDIZHE~5000~10000 m?/g LA L ESNE R SHTna,
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Figure 2-8 H2 Uptake at 77K, on metal-organic frameworks®?

2.4 {ERIZKHWEEIEM

2.4.1 1 RIEEIREATRRE B

T ADEEPEVIE T — T OEBKAROL AW TR E O Wz AL T35,
ZDTDKFEOBEEILTT K TIX=IR 298 K 0 298/77=3.87 512725, KFEZRVEE T
PROZEDTEAIULEIRITEL AN TRIUE S TS DOIKBRTIR FIREIZ 725, > TR T
T s BEDMEWBEM Tho> THRIRLAHA G DELZ LTIV AT LEL TOATR &4
KIEIZHINS DI LN ATREIZ 72D, Figure 2-9 ClXRiHhIZIELE | MEfl K FEORREE K

ZRY, HADHTE 70 MPa T 80 K VT CTlIiR IR /KFZ R EITLIR b RN b, £1-
BER I 70 MPa TOKFBHEEL 77 K TOWEAIZ G Te/KFE DB E ) 3 MPa ClA]

EHHI 30 kg M) THLZ LT ZOHETOEWFTREME A RL TV D,
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Figure 2-9 Hydrogen density with various conditions

2.4.2 WEBEEWRE XNV —DBK

XBIZHTER D Metal Organic Framework (MOF) EFFIEN D E b mFE O B CIdFRm
BN B720F TRAERM B O & B A A INE X BN YETIRVRBE CIRET 5728
KB FLEDOFREEDHAEL, LVEIRE THEWE BN B2 6ND, SOHITAA U
Baz DS R B Z DT LTIV E =R — PR T HEH R H D, Figure 2-10 (2
RIREFEDTIE 4 FEO MOF MENENRRDAEA T HNF—EE DILERL TN, &
HIZZDOFEHTLF— (Qst) 1TREETENTDILERL TWD, —AYIZIZE WA
B TRV F—Zb OB BN NS SIVER 2 \IZE BN DIC > TlRE —
FNF—=DNSL 72D, LOLIRMLIK O IRMOF-11 X° MOF-74 ORI BHZ L~ Thhig
MmO E B E TRV AT RNF 2L OMEE VD285 RL T D, @V S
TARNF LIV EIR TORE D FREMZ S R L TS, ZAUTAE > AT LAOEENRE %
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Figure 2-10 Different binding energy of several MOFs(?)
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Figure 2-11 Specific surface area vs. hydrogen adsorption

Figure 2-11 |Zi& M AX21 & MOF177 Dtk a9, 48 AX21 1% 3000 m? THI 6 %

ERNTHERT LA N2 7T 7 = NSRBI DRI & WE & L IRIERFORE &L
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RY,— 5 TMOFL77 134500 M THI8 % & /7 7 = U a2 DWW AERE R L T 5,
ZOEIINERD 7T 7 = BT NATITEHTE 220, KEOLEBHMN TE TV 5 HEE
PENEZ BLD, o> TEBITMETRLEF—DE D MOF TR U & 9 IcLEWE
P E T Z OO RO FEA YT TE L LERABND,

2.4.3 RANFTHREER V<o —HIBERE

EOIARIRATIRAF A O CTh 2 B R D 7T LD I (RA VA7) IOV TR
LTeo RIR S AT DMZBWTIZAFE N AR L FICID T ADRIZIV B ZRNEDIE )
B ER U CRBOMIEICEDLZ 2B IR Ui uEe b, ZoxEREL Cdm szt
DZETHHNCIVIKIRZHERF T 5280 B 200508, ABIEO LR BB A CIIfEHE
MAD TN —REMEIR T HIENEHL, SHIZTAMEINRH DV MNIAF R Im A
VAT BEARBEDHE N2> TRANA 7NN T 550 )2 b B0 WrEhitEpes EiT
THRIEEWOL, 00K FBORBEBIIYNERDHHZ KD LI DD DL B2 I BT A
TLEEDHTENL N, ZOE =T — 2 L TOMBINGIm B2 L7220 &) T AT
FRET O, ZOLRDRI AT WITESIV) =T 5 A iR THERE 137 2 7 DRGSR
TN EFFDRNCH A BT 52N ETh D, ZOG NI T 0 A% AR AV
F7 AL+ 5 ETOMZ R L~ — BT () LIRS, 85 AR
HRIETHERENITRFA2 D3, JE N ZDNT DL IR IR L AR R AR Dl
Ik L CARIE A AL DET) ERA DR Z I AT DT HIEN A HETH D,
LU DD KZ DL A ISR 24 K7D T 24 K 2z 52 BSLT 50
THE O AIRERIT 24 K # 2 D720, ZOTO R~ — I E R<EDZ 03 8
LW, R~ o —HIIEBITER d L~V OWE 7 (IMBAEVE2 W RREE) T 8 Ipfi]
15 1 HTohD, REDZ 7 AT ATIHEM T 5 OKFEZE ) ZLIXViREKRSE D
SALE AT HISN SO TIRE EFA M55,

—HTHBHEAFEL COLE75E8 T2ROL B L TOZRWEEITIE, A1
DIFABNC IR & ZE SN EFLUTRANF 73545, SSITHE T UTENIC
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HOTR -~ —HIIT A 2 BRS 15 A SIUEFERZR BRI AL
ZEIT2 %, RANA T BRI AT LD RESITESTHRRDA, /N DL 7 ClIFK
FENREIEEAKRFZEDDI2NTORANA 7 BT R EL72 D, BITEDH S E E /B2
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Figure 2-12  Schematic diagram of cryo-adsorption system

Figure 2-12 |Z{KIREEANC L DT AT 2EIKFEL LIS E ORI EO A E R
I, N R A7 K SR R TR T D, IRI/K B ITIR OGS & 13RI 2 12V — 7 £
([ZEELURFRI DR DIZ DIV CEDITARFE LK FE ' 35, IKIE % (Cryo—-Adsorption)
B2 CIIARE TIRIR AR K 32 B &[RRI ZHORF R % 0 I8 A5 ) 2 DMEIR THE T2
A5 BN O TR AECHNT 2%, B E LA 20 MPa lZE AU BRAAHY KIRIZED
TN, IR AE VAT LTI R OB BA D0 7D A5 R D LR i R
TWAETLHOTHAE EFRPLHR00NT720 5 7 NDIKFEDORBANTS OIS T 5, 2
7 OE ERRIE )% 20 MPa L3548 20 HLUL EOR L~ o —n3HifF T 5,
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2.4.4 [KENATVYRZ D

(IR A TlEH 7 DR B E K FEE T IR K FE D FIRHAFAE T D0 THRO H R
(ZVEHUTH A& TS THW R RV, BT FE RS AR STV KRN TR
OO~ aOBRRINAFIET 2KEH ADDI2D, ZOTDIRIR THAEEN LA 5L
WORHEIZ D @V KB ORI &S OND FTREMED 5, WM ITIEML T inner  tank
PNIZATVTHE 2528, XLy MET 20 & D0 BRI L TN ERE D T AAZ Ha (i
ET2VERDHD,

2.4.5 KIBZEKFRITRES AT LOF| R

KIRWRAE S AT LTI EM OBE BN KENO TR ABEN I RETHIRE E
AR SN D EANO FeIE BN Lo TIYY — 7 5 B I £ T A IR A g A < Bdy
HR[REMEMN B D, BERHREE TII KRB/ RV~ o —HBIE R & O RA VA 7 e (RA VA
ZICE DR E) b REL\ LT D AMREM RN DD EE 2 HiLd,

TR BTG ASIRE 24 K DL ETTRTEBLI AT LE N EKIEIC EF Bz bicxt
LT, BAE VAT ATIEEE COREZITRE EFICIOBREL03, JENBEINT 5% %
BEOEIMT 20D THD, > THNBNOLDORABICEDIRE EFICIDES) EABRAEL
1K SEDBBEA ST 7 B 22220 )] ERZ2U 5, SHICW A X Figure 2-3 127
FEIIZ 0 2 BF MPa LU T TRIEITH N D720 RA N A T DR E LIV L~ —1]
Mz Rk TEHAREMEDNHD,

25 REfERER LD RENH

EETKBEATRT 22 AT A TIEZ 7 2R S8 TREDREDIL
H SR WEREFE 2o TV D DMERIREAE AT AT AJE LRI L DWAER T

VALTWADTEDBICEVERERV AT ANERTELEEZEZ NS, KETA
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TR T2 D BN TRHEMET T 5, S BIX 7 BEW 28k A
T2 HEIC/2 > TV D D THEZEFE THMBN O RBH W T HRMD Z 7 £ TRIEFIC
KB Z 3D RNDOTHADRERE RN T2, R E L TREMREN M
EFseEZXOND, Table2-11CE 2 LN L8EE— R & TDGHE DT A ORLRE
ZIRY,

Table 2-1 Failure mode of cryo-adsorption tank system

Failure mode High Pressure Tank Liquid  Hydrogen | Cryo-adsorption
Tank Tank
Collision High speed leak Insulator damage Insulator damage
damage Slow boil off Slow boil off
Fire Leakage from PRD Slow leakage Slow leakage
Deterioration Direct leakage Dormancy shorten- | Dormancy shorten-
leakage ing ing
Boil off increase Boil off increase

2.6 EKEBWMEME VI ATLERAWEKEZETFBEOAT A

VL EDOTAistiathl Bea FEDDEKRFERTS L 7V AT DELUTRIRREE A2 07
VAT M) FPERA EILIVIRE CRE E O KFEITRO ATREMEN DD, 2) IR KFHEIK
IREME S AT MM L TR W L~ — BRSO L FTREME 3 D, 3) IRiR/K AT
Ji 2 AT INTIRBNT AL C DA V7 ORI FTRE T4 % DS #EHBAJE D =
(ZEDSHIZEE BT D P REME DN DV I R D 0 D, 4) B2 AMEIZEIL Tz 7% ]
WOHDT 2 OV —NVERFOZEIIRVILRMEDR DD LIZEVE AW e R L2V
THEIEIZE AR TR RV AT MR DR D HEE 2 HiVD,

— 7 T DOIE K ORBFOBER A SN e o7z, PEREE L TITWAS | HH &

T

>

(XS BN FEH] LB VERE D e DR TED ISR & 70D TER DS I D FEBRTIE D

Y/
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BELDRFSILTORNWIENZLH 7N TOED B8 53 52 B3 0D Fe S0 fik HH a1
EDINTEZM AL TH D, ZORGR, D F 7L AT DELTOREEOHH
TN BEIR BN DR R L TWDIRIL T o7z, LA LXKV E DX 72 AT LD RAL AT
REMEICOWTER 2 ROV 3 ECTHEREY Lo —arz IV Tiatatr-7,

Figure 2-13 |CIREE R & /K E DT B SOV CTHILD AT S 2 T A & D Hlgi 2 R4 & [A)
BHZWEM > AT DO 9 ~ & I A 7R 7, IR SR @ WO AT S 2 £ 708 20K &
HR D EARFET DIDENEE /R C& DRI ThNS K EM LR KRE
IR & 72> T %, Activated Carbon (EPEER) TIE 77 K225 200 K (2% THRAA &
38 2 DNRIED 232 & W BT R 3 2 Z DIZDRTEEN DT 5, @K
FWE A4 A7 2 (High Pressure Metal Hydride) TIZAMBEIEIZEAK LD HEWA
WS DM BN ENZO VAT LAEENES RV ETH D, ZHUIx LT MOF %
DI B2 AL S T ARRAE > A7 A TIRHREEOWEINC LV A EL L, #BE
TRAF—HIZ L > TEY®IEETRAET D 2 L TRERPINRS N THEHE T 2T
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Figure 2-13 Strategy of cryo-adsorption
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31 BRIV ATLOWME

—WRHAEL T 57 DFRMIZLLT &3 %5 (Table 3-1) , ZRIBENL O HEEITAKE
IR B & SR R MR T R B L I L L BRUIBEIF D 70 MPa X 7 K= 73y
NCHSHMED ETE5 150 L &Lz, R~ —HRIIMRICIVEROHHEZATH
HINZZTIIA — B HELT, Tl FEREFEML THL IV AT AOREERH LI,

5 kg (IMTREEEBE DR BFELRIL, FAEIX 70 MPa 2> 7[5 fe KIE 1340 7 FE0E
R&% 35 MPa LTz, FEHERFRIZOW TR BARIL 3 D THLINEET 5 meliz, AR

DIV AT LD FAEE N BLOR NV~ —HIRIIAREHE REb LIS B R IET D,

Table 3-1 Target of cryo-adsorption tank system

Tentative target Final Target

Hydrogen capacity 5 kg 5 kg
Volume (inner) 150 L 100 L
Maximum pressure 35 MPa To be decided(TBD)
Charging time Within 5 minutes 3 minutes
Discharging speed >2 gls >2 gls
End of discharge pressure 0.25 MPa 0.25 MPa
Dormancy More than 30 days TBD

(no loss time)

3.2 VATLDEHRELEE

IR B KBTI S AT A TIIFRE L OCBITES) N T o A TT 5, FRIERFTITR
IR COWEM ~DKFERER L OMRRICB T D AKFEOEBEETRET S, it
TIIWERD H AEINC K AHEHCTHY B UIC £ DRI TIN5 OEYR A LY
wWEIhD,

Figure 3-1 1252 b D ¥ 7 DYV AT La T, 2O TIEFERMRF I DR

DELY 24T WSy VTV AT AR BEL TS,
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Figure 3-1 Schematic diagram of cryo-adsorption tank system
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DIREBEPIEZ TNT AT LHLETRIND, TOHREITENLZTHRETE 0% A
b %,

DI Z THIEME— D ERLKBRTIE S AT L THDHEHEX 7T L TEAMEDOH D
KRS AT LDMEE TELDRFT D, TOTDIRIRIEFE S AT LAOFRRAD IR
VB THD, AWFFETIIFRE R O E R ERNAE T DL~ hy NZ 712 15 TRk
AEZATH . TR EOHIFNC IR FZRZ 2N THRIKKFEDFENCLDRANF TR

FIHADOKEFAEITI Ia —ary THEETAZ LU,
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B ADW AT DI RS LOERIC BT D2 BB WA S AT LDV 2L
__:/3\/;&;%7}/@[/7»:0 (13) (14) (17) (21) (22) (23) (24) (25) =F—! BRENBRODVERA, (26) %ﬁ%&‘/ﬁf/%ﬁiA
TR I NORFITRAE LIRS, &HBTARBIZHDKEng 22 DIREICH D,
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Not=Ny +Ng =Ny + pgvg (1)

Thb, ZZTpg 1FIKFEHADENEE (mol m™), VyiE kg DIEMERNOWAE DD
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Figure 3-2 Estimation of adsorbed hydrogen
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TR EM DEIET A LI EAT ARGOHEINERAZ L TRODDIENTXS,
e T (1) B AE L TWDKFE Ene, I3

Nex=MNtot — pgvv (2)
V.=V, + Vg DT

ex=1, — Dyl )
L7325,

W 75 DIRREE FER 35D Modified Dubinin-Astakhov (D-A) model ' # 14 Z Fu»
TEHHE 7=, 7235 Dubinin-Astakhov(D-A model )G AR RGED T AD~ A 7R —F AN T
SDHFENEFHE T DL THo7278 M-D-A Model I R E 0IR IR COEE L C
DI AR AN IS LT E T L THY, WA KFERITRATEILND,

Ny = Nyax€Xp [_ [%;T]Z In2 (%)] 4)

TEPIXENEIIRELES) RIZTAEE TH D0 Npax TR KA &, Po | TR TS
BT BENTHD, a, BIZTHHETZ L =D H)LE —Lo hat—DIETHD, 725
Jtx D D-A ATl at BT OELIT ¢ THRAEFIER H=3/L¥— (characteristic free
energy of absorption) T&H 523, Zh % a+pT TEIWZ /-, TOBESHZITEBEONEL L

BIZEDR 3o TNDYY, ZHUC K EBROBIE N F 21T TTK LHIRD 2 siLHvedTh
wHORE TORREDHEE TE5, (Figure 3-3)

B, ZOHRIIEITD 4 OD/TGA—F —npay, o, B Y Po [ZLARTO EEROD#E B
FORDIZR O LS flx LT,

N max—71.6 mol kgac! ,Po=1470MPa, a=3080]mol-l,B3=18.9 J mol! K1

Va = 0.00143 m3kgac!

Figure 3-3 [XiEMER MSC-30™ & AX-21™ ORI ED T T7 ThbH, Efix

Modified D-A EF /L TR, +51FL 0-6 MPa T AX-21™ OHIET —% . AT
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MaxsorbMSC-30™ % B &y CTRO 7M., BALIT AX-21™ 2B FEECEHHAIL7ZfETH D,
Modified D-A &7 VLD B CHRFESIL TRV ELIAEIEE ZLND,

w
(&)

w
o

O Weight method
@® Volume method

- NN
g O O,

—
o

Excess Adsorption (mol/kg)

0 5 10 15 20 25
Pressure (MPa)

Figure 3-3 Excess adsorption vs. pressure

A
na
pgva
=
-8 Nex
£
-
@]
wn
<
pgva
>
Pressure

Figure 3-4 Total storage capacity of hydrogen
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R n WA En OBIFRIZFRE TIZRO Figure 3-4DE012705, [EAD L%
ER—T AN DJERE KT DOBENINI R E LI D D3N K F BN Bing 1 ZAEFIL Tl 35, 1
STH/KFZBIIFSE THINT D,

LINLIRID T ADE 5y DK R EDEFTO L FAZLD I TN 20 Ty &L

JEZ)EDBEFRIL Figure 3-4 @ n DI85,

3.3.1 150L ZLZIZBITARBEDHEE

150 L#>71Z240.5 kg D MaxsorbMSC-30 % AfL7-&ARE L TP B2 FH R L7, IR HE
BHIE 60 K 205 298 K &L, JE /713 K 35 MPa &L7=,
B % j:gt(S)TFd_ éj/l/éo

MH2 = Vtankpc,bulklv[(na + pgvg) (5)

T2 TViank [FEI7HNEAEFE 0.15 m®, o cbulk 1ITEMERDONIEE THD (270 kg,.*m

YMITKRFED 5318 (kg mol '), nyid(4) X TRD7WE B THSD (mol kg, 1),

5 —
x ] Residual mass of H, at  0.25 MPa 77K
S and 77 K (1.36 kg)
- 3+
o
Lo
— 4
£ 1
T2

] Residual mass of H, at 0.25 MPa
0 @—’—"///‘

Pressure (MPa)

Figure 3-5 Amount of residual hydrogen at 77 K and 298 K(minimum pressure of 0.25 MPa)
150 L tank system
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IKFDEEFEpINIST1299 D7 — 2~ — 2 |ZModified Benedict-Webb-Rublin AL
TRDT-

RT 12 P
Nexy = Ny — nga = Nyax€XP [— [FBT] ln2 (?0)] - nga (6)

BT S v 7 3 AT ICIREBRICERY I 57K B O B3R K FRIHE DR ARE A EETD
HPHTHD, KR TIXZORKENICBITLFEEDREEVIZL &I LT 5, Figure 3-5
(2298 K L77 KIZRITDHEAFKFE EERT, HlREMEIZ 0.25 MPa &35L77 KT
(375 513 1.36 kg 12T D, ZORE REIRIY L (FRHE A CRICIRE S0E) TIERIR T
1T ADHBFEIEN R U TEALHED NSV E DT 93 K LU Clidafiisd%, Figure 3-6
(IR E TR M358 OKBOIFREL IR LI R&EZ R T, MO KWERIITAD
F O RN LT FAMBEALIZ /2 55382 R L TD, 77 K CTIXEEILR DL F &R S

7R SFERI7R BT DN 9%, B LEdRE ) DR EIC T RBBETH D,

8 T

71

6 + _  GH, 29
i and 70N

(&)

l<«—5kg Ta

T / / 213K

] GH,, 298 K
and 35MPa %
%kgatE)MPa 77K

w

N
f

[
Il
T

H, net storage capacity (residual subtracted) (kg)
D

- Break even curve

il Il | Il |
T T T T T T T T i T T T T T T T T T 1

o
|

0 5 10 15 20 25 30 35
Pressure (MPa)

Figure 3-6 Isothermal discharge hydrogen storage capacity
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20 Total delivery
25 1 Absolute adsorption delivery
I, i
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g 20 |
> [
[<5] L
= 15 +
) [
[af
10 +
Excess adsorption
5 delivery TSI = ~—-T
o+t
20 60 100 140 180 220 260 300

Temperature (K)

Figure 3-7 Isothermal discharge capacity

Bhatia & Myers "' ) [ XSRS AT D FUT D /2 iR R Z e LT, BTG
J£ 3 MPa THAXEY L 0.15 MPa D5 TZO LH 7SR Y LU CIT PR ARAY 72 ) — 72
TEMER T 115 K ThHZ a2 R LTz, SOITIEMER AX-21mTiX 100 K THHZ A2 R LT,
(Figure 3-7)

Figure 3-7 ™ FE##1% Chahine ' V), J5#i% Bhati & Myer ' °) (2 X 5, WE % 3 MPa
FARIR Y H LEIL 0.15 MPa Th 5, FEFRDO FEHH TIRRENZE(LT 2D T, 2D
BEBOTRABLETH D, BHEITIRERS/2 O T, MHRHICITRER TR 50T
I 2 HERFT 2 72 DITIFBAZ N 2 e i B 70, B HLJE% 0.25 MPa & L7
AITIL 77T K TIX 1.36 kg DAKFENFRE T 5, 100K, 150 K, 200K, 298 K TiZEZ
AU 075, 0.23, 0.09, 0.03kg £ 725, > T200K <HWETHAT 2 ONEAMT
bHHZEZBID,

Figure 3-8 I[ZHRE CRAE SHTAKFE VAT LAOREEZ LT CTHHTE L&D
FHEAER AT, 77 K 5MPa Tl 5 S 7-/KkHKI1T 298K £ CHIESE S & 150 L #

> 7 Tix42kg B HE S,
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9}” 35K 40k
o8+
=<
>
o 7T
g8 ',
T a1 GH, 298 K
% b and MPa
© ] /
S ° 1€ . 5 kg Target
© 41 7 ——
e 3
GH, %98 -
“ 3 and 35 Mpa 4.2kg at 5MPa

heating up to 298 K for
total desorption

Break even curve

Pressure (MPa)

Figure 3-8 Heating up to room temperature system storage capacity

ZHIVETOEEDHELT Figure 3-9 ([ZWEM A VL TOL AT LDKFE R D g
AT, 17T K THESETKRFEZXOIRE 77 K, 100 K, 298 K ThtHHS W72 4 Oy
AR THD, ST TAD R TEMELIZSG G OITREE R, WEM ~OWAE T
IKJE TR EDD THAEM A LD ED I ORI EIZEREN, LInLRBLZO
MEFCEAZED 5 kg ZEFT 270X B LI T 20 ERSH D, TOGEIITEIEIZED AT
ADE E DGO R KR EL EETOWEM DNRIT/NEL25 SHITEEM (25 MPa
VL b)) CIEWRAE R O B 532 20 0 A FE - TR BN 375, 2O ZEMBHIKIR
TOWEME RN AT LTERIVERERZ AW TESOICREZIRDVLERNHDHZL13)
Dol 728 O IR LTI DRTEE DS B M 0 AR & L FICIC e D AR LT
WD, 160 CZOIREIE CZ 0 S8 L0 AT 72bb @ B2 AT 20138 Bm Tl &
R TS, 77 K TIX10 MPaZil R % &M aE HI O FITHES 72092 - THYER EHNED

ZEERLTND,
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Figure 3-9 Comparison of hydrogen storage capacity in different temperature with adsorber

3.2.2 AW AEEE L - RORFTSE OB

T AT DO EATINC Y20 ARIR TOL 2 — v ar B T LT, TR E
RE SO EINTES Richard 'V ¥ W5 12 1AET LA,

SRal—ra AW ER L FIORT,
1. WAL 71 405 kg DIEVERZFED T2 — D DB — /e I rnd, F DR LIZK
R LT APRIK BTN I TGS, e F o 7HEE RS NE O IR A BL 51372
[
2. FHE EREMIIERRE MBSV TO DO R EL WA, FRCEIR S TRV A IZIEE
DEBENRRKEN, TZT 1) FMEMBSN TODIHE 2) FMNSRAEHM LB i chd
LIRELIZSE D 2 DO — AT DUV TRRET LTz,

FEIITR BRI E R OB WIS 7 OIEESCHM BHI R EUKIFTHD T, 22Tl

69kg DI — R T 7 AN —DEEHNE RS 7 EU TR LTz, ZOBRO BT T
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s = LAYN

Cc=38+3T (kg K ) (7)
3. WA EHRRE TR EXHZEEL TEMER O T OKFEOYLEH - BEIRF R IXE E L2 T
BRI T 2b D E LTz, ZOMUEILD -V E LT USRI T YR ARE L0 D73 FE
O R RO S TIEEBRITENDELDEE 2 HND, LU BRI E
IS ITITRBL 2B 2 HID,
4. JREIPHOIR IR E T )38 % 05 DO THAOHMEE, iGN L —em 2L e —
SO IT NISTL2 OIEHET — 277 3 Ol % V=,
5. IGMERDILENIT T 7 7 ANERILE LT, 7 T7 7 A NDIREMRATT — 4% Pyda &
DICEREAAE A LTz,
6. N LOERAE B I AN, BIKE COVAT ATIEA—/RI—f v al—i3
VEMHEND @WTE AT DB WDINA LT ~OEMZENITEL W T, ZOSBEMZ LR
N VIR ERFEEZ 52 278, SRRV RE ] TTT o410 O THRAE UL
EE_TITZEAEZEL 720,
7. FNY = RTERHAD BT F I AR, ARFHRE TIE 25% 23/ 3T 7K F T 75% 034 /1
KFETHD, 77 K LLETIIZ ORI SN DB EIT LR 10 $ELN THHO TA (A
DOFRTIHRIN L=,

(1) UTRLien . Z AW OKROBEBRFHZRAXTRT,

m ng—tg +m_—#= N, — Nout (8)
d
m Y, S ARIROE LA T Lm ST RO Z AR T, m RO R

(kg) p, IFE/AMEE( mol m™) | fjpd Nou IV AR THD(mols™ ), V, [TWAE

K- DR VN AR BE T, WX TN TOT X — {12 TR L7225,

d(p,Ug) du dT dr
g a .
m V, m_ =+ MgCs— + McCe =Q+ Njphg, — Ngych
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d( )
%0 g A, SRR moc, ST A, mec, S

C€7C gt

NEXHIND, m V,
HKImDTINX =%, Q ILROERN (BH) . Cs Ce 1TWEBEMEX 7 DLETH

Do WJIIHADENDHIVNFERLF— hy & hy (FTNZNHAMH DT ADE

NN ANV E—Th5, Ul WMEMEEH-VONIT ALY —%RT, WELE
IKFBEH ZRDKZBOBGEFITIRELIE N> CEHE TX5, il E S LIREICLD
W 5 & H AR B A I RT A LE BT ZADRIS FRERITLL T X725,

ap, on, dp ap, an, dT . A
m [Vg (5% + (E)T,V @ T s [Vg (E)P + (E)P,V]a = Nin = Nour  (10)

n, DIREEJE TN LD 55 1% (4) bIR D XH 12725,

on, 2an, ln(nmax)
( T )p T(a+BT) (11)
(%) B 2aRT /—ln(n;‘zx) o)
op /Ty P(a+BT)

(2R AE SIVTRRECTOBRAL S T ONE =L ¥ — UaZ KD DH7DIZAUaz LA F DL
272 THEKLT,
AU, = U, — n,t,° (13)
ZORE’ (TET) 101.3 kPa HRE T (ZHTHHAKAED LN RLF—ThD,

(13):E (9) AXEEELENTHA LT ROXEGT,

v ou, + (apg) N oAU, +n 6ﬁg0 5o on,_ vl dT
Mol Ye|Pe\aT ) T e\aT ), aT ), *\aT ), " \ ot Y Cs| T MeCel g
ou ap on aAU dp
_£ = (ZF8 —0f_a a ar
+ms Vg[pg<ap> +“g<aP>T]+ug (ap> +< P > dt
T TV TV
= Q + I.linhgin - I.IOUthgout (14)
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AUaz R ELIE )T LT WAEET VICEHT2ELL T LH7a 75,

0AU,4 _ 2an, _ _ _DNa

& ]P.V = naR+T(a+BT)l o [RT o | In ( nmax ] (15)
0AU,]  _ 2ngRT ’ _ ,_

[ dP ]T,V - P(a+BT) nmax [RT a ln nmax ] <16)

BAEFH RO FNRIZLL FO#EY THD. £3°, MIHISEMH =0 P(0), T(0)Z 52T
0 ny ny
noon(5m) o (), G (G2,
ZEET S, o0, K(15). (16)75
el [l

EiE TS,
A(10) (1) ZESL L TUIK L TS L, IROBZIt+dtd P & T OfEiERD 5. ZOHL

WEFZ D P & T #HAWTRIU FNEZFTE DK ZW R EICRIZETHETHEDIRL, PET OR

b askd 5. FHHEIZIE COMSOLMultiphysics™  software - FV /=,

3.2.33 32l —variER

RITEOFHEOREROBIZ RS, 2OV AT KRR K FEE T LI A SR AR IR S
MEDINTI2 D RET L=, O R4 Figure 3-10 (277777, 20 K OIRMK/KF 2 EHEE A
LT — A TEBUIBEM B2 7 bETEAS I TN D — A% R 3, —mdH#RjIE 20 K T
TTA 30 %EIRIEKSE 70 IR B KFBETEALTZ T —A, SBRIIRAEFI L2 7 DB EE LT
WRWr—2E7RY, AU PIIIRIEIL SRR 298 K &£ 200 K CTORFEFIZ RS, BiEND

TRIRIKFEZFTETCALTES A ITIIRKIRE 160 K I2720)E F11% 25 MPa f££ T 5 kg £
A[RETH D, 200 K B F A LI-H-A 1213 20 MPa T 5 kg D FEHE N ATRETH D, KTF Ol
5 kg B AL N THD,
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Temperature (K)

280 4 j
240 1 T
200 - ]
] (N L LH, (70 %) ™ e ' ]
160 - . L f( )N . ]
. LH i LH, (70 %) + cont.
: 2 "o T
120 + ’
] O 5 kg of H, were added
80 ——1 -+ttt
0 5 10 15 20 25 30 35
Pressure (MPa)
Figure 3-10 Charging from various temperature
7 5kg of Hy has been added
to the 1501 tank
G at specified temperature

H2 Flow rate: 11 125 SLPM

H; in 150L Tank (kg)
N

3 f,,ﬂf { 5 kg of Hy in 5 minutes)
2 =—H0 K, 125 MPa
Initial massat 0.25MPaand =114 K, 18.5 MPa
1 = pecified temperature
{1.25kq,0.53kg,and 0.15kg) =172 K, 30.5 MPa
ﬂ 1( T T T T Ir T T T T Ir T T T T 'I T T T T 1' T T T T E T T T T I T 1
0 5 10 15 20 25 30

Pressure (MPa)

Figure 3-11 Isothermal charging
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Figure 3-11 (2R TOFRIERFOKFEREEZR T, 80 K BREIZHERF T&iT 10
MPa T 5 kg OFEIENTES, REBAIGFRFONEIRE 2 80 K, 114 K, 172 K (233175 5 kg
FeERFO T /71T 12.5 MPa, 18.5 MPa, 30.5 MPa Th%, {HL FetEREZ &7 LW 5 F
ZARIRITHERF T2 DIZRE THO R RO AT 2D THRIAKFE A T T D IER RNEE
Db,

3.2.4 Fr<ri—HE okt

150 L %> 7 CRIRKFEFIEZ OIET) EAZRELTZ, £ 055 % Figure 3-12 TR
T, BUEDWRKRFEZ 7 DIRAEE 1.1 W &AL 30 MPa 81T 35 MPa £TO
HE IR (R Lb~ro—) i 21 AfERD,

R~y —iRIE SR S FE b & o O T B AG T IR TRELZERDLDT, Zhb D
T =R EBEIDOFFEOA YT N R T DM EN DD, WiEERED J 2 7%
WIVTIRAEKF IR TRMBRAN A T EE 1L TED, BKRIERHDLWIIWEWEREE
D2 @B TAANHEIMED RNF IV AT DEEET HAREMELH D, IRFETELITHR

AN
35 1 . | : T 240
] ressure -
~ BT | -E 200
g : : 3
= 207% 1180 @
g 3 Temperature I—>' - -E,
2 154 1 160 2
g 2 - E
103 + 140 =
51 I 120
0 " T T L L : T T L L : T L L Ll : T L] Ll L] } L L L i 100
0 5 10 15 20 25
Time (days)

Figure 3-12 Dormancy
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4.1 ZREBOBE

IR COWAEMERE S SR PR RE A FE PR RE 2 MG D7 O I B al & o 7 KD /NS 73
FEERE CBEHEONOIBaIVIREIRBFEEOX 7 LR IR E AW TEREIT T2, W&
PEREDS D B O FEEREL ~L TEHAISIV TV DG L 87007 FEM B UHPEREC Fe i M
BEDFONDNEINERBRLTZ, TP o< VEFHE LT F KET B A 02 D% Sk FiH
BLOEHE B HREZ I E LT,

By B SR R O FEBREE B A T 212 B W T IRIAOK RIRE O I Tl R
BANKRB WO TENEHELL D OFEM B O E2 DRI L T2 m<InoiEon
WL LLRDEHEESNDO T, IR E R IR Z PO EBI T 580 AT AETREL
CRHAS AT DR LT, FHAIS AT DO R KIREFREIIAT LV ARORHED T 2V
—E U ERWEL TEOPITIRIERE R 2 EAPEH L QREZHIE L 72, KFERTREOFHANIX
NAEESL OEERSRPICRAE AL L TEMEKEZFED TEDZ T ~OITAD A &2 5
BTz, ZOBRC R BRI TN AMBICEVE T 2RO A CRHAIL T2, SHICT 27 — O iA
E RO E IR ET HI LIV REDFHAZ R ATz, MY AT AR OTE &L E
FTHILTY AT LOWEA AD ERURAR TR DA Tt D T | T B R & B R ]

(R TR b Z R LT, 2T T AR EFHOF =y ZICHTE LT,

4.2 EBREE

HME LRI AT L RTTRAME O RIITE 22 L T a L Tnd, B IZITiRE =
FHEANNWTHNEDOKFZ L 75 HT 5L FRHCIREE RO E O LB 2R ETHZ &I
FOKFEZ 7 DI EEZ ]I E TEDII LT, WAMENIZEVE 2 2 8& pr AL 0 AT TR
FEDEHNZAT 72 (Figure 4-1 ), EENUTIEL 3 DNy TR & AU TEZPER~DEL
B 2 I LR O & B THRE~DOBR ADIKZ X > T\ %, (Figure 4-2 |

Figure 4-3. Figure 4-4, Figure 4-5. Figure 4-6, Figure 4-7 &)
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Out gas

LN, inlet= wmmwmmy < Hydrogen gas in/outlet
.

!

A
| =
==
o= Liquid Nitrogen Level Meter
L
h

sy High pressure tank
LN, Dewer Size : 150X H300mm

Internal Volume - 5L
Maximum operation pressure:5MPa

I
I
Size © 9350 X H750mm :
Liquid level - 550mm ;

LN, © 50L !
[ oo o v o
Figure 4-1 Schematic diagram of test rig
Table 4-1 Tank specification
Tank \olume 5L
Dimension Outside Diameter 150 mm x Height 320 mm
Working Pressure 0-5 MPa
Operating Pressure | 1-5 MPa ( Boil Off pressure)
Cooling Method Dipped in LN2 container
Sensors Temperature, Pressure, Hydrogen Flow rate
Port 2 ports ( hydrogen and Adsorbent)
Adsorbent Mass 0.58 kg
Auxiliary Relief Valve 0.03-5.52 MPa (Boil off pressure control valve)
Devices Safety Valve Relief Pressure 5.5 MPa
LN2 Reservoir LN2 supply to container
LN2  Con- | Dimension Outside Diameter 400 mm x Height 800 mm
tainer Sensors Pressure, Temperature, LN2 Liquid Level
Net Capacity 60 L
Baffle Plate To Control Thermal Radiation
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Table 4-1 (2% > 7 OFEiETR~T, WHIWILREY v 7 FEICKEEREZEAL X
VU RBEHEGBHI L., WMEEFROEAREKOFERBEIT L~ o —IC CRIRERLE %
HE LTz, SHICARBKROEENIZFEmL L2 —DREZITZD LD
(2 U7z, KFRIIHIE 99.999 %D b D& AV 2, ZHUI/AKFEREIHBIH CHE ST
DIREEE [AEMEE Ch 5, il & AR A U A O AW 715 E LTt % 3
P L7z, —EEBRCIIREARETPHEH CEFREFOT — X WA L CRAMZ H
L7z,

6415

PCD39C

PCD26¢

8213 .
LN ﬁ
il | L)
Il } =
86 XLI5 PR/SPH
= 8 |~ O-Ring G235 = =i
= = L]
E L7 12412XL25 PR/SPR :
b 0-Ring G365 |
o i Ju
& T N
= ! 'ﬂ'_ =N = —
TEEIR— b a
$1.6 TA! (TB4 - TES) - =
E JII L -egfi ol a1
2
raE ! alE
= &z
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¥ - i
S By A7
& o WiAE" : .18 =
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T o .
- L e .
2 ® &
§ Hematio” ; 27,80 8
g é $165.2X t5
g 5 g
g ,%
- A =
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E
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|}| I}I
$362X 11
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+ 550

Figure 4-2 Detail of the pressure and cryogenic container
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Figure 4-3 Detail of the pressure and cryogenic container top view
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Test bench
Line2: boiled off Nitrogen release=

Hydrogen
BOG pressure Flgw mgeter
control valve @ '
FM I
Line filter
<0.1ym

Safety valve ;
\ Line4: Hydrogen safety release =

gv’.a @
@ @ € Line1: Hydrogen =

= = —] E .
i % —j € Nitrogen gas
AV — AV2
sV ,L \ LN2
IN2level Tl [ o pump
sensor Vessel

LN2 container LN2 "SeOSETVOir
60L

Figure 4-5 Test system layouts

Figure 4-6 Picture of whole system setup
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Figure 4-8 Pressure tank

i FEZK SR A 1M E 10 MPa D 2 7~ > L A BUTHE 13 SUS 316L T %, HLH1d 5.6 kg.
WA EIL 5 L THERIZEVE 2 ANV CTIREFHIARE & Lz, A ENIERE ORI b i

K 5MPa CHEBRZIT-7=,
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4.3 EBRFE

4.3.1 FEBRITEOFEM

EEBAELE L TCRICAD T ERRFEN B D> TV DIEMERZH A LT,
MEFORsMESR & Table 4-2 |27 3, S HICAMEHIEN L TRy MRICT A Z & Th
IBEAZOTREEFTETFONDZ ENMBILTVD,

Table 4-2 Specification of adsorber

Adsorber Type High Surface Area Activated Carbon
(Maxsorb® MSC30)

Manufacturer Kansai Coke and Chemicals CO. Itd.

Specific surface area | 3350 M?/gac
Median particle size 76.3 um

D50

Bulk Density 0.27 ga/cm®  (0.12 at powder) 3 1
Hydrogen Adsorption Approx. 5% (77 K, 5 MPa)

Capacity

1 Known as upto 0.7 g/cm?

ERZ 7 U S R EE T2 AT A OVERERHM U 72 i 4eE1% 25 L/min
ELlce KFTARZZIE5L THVIBETDEMZ 75 150L L9 % & 25 L/min
1% 1.1 g/s (0.55 mol/s) ZHHYST %,

KRFEOLFEZ L F—LHV 12120 kIimol TH DD TH v 7 DY A X% ERE L TKFE
i ABEHRE T 5 L 132 kKW IS 3 5, BREFEM ORI 4 50 % &% & 25 L/min
13 66 kW HIRFICHY 35, Z OfEIXH R ER > 120-140 km/h SR O H 712
T 5, HEVEHOT 2 2 3 m BT 2 B 0 3OER R S IR L e v H ) %
LT LNRREMEIE D 2 L3, b RRFRIGE 5 3 mdu& e TRk o & E o
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EHRFEEZE 25 E 120-140 km/h AT A3 e E B2 72 I C & 0 8 il I RE D
BEE LT ofEE V.,

I

4.3.2 FHHIARDOEMERER

HETE O SERE) 72 5HASR O R R IEBR % S0 L 7=, Figure 4-9 ITIRIAEFZ DO L~ )L A — X
— LR EROEEOBMREZ TR, UHAERTHHEL LV A= —DOFFHIC X
BEHHZ T LTV 223, AR T Figure 4-9 @ X 912 BUWAHEANMS & 7= 08 B
DB T Figure 4-6 T/RT L 9 IAMUDEZRIZFTE N D E HEEIC K 2FHINTRAZE L &

DETeZ EPVHI LT IR L2 & & LT,
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9
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Figure 4-9 Linearity check of liquid nitrogen level censor

Figure 4-10 (Z2&E OARIRMERFERE 2 T, FEBRITIKIKRE R 2 I/MAA R ICTEHE L TR
ER—EIZ/e D ETHAIL, ZOBAKE L CRIRERORRIC L 0 IRE MK T3 58
DFFOIRE 2 FH U7, BRAE S 70 53 CTKRFEX 7 EENHBEH L CTH v R
(TC2) 1F LA LIpD D, # 7 WEROWAAMIEE (TC1) 134 7 DBE (TC3) &IiF
IZF U CIRIARERP 2L RDETIZI0OKUND EFICE EF o> TW5, £ DBIKIKE
TN 725 LIREN B LD D (230 431%) BZENETO EFIIRER (NEHT
10K HURN) Thd, ZOZ ENLIRERFOIRE LR OARITIRIKERDH DMV 128
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WTIINEL, IRIREEZENELS RDLARICRKRELSRDVATAIRS>TNDLI L%
B LTz, o THENCE T OIRESAIIET INIRIKEZ N A TWVAHRYICE
W TR ERIBE CTOEEME L THEATE 522 L 2R LT, ZRBARGHIR DA

HEYZARIT 22W  (2) TH D,

Heat leaks of LN2 container:17W

100 [ TC1: Maxsorb / 300
TC2: Tank surfacer'tc_)p :
80 \ TG4 INZ coneaies 4 250
o\'?\ 3 TC5: LN2 container bottom - _
T 60 - /9 200 <
~ LN2 leyel . _ " %
S 40 S _,_..-/ (59 502
[ Temperatgre
20 b A D T 100
O [ H N W | B g m_ B g B _B B B B _B » 50
0 50 100 150 200 250 300
Timelhr]
s | N2 |eve| e TC1 smmm—TC2 TE3 TC4 TC5

Figure 4-10 Test apparatus temperature behavior

4.3.3 WEFRIEL (7T 7) OFEEH SR

WERDT = v 7 DI2DICT 7 v (WEME) TOFRBEMLFERE E LT, %
T NT A — 5 — %258 L CRHAME O A BILR 7> & FHHIR 0 R B R0 B H il 4 2k L 7=,
Figure 4-11, Figure 4-12 (Z1Z% O — @& <7, 4-11 TITHERNIE T, 4-12 TII A A&
EHEETARLTRY, RHEFO/ IV TRER K TOFZ LR TH L, BEMAE

775 MPa THg Kifit 813 3500 L/s (312 g/s) TH 5.,
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Figure 4-11 Tank pressure during full speed charge test

Flow rate
4000 Total Hydrogen 1000
3000 ~ 18052
L~ / ] oo
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Figure 4-12 Flow rate and total amount of hydrogen during full speed charge test

4.4 EEBRER

4.4.1 P

FERAAT D12 720 FBRO BRI TH 5 BRI DOFEA T E 2 & 5 (ZIEIAW ST
TOFMME B Lo, B&HOHIKIEZBE L71- 5 2 T Table 4-3 1273 5 & Tro72,
IREBITR AR RIRE D O FIRE T, ENEFRERIL S5 MPa, AL 0.1 MPa (KX
RE) & Uiz, FEHEREOER 1T 450 Limin, FHEEE 25 Limin & LT\ 5,

FBED & 7 TIIHHEIFZE A LRARE S > A7 A T3E72 0.2 MPa LL & 72 5 1,
WL ThDH0, REBRTILEMEILO 2O M Z 0.1 MPa it & L, Zhizk s

\Y

AEIIREGRBFEST 5 L & 72 %, HEER Tl Table 4-4 (7R 5k TORERZ 1T o 72,
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FHIRCTHREMHE 21T o728 L RIEZ TTK B2 77K & HiRE TRO72SHEaD 3 7

— A REE LT,

Table 4-3 Test conditions

Evaluation Items conditions
Temperature Pressure Rate
Perfor- Charge LN2 5 MPa -
mance Temperature
Dis- LNz2Temperature 5-0.1 MPa -
charge (Isothermal)
LN2Temperature 5- 0.1 MPa -
Heat up to 300 K
Rapid Filling LN2 0.1-5 MPa 450 L/Min
Temperature
Discharge LN2 4.7-0.1 MPa 25 L/Min
Temperature
Dormancy 104 K 2.8-3,3 MPa -
Table 4-4 Discharge test
Initial Final Hydrogen Amount Hydrogen Amount
Temperature | Temperature (Measured) (Calculated)
298 K 298 K 258 L 0.84 mass% 262 L 0.47 mass%
77 K 77 K 1063 L 3.35 mass% 1048 L 3.11 mass%
77 K 298 K 1269 L 6.33 mass% 1206 L 5.35 mass%

Figure 4-13, Figure 4-14 IZZIRICB T HRE L NV T OREZEZ HZ LI2X 5T

DL D572 2 e THIE L7 R 2 w4, it it &7

13

et (L) CREIF-SVT7RE 3%E 100 % THEG L7c, 2V 7BHEE 3% & 100 % Tl

=t

TEITR RV BT ORE S R DN

BRI U

FETOMEEIZ L AFTEEOEIT R,
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Figure 4-13 Result of different charge speed at room temperature
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Result of different charge speed test at room temperature

-72 -



400 300
350
e 250
300
e { 200 ~
' 250 =
£ z
= o
< 200 1 150
..g Flow Rate (25NL/min) %
@ 150 e===Flow Rate (250NL/min) || {99 A
£
2 100 Total Flow(25NL/min) ©
L k)
) e Total Flow (250NL/min) 50 F
2 50
®
<
8 0 0
Q 0 3 6 9 12 15
Time(min)

Figure 4-15 Different discharge speed at room temperature
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Figure 4-16 Different discharge speed at room temperature

Figure 4-15, Figure 4-16 [ZHHFRF O FEGR R 2 "9, MHRFHIZIIMEDO K& 72 250
L/min OIE S CTH TR E 28 L7, Figure 4-16 (R T K D ICHREN KX
WA ISR KRR I o 2 OIRFE MK 72 0 Fit BFEE O 1R FE M 2300 R 2
L7oAER EHEE L T2, DIR D FEBR CIT AR EE 2 IR L T 2 O8I 3m/INT LTz,

BRI IX Z OEBR TCoOR AL (350 Lis) IZH_XTHo/hEWE (25L/s) T
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Tl O TRBITEMNENEEZ 61D,

4.4.2 WEADH FRHEFEER

Figure 4-17, Figure 4-18, Figure 4-19 [ZPNEBIZRAER & FRIE L 72356 O FRIEFEBR OFE
RThD, #r 7 NEHORENFIE 298 K LN T77 K (RIKZERGED TIEHH FEER
ZFEh L7z, ZAUT XD Table 4-5, Table 4-6 [ZRT L 97 H > 7 8T XA —X — %457,
IR Tl A RS FATEH R L D SN L7z, 77 K TEA L72KHE13+5.2 %% < G
B3N/, ZORKITEFORERHE THL LB bND, BERFEE 0600 L &
5 EFHEME K< A OTLUKRZOE VD,

5 1000
4 1 800
s Pressure (298K) —~
< 3 r Pressure(77K) 1 600
o @ Total Flow(298K) 5
= Total Flow (77K) z
3 2 1 400 o
3 -
@ T 200 S
1.
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0 L L Il L L 0
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Time (min)
Figure 4-17 Pressure change during charge test
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Figure 4-18 Flow rate during charge test
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Figure 4-19 Temperature change during charge test
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Figure 4-20 Slow flow rate charge test

Table 4-4 12 Z ORERMICIIT DKFBOEE ¥ 7 FREEETNRENGEFHRE LIZE

BT, S DIV AT ADOERKRITEELZET D7D 77T KIZTEB W TER T Tl
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75 8% JIE L 7= (Figure 4-20),

bolee KU AT LORTHE

BA&JESINL 480 MPa TH V, FEEFEIZ 1156 L T

(IEMEIZ1X 4.80 MPa 7> 5 0.1 MPa (K&JE) £ TOHEHY

HUFAIBER) 121156 L TH D, 7282 DOfEIT Table 4-5 TEHAE LML D HRKE WV,

Z DIRR TR % 122 RGO L) OFECIE R 05

BB L 7R S AR R AR

CTHEMA L7~ (Table 4-6 ), FF12134.93 MPa 72 @ T Table 4-5 O %1% 1140 x 4.93/5.00

=1124

<A

(L) ERDITTTH D, BERME0600 L 2 AN TEHEL-ME L EBREN &
EHICZ DA OIEMR O ERIL56 %L EkMEE L RS9,

Table 4-5 Calculated hydrogen amount
Pressure MPa 5 0.1 5 0.1
Temperature K 77 77 298 298
Tank vol-
L 5 5 5 5
ume
Bulk density g/cm?3 0.12 0.12 0.12 0.12
True density g/cm3 2.2 2.2 2.2 2.2
Activated Adsorbed mass% 54 2.2 0.5 0.0
carbon Weight of
i kg 0.581 0.581 0.581 0.581
activated carbon
Real volume 0.264 0.264 0.264 0.264
Empty space L 4,736 4,736 4,736 4,736
Compression
- 1.043 0.996 1.029 1.001
coefficient, Z
Gaseous g 71.5 1.5 18.7 0.4
Adsorbed g 31.1 13.0 2.7 0.0
Hydrogen
Total g 102.6 14.5 21.5 0.4
NL 1,140 161 238 4
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Table 4.6 Calculated amount of hydrogen 2

Pressure MPa 5 5 5 5
Tank temperature K 298 77 77 77
In tank volume L 5 5 5 5
VVolume of piping L 0.6 0.6 0.6 0.6
Total inner volume L 5.6 5.6 5.6 5.6
Adsorbed wt.% 0 3 3.4 5.6
mol/kg 0.0 14.9 16.9 27.8
Activated | Weight kg 0.581 0.581 0.581 0.581
carbon | True density g/ml 2.2 2.2 2.2 2.2
Real volume L 0.264 0.264 | 0.264| 0.264
Bulk density kg/L 0.12 0.12 0.12 0.12
Available volume L 4.736 4.736 4.736 4.736

Compression coefficient,
z

1.029 1.043 1.043 1.043

Gaseous in
- kg 0.002 0.009 0.009 0.009
p1ping
Hydro- Gaseous in
kg 0.019 0.071 0.071 0.071
gen tank
adsorbed kg 0.000 0.017 0.020 0.033
Sub Total kg 0.019 0.089 0.091 0.104
NL 208 988 1,014 1,156
Total kg 0.021 0.098 0.100 0.113
NL 234 1,089 1,114 1,256

Hydrogen Including piping Hydrogen remains inside piping

Bulk density is 0.12 kg/L

4.4.3 2EFERER

FHEHEIZ L D FREEDOEW AR L, QUEFEOHIER R 2 FREM O FRBRE %
B Z2 CTHRE LR % Figure 4-21 [Z7R 3,5 0T 936 L &9 REFBRNHE LN,
Z Ui Figure 4-20 TEHONIZFEED 81 % TH D, BENRIKERIBE THEISL

TVWIUE S SR T8O WK TEX A Z L2 L TV D, FEEHE S K E WA I IR
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FRHEN S B LTe, THUTHRBERE D R E WA TR B NENIC SR S 1L
THHEBEEED L3 FHEME T L& B BN D,

—
o
o
o

Initial conditions:

—~ [ [
= 100% of valve stroke L= | | N2 Tem
L perature of
= / Maxsorb
j 800 = Pressure: 0.1MPa
E)’ Constant stroke of valve
T ’ r operation: 3%, 100%
- / Volume Correspond to 31,400L/min
o 600 at 3%, 45 500L/min at 100%
= of 150L tank
ir 3% of valve stroke
400 |
J . .
Ko \ Filling rate
e 200
5 N
g e
O 8 2 2 1 [ 'u
0 1 2 3 4 5
Time (min)

Filling rate and hydrogen storage volume of a 5L tank dipped
in liquid nitrogen during H2 filling.

Figure 4-21 Difference of charging rate change

s

Figure 4-22 ICWAEM DA 2556 &L BEWGE O FREB O iR 2 /R4, W& I3 e HE

PR EWGEIIIRERIN B DA TRIGIC D72 7 D, FEEE R E WSS
(I FEIEREIC T ARE R @ < IR D WEM PR E LIpWedo bl b B2 b b,
PNSVTBRE AR - THRENEE 278 & HIXWOEM OGO R E L ED LRV, 10k
VERFEE(I TN A XL 7 TIE3 M T5okg THDH, BIB 5L # 2 7 Tid0.17
kg Y TH D, REBRTIINERFIHEELOK 2/3 TEBRLTWDHZ LIk b,
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Figure 4-22  Amount of charge with and without adsorber

Figure 4-23 THEEBOIRELEAZ R L TWD, 5 BT AEEITHN 80K £TFA
S TWVDEPWEMNTOREIZFEOYIZ—H 140K £ TEHA L., ZO®%BAITER
U, BREMICIE 26 K E5H- L7z,
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150 & l\VllraAbULb) TCIIlP. 800 _I
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§ 2
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Figure 4-23 Quick charge performance
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4.4.4 BT ADEL

ABEOFHY 2T AN TITRIRERZR DR RN OB T 2 L3 T 5 T ETH -7
DONEMR ABAERIELISNTE D E<EHIITE Rdnole, SMICHET 2LV AT LD
WE EAPNETRERBIZL D ET256121F

TEPEIR DIREE - FEAE +IKFE D LR =5 B
TEPER D EEL KB O BT ZE N E T 1 kikg/K, 3.45 kilkg/K TH VD,
TEMEER OB 6 kImol TH Y EEE dmol &35 &

(0.581 x 1) + (3.45 x 0.00418)) x 26 = 15.55 kJ

=6kl xd
15.5k]/6 k] = 2.58

d=258 €/ E74D EEEBRICEY V7 REREITREEZERIZHOINTND
O TR ERICFEEED 50%DBENE S L7zL 35 L 52 mol &72%, ZODi
JETOWAEWFRIL Table 45 XV 33 g 72D THI 20 WIRERHAE L TWDHEEZ BN
%, RURFHEFOWEBEZ VDI BT DR A5%OMER LoD XIThb EEZLN
%o TEVEIR OEVEREI S.Biloe © L5,

4.4.5 FrHER

THEEE 25 L /min Ot EBRAFT 572, 2Ok % Figure 4-24, 25, 26 1T, FtH
B EEE 25 Limin T 32 31212 780 L Thoto, ZD & EOH AR 74 K, SHITHK
Hafel T 5L 889 L A STz, ZAUTZOMRE CHH S R T& 5K FE# 995 L @ 89 %
THD, HDOHWIFIHEED 80 % THD, Table 4-7 |[ZEBRMELFHRMO L Z /R 3, fHi
/K 5 (995=1156-161 (0.1 MPa,77 K 7K58) Th D, it EANEA L7c DI HHIZLDIR
FEDN TR0 AE B EFRE T AEDE R T2 D LRI D, LINLR R HEE Ne L Tl
T 80 %DKFBBBVHELDITZ 7L TOEMFREENRHHILEZRL TS, 722

DOFERIT 4.8 TSOICFEMICIRETT 5,
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Table 4-7 Dynamic performance of adsorption

Condition Pressure Charged Discharged | Discharged
MPa 0.1-5MPa 5-0.1Mpa ratio %
static 1203 1101 91,5
2 | Adsorbed 0-5.6 1203
£ |at0iMpa | 2256 1061
= | and 5MPa
O 0-4.5 1151 1131 98.3
0-5.6 1205
= 77K Slow 4.83 1156 889 76.9
£ 5minutes 4.83 936
E 32minutes 4.83 780
S | 77-208K Slow 4.68 1122
Y 777k Slow 4.68 915 79

A A SEBRCIE 25 L/min C 32 e L 23 Rl RE Th o 72, (Figure 4-27)Z D] DI

AL TIX 6 K Tholz,

Do D2l —aTliE 150 L X 72 BEL TEYZFDHA1E 1200 NL /min T L

Figure 4-28 (2332l —ar bD AR T, ERREIZI 2L —Ta diiEH-> T

T= 7 — 2 L FEERIZ T 25 NL/min COF —4 (150 L 2> 7Cld 1700 NL/min FH24) ThtHL

A DT e S TOARE L BRIEND 40 HTRFEFTIZELH->TWA, EBRTIIoN

LU LB CIT BRIt &N LT,
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Figure 4-27 Discharge test result
Initial conditions:
i LN2 Temperature of
Maxsorb

Pressure: 4.7MPaG
Discharge rate: 25L/min
Correspond to 1,700L/min
of 150L tank

Figure 4-28 Simulation and test result

-83 -



4.4.6 A< —EE

Zo K FE R FRHE L OOMIORRER 2 EE ) ERAZRIE LT, #&HR% Figure 4-29
2R, 2710 5 RE T 718131301 K225 135.6 K W 544131042 K225 111.7 K

B LUim, EA1X 2.82 MPa 6 3.25 MPa ~_ R L7z, ZOfERENSRL~2 s —H

RIOHEEZAT -T2,
180 .
pressure increase 2.82-3.25 MPa/270ngl%
170 ot )
o R XXX X - 3.
160 xxxxxxxxxxxxxxxxxxgox
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< OMaxsorb =
z © F31 A
X.,150 000 AGas g
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Figure 4-29 Dormancy test result

Table 4-8 }2 O Table 4-9 T Figure 4-29 O H % ¢ L IC2ROBEREDOE( 2 FHE
L7ce 27043 T3512 KN DENRA-TEY ZOT AT LORABEITR 22 W &7
ST ESTZDHE 7O R~ —#iL0.1MPa’2»5b5MPa% C2.1 H,.35MPa
£TIX151 AL 5,

Fo—lMZE B S TUE 16.1 MPa, 30 H % HAZ &3 %1213 69.1 MPa O f Kifit &
RO T INME LTS,

-84 -



Table 4-8 Experimental result of incoming heat flow

Temperature in Initial Tml 104.2 K
Maxsorb Final Tm2 111.7 K
Temperature at tank Initial Tul 160.6 K
top Final Tu2 165.1 K
Temperature at tank Initial Tsl 114.8 K
side Final Ts2 120.9 K
Temperature tank av- Initial Tt1 130.1 K
erage Final Tt2 135.6 K
Temperature hydrogen Initial Thl 126.0 K
gas Final Th2 131.4 K
Maxsorb mass Mm 0.539 kg
Tank mass Mt 6.5 kg
Hydrogen mass Initial Mh1 292 NL
Final Mh2 320 NL
Maxsorb specific heat Cm 1 kJ/kg/K
Tank specific heat Ct 0.5 kJ/kg/K
Hydrogen specific heat Ch 0.0012825 kJ/L/K
Reaction heat of Maxsorb qr 5 kJ/mol
BOG test time t 270 min
Heat of change during the BOG test
Heat during the temperature rise of
Maxsorb Qm = Mm X Cm X (Tm2 — Tm1) | 4.04 kJ
Heat of tank during the heating up Qt = Mt x Ct X (Tec2 — Tcl) 18.09 kJ
. . Qh = Mh2 X Ch X Th2 — Mh1 x Ch
Heat of hydrogen during heating up 6.74 kJ
X Thl
Reaction heat during the desorption| Qr = ((Mh2 — Mh1) + 22.4) xqr| 6.25 kJ
Total heat during BOG test Qa=Qm+ Qt+Qh+Qr 35.12 kJ
Total heat leak Q =Qa= (t x60) x 1000 2.17 W
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Table 4-9 Estimated dormancy time

Heat leak(calculated from the changes thermal mass) 2.2 wW
Internal pressure of tank Initial pressure 2.82 MPa
Final pressure 3.25 MPa
Temperature of Maxsorb bed Initial temperature 104.2 K
Final temperature 117.7 K
Evaluation time for BOG test 4.5 hours
Increasing of pressure ratio per hour 0.096 MPa/hours
Dormancy period Pressure range
0.1 to 5SMPa 2.1 days
0.1 to 35MPa 15.1 days
Maximum  tank  pressure  for | Dormancy period
dormancy period 7 days 16.1 MPa
30 days 69.1 MPa

AED 5 L AZROWEMEREIL 2 W F2EE ThH 7273 100-200 L 7 T A DHRIKKFES 7
DFEINT2 W BRETHLDOT Y JRIEKES 7 ERIGOWEWERED 2 v 7 v AT
LEARET UL 30 DR 150 L ¥ > 7 IZB W TENAE RN 30 % TEVR ARSIZ 72
DEHE E R~ o — IR 30 5272 5 LA TE 2,

AL R~ —HRIFEFRED ULz, BILFRERICE DR EIRE THRES 50
V)= EZITRET DN TRELER D, FEH LT 5 MPa Fe85T 10 MPa U U
—7EEWVD KO BRBRENRY LEZ LD, Table 4-10 726070225 K 9 [T FeHERF D
JE/)Z5MPa U VY —7EZ 10MPa &3%5& 70 HERE, TMPaZz V) UV —7ELT 5
BETi3 26 HE & 70 D,
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Table 4-10 Dormancy estimation for practical size tank

5 L tank 150 L tank

Insulation performance 2.2 W 2.0W
Intrusion heat
Dormancy 2.1 days 69.3 days
starting 0.1 MPa
end pressure 5 MPa
5 MPa - 10 MPa 2.1 days 70.7 days
5-7 MPa 0.86 days 25.7 days

45 HERAVIVFEDFEED
4.5.1 RTBRE

5L T FHlifEREENE 150 L O X > 7 i L6 Ofs R % Table 4.11,
Table 4-12 |ZF &5, WNENIZ 0.581 kg D&M Z AdL7= 5 L Z > 7 TIENHERDKFE
Bk fld 0.104 kg TH D, ARFIEREFOIEMER ONSEEITX 012 ThHo TN IEE
0.27 O X VB IEMRZ NS Z 212k 150 L ¥ > 7 Tli/kERE R 4.254 kg
LD, ZOYA Table 4-12 12779 X 512 0.1 MPa & CThitH T & 2 &HIH A rEK
FEIZTTKHERFFOLAIX5L T0.085kg, 150 L CT3.00kg TH D, HiE (298 K) F
THNEAT D A7 A TIES5L # > 7 Ti20104kg 150L % > 7 Clx 4.24kg (2725,

Table4-11 TIE & HIZHEEDEWEMEK ZTEH L7258 ORGET bR LT %, TEMEK
wIEME L CTEEL 0.7 BEDOR Ly MRIZT 22 EB8MbNA TN D, ZO5LEIZHW
TRy, fEMTREEZ B L7, (ELMAERDS 35 %I T 22 &hmbhTn

B O TRHEICKIE LTz, KFEIPHRIL 5.22 kg (8T 5.
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Table 4-11 Hydrogen in test tank and target tank

Tank specification

Powdered | Maxsorb | Dandified AX-21

5Ltank | 150 L tank of 150 L tank
Internal volume L 5 150 150
Maxsorb mass kg 0.581 40.5 105
Apparent density g/ml 0.12 0.27 0.70
Graphite density g/ml 2.2 2.2 2.2
Gas phase volume L 4.74 131.6 102.2
Filling temperature LN2 temp. | LN2 temp. LN2 temp.
Filling pressure MPa 5.0 5.0 5.0
Gross hydrogen capacity MPa 0.104 4.254 5.219
Calculated gas phase hydrogen kg 0.071 1.986 1.544
Excess adsorption on Maxsorb wit% 5.6 5.6 3.5

Table 4-12 Tank storage performance
Initial condition Final condition 5L tanl 150 L tank
5MPa 0.1MPa kg 0.085 3.00
LN2 temeprature LN2 temperature
0.1MPa,300K kg 0.104 4.24

Minimum outlet pressure MPa 0.1 0.1

4.5.2 FeEMERE

FEHEMEREIZ DUV TRABR L7 R & FHE L0 RO 7B D Ll 2 AT WV EBR O WS & 4 3K

Dz, FER%Z Table 4-13 12k T, TTKIZE2EEZHRL L Th o< D EFRELZHAITIE

FHEEN 1156 L TH o7z, ZHUTKE U TR FERR CTi 77-298 K THHAME 1122 L TH

ST, ZOFEITIIEE: & BUHRF O FERGFOEINEEB RN -T2 Z EBNRKTH LD, £
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DEMHEMIEL THE LIy — 22 0QO TR, KHKEOEIOH» b Kt#HOIZIX
FHA E 1113 NL Th 0 FEHIE 1122 NL &3V, S HIZHHERFEO 6@ TIEEHA E
1136 NL THEH| 1156 NL £ 72 D IZIE A>TV 5, EBREFFOE S 77 K FeHE 4.83 MPa
i SEBR R 4.63 MPa & 515 & Tabled-13 D X 51272 0 EBRE L A 5 &K SO
Do ZODZ LMD 5MPa, 77 K TOARMEIOWAEREITAI 45 % T 77 K TP 0.1 MPa

TOWEEITIT o ITEWZ ERHESN D,

Table 4-13  Estimation of adsorption

Chang
Unit @ @ ©) @ Change e
Pressure MPa 4.68 4.83 0.1 0.1 -0 | @-0
Temperature K 77 7 77 7
Inner volume L 5 5 5 5
Piping volume L 0.6 0.6 0.6 0.6
Total inner volume L 5.6 5.6 5.6 5.6
Adsorption wet% 4.5 4.5 0 2.2
mol/kg 22.3 22.3 0.0 10.9
Activated weight | kg 0.581 0.581 0.581 0.581
carbon True d-ensr[y g/mi 2.2 2.2 2.2 2.2
Material vol-
L 0.264 0.264 0.264 0.264
ume
Bulk density g/ml 0.12 0.12 0.12 0.12
Gas volume L 4.736 4.736 4.736 4.736
Coefficient of pressure, z 1.040 1.041 0.996 0.996
In pipe kg 0.009 0.009 0.000 0.000
In tank kg 0.067 0.069 0.001 0.001
Adsorbed kg 0.026 0.026 0.000 0.013
Hydrogen | Total kg 0.093 0.095 0.001 0.014
NL 1,036 1,059 17 159
charged kg 0.102 0.104 0.002 0.014
NL 1,131 1,156 19 161 1113 1137
experimented NL 1122 1156
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FETITRESIERE RO 5 R OWAE B2 MG Lo, SO FEE TIXEHMEIL 5 0
(2936 NL Th o7, TNaEIFLE L FRICFHE LI-E4% Table 4-14 (2”7, WAARE
1.5 wit% TOW kI 963 NL T 0 SEERfE 936 NL LT\, fiE-> THIE S 3R OWAE

REITAY 1.5 % & HEE S D, Z VTR E THRI L 72358 OWAEREDOFI 13 T LR,
Z O F ORI FHERFO N ZRED ERIC L DV REFIORE S EH L TZDRED 5
3B DOIE TOWAERE 1.5 WOMRENOWAERL LD LZEZXOND, HARITIHE

ICRELS ER LTS5 0HTHELREATLY 257K mW, EEEDO X 7 T AETERE
Z BF D 7 DI RE TR & 3 D G B I IR S I D Z R 5 & RIRFICEAL
ADRELE FIFDUERH D,

Table 4-14 Rapid charge performance

Pressure MPa 4.83
Tank temperature K 77
Tank Volume L 5
Piping Volume L 0.6
Total Volume L 5.6
Activated Carbon Adsorbed wt.% 15
mol/kg 7.4
Weight kg 0.581
True density g/ml 2.2
Material volume L 0.264
Bulk density g/mi 0.12
Inner free volume L 4.736
Compression coefficient z 1.041
Hydrogen Gaseous in pipe kg 0.009
Gaseous in tank kg 0.069
Adsorbed kg 0.009
Total kg 0.078
NL 865
Input hydrogen kg 0.087
NL 963
Test result NL 936
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4.6 ZEBERFLD

AREBROFER L0 FEHMEGRIL S AT AREED 77 K THIUL 5 47 THI 80 %D Fetfix
AHECT & 0 HPERE BB IMNE Y 27 A3 LS THHF 80 %N K ATRE TH 5,
Dormancy HiIIEAE DIRAIKFE & o 7 W B O W EVWERE DS & FUILRIE 72 4E & 23 7] 6E
WO ZEPHERTE T, TORMBIRIRARWAE X 7 2 AT LADOFEABRBED N D)
WAMEIZ 7R oo, FHERER & EREE R IR ST 20 TAa% Y IaL—va v %2 M
WY AT LEREEED D & & HISEMERR O WM IO BT IR T 5, &« OMERE
IZOWTHIL FICEEMIC DWW TE & D,

4.6.1 FRIEREE

AEIOSZAET 543 LANIC 80 %FRHE & U5 BAFMEIL IR FTRE Td - 7o, FRHERFOIRE
FRIFYI a2 b=y 3 VTR A WEAFEEREOIREE BRI, (B LA O
BHHREIIAR+5r THEIORER TIXEERERED U3 LKE L TWRVWERZE LN
oo ZDTEOWE T AT N GNENE L T-OITII T A FRNHET o0 7
ZOHLOEFFCHBEATHILERD D, EABNSEENEMEIZMES Z & TX

O WA B AN X WAy DEIG R < 7o D & FREHE DS+ IR T X D iR
HEZEZXDBND,

AR OFEBRTITHISRMELE LT 77T K ICV AT AEGBHE THH Z L 2RHEL LT
W5, ERICEDITITRED B TREE B WMAI LK FEE IR IEKFE L FRIEL
TG BV TIRET 2 RERH D, Wih T AT LEMAIT 2 ITIIHEEA I B
RERORWREIY AT LD iAATe Dy SO mEAIT L 0ERNH L, HlEF 9%
HaBEZLLMAIVAT LEBWTHE IR LT TERVOT, ABHEIDOLEN
DD, oy B AZEZZ D & Feb ATREMED B OILIR I K O ImEE i
T52LThHD, FREMMTEBSERBOT AEEAT L0, IRIEKFEEZEDE
FEBEATDLZ L THAIE BHBRWE L FZRIELUNERH D, B LRI TITRAEA &
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BT L SRR RANT T PREL TASHREANE T L LTRSS LD T
AR SHI AT ALHAT L ENELETHDLEEADND,

4.6.2 HRHEE

e KB R EE THUE LT HINEE L D 5AF T 80 D A AR CTh o7z, 2D Z &
FEN DAL THLRBREDOBI A AIRER Z 2R L TRV HHRZ 7 VAT LORAL
DAREMEZ R L T\ D, IHIIRBSIS TH D0 b IR E % & 5 W 3 E
ENEDH D Z EBNTHIEND, BRI i CEER T IXREN ThH o7, 2
TUTRFEM &2 O T2 AT MREIIIR A KT 2 23R Z ORICIREK N T
RELSZL LW OEH A AIRRIC R o To & B2 bivd, FEEROMARE Tl
KRIBHIED 10-30 %L WD THEN L DRABE T HFONELZHRKRTE L LEZL
ND, THUTIES 2T L& Rl 72 THO Y AT AT 2 A REEZ /R L TR Y H
AT AL LTIREATH D, HURKIFEEZ T 2 72123 52000

B, BNEAV AT ANMETROEER DO L LTEERE —F—NE2 605,

Table 4-15 Summary of study

result Judgment

Storage capacity 5 kg 4.2 kg A
Volume(inner) 150 L determinate
Max pressure 35 MPa determinate

Charging speed Less than 5min More than 80% in 5min A
Discharge rate 29/s Ll & o)
Minimum pressure 0.25 Pa determinate
Dormancy More than 30 2.1 days(current) A-O

days 100 days (2 W class tank)

o : Target achievable A: Target partially achievable

Table 4-15 |2 FEBRGE B0 DIEMER 2 W28 ORI S A7 A & L To BHEfEER

DAE R LIeR 2R d, 150 L # 2 7 TR OWER 2 AN 56 1280 T
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Il B AR D B kg 1T T 4.2 kg & 7o o 7o, FRIEIRF] & | B BRI 30E AR A
ML= —blRIEEEEZZERTE DR E o7,

Table 4-16 (ZARIOEBRTHALZ 5 L OXZEREED 150 L 227 TOVEREL S %
Y, BRI I ITEVEIR DN FED BT DAV TTE MR O3 213 0.12 Th o723, 48
FET 5 150 L Z> 7 TIEIMBIANY Z4ED 0.27 Z287EL T,

Table 4-16 Storage capacity of 150L tank

Tank Inner Bulk den- Charging Discharge
i Useable hydrogen
Volume sity temperature temperature
5L 0.12g/mL 77K 298K 0.1kg
150L 0.27g/mL 77K 298K 4.2kg

47 B IRATLOEE

4.7.1 150 L Z>7HRE

FERREREDL LT IV AT LD LU TOMRRIZOWTHF & T o7, v Iab—ray
THWIEE R OMEE (B 0.3, WAEERE, 5 Wt%) TIXH AT O EEX 21T T
(PRI NS, ETITREROILRERE LT, RS 40 K D IRIIZILT 5L
Hriek Sl N4 %, ZAUTIRIR K F A TR WD ZETRIRRIZR D, ZO%E 2
JEFEA 40 K D 77 K A2 TRV~ o — W B E R TE D, MPEHSELIRPERE (W25
PEBE 77 K T 5 2°5 6.6 mass%) 248 E 7 5 & Table 4-17 D LH7RPLIZ/25, 150 L X2/ T

XA ATZF T 35 MPa (2 EfE 5L 3.5 kg DAKZNRTE CE)> > i T&% (Table 4-17
X9 strategyl), WAEHIZ ANTZHAIZIZ 77T K 5 MPaDJE ) Tk AESETHIRET I
A5 E1TT 4.2 kg OKREDATE LR FTRE THD (X1 strategy?2) , IRIAKFEZF
B CTHRERFOIRE AT 40 K & LR ET LA-SEIE 8.5 kg DK A ATEAS ]
ARETH D, FBEIEZ 40 K LLIZGA 77 K ETLMER LW Erk & L FTRE &l
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4.3Kkg L7025, EHIZZDRILZ 7 TE kg LKL WSG & E 7 —A5L LTz,

% % strategy (ZRWVTR /L~ v—HI strategy 1 TIEALHIEL, strategy 2TiE 15
H. strategy 3 TIEZN I KIEICEHIRIC/25, starategy 4 T 15 HEI3EL AR5, —
J5C strategy 5 TIEKRIRIZELS 2D, ZOINTBRAE M UIARIR R AE S 73 AT T
327 DR BN A DR THOWI TR O SR 7o & TEER IR KA DMEH TED
BR 55 Cld strategy 3 X° strategy 5 T2 LN A RETH D, —F ClRERE L X 554
(ZIZB A ZED O TR RLZENBESNDLDO TTELEIHRIR AR L £ E
THEHTHIENEEL,

Table 4-17 Storage strategy and capacity

Strategy Cooling Pressure Tempera- Hydrogen | Dormancy
method ture range charge Up to 35MPa

1 | Gasonly - 0.2-35MPa | 298k 3.5kg 0

2 | With Adsorber | Liquid ni- | 0.2-5MPa 77-298K 4.2kg 15days
Full filing trogen

3 | Same as above | Liquid 0.2-5MPa 40-298K 8.5kg < <15days
Full filing hydrogen

4 | Same as above | Liquid 0.2-5MPa 40-77K 4.3kg <15days
Full filing hydrogen

5 | Same as above | Liquid 0.2-5MPa 40-298K 5Kg > >15bdays
Partial filling hydrogen

4.7.2 REABRZ J5ETTORET

WP 150 L HEE CHigtBAGA L7223 70 MPa O &£ v 7 NEALE HENC L TR Y
2o NEAMEINDTEDITIEE HI/NIRBERLETH L E NI RBEEE R T
100L D& v 7 TORMEt &1 - 7=,

ESITHBI ORI L THD Z LT Lz, MEOBEIZEBE L NSEERD
o THEAEEITREMIRBZAE U728 THEHC KX 0 —RINTIRE D, 2 SEEITAE
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DR By, v ) BRI (MIREO/M) S RFEAIE) ICXk > TRE SRR D,
Z 7 ONEREL00 L & L THREMER (WER) ENIBEEZEZ IR L, R
BB CTONSEENRLD ZLI2L0 X0 7 NEA~FIETE DWEM OBEMRK
S ERD, ZHICKOVNEFICRETE O KRFRENRESERD Z LITR D,

Table 4-18 \CWEREN E NS BEED X 7 ~OFBERT, ZOFETEIZ L IN
HICEEOWAEMDGEDO LN TEY ., SLICHIEBENHEA THOWEEENED LR
WEWIRHETH D, KRS Y > 7 TIHEWAEM DR L L7200 Tl <WRFEM D>
SEE (ANTOEE) PDRESEETLZEDDND, PIEBENENRDZ LITX
D BFRAERED 5 HOWFED HH 2 BT D, FTo0 SBEEDOK X 22k CIIkE

RE% DS 13 % LR EDS K E N %, Figure 4-30 [Ty & & AT EIC 5 2 K&

BORE S2mxRT,

Table 4-18 Storage capacity and adsorber characteristics

Tank volume 100 100 100 100 100
Adsorber performace Wit% 5.6 5.6 5.6 8 8
Bulk density 0.12 0.27 0.7 0.7 1
Material weight kg 12 27 70 70 100
Adsorbed hydrogen kg 0.672 | 1.512 3.92 5.6 8
Hole volume L 94.5 87.7 68.2 68.2 54.5
Pressure MPa 5 5 5 5 5
Compresed hydrogen kg 1.42 1.32 1.02 1.02 0.82
Adsorption ratio 0.32 0.53 0.79 0.85 0.91
Hydrogen storage capacity kg 2.09 2.83 4.94 6.62 8.82
=Adsorbed + Compressed
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Figure 4-30 Influence of bulk density and adsorption performance

48 MHOMEBERELLIVIYI X EEORELY

ATE CIIAR & O RICA RO EBL G EICANRWHEE ThoTe NAHTIIA R T
bHoHEEL L I DEELEOTV AT LORESRLHEBENE DI RLNERFI LIz, HiE
DFEREBUIROE BRI DA I DT — 2% AV THREEFT 712,

Z vy (W)X EERE Y- OoEE (Ws) EREMOETH D,

WEALT D%E 2 7 BRITREBXERELZ) OEETH D,

Wt « St X Ws
ZZCENP), WHiT X o7 EE, Ws ¥ > 7 OFHME, StHIIEREHZYVOEETH
Do XUV DAY T2 OEBEITINHENHT D720 DM ORI TR E D, o
TR MBI CHITHENE (EE) IENHEIT 5,
Ws « P
RIEFITERIZ OGEGITIIAFED 2/3 e THIBT 5D T
St o Vt2/3

INHERET DL
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Vt o Vi x Pi/P,Vt o< 1/Dv, Vt o« 1/Aa
ThHhO, DAY= DX 7 EEE Wi, REZVIiLT5E
Wt = Wi x P/Pi'/3 x Dv=2/3 x Aa=2%/3 (1)

Wi, Vi [T ROBURS D\ NI T X o7 OE R & FFE Pi £ OFRFOFGHE
5 (P) &R d, DvidhSEE KM AaldlERERER (%) 251, ZOEAE
HWTIRIEW A & > 7 AT DOMWRRIZRT L TED/RT A= =D R0 2 ET L
7z, Figure 4-32 IZZ DR ZITo TR A ~T, HEsGiE 35 MPa Ol —ARAZE
Renw FNT=2 7 (5 kg DKFEX 7L LTVI =280L Wi =100kg &L72), SHITH 7
IXERTIE . A& K% =20 7 TS 7 NE 100 %S TSN TRV XL 7 OE &EIT
WG AN EJE R+ KFBEDOHREL TS,

Adsorber Weight reduction

<
Adsorber100kg
Adsorber 50kg Adsorber 50kg
10% adsorber Ad- 10% adsorber 5%Adsorber -
Bulk Density 1.0 Bulk Density 0.3 Bulk Density 0.3 Higher Pressure 70MPa
T - Bulk density 5%
/, \\ U ty \\‘ 126kg+ o
l‘ < //l
RT
LT LT
;;Mpa Pressure .\, SMPa gos/oMPa
10% adsorber | Qwer 10% adsorher 59% adsorber 100k Lower pressure
504 32kg 50+71kg 100+71kg Y
50L 166L 332L
.
““
o

' A Efec
Effective
------ Adsorber Performance

= Bulk density up RT
35MPa Lower pressure o
10%Adsorber 4ék X
50+ 3kg ’
S0l 2800L

Figure 4-32  Physical parameter influences to the tank size and weight
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FOESEDOINIZ T DY AR R, Zo 7 ORI RT I3 RE LT ISR To
Mz, MPa ZoRIIMEMES1Z27R, Y%F R ITBR AR OWAERE 2Rl TWD, IRICH
I NOWFERIO T F(xx kg)es 7 DE (Y kg)Z xx kg + yy kg EWIHIETRL TV,
B FBIZIIZ LV DOEREE R LTS (L) o X073 AT L0 B AR IR A Al O W e
D T3GEEINER DN R DK EL N CIZIZE TN E M B OIS ET > 7 LW 5
REIA]_ LSRN DD, FHIWAEM DINSEE % LT HZE TR 7 OEE Kbz
WOEDLID, > T/NURBEOZ 72 BIE T 58 I8\ TRn S8 OW S Al LR E
L TORE MR RKERE THD,

49 #MHOREBRLEEH

AW TR F % I K B RFRES AT L0 FTREME L BRI DSl 272 o 7, APRHRREDS
BRI KRELE DLW EEREN LN EL I 5T, ORI REL EICBURO E
JEX 0% BRIDH VAT NSRS D20 O EF B %% CC Table 4-19 12”3, 4
% OMEHESFE L TIE A2 IR L2,

BZFEUTUI) BREBEIEN 70 MPa X 7% EEb5, 2) RIET HATREMEOH W ELEE
Pz RET 5, SHIZHR R AARDOMICE E AR A EIZE T ALV A= % BV T
FETEHIOITUT, Table 4-19 (ZHPEHD RAERFMEAE & 7 0 7 DR E S &R, WASHED
7 % THIEEN 0.7 B HMENHIUT 5 kg DKFEEITHATRE L & v 7 OFFEIL
84 L RE LD Z LI TE 5, ZOBFIFHRAEERMEI LI L LTS 70
MPa % > 7 (2T Hop/h S SR RIAENR D,

IS OETD S BERICIEMER TII & ERE 3000 cm?/g AEM STV D, 51T
Z DIEVER 2 JEME LT 0.7 BREDNSEET HHINTER SN TWND, ZDHEDH
Y7 DNKFFEIL 188 L FRE L 70 5, WAEREDS 6 YFEE CIEXN A AIHE &S 83 kg THFEIL

120 L & 72D, WAEREMN 7 WiEK T ILIEWEAIEEIL 59 kg THRFEIZ 84 L £ 725,
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B Y v 7 TR IWEWEE S L EE T d V) BT EVE OJF S A% 10 mm DA 121% 155 L
LD, BT EWT-TAREE D H D8PS LT MOF (Metal Organic Framework) <%
F 74 MUOIEHERNE 2 b, SHORBIEEFEIND, BRBY 7 Da R M
HOLOREBREFRE L TH =R T 7 A N=0H ) MEEIIAR & ENTIRT LB
HOTHE LD/ B2 L3 Z v 7 VAT AOR 2 A MEDATEEER &L 725 2
EERLTVWDIOTEETHD,

Table 4-19 Adsorber target and tank size estimation

5kg H2 storage State of Intermediate Final
the art
Weight Capacity wit% 4 6 .
(Excess Adsorption)
\Volumetric Capacity 35 50 >56
Surface area ma/g 3000 4500 6000
Enthalpy kJ/mol -4 -7 -10
Bulk Density g/ml 0.7 0.7 >0.7
Cyclic durability cycle >1000 >10000
Adsorber weight kg 125 83 59
Tank Volume L 188 120 84
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5.1 #&

KRR B K E RS AT 2L U TEMERICEDIRIE WA M & T2V AT L0
AT T, B VMEREDI D CAKFBIPEEIIZ 7 DO A XL D05 5 BEETHD 5 kg 1
BUEOMENCIIAR 153 Tdhd, FRIAHHE X B AL 5 I8 5 43 5 kg, ittt 2 gls D3
BLRTREMED D LM C& 5, FREEEICE L TIXFRERFOBRB B F IOV TIARMSET
IRF53 CEBRDEF LI TH D,

A BIORFFEAE RO B B S 242 R LT, ORI MBS SR
T IR B P DEBNARE T LI AR LT, MEEL TUL@EmNIEET 7-8%D
WA REDNHIUE T T N K BT L 7V AT AORERE N ATRETHY . WEHE V=
HTJE AT DT HEH A EL THE THD,

IR 2 T2 KBRS AT AT w87 R CTIRa 2 T2 100 L LA F T
WD EIETH D 5 kg DARKRATENFIRERZ 7 DHETE LT LAR LT, £
RIKKFEH I DV AT M LT R~ =R BEND RSN D, Ll
NS ERRA T D OIIIMEE L CBIEDOTEM R 2 K& B DMEDSLEET
FRCELEREE CRNSEEOMEINEETH D, —H TAMATIITE oo 2B
BRI N AR R INDIVER D D,

52 S#%DAM

PEAARIR IR 75 % FI| I LT R 72 K R RTIR A o 7\ DWW TR A FE 23 e o Tz, R
WFEETCIC AR DS 7 DRTREMEEBIFE D I IS DN TR D,

5 D EIEAL D FTREPEIC DUV TR LTz, IRIARIK 32 L 7 CIIIRIAR IR 38 DZRFEIE BN/ )N
S0 3 EH AN 24K 2D D TH 7 Dfi I I REIR FE AN RZE PR 70 D0 TE-TH U 71T1
REFOWEVERRDS LI TH D, £ D7) B 22 BB C g SR A L & D72 super
insulation ZF] 1 L CX7=, Super insulation |3 E% 22 H1 28 & O S W BV 2 A AL 728D & 2
MHETHY, OB 222 B WM D720 1A PE TRRICHLA A TRALETHY, £
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R DE 225 | XN MELTH -7, Figure 4-33 ([ZHIRI 2RI K SBZ A L 7V AT I
Y IR E TOWES L 2 I RE @72 AT LEIR> TV D, ZAIUZIEL TIRIR
O TR B PH 28 A AL D 7o oD FEHEL R0 B 2 il B SR E 94U AR AV A7 iz
IR~ =3 ALT D ATRENED D, £ DL A I @l TRV 2T Ll ]
LTH IV AT DS CED R D,

BT EE Y 2272 2 LA FN DAL TUND, TEMEIS MOF b BIE~F  /kg THY 40-50
kel FHL72E L CTOM BB L CTHIIED X U VTR DERIBIZZAN T D, AW TR
IR — =AW DN RV R TH L BRI B LI B DR TED LRSI
DTEEREL T TNV TR AT LD AR HD,

VL FaFE DR AE R 2 NS RTAS L 7L AT BT 5 E N OIS BRI 3
JRIRBDTHER DA K FEZ 75 Figure 4-33 & — A LT X 7HE1E)5 Figure 5-2
(ORTIORIEA AN D Z 7R R TEL RN DD, TSI RiEZR =2 A ME %
MHZENTELAREMNHHEE 25, Table 5- 1 IZZEDHMEFEEDT,

Table 5-1 Future low-cost cryo-hydrogen storage tank

Tank system Liquid hydrogen Cryo-adsorption Influence
Insulation Vacuum complex | High insulation plas- Low cost
(Super insulation) tic form Easy production

Inner Tank Stainless steel Aluminum alloy Low cost
Or plastic Low weight

Outer Tank Stainless steel Plastic Low cost
Right weight

Inner Tank Support | Stainless wire sup- Plastic form Low cost

port
Heat Converter Gas to gas convert- | Less or electric heat- Low cost
er er

it P BE S P 03 TR 03 % O C il 5 7 Wr B ) 2 1 X S8 Ve At IR 2 F CE D TREME D B D,
AR AMUB LA PEME W) LIS D73, FIZZAUIZOBINE TS 7% XA DT L]

BEIZZR2V Y IR =R AT LD FEIEIZDRT HND, AT —H L TIIAT VAN T VIUT
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I NS TR LS T RE T Do SHICEAZHAZR ITBE L3 20l G I e — 2 —

(CEESHXDZENRETH D, U LI RIFMKaAMEPAEEMED B G AL TE L]

REPED DD,

TZIZLA T OMFZE TIERERDOHAR K FEFE TOERD TETWRWZD IR LR AEF O

AN COBIGE DRSO EVIR I CTOZEHIES Leiden  Frost IR SN ZHZEN TS

NBDT, AR FEIRE TORBE B ORI ERS LI TH,

Outer tank

Inner tank

Coupling (Johnston-Cox)
Heater

Heat exchanger

Cooling water pump
Cryogenic filling valve

NoOoUAEWN=

10  Shut-off valve
11 Boil-off valve

13 Boil-off system

14 Support post

15 Liquid level sensor
16  Rupture disk

Figure 5-1 Liquide hydrogen tank dystem
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