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Global renewable energy consumption, terawatt-hours

Total renewable energy consumption over the long-term, measured in terawatt-hours (TWh) per year. Traditional
biofuels refer to the consumption of fuelwood, forestry products, animal and agricultural wastes. Other
renewables
(modern biofuels,

16,000 TWh geothermal,

L wave & tidal)

14,000 TWh
—— Hydropower
12,000 TWh

10,000 TWh
8,000 TWh

6,000 TWh

Traditional
biofuels

4,000 TWh

2,000 TWh

TWh
1965 1970

1980 1990 2000 2010 2016

Source: Global Energy Production by Source - Vaclav Smil (2017) & BP Statistics, BP Statistical Review of Global Energy
OurWorldInData.org/renewables « CC BY

18 1.14. ~16d 7= AlA AU A A8 AR (https://ourworldindata.org)
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B Grid Feed-In Bl Purchased Electricity [l PV Self-Consumption

300

250

200

150

Power in kW

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Time of Day

- ek AAAUIA EFE AAIIA A gAel Qo] Ake] WAo]m
(e}

2 o A7 BskE 98] w=A AT} Hojok dhi Ay %Y

ATHAEMILHR] HE .
) Fuel Cell
e Sy v

Variable renewable energy Electrolyser Storage

a9 1.16. 3F F£4 2efy £ g8 def
(National Hydrogen Roadmap, 2018, www.csiro.au)
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Hydrogen) A4t 7|&=2 &5+

(W2 A Photolytic Process) Hlo x| & ﬂ%é}@] 29 BEs= Ao
AAATAE WS 5 Jou, o] AqtdAel o, iy o=z 3 #7|3s}tet
18- (Photoelectrochemical), 32 & (Photo Fermentatlon) T4 Fo] AL
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= ey W USIHSE0H B SolSt AXfE MESIA
‘R“’_‘:;%m’ ‘f%%agy“’ e s ngn
o ANEe] B
- FAE AastE 719 HE AEFHE HA 44 (Green Hydrogen)o| B2 =
A A&z A F9 5o TR Folel A Fasheh AABALIAF vhge
2 g4 ZAY W3 74 S Ve AdS AESHL U
- 28y d A tEF e A s ZIsEe] oAX7F Bol de] |
= o|X] = (US Department of Energy)oll A= ~20d o] % 282 ZAO =& 4
=3 v 9ls
NEAR-TERM MID-TERM LONG-TERM
Biomass Biomass High-temp
Coal Bio-Derived  Gasification  Gasification Water Tgerma- Biological
Gasification Liguids (No Carbon (with Carbon Elecirolysis  chemical
{No Carbon Caplure) Reforming Capiure) Capture) (Solar) fs O ﬁ 0
=l= @0 a0 @0 00 ® o0
1
: 1 I 1 1% 1
g | 1 | |
Coal Water High-Temp Photo-
Gasification Electrolysis Water electro-
(Carbon Capturs) (Wind) Electrolysis chemical
o0 o o0& 00
Water Bio-Derived
=l Natural Gas Elgclrolysis _Liquids Gray text = Reduces GHG impact
3 Reforming (Grid) Reforming Green fext = Significantly reduces GHG Impact
E Q}O f»@ @@ @ - Feedsiock Source
© @ =Energy Source
< IR

a9 2.3, A

AR 7 E 2E

(Hydrogen Production Overview of Technology Options, FreedomCar & Fuel partnership)
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Z50) AATFAE 72 (700~1000 THoA] Bastozn 429} o)xks}
X 2 duty oz 2ukA o] spshikgo o3| A

3H> (Nl), CO + H,O <« H, + CO» (CU)

LF T4 s A Y R ot
= S8l el 7P BAA A A
Z7) v (Ni, Cw)slell %27 700~1000C, 43 3~25 bar H$ 9]
foll Wh-go] FAH. 53] 2k 2312 wl§- s 700T olatel A= 5
FAEFo] 60% ©]atE FHAaw7] Wi 2[R E Fa% 7€ a9,

|
o
£
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+
&
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;
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-0,
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)
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2 K
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B
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olo
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I
o i
mE

- (F&7] 7)) = VK 72 53, Radiant wall, Top—fired, Bottom—fired,
Terrace wall 5°] I

* A. Karyagina, Haldor Topsoe Flexible Solutions for Hydrogen Production for Refineries (2015)

- (1™ @A) a7 240049k Zo] oA 23l ] £ 80%E
94 g }lo] FaAbeat sollA &8-S fsiAs e BA 7o) lojof &

- (=4 B st | Vleolnr A FH| A3
2A o] RO, Fa9] £ T Aol
AN S F=719 JEdls Agdess Cost w4as Wy wedosA 5
2 ARRE E8Y < e w7 A Aike] The Rk Zls i S Al
* Palladium—Al2}e] =o] HEHJl oy, AAGo| a7 diEd M= = ALS AA

- (A} &) =l SKARll 70,000 Nm*hie] 74 s]o] 9lom, b gk weha]
37t 7 g

1o

PN

jui)

)

1

e

N

i

e Mo

100

80

60

40

Dry gas composition, %

20

0 | 1 | 1 |
400 500 600 700 800 900 1000

Reformer outlet temperature, °C

a9 24, FETA AP 2R mE A Y] (e ~9e 25, ¢ 26
barZ7, Large—Scale Hydrogen Production, TOPSOE technologies)

_38_



=
N
0
N
>
ol
nE
ot
ox
HIr
1x

O (MErtol@ul s Thagh) FE MRS Agek 97t dRRoE Ak 2 2
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Cooling &
Gasification Cleaning Shifting Purifying
i P
L)

=l Sriiry SroiesiFalion
& Particudates

0% 25 Ae bast 3 RAE
(Facts Sheet, The Gasfication Process, www.mwcog.org)

Me7tastE A v o]ilslea wiEsE A 7to] 7he s A et vl

#Fol7] wjioll AA7tE A nlgjA AZFFo] Atk W3 A H o]

Tk 5348 o] mE v a8 o AVt FE T4

o] BEF. welA FaArtolehs SHola wrhs e v

* AA7IAE FF FAFY &40 80% oAU v Hert2d= 70% v

* JGCC 2] wet SOx¢ NOx, 223l | A|HA] Foko] g 2] 7hsstr
Hoz FFArA AdrtaE dA” F$-

- (714 WEFA) ovl 1900d ol AREE Ve VsA ATt 7] Wil
AA7)E I Bk AAAd SR SHA kAl . vl DOESA = 9]
2k Wk o g 3714 A AtEoF Z+ZF Air Separation, Engineering
Design, System IntegrationE A| A3+l

o
=
* Ao F4o ALE FYSY AL T dA 71 dE H2HE &7
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L
2 fol
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¥ 2.1, IGCC &rAurAle] vl 2 CO2A47ZeF vl (A A=A A 2018)

o HE2 71€ ety IGCC
'H’E 300 . 1 300 200 . 600 03 Coal ‘\le'ex1zed coal combustion
£ “\g PFRC
g (%) 36~38 40~46 g R
- £ 01 \"“\‘MCFC
SOx HH = ( %) 100 1~5 é | Natural gas Combined:?yde
- 7]
NOx Hl= (%) 100 17~32 E
% M Combmed Cycle
=7 W= (%) 100 2 g ) MCEC
a2 H7E wE 100 50~95 N ‘ J , \ ‘
") a0 50 o
CO2 HH% (%) 100 95 Power generation efficiency(%)
o (AAAAIA] &8 Hal) =5 o]&ete] =& a9 AR A7 EAFTe
24 s Arte, 25 A7IEsE] HeiMs dr)sehA o v dYol F
HAelg Adsown B A7 R

- (3}8Rkg) 279 A=A 242y gsknkg-o] WA
- Cathode : 2H,0 (L) + 2¢~ — H, (g) + 20H™ (aq)
- Anode : @ 20H™ (aq) — 1/20.(g) + H,O (L) + 2e”
- Net @ 2H,O (L) — Hy (g) + 1/20,(g)

- (rgEA) dutF o7 a9 269 AHH o]EH o 2= 1.2 volt7) hE Y A
Ax o 7= dduk-go] WA E = 1.5 volt o]4e] Ay dr|e 558 93t
A2 (duta o2 KOH 5 AFE) 557 878, &5 5 o]24 0 =2 1.5 volt
o] ol A Z o] glofof ahut, W& FAIE Qlete] 70TCol ol &9
o Hojof a1 g&0] U= HoE A

- (184 W) 78 B Fao] A Fuleh) Aol 2rEH, of
AL en Ay 5, AT B3, 17149
o I A ol ) &
TR Ao R Qg |
a EeAs gonw AAH &,

* AYH7F 4 B Aol A4 barrierE 2§
* AAPANAA] o] @ FE HAHH o7 Ho] AT
T4 1 kg S A8l 875 AFL o] FA A 35.14 kWhe|u, @A dwtao
2 Y 80% WYY EE&S RAFL YT
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| , DC Power
== .
bl [ SO o 'S X
b = Hydrogen - 18 ] Exothomic Reaction
> 4 Thermoneutral Voltage
= L6+ /
=2 7 -,
: =
" g 14 / % //// //’/f//
' g 124 // Endothemic Reaction
1 =] d
1 < 104
0 + H° ke 7
o - %0, 2 g2 08-
0 1 00 = 6] Equilibrium Voltage
o OH '+ OH ©° -
O« — ] «—— ©Q E 0.4 y P
1 % 8 1 H, Generation Impossible
H20 : H:0 0.2 -
— ! . ]
O@ [ e>) 0.0 - : : : i
L}
Q@ @ 0 200 400 600
. Temperature ("C)
Diaphragm

a9 2.6, &4 Ao FANE S A€y 2= =21 B
(Hydrogen Generation by Water Electrolysis, Youssef N. and Amal, A., 2018,
http://dx.doi.org/10.5772/intechopen.76814)

J‘é) fra (=29 o])ollA 19273d & 4 AL 8] A
o AT7F Ha=o] AHAJA 9 a5 A 4

o1, A FUHA Q] AR A= A ES A]2~H (PEM electrolyzer, Solid
g =7} 2o g WEkd S A A

- PEM (Protons Exchange Membrane) electrolyzer : ¥=roll A AL = A4
ol mE AFALS =017 A8 o]=ustuts &8sl S AgE =2

oxide electrolyzer)ﬂﬁi AE35to], A28 g8

A

- Solid oxide electrolyzer : 112(800~1000C)ol A &7E& sl AHALAEHS
AT £ JYES 1y AR AT Mdos a8 oF 929744 F7HA]
A 4 9= HAoew dHF

— (4 38t FA) 257 2000C ool 4] EE837}F WAL 7] A2t o] o]

galA] Fag AdeE FH O m0S A 84714 s R Sa A
B9 ewZE 96 159 HIdne o8
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2700 + 2H,
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€ e zinc
reacts with

dissociates into
zing and oxygen

2n+0,

£ The pawder

Solar Reactor
heated to about 1,900°C

Zinc oxide recyched o process

One closed chemical cycle uses zinc oxida and solar ensrgy fo make hydrogen.

(Hydrogen Production Overview of Technology Options, FreedomCar & Fuel partnership)
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10° 4 L :
A~ Tiont ;
H metal e Liquid metal
b
108 - —--- s S
= o
s 4 ¢
= 10 —
: H g
E 10"
o, Critical point
0 | H
" H; liquid
2 | solid I Iriple point H !
W / gas |
10" 10! 10 RT 10° 10* 10° 10°

Temperature (K)

a9 2.8, Fa £ESE GEo] mE e tholob1d
(Hydrogen Storage, Dlstrlbutlon and Cleaning, Aroorv Gupta, SWEDEN, 2017)

- (B84 4 A% B2 gadoz ugh FAVAAA, AA| Aol s
9% WS FEATE 1Y ol AR slgoln], A $aRgIEe
AR 7= N Foln, AR FE7bA A E I s

- (&A & A W) gadom S5578E A
AG7|wo] o, i FE57skE A4 WA e deskE

Pl A=

o
1o
Sl

Qholl A t=5ste] B
QA 2ol A At Aol A
7K (—1967C)¢] #]L-0) A

oo
[-40
ﬂ

~ & WA A AL AEEE FAT Yelm, H2 MEXP R
A

* 700~800bar ¢+ WA AR T2 FAVS A HF/ABG x| F AA FAE HA
& 7H4
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TL
ki

|
o= N am=a= I o ‘
(compressed) (Cryo-compressad) (Liquid)

oI A
Sl0I=2I0IE = =

(Metal-Hydrida) iF¥storming)

- S AEA} Hopol A AAYEAZE AN xFsHe] 44 B S
AAE vhE e B $2448 TS 98 91 O 28 THsd A6
* -9 IS0 11439, v]=F ANSI/AGA HGV2, olo]&& = Rejjikijun Betten, 5 TUV, ¥4 KHKS
* UN SAE J25792] XA w2 AA FLrAFA2= g 74 .4 5 73 4%
- (843) 4 Asak o 485 8 =2 /M= AS. A 350 barell ]3]
A 71%0] 700 bare] oz A3t o] s 4 7A| 457
T4 AsAb 24 2 AdEjl A B etar 917 wiie . 2Ev E 7]
42 1094 bar7hA = @48kl Aab agt A7lEHo R BAskaL ol
Kol ol Tl 211004417 800 bar ol o] agkalel g 45
WREE A Gaet fAE oA dE §A7F Fse]
2.112 )71 sholl HA| 29 vl AH-$- 1,000 baro]de] 1y ¢Fo] adio
Ag v g
x ARE 37019 $£2AFH I 700 bardE=E B39 6.3 kg &2 A%
- (O1€4 @A) 2% 211604 BelFe AAY 1A FEAF] S Fael %
& oA e B W A WER lste] iAo Hu oA
sl von, o= Ry WelM B & A, ool #S ofng

* A 1120 MI/kg, 7F&9 145 MJ/kg
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Seamless thin wall
aluminum liner

High Strength Carbon Fiber/
Epoxy Resin overwrap

1 2.10. 4 aekekE: A 87
(Report on Hydrogen Storage and Applications Other Than Transportation)

10,0 7

8,0 H“‘—-—._ﬁ_
= PSP LV =
E N
a N liguid hydrogen
= 60
z x) Sl ot uE '
= - =
g I " A

A

> 40 critical Y
g point compressed hydrogen /
=
w

+ /’/

_..---"""F'-‘ L4
0.0
0.1 1,0 10,0 60 MP 1nn a
{800 bar)
Pressure [MPa]
Diesel, liquid ]

Gasoline, liquid |

Propane, liquid |

Methane, liquid _

Methanol, liquid _
Hydrogen, liquid _
Methane, 700 atm |

Methane, 350 atm |
Hydrogen, 700 atm |

Hydrogen, 350 atm _

Lithium ion battery |

Lead acid battery _

a9 2.11. AA

5000 10000 15000 20000 25000 30000 35000

Volumetric energy den

FAaet 1ok k= 714
(¥ : Report on Hydrogen Storage and Applications Other Than Transportatlon)
(o} : Hydrogen Storage, Distribution and Cleaning, Aroorv Gupta, SWEDEN, 2017)
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- (714 W) v= DOEOIAM & 4 A s 70 kg/m’oll =4S 9
7)1 WEd S AAEFS oL 7}*0‘ =AY 7E2E Ad B A
(2F 20,000 baro]’de] &49). webA o] 7 74 A AdS 3 4=
A 7eR 572 5 e, dA Xi%%ﬂﬂ St A How 2HS
o e Q&
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2.8, 2.112 o3 ¥HAE BT, AEA o R il dHt 247
=7 Fasks AL ol welM d&A7beAol (e

- A A AEE 9F 70.85 kg/mPolH, A DACNA A Fa A&

S A4 Foll glont, AAA o daE s 2 EE ojuX] $5)
of o 7kx] AEME Foll Ae
oA e AR AT oUA MAE TF 21204 4Y AF 1 ke A3}

FolA= a7 7HA AL Qe dUA] HEE HolA 8T HER YA eR
A7F §ls W I
- (833 Aol 875 ovA e P drS AL, I8 212004 &
T AAH JoHom T a3 HAA7]7] 9 W2ha) dslrha] o] Wzt
285 E oAUX7F Auid oz F7] "] FavF 7HAA e Ay A
40—45%7HA] =45 = TF2Y
Fadux] Ao}t AstE gk OHLW AEE vudt A9 d 725 Al
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al 4uf o]do] oS UdHF
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2 FEA ATHT 98
BOG €41 WAE 9% BOG7k=9] 34 SatE AAY 5o A%g A7)

:

.
ut

3}
Vg e AshEel LTHE UX FES 42D F i 18
o

150

100

Energy Consumption (MJ/kg H2)

2]
o

T T T ]
1 10 100 1000 10000
Hydrogen Liquefaction Plant Capacity (kg/h)

a% 212, 93} 4 FAH T A= YA o=
(Hydrogen Storage, Distribution and Cleaning, Aroorv Gupta, SWEDEN, 2017)

(LOHC, Liquid Organic Hydrogen Carrier) 9-f-7]3}3HeS 8--8-3)
etal, Hto] S AH FAaE AEshs Ao= T2 HAIFH
383} (benzene(CsHg) —cyclohexane (CgHiz), toluene(C;Hg) —methylcyclohexane
(C/Hia), naphthalene(CyoHs) —decalin(CyoHys) N—ethylcarbazole (CisHisN), methyl—

cyclohexane (MCH) &°] A5

AWEA 0 7 M7 F A A= 200C W] arLolx] Fujuh-g-o

LOHZ ®ISAI 5 A% 37b4] 29k 5= 300C 9] o] a0 A Zuj
H et o

s F s A BAstal fUEg e A2Ee sk A"
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bR o] o, A7 BakdlA £4do] flan, AFUETE 12 ARl e
- 300~350C 9] 227} ¢4 AAAS glal] Bastuz ofF 30%2] T4 &40

5 = @)
T 5 Ye

Hydrogen

H, isreleased Dehydrogenation

using heat (endothermic, low p, high T)
Compound
.~ ableto bind H,
Loaded LOHC Y hé
compound - - Unloaded LOHC

2  carryingH, '

H, is binded Hydrogenation
which releases (exothermic, high p, lower T)
heat

- 100%
Hydrogen

a9 2.13. LOHCS] dxt4Ql 7ide
(LOHC—concep evaluation and technoeconomics, Hurskainen, M.&Karki J., 2018)

0 (FEFATE AY) FHES T, WS T2/ A% WA F5752)
BOMHI)S JYTORA $28 AFsa U4 T7L B9 248 AYE3
 FRAPYHOR s A3 FA GO T

- 324 o= Mg—M (M = Li, Cu, LaNi5, etc), M—B (M = Li, Mg, Ca, etc; |, LiBH,,

Ca(BHy)z, % Mg(BHy)z), Ti—-M (M = Fe, Mn)& EFeF thefgh 4 5ol 7
- Li, B, Na, Mg, Al 5& F% eloz A7 4. Bl5 Fe, Mnoll gk A

Fe ATl FAE &A BHohe 7HE A 9FE I RR FU]ER

& 23 7719 w5 daE dde R ] wael
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B3 24

~

- dukH o ® 4 3kg A FASH FHE Hlashd, F 2.20] vEhd A E
TETFE AGS FAS A Falol A fatA] Al R 'H o] Bgekg 1l
T BT kAT kA @ TEE oA S mElehd, AAA WA &
FTaAE B &40 AR
F 2.2, w5 Askea AR vl

qUuA A% d= 3 kg AZA] 10 kg A7

MJ/kg MJ/L kg L kg

L

N5l 12 120 8.5 3 42.3 10

1

41

FeTiH 1.80 3 200 384 665

2

80

MgH?2 8.73 7.85 41.3 46 138

1

53

- (8%} gks) dnkAQl
- M+nH2 — M—H2n + Heat (absorption reaction)
- M—H2n + Heat — M+nH2(desorption reaction)

4= PP =P gl A2~ 2 E5le
o (M) 19 2.14+= "]= DOECA AT stetanst= ()3 55543t
a] « = ) Q- [e) =
WA dEel F4 A Ais A8 a7 s 2k 2315 Holw
=1 I s o2~ 2= OO0 o)F X~ o
- oy A "WEHANA 55 T3 78S & F Jo, duH e
[eJNe) = = E o =
& ALIE A 2 59 A7) %LEJ 8 e A A 2
=~ SO A+ O B _Q. 5l 2= ©o
Blate Bl Zaaise s ety sgon’ 2gan’ 1gem’ 07gan’
16 Material capacity DADB?cmAE(NH BH,) BaReH, u i
A7 i : i Mg,FeH,
14 ;Sl:::“er:f:?!s |chermc | hydride: | " -<‘:::K-M b0k 1 b
) Ma(BH)(NH, i H,
- Ultimate £ 0 [300K 2bx “OMKQ";.\M chemisorbed
g 12 ABIIL (20% bmCi) Ji(As) Mg(BH,), i ;0"2'1 5 bar (] \ [ ZTTTER oﬂtarbog
o AB+AF(le-CEIMg(BH,),(NH; AIBHy, B Fy L 1
H - Lensg) @ ABiokic liq.  gGIBH,),(NH;), M : % MgNH N CH, 8, 1,
z AB,C;,p. AlH, ca(BH,), B 8 550K, 4 bar 7K.
8 L) ! LiBiy/cA 4w H
2 81 MPKIPI6 — =il "‘B-::'HN MgH, I]NWUNH T '0305 = 203K *
2 FCNS_ BI/AT/PS soll Caasy, N9 n S ! 2 ¥ o0 ¥ Ty H,
I I:'S?K)QZ) 2 Ll,Am..ug(:u:jf ipmmgmmﬁ“"i ¥ 5000 ey physisorbed
° PCN-12 SoIE Ca(BH,),/2LiBH, § 000 e on carbon
E . Samu“—d v Liq AB:Ma AIE LINHMgH MgLi-8-N-H 0 F 'UEO".h
LiMn(BH), B Nebn(EH), A 800 e -
° E‘l’% 74 bmm::;"cmo J- AN ® HaSHAA w0 b 500 = kfr e o ::e o)
2D escy Csc, o | THMOR M-doped%‘;{a“) e 208 P r:“ﬂ!l
Bridged caAX21% S1238F8 AC(AX-21) 0 L I 130, L
04 ; i s + + + 0 5 10 15 20 bi3
200 100 0 100 200 300 400
H, sorption temperature|(°C) Temperaturé for °b5°r'ff{'_"}f_‘ilf_“~sf_(_°9 _______ G H Iy
LA /R A} 2= Sl E o =1 1
OF 214, S5/ FaEEY A W vl
(Hydrogen Storage, Distribution and Cleaning, Aroorv Gupta, SWEDEN, 2017)
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(Austrailia® s National Hydrogen Roadmap: Storage & Transport, 2018)
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a7 2.16. rHW 4 ol el
(Hydrogen Transport and Distribution, Weber, M. and Perrin, J. 2008)

~ (FRP Sfol) 74 sfolejele] nla] Ad A Hlgo] F7). FRP o]

of #2 T Y& s 2835, oF 70 bar (A R A=l w250

bar)7HA] &84 + S+
- (AA7ks E37D) o] W2 V€ HATEs ol Zeilel| 4s ek B
ojLt, AA| 4 FF 10-15% W= ASHE 7] wjiol] A A
HAl B2 | A S e EAlE sl ddloF §

o (5B EfYdE) 200 =& 300 barz ¢4=/AAH 542878 EYAZ &4

e AoR ANbH o R 200 kmo| WS
* A 500 bardE °)E 71X 7+ (9= DOE)
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Volume Distrib. Distrib. Cost Cost point Constraints

capacity OPEX CAPEX upstream of use
! 1 |

Dense H2 consumpticn e.g.
chemical industry clusters

Only small quantities - limited

Cylind
e distances

Tube Trailers Mid Limited quantities

Liquefaction capacities limited

Liquid Trailers High - Low Variable

I 2.17. ofF WA e vl B Y= hd ek
(Hydrogen Storage & Distribution in a Power to H2 context, Air Liquide)

>

% N 2w Ao A o] H|ES 1HFS v, FHEY LR =&
] W7 166,330 km %49 45 2.337 0.92 $/ton/kmO]

=1 o
— = T
F 28w Aor F4sto] &0t Fa nlus 49 2.5 2]zt wAia)

ol
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2 2.18. HEAolA Aord =4 A AN F x5 A N
(Hydrogen Transport and Distribution, Weber, M. and Perrin, J. 2008)

- (AFTF) Yo Aol YHH BEE o] S 4G P4

T

Current
Hydrogen
Storage
Technology

Salt

a9 2.19. ASHAE WAl 2 e
(Global CCS Institute, Underground Gas Storage, https://hub.globalccsinstitute.com)
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System ‘ - M i

Central
power o = 1
plant controls - plants
Geothermal
plants

I 2.20. AN AAE A FEAlLE stolBYE A

T i 71
(Cities, towns & renewable energy)

— (BAY] 42 820249 oUx] Al2H) 18 221% A LR 9}

UAE Bgoke B4 A0S HolFa L Ued FaduAe 58

= =
T Ao, AR T RN i AEA, 2 2%
ehL A9 R W A AEe BB ) BelE
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storage

Hybrid building

Hydrogen
network

—— ' T — buildi
Etectrmty gnd I L District heating
]
Stand alone
building

19 2.21. Danish Atoll A A AlgF 72~ A|E] H2PIAS] Z14)

- (AEAXA]) o]u] 20000t ZWF 483} 7]E2A] NEE AR F 471K F57F
o] Ag AR 7} JfitE o] Hgxar Qlom, AAHQ 54 ofLX] &g-o] 47

(o)) i, viiE SO ARE WAIskehukeel] o] WX weksls
Ae ngse] dda s dgst 48 T TYAL F 9= el A
() 98s di%oﬂ TR Fan AR Sl FlA Faolet A
Atz Abshs o], dAbs o mAE Fdf olwdta saoleE dadE El
aot keste S5

FAFOR ol5F H, FFOR TFHE ¥ F A
el
=

B3 7IH Ad7)ek &
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A 2% JeE BE 2
ggo=z e 5 AT AAHQ] FR/E
3 Al d A5 A A](Polymer Electrolyte Membrane
Fuel Cell, PEMFC), A4 w|er2 5 44| (Direct Methanol Fuel Cell, DMFC),

& o 84 %] (Phosphoric Acid Fuel Cell, PAFC) ¢} &gkl g 4%
(Molten Carbonate Fuel Cell, MCFC), 24 AF3} & <15 21 %] (Solid Oxide Fuel
Cell, SOFC) so.2 &/

wede X - )

o2 32|35 U (7] shetutg) Anode Cathode

Anode: H: 2H' + 2e7

= Cathode : '/:0: + 2H" + 2¢ H.0
=
Total:H: + 'hOy H:0

a9 222 dE8xx9 Y8 (www.doosanfuelcell.com)

- (PEMFC) s#4x o]l tigh /o] = atatehg o] &3l dudA= &
& AEAIRE FetHE & 1=
3 J&o] A3t
- (DMFC) Mgt&s du= &8s}
2o A o] 7he =
- (PAFC) 70% o] %9 F42E <
Hl L2 A 2ol A 2
g on &g
- (MCFC) £-& ¥ (Molten Carbonate)S s H = A-8-3Fe] COs” ol A=A
S 7Y, =2 489 A7ass dH o2 3 PEMFC w1 COell digh
o] daglo]l 7] FAM|&o] vt A28 A7} v

Y

S A FEshEe] ANAR o . LLelM AF

o 3ol g W, 1ke AFH} 279

- (GBS R B X0l 20130%E B2 S A zalglon], ek
A 7k 59 Egrbol o7 BHOR 7

=i
2 BRI R A 5

N, ol
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Agabs 29 2.239] = AAH A7) dAl 48 dER okal viE
&

of AuAAZ A% A7E BAAL H= GelA B A7 Ae TR
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4 4 £

Pressure
transducer

Water cooled
emission probe

1 Optical
" access
Combustionair Cooling air

Combustion chamber

a9 2.23. HE7EA HE EAE o
(Hydrogen as Fuel in Gas Turbines, Larfeldt, J., 2017)

SIO|ERIEMY|Rt E2{IPBlo|=R|CRt FAHAMRSYTIAL  HIE2|TI|A} AT

(HEV) (PHEV) (eREV) (BEV) (FCEV)
'_I_I H Trans- "
Tank' | i -'_!_’T : —" mission ._'_—' L3
Tank" | HI‘;:FO‘” I :”‘T"‘ Tank - L 18 ',En?;g’bn ule E.motor it g ;-::?:r
ICE &= : -mater ICE | molar Power . Power
. 1B Powar : I | Po - . il slectronics
FE | ceq BORGET | ceep s e LI — e MR g Power

| : ratar! L i -
Gene [V pheiee. ratoc ‘|| fronics gad tronics Enargy batleny
rator gl mornics ower Emergy Y n ac
8 I P batte FC stack
— | Pewaer H baltery hattery |
l "l' baitery i BOP!
" Plug-in P
#{optional) Tug-in

; charger Tank

Plug-in charger

slojHajcet 22 | A% AN(LHT|

il B | =
csun| oLa | TS WHOINEL | GO HER | VI Q01 | 4B A
E_fg{gl. %5%% )\T% Qe My fﬁ%i Mot _EHE HiE2It DEZ | YHAR 7|2
7% | ge = wug | HEHE WSO | FS(HBAS - 2= QEE 1S
i s GM EE(Volt))
TR Hybrid Plug—in Hybrid |extended-Range Battery Fuel Cell
o oo

Electric Vehicle | Electric Vehicle | Electric Vehicle | Electric Vehicle | Electric Vehicle

e MR IEYAeEE|(2015) Ml

N

a9 2.24. AVA TFE 5 2 HE (4 A7AF, o]&# 2018, KISTEP)

_58_



H 28 7l 28 24

O (& AEAh) 1§ 226004 B & A AAH T4 AsAe dAA = g
T3} JEo] Fr3 7ta glom, AR Hdo] HupEal Qi HofR
2 FobdA AAH] = L U 7ed

- Adf7]oA s 2= 2017 AAMA G 2901w 19191 E Qe H|3) )
Aoz Az gy i AsAke] A9 21343 HExE Adgsll Adaste] g
T HAS F5E AAAQ sl w5

- () ArAAY Bhee $8 A/l% B Qs ol TEYeR @

E0(FR) ARE

'!

"

0 Gk FAAE FaRpEAY BAHE 98] WrA Aze) sle BHEN,
A3H o8 Aolra FALS fafh AR ADD + QAW Aok5a
FALE ol AEAR 247 Be V1%
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U

252 (On—site), F42°]

R

FaFa2 (Off—site) & 5

2L
&2

12717} AR =] o, a5 7717F 44 &, 57171
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D00 bar 900 - 700 bar 100 bar
~Eaal md o~ =4
SAIZbA  Hy M Uz U8 CAMA QEMXXSH
=10 baw 10 = 900 bar SO0 baw 00 - 700 bar J00 e
E = E - Uil e
d
Hy a4l T AUV CAMA  ARMXXEN
< 2= = = =2
a9 2.27. Am B oA AL B iE A S TR
($]:0ff—site, T:FE54 924 on—site, o A7) E3W2] on—site, TAE, FAESZHA
HAEA Avy, 2019)
=2 B 53
ING |= =3 [=| == |= cozmm|— _==
= = (D2 £4)
25 ~ 350°C 230 ~ 1200°C 200 ~ 450°C
CIAHM | = | XS |+ 2A=] ‘J
80°C
4 F8 373
a9 2.28. On—site FA2AFALE Y3 ¥4 74
(Z&o], FazdHolde] AFe & 9 A9 FA 7]%&, Korean Chem.Eng.Res., 2005)

- Off —site F514= W& Aol wa gt &4
TS H7)A A FHaTHA] SHtE R A

S, &% A &5 ol wep AAdow

M Aeld aeee
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H2E 7lEe

O slsl 7% B
o T ABirls
- 1800t Ritterell <]&l 2|7} & & 1900 H-E 37t 7ike 7]
Hog Aud 7=d
- A71& o] &3ty EEZFE F4AE Aitste 7R AU e AFA
Green Hydrogen®.2 4. 7|=9] deld, 4444 grs A A48 &
&4 AFo] A =yl
A s 7S A 37 R 7= Tl %13“‘%, 1 Sl A
&7he] =738 (Alkaline Electrolysis, AE)7|=% & slE &3 4831 <
- 172} dafjAw =48] (Polymer Electrolyte Membrane Electrolysis, PEM) 7
=2 AR 7hed o2 Qlete] ATHAZFA] F31 Folw, aALtskE 4
3 (Solid Oxide Electorolysis)E ©}# A7]< 7iet @A Y.
c37HA] 7= & 2.400 QoFd upef 22 57;8 AL Qlom, S5 Ve R
=W PEM 48] 7)ol A& A77iEs 3l AE 438 7|sHt 4
A Ao H HAoR o=3 uf S
* 3F0 F4 BrdloA o] dFQl 7[&/NEA] PEME 2.54 $/kg H2, AE 2.27 $/kgl.2 o ZF

—

J—}

fUlO o

P

¥ 2.4, A 7)o F5F 3, aBAAded 48 A28 71458 KIC News, Vol.21,

2018)
g = AR A e @EE A AALEHE 23
KR %ol nzhu} I8 (KOH &) ol 2der aAitsl=
= Pt, Ir Ni, Fe Ni =3 Aghd
A5 (T) 50~ 80 60~90 700~1,000
2hsste (Bar) 20~448 10~30 1~15
AFAE (Aem™?) 2~3 0.25~0.45 0.3~1.0
Als AQAIZE < 10 s 1~5 min 15 min
2888 (%, LHV) 60~68 60~71 100
ANElgE (%, LHV) 46 ~60 51~60 76~81
oA 2=H] (kWh/Nm?) 5.0~6.5 5.0~5.9 3.7~3.9
Hdy (kW/2=9) 6,000 2,000 < 10
W +4 (X 1,000hr) 60~100 55~120 8~20
Z719] & (€/kW) 1,400~2,100 800~1,500 2,000
A8 & (%/yr) 3~5 2~3 n/a
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2.339] UERG A8 o]A- el 2A0A 1
=d 275 A8S 35.14 kWhel. (3.9 kWh/Nm?)
I3

A7NEE AFE AR AdH 0w AAPIIA FAA BT S ¥
HAUAAE A72 Arkehs EZAESkS] adde] Hold. 11 2.3390A4 ICT
Abel] vlaf] dlrle] 8o AL o]y AFE AAH AL59 7] uE

WA= NELAYSE IHTARYS] fAbeh 02 A

PN

(eWh/Nmg) (8 oarmiol %21 : 3.9 KWh/0.111 ka H, — - 35.14 kWh/ka H,
e — 3.14 kWh/Nm3
60 W WhNm3
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H 28 7lehe #8 24

=

u]=k DOEOI A #2413k dubz el ~elo] 8L 67% W92, DOEIA 243
= A

H] 0.04 $/kWho]s}ol|A] 75% ©]

= d
3=
AE PEME
L& 100 Nm®/hr 5000 Nm®/hr
28 & 9 3t/ e EN 3/ BN
Z:H—,J%]' _g_% 6 (16.7 Nm /hr/*‘ﬁ) 10 (500 Nm /hl’/———v)
= 500 kW 25 NW
AC A™ &= 5-5.4 kWh/Nm® Nm?®/hr
Footprint 1 X 40 ft 10 X 40 ft

-3 2EML PEME 7€ 22 AES oS35, ddAldl A 7HE A=

AAE st aea AYu7l 7 2 AoE BAES
~d dAdA 7 R e® a8 TUE T A ok td s e
L, B2 =R AL BE7F 4 aEed o] BEolA s
- 19 2,348 o]H3 EAS HAFE AR 424 AAEE 100 NmP/hr (214
kg/d) o]/do] mHojok Fau|7t st T = As HAw

Investitionskosten [€/kW]

drucklose Elektrolyseure

m Druckelektrolyseure

300 400 500 600
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- (A= A 7lEEe] Bx) vk oz 40 AF7] 7)Ed gk 7]e

A Ex+e "= DOEE #asts 497 B
TR 7ol AAEE B9k ARl Gg) 28 Ggo] v EoR
71N B2V 77, 15% % T4 kg A4S HE 2 EHE AY 44 kWh
d. o] BT ARFE 8T Ae 52T 7 Qe HxolH, uF H8A] 7t

3 2.6. 1] DOECIAl st PEM A8 A28 ko] 531

(3, &2 A& 2 A8 A ~¥ 7]%% 3, KIC news, Vol. 21, 2018)

Kise) 2 2015 2020
Az 7} $/kg 3.9 2.3
Al ="l et $/kg ($/kW) 0.5 (300) 0.5 (300)
Alz=E A &E % (LHV), kWhkg 72, 46 77, 44
28 Uz && % (LHV), kWhkg 76, 44 77, 43
A7} $/kWh 0.06 0.037

- (F3) el A AN JAE H2Gen (5, Air LiquideAr= <l
%), Diamond Lite, IHT A} (2~$]2~), Enapter (o]€g]o}), GreenHydrogen (dlw}
), H—Tec Systems, Hydrogenic, iGas energy (5%) o] 34 <], 15004
IHTAFE 750 Nm3/hrs 83324 74 o BEste 433 vt &

(M) 7 g4 Ql 719 o= Aull 2~ (Siemens) A7F 12H, Giner ELXA, nel
AZE AE. LT ONA nel Al AlAICNA 7P 2 Fdd] SHES AT |k 9l
S o o] FAE Y BAL kR ol AFRE 3 Ao= 19914, 30,000
Nm’/hr 722 714595, SiemensAH= PEM 48] 7]&e] o 23S 95
o} /Estal 3= 53] SiemensAhz 420 == WA nelAETE -1 9
ow, ad WolME i aEs UE.
(&) & AAA Siemens®] Frle] A|2Flo] oF 75%714] 9] A&4S B
Ao zAME Y, DOE B9 2020 =3 584 @45 fsir= +71
7iol &

O 3}
[RRI =

A

M%r

o=
7]
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_ ulge ~u — 2N FIrdrtx st
— 760 Nm’/hr ¢ 9o »~9 - 15~100 Nm®/hr 3%

a9 2.35. Y A A8 A]2~" (F: IHT, $-: Hydrogenic)

— & AL TR TP E A A
— 100~2,000 kg/hre] ZWE 5
as 75%

% 99.999%

— 2 AR R I REAR] st
— 50~485 Nm®/hr 7+%
- 4% 99.9 %

a7 2.36. vl thE Al A& Al~®" (F: Siemens, $-: nel)
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.
—Site F&7])

o] /M&E A
Technology (Air Products), Air Liquide, HyGear, Linde, Mahler

1:27}

=

X

- (He]A 7]49) Caloric Anlagenbau, Haldor Topsoe, Harvest Energy
- Haldor TopsoeA}

— (On
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X 2.7 A7t 5 w9 vl
(o], FaAAke] Ha st MA7E A7), S=7F=AE, 2019 & Neiva, L.S. and Gama, L,
Importance of natural gas reforming, www.intechopen.com)

R 3} &k 27 oA
- A T o
— =90 oA Alg
Steam reforming  CH, + H,0 = CO + 3H, — %¥& && _ ;;j t]ﬂlﬁf
- dAskE 7= IR
- %2 CO0 5%
- F& VR
Dry Reforming ~ CHy + CO, = 2C0 + 2H, = CO, A7 — e EE W e
AN A AR
- ode 2k - g i rE
Partial Oxidation =~ CH; + 1/20, — CO + 2H, — &2 %7] 42 — @42 8§
— g oA AbgHEF - SAAAT} o)
Autothermal CH, + H,O0 — CO + 3H, — BE 27 LA} - W S Tn
Reforming CH, + 1/20, — CO + 2H, — @ ¥ &0 _ oxdAlol s} olele

- 2% 2,372 U324 on—sited T FE7]9 dE e ZHo=w 77}t
Osaka GasAtel MKKAFS] 293 vepd, 7h 2 2102 300 N
H, oF 648 kg/dE AL ¢ v 2P

(FE) oln] 4 ARSIE W vt lo] oY TIjlel A A SR A
715 AgEetion, AA SHA 5l AFEE L F

() U@ H=9] HyGearAH| 802 S48 FAFE7E /sl e

, X2~ Air Liquide AF, 9=r9] Linde A}, =29 °] nel A} 9]

IEOE VES A e

- (M=) A AR Air ProductsAH7F 12, on—site 22 2F 5000
Nm?/hr 7+ 5742 At

_7‘|_



I HYSERVE (Osaka Gas)

HYSERVE-300

H 28 7l 28 24

T HyGeia (MKK)

. HyGeia-A

Model HYSERVE-30 HYSERVE-100 HYSERVE-300

Model ™ HyGeia HyGeia-A

H; production capacity 30 Nmi/h 100 Nm/h 300 Nm3fh

Feedstock City gas (13A), LPG
Hz purity 99.999 vol% or higher

Hz {product) pressure .70 MPaG or less

Installation space

H: production capacity 40 NmP/h 200 Nm®/h 300 Nm3th

Feedstock City gas (13A), LPG
H: purity 99.999 vol % or higher

Hz (product) pressure 070 MPaG or less

Installation space

WmxDmxHm) 25x20x25 3Bx2Bx28  TOw30m33 WmxDmxH m) - - Tox32x3
100 Nm3/h = 214 kg/day = 78 ton/yr
% 2.37. 29 dxEAQ on-sited T4 FE7

13. PsAvessels
14, 0ff gas storage
15. H, storage

16. Reformate cooler

1. Ventilation Fans
2. Reformer Unit
3. DI water storage
4. Electronics cabinet

292 A48 AE 2 e

5~100 Nm*hr 715

9. Water Puriication system
10. lon exchanger

11. Coolant Expansion vesss!
12. Bumer Alr Blower

7. Water pumps
8. Water Gas Separator

— X 99.999%°] F4HE A4
1% 2.38. 79 A on—sited

2o A

TREE7A A
165~1000 Nm®/hr 3%

% 99.999% 2 FAE AL

T4 F=7] (#F: HyGear, $: Linde)
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o]
=
WEZ 2 5o A

JE
P>
[>

-131 240 T4 AL tin] dEARS el e CO, A ZFS Hlugk o
2 AANAYANIAE 83 A2 (0 g CO/kWh) o2 25 YA uf, oF 90
g COyMJo] MAsH= AS & F A5, wepA] 7[EF o2 F57] 94 A
A7Fz= A F42E HEWE 7[EHoZ COvF WEE § o e 7329

-9 2412 FE7] 2 mE CO, WEHoR Jdd] a8 =855

CO, HATE Yol
¥ 288 FE7 449 AUz wAEE CO, AT R AAss A
V4 A HERE, BIO-DMBE s LSS 7} 1 v 2l
& meb g0l £aE ol orls, SAE H7)%el A HAEE ol o

|
w3 2
i 'o‘ii zero commisions W= HIH S T Ao A g Ewtst 3 HA
s
&l

& g e
W8l CO, MAFe] Bk He F4 WE 49 o
d 5 el glom, Wby whol ek He ss Aoz A%e AA
9 5 el §le
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180 O
750 g/kWh
160
- EU
140 =
maa 332 g/kWh
120

100 g/kWh

CO,g/MI

0 4 6 8 10 4 6 8 10 4 6 8 10 4 6 8 10
kWh/kg H;

a9 2.40. 2 =7PE dEd CO, WEFE s AR COo, W=
(Z74: 4 1kg AWAA] 4, 6, 8, 10 kWh 25, F=7] &8 70%)
(IEA—HIA Task 23 Small—scale Reformers for On—site Hydrogen Supply, 2006—2011, Final report)

140

120

100

20

COo;g/M)

&0

40

20

&0 65 70 75

aY 241 FE7] 284 CO, ¥AEF 2dF
(IEA—HIA Task 23 Small—scale Reformers for On—site Hydrogen Supply, 2006—2011, Final report)
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=

M
~

HI

¥ 2.8, AR A2 F4 A CO2 W& vl (F&7] a8 70% 7]15)
(EA—HIA Task 23 Small—scale Reformers for On—site Hydrogen Supply, 2006—2011, Final report)

dal A
Sk C&Z/MEDg FSS
Hydrogen 118 From natural gas, LNG supply
Hydrogen 106 From natural gas, gaseous supply
Hydrogen 91 From natural gas, renewable electricity
Diesel 88
Gasoline 86
CNG 76 compressed natural gas, LNG supply
CNG 66 compressed natural gas, gaseous supply
Hydrogen 38 from biogas
Hydrogen 23 from biogas, renewable electricity
Hydrogen 19 from bio—DME
CBG 16 compressed biogas
Hydrogen 4 from bio—DME, renewable electricity
DME 2 when used as diesed fuel

O Carbon capture and storage (CCS) &%

- dubRo® 227k 7S $EiA CCS Tl e ZHE 9
O~
=

™
N T
iy

% , X 2 AxF 23, Adad 23, S A4 ) 2%
(A T ¥3) ALFH o] F olxtsletAE ¥4

(A A 2) ALTH Ao Jhag 2 FAkstE SElA 2F
(T2 D) A AR AR E FRIste] ALAeE wjE A st 2

— 247} o] rR QlEte] CCSEAL M=o A thekatAl Aute gatolnt, o]
= U8 ZHE 52 MIEHS A

C A FAAE oJd UE FHEA AL = e ARl ofyY] " F
7FAR1 71& ko] 8%
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dor defd. A FeAls =2 A, sk & 22
e dAHoR dNtHow ke wet R
- 318 (700—-900C) CaO 741%‘ FAHA, 5 (600-750C) Li2ZrO3 Alg F2A

19 2.42. PSA (Pressure Swing Adsorption) &4 EA%E
(http://sepapuri.yonsei.ac.kr/research_topic.pdf)

- (on—site F&719] CCS ¥A4) HEA S Z on—site FE7|A COy AXE
Aol A wlE% 7h2=o]H, o] Qo E A|FE 9% A4 To A E HjEH.

S = PSA 345 FollA FaE FHE %P— CO, 7hE AL )
= o

=]

p S

3|
4
b ol & vhFE W0 445

e 1o of
ol

_76_

PSA



H 28 7l 28 24

- (COp A&-FA-T on—site F=7]9] A|2H) Ak o== 19 2439 99 2
L A3} 7ro] WSGEA T PSAEZAL A 11550 4249 COE A o]

% COE AA7]= 3A4S A=RsE Ty o] & 7Adst7] g ditoll A
MatE A 28 7]4E Membrane reformer system®} CO2 liquefaction system
o] Z3to] . U EF 7tAbe] o3| e Ao w A HAFs) F
of Au. AATA] A= 711 F=7] + PSA ¥4 vlal =& a5 =&
T2 CO2E Y& T A&, T3 PSATH Ao mE 34 8312 3}
of AA| Alzvlog B o ¥ A|xElF 7 =2 814 %9 YA a&S U
Elul= Ao 2 ZAE

E= | PSA |

Sl

CH,— H,, CO nac
| Hy, CO e = L=ZH,
m‘ & OHS
C0,— o3} OHD} C02

il ssssss——) 11=5 H,

CHs —! H, CO; ﬂ

—— O S

ryogenid \
. b OH
CO,— Mat] i

1% 2.43. ?i%fdiﬁ CO, N} 7= ?i F=7] ¥4 A=Hs
(9 durzel FAFA A8 CCSY +A, ofg: 2 Z”*ﬂoﬂxu CCS +4)
(IEA—HIA Task 23 Small—scale Reformers for On—site Hydrogen Supply, 2006—2011, Final report)

O A7k EEal et g L&

- (A= %"*%/\] H“ﬁﬂb CO= “H@L}F—X} sk o)47
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Aralo] RPHE oA B LW Bl Wk vS e AFrs
a5 Folet sheEke 2 o or JhEvtoly, gt FE, Yeaas
Ta AEFORE AFtets Wt AT T

18] 2.44+= Hazer 7|99 HA7~ dEE B3 409 1dHS we+=
A48 e A9

HZ
Hydrogen
~US$130
billion pa*

C
&
—_—— Synthetic
graphite
~US$14
billion pa*

L U T < |
e yo TR
Q
N
>4
ng

ot
N
i
flo
(&
il
>
[»
fol
ftfo
i)

4500
i .\
[ ) Electralysis* |
41]00@ Talysi

Electr o!ys lS\
= 3500 x . . —
= Carbon footprint mainly determined _—
é 3000 by carbon footprint of electricit; P
£ 2500 f
Z SMR** /
& 2000 e
g€ 1500 = SMR few o kcin)
T 1000 ; \ E —
& Pyrolysis* Pyrolysis et Eravgy B B Haninng
500 S Pt it v
0
0 5 10 15 20 25 30 35 40

Carbon Footprint [t CO,-Eq./t Hi]

% 2.45. AN} FETA, QR 71E9 CO, AR v
(*Wind energy, **wind energy+electric heating, O:Wind energy, [J: General power)
(Gedik, A., Bode, A., Marquardt, T., Kabelac,S., Influence of different hydrogen production
processes on carbon footprint and cost of selected chemicals, O—BASF, 2018 )
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o (AAABA A &} =438 7€) T4 o Z= CO, Freeth= 74141 &3 &4
= 8l AN e} =8 V&= 2Fo] dadt

- (FF4R] 53x) a7t olyA|e] A%} Carrier24 2] Gy} 224712~ A 71e]
53 94S 94011/\1‘“ THAoE AR et Tw o] Hadt
A&, S EFE B2 7oA oY d T4 H4S flal Ao
A

AR ok =) 7ws 28k A

LA 8] BAA) A4 Aol %
Lax Foet olsk g W,
o Vol FAR A% AY
o) AR g FEH 7t oF 110 UAWh US1el S Ferete, AAA By
o S% RIS olu] SiRck ol 43S T 2468 BelF

>

.

_

FEE 7|5kl w2 CO, A7l o)

L FEAGE FHoR AE At

_lZi
o u:‘}i
o ot

hl:irﬁiilirﬂi
OJE-HJ

=

FAG7) 189 7]+
A& UAEOA 2&
= 2 7o 5uf w¢e o}l

N

| oo et ot

% 2.46. FEHI BEF AU A] BT B oS
(Renewable Power Genergation Cost in 2017, IRENA)

(AAANIAS 2 D) AAGAUA A A2 ] o] srolle] wheb
& A% A Aol 85T Lo, ol wiEesh i
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1GW - Pumped hydro storage!

Compressed air

1MW

100 kW

10 kW

Super
~ capacitor

Minute Hour Day Week Season

Discharge duration

O 247 A48 A e 85 v
(Technology Brief: Analysis of Current—Day Commercial Electrolyzers, NREL, www.nrel.gov)

cmpebd S kel E e AX D Qo Fagate e vrtel ue)
st AAIUA Wk Astel weba Aol #-9-9

.00 -
700 o Commercial System Efficiencies (54-67 kWh'kg)
- = [deal System (HAV of Hydrogen 39 K
il system (FEVofFydrogen 391N 21 4 mipt
e k= Et7t
5.00 -
_g‘ L
bl [
4.00 =
g +
x 004
==
w0f s A
b= B}
1.00 +
am - T = T - L] 2 - = T = L] - L - T J_I . L] . T s T - T - T J_I = L] - T - T ! T - L}
0,000 0.010 0,020 0.030 0.040 0,050 0,060 0,070 0,080 0,090 0.100
Electricity costs $/kWh

a9 2,48, AE @b mE FA4 A B H S
(Technology Brief: Analysis of Current—Day Commercial Electrolyzers, NREL, www.nrel.gov)

LY 2482 FEAGOIA BFY AEstsh ) At el A 55
2 Fe) $4% AN S dmd o2 of sule) zolE ek Hlow
5
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=

M
~

HI

o AX7&

— (52 dUA A 40 AF7|ES AEAH, A, FEAH, 1E]a A5t
Ao w FEREIL Y5

C Ao A NS olF okt AHAH o7 A

w3 A A ow AzEe] o] ¥ A7} vl
toln, AAA 0w A WA orA LeHE AL A A% 7% ool
& Agso s A nettEe Be 994 2 we A% W s

of ef3l7]wmo] eI AUF
Mslrlwo]l 7wd AR FFom e SA42 4F7]= (Cryo—
F7bE Bl gl Adgelut o)A w

Compressed Hydrogen) ©] o} & 7}4]
LHoE FEE F U5
- (A AY7E 53) dA a4 7eS TaAEAF A3 2E] 700bar
¢} 1=

712 =7zl 483t o
9 AET|ES ok
T

o
= .
é*‘%ﬁ o}~ 1% 71%711‘:‘L <ol A
mar

3 2.9. DOE H3x9l A7z d&

i% AN ZA S208 B “26d EX HFER
AB71e ($/kWh) G5
(kWh/kg) (kWh/L) "7 (kWh/kg) (KWh/L) ($/kWh) (kWh/kg) (kWh/L) ($/kWh) (kWh/kg) (kWh/L) ($/KWh)

700 bar . -

(A1) 1.4 0.8 15 15 1.5 1.0 10 1.8 1.3 9 2.2 1.7 8
350 bar . -

GED 1.8 0.6 13 13 1.5 1.0 10 1.8 1.3 9 2.2 1.7 8
A 2.3 1.4 18 t17 1.5 1.0 10 1.8 1.3 9 2.2 1
(500 bar) 2 . 5 . . . . 7 8
NaAlHy1i 0.4 0.4 43 “16 1.5 1.0 10 1.8 1.3 9 2.2 1.7 8
Sorbent 1.3 0.7 15 “16 1.5 1.0 10 1.8 1.3 9 2.2 1.7 8
ABliquid 1.5 1.3 17 “16 1.5 1.0 10 1.8 1.3 9 2.2 1.7 8

— (NNALE7149] A3F) 350 bar, 700 bar, =42 tE71% 59 7HA] V&R
ow FHEYAH} grEH A 350bar el = SF=ate] A%
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X o — N = < AT e
S |BE| S =7 B b ) T T v
X o “ ™o N — " UL : of %
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=

&Y oy A 48

(Hydrogen Storage, Distribution and Cleaning, Aroorv Gupta, SWEDEN, 2017)

FA A AL 3 AR 8T+ v = o
_ . HAA 5E
Az 288 (AFY F299A9 %)
25C 7|+ o|24 (%) 7183 (%) o] &% 7led3
200 bar 100% 5.4 10 94.9 91
800 bar 100 7.3 15.5 93.2 87
ol 5} ~ 100% 11.8 40 89.4 71
g 7 88% , . 85.4% 84%
hydride (100%, 507C) (97%, 50C) (95%, 50C)
69.2% 69.2% 66%
MgH. (100%, 300C) 0 0 (100%, 300°C) (95%, 3007C)
. 73.3% 0 73.3% 70%
MezNiH, (100%, 255C) g (100%, 255C) (95%, 255C)
83.5% 79.7% 77%
NaAlH, . 4.8 8 . .
A 100%, 150T) (95%. 150°C) (93%, 1507)
NaBH,+& 100% 22 ol $- & 82 ol o
c X 2118 dA AolA AL E 7Eo] EAIE o] frF &8 FAAl
A= AS 4T IS, 3EE FeH= F7149Q dyA] 43} 4 &8
S 100% & 4 Q= o] an, A3l oy £A80] B 7)ol HlE] =
71 Uﬂ of A|2~®l §&o] dolXity= whyo] QS
H 2.49% vlIrol A A viE e} A WAl tisk A HI7ME 718
‘& 102 At A wlEE 7 falshd, 1Y oo A8l 2ad u=
A5 7]=o 1 7S AAALS & F A
- A A 7w J7re] B4 a9l FEI U5, AF = ool o3 4
AEH, b7, FHE AR AHHoR AEHA = A3, dvtgo g
o] 71 HAVIA A7 FEHYE AS 4 AF ol 283+ AY
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mE
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A

%

$2.00

= m o & o Optimistic Battery: nRT=90%, $290/kwWh,
14405 /kW, Feed.E =4.2¢/kWh

= wn w mm 0 Pessimistic Battery: nRT=60%, $550/kWh,
33003 /KW, Feed.E =5.4¢/kWh

s Dist.FC.Near-Term

o $700/kg
e Dist.FC.Mid-Term Tanks

~100 bar

Beologic

$1.50

e Dist.FC.Long-Term

, e (entral.FC.Near-Term
Geologic

$1.00

e (entral.FC.Mid-Term
. Cenitral. FC.Long-Term
e Central,Turb.Near-Term $7"’ kg

Geologic
Geologic o (entral. Turb.Mid-Term 80 bar

$0.50

Geologic

LCOE Peak Power S/kWh

Geologic e Central, Turb.Long-Term

$0.00
l1day 2days 3days 4days 5days 6days 7days

Days of energy storage

=4
(Gardiner, M.R., Hydrogen for Energy Storage, Hannover Messe 2014)

19 2.49. AA wkA AAgS 5 A4

(A& BF) AFAGE 2 128 ASNHE WFF B 2T F
Zoll Aabs WAl ow 7 BA 02 200 barfele] el AP F Y T
o F@uel At WA deb vud ngFon FHS A5G

B KU 4NN AAG A1ed A AT o ot 1990 o1

=<}
QA9 #he 9%, 5 u]%, map 57 ol glow, 59 5, 23
2 e

, W7o, A= EHH]O} ZUE 5o FHS TA4A0® 1990d o)A,
pZs

Aol Astell Adshs WS Bol d7d, 59L F 13749 dias A
Zoll A 870, BEAZ 15705 370, 19709] 53 AF T 27017} a4 o] 5
ARS. A AA7tx AFuE SEHAY Afz=29 3339

N

- (Lined Rock Cavern, LRC W2]) 29¢glo - tiE4d o2 LRC A w2 & 5
W3}k Skallen AWl EX o= 200 bare] WA 50,000 150,000 mSO]’;}
of A &3, 15999 sk F7], 30 o] £ So £Her A

A efjokat, A8t 2l kol AAlek= Aol Hlal w2 71EA FA7F B
o] 7 gL olm 1980 F-H 7idE
(AagEE) HEH G, Y T AT 2 28 T 9)\2‘11 Bl M=
oju] 1972 ol 7t 7]zl el awIgh vk Q= %
AAE EAQ e T Al disiA vlagk A 1:]1
=2 71EAd &
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Total gas volume 10 MNm'
i Geometrical volume 40 000 m’
—F ' Diameter ISm
Height S5lm
\3a Pressure 200 bar
i Rock cover 115m
Injection 20 days
Withdrawal 10 davys

a7 2.50. LRC W24 9] #8144 (Sweden, Skallen #] <)
(Johansson, F et al, Investgation of research needs regarding the storage of hydrogen gas in
lined rock caverns, Prestudy for Work package 2.3 in HYBRIT Research Program 1, 2018)

¥ 2.12. 29 5ZFW F£42 AF AL

(The effects of hydrogen injection in natural gas networks for the Dutch underground
storages, Final Report, Netherlands Enerprise Agency, 2017)

Clemens Dome

g 5 REEN Moss Bluff (7]=F) Spindletop (¥]=F) Teesside ()
el Ay EE A EE A TE SA A7
o o . e Sabic
A} ConocoPhilips Praxair Air Liquide :
Petrochemiclas
FHAA () 1983 2007 — 1972
=59 (m?) 580,000 566,000 906,000 210,000
Zlo] (m) 1,000 1,200 1,340 365
=9l (bar) 70~137 55~152 68~202 45
T4-85% (GWh) 81 123 274 27
(TFA2F, ton) (2,400) (3,690) (8,230) (810)
_/?;/\
- 27.3 x 10° 41.5 x 10° 92.6 x 10° 9.12 x 10°
A EF (Sm?)
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ot
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HIr
1x

(U AT Azt gl disrsol tid A2 Aa st B2 4=
A g o, ojn] el JGARE 7HA AL gl AAA R AT R

9. et Sy ZHHA Sol T8-S sl IS

“(AIA AFED 3E 2132 B WA w7kl A AREskar Sl AskA A Akl

¥ 2.13. AAA A A A

(The effects of hydrogen injection in natural gas networks for the Dutch underground

5

storages, Final Report, Netherlands Enerprise Agency, 2017)

TA7EE 4 ThaRE ARSH 5
HFA) T & 16 LG A7 J-
o 1 (%) (bar) (m3) (sm3) ;LE ] (m) (] ] ] }6%
=<
Ketzin W% 62 - - - 2000] 3} - x
Kiel ZwEd 62 80~100 32,000 - - -
R
Teesside ez 95 50 1,000,000 400 1959 O
H) =
Spindeltop AF&= 95 - - - - O
Clemens 43w 95 70~135 580,000 30,000,000 850 1983 O
Moss Bluff Aa5= - - - 2007 O
A 2
Beynes 4% 50 - - 385,000,000 430 1956 O
A =2
Lobodice W% 50 90, 34T - - 430 1965 O
o= FE L}
Diadema &% ] _ - 3
(Hychico)  7}~= 10 10, 50C 600 2009
A
Underground L4 . B
Sin oz 10 78,40C 1,150,000 1,000 2015 O
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A 71 gERo] A FAA} AAE ] TEES Iy o]l A
T 27 o] ALt AAE onlstH, AF714 7l 2FE Skl e
Air Liquide, Linde, nel, Hydrogenic, HydroGen 5] 34 o= HAA7|&=S&

= ] , B3l =S v o R 19 2,183
Zo| FATHA AAE AR v Q1S FAFSE 719 22 Air Liquide, Praxair,

APCI 5°] 37| AF3ta o, i+ 5 ton/d 752 A ZHEE
0] o
. =1

& o}l X|"F Cardellarx= 7]&=4 oA
Q7% 6 kWh/kg Ho® A" Ao 2 dukxel 10 kWh/kg Heoll ®lal 40%
ol agstdE FoR oS
- A A A% A = HEAS 1Y9S Air Liquide AbolH, mlFoll A AT
< o]&3te] F& AGS st A&
- Hydrogenious Aol 4] LOHC 7]&=& F-&3stglorn, dA 8532 54 10 ~
150 Nm*/h A&+ E Y

19 2.51. LOHC A#7]< (www.hydrogenious.net)

o|F7|&

(o]F71=) o]zl 7IAUSF 52 A3t FREHLH7E 5 ayhde] HaL

glov], spolxetelo] fy WHE FHOR /] $YAL Y&
o] 5749 AP AT At S5Fl Wb A A g7e o
Fol AAHe A g7 ARF BA} Qol, 27 2,170 Y AA 7]
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- (FEEHYH) 200 kmHl€]e] &2 A ol TdHFH T o2 HH
Ao 2 oA FanE= /\p}o]u:]y kA o 7 300 barUe] el AH&7E &
|3} 6,200 Nm*E o439 S. A= dF7]% WEE 500 bar7bA] o]40]

7Fe e

19 2.52. Air Liquide A9 FHEH LY
(Description of selected FCH systems and infrastructure, relevant safety features and concepts,
HYresponse, Final version, 2015)

Aot ;A e 42 ¢ B BEFS S Ve, 7MHE £7] )
, Lincoln CompositesAtoll A BFAAH- 7|HFS 2 2 087 kg, 8,400
/712 et o, o] 250 bar 7|FOE 7]|E V|EHT}
o] &Fo] 7t AY
A2 F87]= 500 barol A 150 K& FX3 4= & 7|52 LLNLA}OIA]
YAFE 7O Az AFE o= 818 50% A7te] didEE 7Ed
E A = A o]FRY o AAYE oF
Ao= Agstd. dnbao® 400 kmo]de] A2 ol A
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9
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zu
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19 2.53. Air Liquide AFe] 9138l 4 FHE#HAY
(Description of selected FCH systems and infrastructure, relevant safety features and concepts,
HYresponse, Final version, 2015)
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(o)L o)) o)A 1E O 2 Air Liquide, Air Products, Linde, Praxair 5©|
H, FHY 1S TSR T4 Fo|zEkl HAX|7E A E£Ho0m A%y
%84 1600 km, Ul = 2,575 km). FHS Uddt=, 25 W7o,

NS [o
o

(thﬂ};ﬁ'gi 40~70 bar)¥ 300 mmo]s}e] vfo]z
48 2"l A97F . 7HE 83 A
o= %é?— ] ‘j/]rohjr*@“ 170 =4 FHA, sl wE A4 B 3E A
afde). A Aeks, A, A= Ao 2HE H Ho]ZE AR (e.g., API
X42 steel with C < 0.2, Mn < 1.3 Wt%)
- FRP o] 37} AA A1 tiete g A5 <ld], 7hH L, F-2d ZratH, F
detths 540l Sl ARk o R 4 -ﬂr"] gl o ® ARE-E o, ofgpr| =
AR =22l Zedddos A, ol = A 2742 100 barst =&
A 7] 1A o, Hl=rol A EF3HE A A
]

C e AE Tho] X gkl AR 27] FApH|7L wo

Mo

B o] JpgEojopsteR, V& HAVFE gEel ¢l Sshe WA
AT =4

(i &F F94) Fa 7kaE AA7ES wiaEel gEFste] sas 285t
T Welo & HYGRID ZR2AE= gliys A /el W& &

C(EA) HATEAe) TR 7k 8ol ofd, BF Y ol F HT F8d 4
2 2o 5 o= kel gk Vs R, 4 %El R 7]zl A
ol ®. HA Eeu]§ HXEE 5 kWh/kg Hy, 1.5€/kg H, ]85 HRE 7|&
e 4
(W-8) 2-10% ool =27k e 7hzollA Heles 48, 2% °l8t9]
gl A71A Zefrlge] AL Taxbsat &80l et TR &
glet= 71e= oF TRL 5 o2 3943 A5 T As

- (| AF) 2,847,710 € (3,709,540 H<H),

- (AAD) F i, g ds, AFQl ojge]ol, AT FEog e,
adads F2 g oo]ESH td TECNALIA (2# ¢ d+9), HyGearAl,
HyET Hydrogen BVAL, o] F50] #H.

- (7]17F) “16.11 — “19. 05
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tecnalio ¥

TSA "

99.99% H, purity
(1SO14687)

1% 2.54. HYGRID Z2AE 7] /18 2 ALAY
(Flexible Hybrid separation system for H2 recovery from NG Grides, 2017, http://ec.europa.eu/)

o F& THA
- H e AYEUol FE FalA 4 FALE TEHTI] J)EAT L AR
ek AFEE askal A

SUES TP Y, DR 5 RE TS F2 A TE0) o9 84 i
s 4oz 3 glom, ge wbelA

¥ ZUYAE AFEE J)& 242 E3 L5t 7|&Bok
- 52 A5 U A ekE o] 350 baroll A 700bar= A3E Alslo| A ¢FE7)4
2

&
B7rd = oy, HAE $Ax Y

* A 8212 4 dEHF EFo| SAE J2601% HojUS

>

— Linde, Air Liquide A} 52 oju] F#3} 7€ 7fWsle] 2010013 58 542
2y o) S Agstele] AAMAlY FFFoH, i ®E 7]ES B3 vl 9le-

b

FAL NS 22 299 0 o, ol47iA]

4

] LindeAl= <43}
SEERER S

>

O

- AA FA FEAE 700 bar2 T o, o= A T{Al HAEHE L
A o] @ E = Al 7Ea) ojuf WA E = IS Wztkslr] 93 40T oWl &

- 2

= AlRte = jlshe] SRl XA,
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SOl A AAE dES f Ao AFEAE Esisley, o8 fdM =

B2 A77F a9rE = dido]l EAE

Ionic compressor, 700bar station

2012 —20 kg/h system. 301t to

36 kg/h 14ft contamer

(potentially 72 kg/h)
—First implementation:

— Total, Berhin

— Total. Hamburg

—120 kg/h system

—30ft container to
20ft container

—First mplementation:
Daimler/Linde 20 HFS

% 2,55, AUAte] FATAA BRA 2 AT
(Zorn, T., Innovation & Experience. Hydrogen Technology and Infrastructiure, Linde Group, )

- (=83 582189 Aol3) H2=g TS A e 71 S8AF8l vl
B duaigo] destng $8AHE T4 SHAE 48 AF FAZel 2
g SR B2 84 H = FaSASH ] 350 bargks AHolH

» 58219 g AFHA M2 A -40CTAHA $2 AFH Wz B ¢S

- (M283 4 2HolAd) 19 256%F W2g 4 THA TS HoFe 3
o AWkl F&AEI e Ale] flod, T el v
o] Aol oujste= AL 4 FHld a7 EH = Alfte] TS Arke slom A
AEAR FHA 7.2 kg/min HFEZ FAH 2 30 kg TS fldl 4 2 W9
7F aEYgE AS on g
(A8TF %) A% 1.8 kg H2/min, % 3.6 kg/mino|™, 27} 30 kg =4
Al LT3, 83 Wel7h 8-, ey gk o] = dlste] SIS EE =old
T A=
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Scheme of typical HRS concepts and hydrogen pathways

Production + Compression + storage Dispensing

external suppl
PPy Overflow refuelling: conventional storage

HP =

-
' . .
: bar -
_.g PEM/alkaline et A : - =
§
Overflow refuelling: constant pressure storage

¢ i

Priee Constant prassure

A el

[onmane ] , LRy e
& | GH, pipeline L N )
a2

: Refuelling using a or COMPressor LN l—C}—-'[D @)
—

a9 2,560 g THA SEE
(New Bus ReFuelling for European Hydrogen Bus Depots, Fuel Cells and Hydrogen, 2017)

o T4 AR

- a s A Ve T A7HA 2okl AAA FAEY, dnbrow A8
AGA, AFEA, FaAGAAA LokR .
(=8) 7H8 283 g e Ma S o7t Al SHe] 4 FEow
B, A A=A (Membrane Electrode Assembly, MEA), 714 EH4k,
e, VA AT, JIER Fo= 4. 1719 cello] 0.7 V4T %7]
ko w creixm, 1kWE 918l 50709 celle] 84, w=re] aojAbrt =4
Aoz AAAE Hrstar slow, diaf soll A stz S8e 7=
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Peak Energy Efficiency

L+
Durability
5,000 hours

30 seconds =
Start from -20 °C

1

65%

Power Density
650 W/L

Specific Power

650 W/kg

A 2% 718 B 24

Flatinen Gioup |
Matals

a9 257 FAARAAA Veed 4 2 7HA % (DOE AMR, 2017)
7428  [nanz] sueE ALIE ERD,
A3 o 2418
RESE L SO0 H230% 24) 1%
. 27l84 R HTZE S8
s Aet M BAH50% O[4) 3.2%
=7 tatsl(30% 24)
eRAAAY  |40-50%| TIHHIS Y FREL, 24 RA) HE
a3 gt s BHAH-255 of3) 0.3%
32717 HEIT 23 A2 0.4%
. L4 25A5(5,000hr 0145)
i A 2% 324(30% 2L) i
271227 D% jofR (LI H) 0.2%
e
o7147) A7hg RIS 28 1.1%
saAeg A2 72 2% E 0.5%
4433
2UY3 15% S RE s S8 0.3%
2iClofolEd e 7z 0.2%
/2|
sl CCPCEERT 0.8%
" - 2323 HeALH HY
s - WAL R AR E Tt
HEE| 0% | yows s BEZESH(EY, PHEV, HEV) 1.0%
2lo|Ly, 7hEniolt| A7 2418t
S o= e E
S AHBEI 20% . SHIT TWRIHE 2H L4 i
25 HAE I|5 E2 6.0%
z AR b2 20.0%

18] 258, 42 AT AR 40 Bof = JAAT Bol @ JA]
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H2E 7lEe
(THE AR THE ARAA A2 =3 o] A T2

o

27 24

ARl 7&=&

H|ZEAL of| A2
"_’
AR —
5 TRW 1KW 700W 750W 700W
BO0xB00x | 500x700x | 1,000x 780 x | 1,800 x 315x | 195x780x330
o5 | 1600(5760) | 1560 (5420 ) | 300 (2340) | 480 (2720 ) (50L)
(@2HEB7| | (RAMHBT| | (24X | (247 | (2B
x| =) 2UHIE) = )] ) =218
o3 PEMFC PEMFC PEMFC PEMFC SOFC
YUEse 36% 35.2% 39% 3% 51%
71Zi(are) 2,700 2,700 1,700 1,700
< o FUES19 | 2o msles =2 _ _
FHAd =5 ] = Hix 52
=3 '—;jljaﬁﬂ;" 6000CH/ 4 94% Viessmannap | 250 SE 25
e =EE BAXI 2 MIE HE
L it
(01 ey of 3,000 223,000
EAT|LX[FuelCell =
HIEA Ereray = Bloomenergy SXT7|

AFEl
2z 2.5MW 400KW 250kW 100KW
=g MCFC PAFC SOFC PAEC
dt=s 47% 42% 53-65% 42%
i O =
o |RPSEM ZUHRS| 02 CEPRSEH [RCAFSAP | oo yjoim uim

MiHo o Y b3
S Lol FcEelexE  paraos  [Oro=ES8 SORC ) ans sy

LENEEE

1% 2.60. AlA ABHA 7]EE v
(AA AR WA, A EAAFD A 2018)
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S o RS on HEE dsdA &4dsE 20119
3 S B3l A vk gl

= JIEEHRER B2 H 7 7

Z0| (s v, oot
%3300

HIEH) 215
== 7} H{PEFC 7|8}
19.5
217

u.25 l.ﬂ 1,9

20004 20104 20118 2012 2013 20141 2015 20161 2017
e gy

J24%: of5H CIXIRI A

a9 261 9B JHAE dadA] Hg A% (HYFde], 2018.05.08.)

_¢JEo] 7}A4L ©

2 g8 A=A AP ollvl e A, -2 Xlx}iﬂ 2 Tk 714 9]
HBEUY 755 T8l 2715H AEEEe] Ay Fes eksteldlar 1 A
AEH oz AJAHAZ FHEHJL AH AR ZJ?J

- % 2619014 & F = AT C17d dA 235 5H 0] M-S A A E
et o 20d 1409, 30 5309 HEgS Z¥E o}ﬂ U=

- AR ES fElA 13 f5e] 93] Tk vFshl EAsh, At em
n|=+o] DOEAA 7]/ 2ewate] /AR NS sk 559

International Energy Association®]]
2.14°} ZELO] A A g v &
W E=E 89 AT
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=

1x

Hr

3 2.14. TIEACNA AAIgE 248 FAE 9 7| /i 53
ok 7= 7R & 717k
Cost : < 800 USD/kW
Efficiency : >80 % (HHV)
PEM Life time : >50,000 hr 2025 30
System capa. : 100 MW
Cost : < 900 USD/kW
ici C>
Electrolyser Alkaline Efficiency 75 %(HHV) 2095 ~ 30
Increase current density
Increase operating pressure
Prove commercial scale
SO Life time : >20,000 hr 2025 ~ 30
Degradation rate : <8 %/yr
Cost(manufacturing) : <80 USD/kW
(mobfl;/mgfaﬁon) Life time : >5,000 hr 2025
bp Reduce sensitivity to impurities
PEMFCs Cos‘,t‘- <890 USD/kW
Fuel cells (stationary Bificiency : >50 % 2025 ~ 30
lication) Life time : >80,000 hr
apphication Achieve MW scale
Alkaline FC Life time : >10,000 hr 2025 ~ 30
Cost @ <2,000 USD/kW
SOFC Life time : >50,000 hr 2025 35
Develop demonstration project _
Underground Cost : <1 USD/kWh 2025 35
H2 storage Pressurized tank Cost @ <15 USD/kWh 2025
C}ryogen1<; & Energy los's(process) <30 % 9030 ~ 35
liquefaction Reduce boil—off
Vehicles Cost : less than hybrid ICE 2025
H2 storage Cost : <15 USD/kWh 2025
FCEVs Ecomomy Fuel efficiency : 0.8 kg/100 km 2025
0.6 kg/100 km(500 km) 2035
Refueling Establish an international standard 2020
Tractor Capacity : >900 kg
: 2025
H2 —trailer Increase the pressure
transmission . . Define optimal station lay out
R ) 2020 ~ 2
& distribution Retail station Cost(station) : USD 1M(200 kg/day) 020 0
Compressure Cost @ USD 300/kW—H2, 88 MPa 2020 ~ 25
CO?2 coz Cgif[gse from Large scale @ 100,000 t—CO2/yr 2020 ~ 25
capture &
storage Capture & supply CO2 cost for power to gas & power 9095 ~ 35

to liquids : USD 15~50/t—C0O2
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HAUIA A2} o} 35 kg/h (H4 273 Al
70 % (LHVZ|E)
250 kg/day (2 120 Nm3/h)

7 bar(g)
99.995 % O] 4
ISO 14687-2 O+=

Ztx] 22] (m) 2.35 (W) x 5.89 (L) x 3.1 (H)
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Compare Fuel Cell Vehicles

Fuel cell vehicles (FCWs) are now for sale or lease in the United States although availability is limited to
areas with an adequate number of hydregen refueling stations. Fuel economy estimates and other
information are provided below.

2019 Honda 2019 Hyundai 2019 Hyundai 2019 Toyota Mirai
Clarity Nexo Nexo Blue

Mi/Kg @ 66 67 66 56 58 53 60 64 56 66 66 66
| comb city hwy comb city hwy comb city hwy comb city hwy
MPGE 68 68 67 57 59 54 61 65 58 67 67 67

comb city hwy comb city hwy comb city hwy comb city hwy

_ Other Estimates

Range 360 354 380 312
(miles)
Annual $1,250 %$1,500 1,400 £1,250

Fuel Cost *

I

vehicle Midsize Car Small SUV - 2wD Small SUV - 2WD Subcompact Car
Class
AC Permanent AC Induction (295 kW) | AC Induction (85 kKW) AC Induction {113
Motor Magnet Synchronous ew)
| (130 kw) | | |
Battery 345 V Lithium Lon 240V Lithium Ion 240 V Lithium Ion 245 ¥V NiMH
Select dealers in Available in Los Available in Los Dealers in California 8
California Angeles/Orange Angeles/Orange Hawaii
County California in County California in
Availability December 2018 with = December 2018 with
plans to expand to plans to expand to
other parts of other parts of
California in 2019 California in 2019

* annual fuel cost calculated assuming a hydrogen cost of $5.55/kg, 15,000 annual miles of travel, and 55% city and
45%: highway driving.

kw = kilowatt: ¥ = volt; kg = kilogram

a2 2,72, v]=Ro| A BAS g2 SAA R A 2Fe] 8] v)al (www.fueleconomy.gov)
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AP FAL AUA FE sol e oR ws AoR 3T

oIS FaAbEabet ARAA Hyow gokd 4 9le

- e A% = cSE0] wah AuA9] B 7EE AnA Al BA
Folut olF el njaf 2ufold T Aom At glov, o= FaAEAL A
gl des A mEbA iAo R g &89 Jde] vAdE 45
Aoz vEhaL gl

INDUSTRY & MARKET SHARE KEY APPLICATIONS SUPPLY SYSTEM H2Z DEMAND
. Semiconductor LOW
Eieneml Propellant Fuel = Small on-site >0.07 Mtons
Industry Glass Production * Tube trailers
Hydrogenation of Fats « Cylinders
Cooling of electrical = Liguid H2
Generators
MEDIUM
Iron Reduction = Cylinders 0.41 Mtons
Working Blanketing gas * Tube trailers
Forming gas
5 2.1 Mtons
4 Hydrocracking = Pipeline
‘Reﬁnling Hydrotreating = Large On-site
Ammonia HIGH
Methanol * Pipeline 4.3 Mtons
Polymers * Large On-site
Resins
INDUSTRY KEY APPLICATIONS PERCENTAGE OF HYDROGEN
SECTOR GLOBAL H2 DEMAND | SOURCES
= Ammeonia
CHEMICAL - Polymers
« Resins
« Hydrocracking
REFINING + Hydrotreating
« Annealing
|RON & STEEL + Blanketing gas ©
» Forming gas E
°
- Semtclcl)ndufctcir = ‘ 10% Bl Natural Gas
« Propellant fue o oil
GENERAL + Glass production _'Em - CI |
INDUSTRY + Hydrogenation of fats é 03 _
- Cooling of generators S Etectrolysis
9 2.73. 40 Az A%t H 4 2FdEoF (Hydrogen from renewable power, IRENA)
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700,000

600,000

500,000

400,000

300,000

200,000

100,000

o, ._.--

2009 2010 2013 2015 2020 2025

400.0

350.0

3000
2500
200.0
1500
0.0
50.0
0.0 | || - -

2016 2024

BMPEMFC EDMFC mS0OFC mOthers

Megawatts by region of adoption 2012- 2017

"I @ E4tech O
FOO0 [ svatear | Eneray | sustainability

600
500
400
300
200

100

2012 | 2013
Fuel Cell Today E4tech

9 2.75. A ARAA AIF oS
(91 &9 9, YT, S=57oA 71d 4, 2018, T3F ¢ Fuel Cell Market size 2017—2024, global
market insights, o} : The fuelcellindustry review 2017. E4 Tech report)
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Pr—— BLODM ENERGY CORP.* | DOOSAN FUEL CELL DODSAN FUEL CELL
AMERICA; INC.* AMERICA, INC.*
PRODUCT Energy Server 5 PuraCell 400 PureCell Hydrogen

on grid power generafion, | ongrid power generstion, | on grid power generation,
MAIN APFLICATION UPS or back-up service UPS or back-up service UPS ar back-up service

E——
natural gas, bio gas natural gas, bie gas hydrogen

e e T R
romoion |z
scone z
e S —
e

YOLTAGE 8DV

QUTPUT TEMPERATURE _ Cf120=C

o e e
va [T
T e R

* product data sheet

= murmfactnnes own instroctiom

a8 2.76. 42 AR HA ASH| A (H2 international, 2018.04)
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FUELCELL ENERGY S0LU- | FUJI N2TELLISENCE
TIONS GMBH™ GMBH*™

FUN NZTELLIGENCE HYDROGEMICS CORP.*
GMEH*"

SureSource OuattroGeneration HyCoGeneration Fued Cell MW Power Plant

comimercizl commercial commercial commercial

on grid power generation, on grid power generation, | on grid power generation | on grid power generation,
UPS gr back-up sarvice, fire prevention UPS or back-up sarvice

Carbon Capture
MCFC PAFC PAFE PEM

natural, bio, landhll gas, natural gas, LNG hydrogen hydrogen

LNG

1400 kW 1000 kW

750 KW 1500 kW

AC

B

~0 o
. et =

I
5]

50 Hzf &0 Hz

AT %

380 to 48OV
70 *C
70O cm

292 cm

15000 cm

I
5
fad
5
|

20008 crm 219 cm

B
g

0000 kg

32000 kg

h,
#
= 3
5] -7

=20 to 50T =20 to 40T -20to 4070

a9 2.76 Al T4 A5 AR AAEH| L (H2 international, 2018.04)
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19 2,610 HERG AA T A
309 7]Eo R 530%d RS

— Global Market Insightsi= 18 2.773 o] dE Agdx] A& 7|PFH oz

AAY, 53] Falg nFow ¢lste] fu-gol vl Zx1Fo] oF 4d7} o &
S Ao =g

AL AA FE/AEE ARAA A Hdlo] Ll A= As v F

(o3

E‘nﬂ n
(VRS '
Ann N ‘ ‘
UL ﬂ
ann A ||
i ERE
-.
sk I
LUV 1
Hi ’
—
1060 0 - 2
100U I
aon | i i I
u.u
- 1 A

WStaionay ®Fortable B Transport

2.77. dE o] A5 A=A A# (Global Market Insights, https://smtnet.com/library)

M 129 ovlRETs ZEAES S A Has 913 7H/AEE
?iiﬁﬂ AS AE A
- 10 Zi=d 1,000 9] 1RAAE EEek ol F e Bt 5= Tel BA
3 szm R, A AnAA ] AR 5 HE
colF =4 W‘ﬂ 7500 vl o] FHE AT, o= ] AFEGE
njekst Aylg AAA AA FRE E AL u]9 ujH)
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Where can | get my fuel cell?

Awustria
B E

0 (5% ARAA) o] ok Sk AFA MG AFH, 17 2799 hehd
AR WA APt £EE AFS 0ad u, A §F WA 199 AF
308 A% Aol7k Arke AL & = AL

A oA QAN R Sl S48 FEe) A4 SIS SadE
& 933 917) wjFoln, ofge] F4]<)
1A Wbl A A ot o] BEd

v}

- A4 " 173 Vo2 HAVES AEH] Wb oF 899/kWhol W, A AR X
7o w2 g8&0] 100%% 7F8e 45 °F 120 ¥/kWh W9l v A=A
O & 50% Welolm & oF 2404/kWh7HA] Z718kA &

* T4 D7HE 4000 Y/kglE 7MY (o]4AHY 2HULE F4 0.111kgo] 3.7 kWh A4b)

4
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Z g4 sls) 23 AFER 13,000
sl Aab U EHR S 9,000
&) 3 3} 3} A TEPgss 13,000
LGS} T AwEd 11,000 190,000+
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o )3 5} 3} L L 500 (% Eoo]
[ A2t e S 3000 A A=)
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% tBP3}} 22 B-CE3l 2500
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- —
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?’_EQ'I 2050 FH 121X ‘Hydrogen meets digital

AA HH
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20504 &4 AKRi0| e o
SHIE
24 A H A
22,900:4
722 4%

2 71E BHE

FHIEOL NGEY HE S ATI[AL 20 A WHE

470z 2 o 60 20z uwy

a9 2.81, 7 50 AW FA4A 8 #4 9 AA ax
(Hydrogen meets digital, Hydrogen council, 2018)
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Security Act D wE a5 el dsEl A4
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O Hydrogen Fuel Initiative (HFI, 2008 7 )
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78 0% HPP7} we]

- 1% 2.87+ HFINA AAE ZF 7]=2 210, ~ 159704 74 A%, ALl 59
st 714 EZxef Wy S HAISH
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O Self Generation Incentive Program (SGIP)
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Strong Government

Strong Industry

H 28 7l 28 24

R&D Role Commercialization Role
e 92090
remssmssEsenssnssnaay L. Technology Development
RD&D [ . Research to meet technology
arsussuranl performance and cost targets and
Technology establish technology readiness
Readiness
II. Initial Market Penetration
Portable power and stationary/transport
| Initial Market Penctration | systams are validated; infrastructure
investment beging with governmental
policies
lll. Expansion of Markets and
| Expansion of Markets and bhfmstrecturs | Infrastructure
H, power and transport systems
commercially available infrastructure
business case realized
| Mature Mackets and ||lfra5t@ IV, Fully Developed Markets
and Infrastructure
| | | | H. power and transport systems
L] commercially available in all regions;
E § § § § national Infrastructure
= (=] o L=} [=]
2000~ 2010~ 2020~ 2030~ 2040~
r T
28384 ieg EE Y Ju4R o qx[FHE|0f 2 M H20
TE izng TRRHED
o | AR Sans MOOUAMETIAY A | HAS 8 Age
B AafLy oA HAY Ol BRH | FANHY 2FY So| B
A =
T - Hp0| mayo! : 2 SYuE/EME
A | B | e ae gy DR & SuiEe3
L] 1 ﬁ- \ A IFEA W oy E b 2 s‘lﬁ' 'ﬂﬂ'{-.”ﬂi.-l ?|i
% y
E . A AFMEE G (metal hydrides) IHAEEL, $217F)
= -2z
=l 50 904 714 BB YB HAEAL JI%
[ 5 —
x| '
[ | :
A o xsimu - pAg N * 4L float NP
(o) e B j . AL tHEARE PRIA| AR
of |o®g |-&ussn = S 2 cp o GiafaH
A e = 5 floot 71918 284 i
ooTE Jﬂg =R "'Iﬁ'—laﬂ I—[H
% 3t tleet i

Y 2.87. ml=r HPP W] A A4+ A FHEZEY
(9 : Hydrogne Posture Plan, US DOE, 2006)
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Table 2: Status of Key Hydrogen Fuel Initiative Technologies and Target Dates

Technology Target area Status Target (2010) Target (2015)
Fuel cell Cost® $107/kW $45/kW $30/kW
Durability 2,000 hours 5,000 hours (80°C) 5,000 hours (80°C)
Storage System gravimetric capacity (net)’ 2.3 wt% 6 wt% 9 wi%
System volumetric capacity (net)® 0.8 kWh/L 1.5 kWh/L 2.7 kWh/L
Cost’ $15-518/kW $4/kW $2/kW
Production Cost, distributed natural gas® $3.00/gge $2.00-$3.00/gge $2.00-$3.00/gge
Cost, distributed bio-derived $4.40/gge $3.80/gge <$3.00/gge
renewable liquids (2012 target) (2017 target)
Cost, distributed water electrolysis $4.80/gge $3.80/gge <$3.00/gge
(2012 target) (2017 target)
Cost, central wind-water $5.90/gge $3.10/gge <$2.00/gge
electrolysis (2012 target) (2017 target)
Technology validation Driving range 200 miles 250 miles 300 miles
(demonstrated in vehicles) (2008 target)
Efficiency 53-58 percent (see 2015) 60 percent
Durability 1,600 hours 2,000 hours 5,000 hours
(2009 target)

29 2.88. vl=r HFI #2F4 7]% &-3% (Hydrogne Fuel Initiative, GAO, 2008)

Step 1 Step 2 Step 3
Max Max
o Max - : - ¥
Initial Ficentiie Initial Incentive Initial Incentive
Technology Type Incentive ; Incentive wi Incentive wi
Rate wihlogas Rate biogas Rate biogas
adder g g
adder adder
Generation Technologies sSw SIwW $wW $IwW $IW $IW
Wind $0.90 n/'a $0.80 nia $0.70 n/a
Waste Heat to Power $0.60 n/a $0.50 n/a $0.40 n/a
Pressure Reduction r Ay o . ; :
Turbine'® $0.60 $1.20 $0.50 $1.10 $0.40 $1.00
bl CombusionCngee | 060 $1.20 $0.50 s110 | s040 | s1.00
Microturbine CHP $0.60 $1.20 $0.50 $1.10 $0.40 $1.00
Gas Turbine CHP $0.60 $1.20 $0.50 $1.10 $0.40 $1.00
Steam Turbine - CHP1® $0.60 $1.20 $0.50 $1.10 $0.40 $1.00
Fuel Cell CHP 3060 $1.20 $0.50 $1.10 $0.40 $1.00
Fuel Cell Electric Only $0.60 $1.20 $0.50 $1.10 $0.40 $1.00

19 2.89. ] SGIP #| %= (Self—Generation Incentive Program Handbook 2017)

o ThFE W FEol o F A g
A4 HEA A FFH O WP G5 /woRA Aelol AnHA 3}

E1] 4 (California Fuel Cell Partnership, CaFCP)¥ U.S. Drive (Driving
Research and Innovation for Vehicle efficiency and Energy substantiality) &

o] AelsLlole] i WEL OB YL
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— (CaFCP) 1999 A 9w TA=Z 189 7|5 43709 w7143 AEGA|7F A%

wo} BAHQ A ELlo} 9] FaAER e 75 HeFS FE. HIUSA
Sh= tha) Beluol Aoyt £ FH tid FEH 48 @

=
ST 3-5809)

AAEA, ez BY SaFAL

- (714 53) 250 mileo]d F3, <
AAHQ Fa B BAE ARl
SOl wE ARw Y 248 AFe Fx

- A California Road Map (the Commercialization of Hydrogen Fuel Cell
Vehiceles, 2014), The California Fuel Cell Revolution (2018) 55 &7+s}<d

AR A4 WE HEgS T3 o, H2USAS shA vl= Ao tfgt

.

oy

S

T AA FFo| T2 9IS 9

C A AR 5,000 $ BEF AH SR BERE 5 B 199 @A =4
26,5470, AW 30d], S 6571AE F5T

* QEL 30260 F4xF, 18t)9 F4 W27} &3

- AAE A EY, 742 WA 5o REYS S JeEs F

1:
(H2USA) DOE F%== 13 8 s akde] W 9=y oz 4
Al Az=RqA Fref ofsfdA 7)ol H
- AR, AREAE AL, 7ERSAL ARAA] AL 5 ek v E R 7]ee] B9l
T

] L T 1=
L (BH) WERop] FAAEAE EATOEH FNAR AL GLA7] 9

Lo

A T

- National Hydrogen Scenarios &= &3l A2 Ho]Ad AX]o thdl 7lol= &
= AL, w= Ao el A Asak vas f1E A= A4

-~ 184 "] =r9] 9709 5 Connecticut, Maine, Massachusetts, New Hampshire,
New York 5& o= opedst FAAEH1A] AHF By A5 55 93,
Ao} 5 o ® oM s B Mobss FHst T4 AA 75
Al A 5,
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A California Road Map

The Commercialization of Hydrogen Fuel Cell Vehicles

2014 Update: Hydrogen Progress, Priorities and Opportunities {HyPPO) Report

1% 2.90. 1= CaFCPe =22l 7|5 ¢
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EDTA FCA

Eauchlo Deley Iramapart

FE FLIEL (D CENERAL MOTOK E; HNE' @ HYDROGENICS @

HONDA HYUI'I__I-JFII

& m N\CB : j\ = FINREL nelo Eii%ﬁi“ﬁﬁ&%’c';

number one by nature® e

OAK Sandia
RIDGE e, DA€ (), @SRML TOYOTA €

2018

Hydrogen and Fuel Cell Development Plan

\
THE CALIFORNIA
Fuel Cell Revolution
Connecticut Hydrogen Economy

Ecenomic Development
Environmental Performance
Energy Reliability

A Vision for Advancing Economic, Social,
and Environmental Priorities

California Fuel Cell Partnership

JULY| 2018

2 x4 A=gF 2= (www.h2usa.org)
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— Fuel Cells and Hydrogen Joint Undertaking (FCH JU)7} W13 oA 24 A A

Adefs FEA R o|Fal AU
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O Strategic Energy Tehcnology Plan (SET—Plan)¢] #x= g3 10d-5et a4

ER7leRA FadsdA Ve FAsE de

O 164 Sustainable Energy Security Packageol| 4] =24 A8 @A X 3l A3}
7VeAds AustH, AAAATGRE AFx=s

2020 2030 2050

RES

% 2,92, 49 AEFEA o4 ErA 5o A7t Ex
(Fuel Cell and Hydrogen Technology: Europe’s Journey to a Greener World, FCHJU, 2017)

O Hydrogen Energy and Fuel Cells : A vision of our future

— 034 European Commissions &34 CO, #F2] FHOZA 4 oy x| %
ARAA o A ZEWS SR F 39 DA AL HES AN

- 504 A A FHE Qg v o2 REWS AASte] e WEAS

=3

» FF FCH JU FE9 “199 2=g 2e2 283
o FCH JU
- FOARA FdAbE & e OF, ARAA, F4A MY, AT as o=
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- (53]) "5097HA Aeta FAze] He
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A roadmap for financing hydrogen refueling
networks - Creating prerequisites for Ho-based

mobility

q Npm; Eﬂerm;m
w Strategy Consultants

A study for the Fuel Cells and Hydrogen Joint Undertaking (FCH JU)

— Final report—

Frankfurt, December 2013

HYDROGEN

ROADMAP
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ASUSTAINABLE PATHWAY FOR THE
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EUROPEAN ENERGY TRANSITION Q-’ H

2,
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19 2.93. 9 FCH JU9 x4 d=F 2= (www.fch.europa.eu)
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a B bl ysis
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L
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g Ve = IO ST
P-'?-nl:l Subprogram R&D efforts
: I aueresafully cancluded
Estimated Plant p_l m'{m
Capacity (kg/day) _1' FE, NE: RED efforts in DOE Offices of
Fossi! and Nudegr Energy. respactively
Fossil Resources Bio- & Waste Resources Direct Water Splitting

Estobiished Confinged Innovoton nnd’.ﬂppi’un‘&

] 3| i
industrial Foundational RED Needed
Procesees

Caal
Frocessing

Natural Gas Waste to Grid H,0
Heforming . Energy : : Splitting ELECTROLVES
i

Innovotion, Apphed & Foundotiono! RED

I.-'l"ldr:'.'rprl.'m'.f- Adoption Timeline

FOS5IL RESOURCES WASTE/BIOMASS H,0 SPLITTING
L T, i # Options included biogas reforming | | = Grid electrolysis is
pwdf:r'mnmnfhsﬁ;s aptions Eﬂ frran'l::nmr.l'an of wgfu rll;{'mm# .htrmp.ir'n:pmn" W, nmﬁﬁ?*

= New aptions offer scalability and # Byprodeuct benefits Include clean - Erm ing nuclear/salar options
byproducts (e.q. CHHP) water, electricity & chemicals r long-term nura!nuhﬂ

29 2.97. ¥]=F DOEONA AAIgF 20133 ()3 20173 (okef) 714 M ==

(Hydrogen Production Tech Team Roadmap, "= DOD, 2013, 2017)
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(Hydrogen Production Tech Team Roadmap, "= DOD, 2013)

=2 A =% A7} o]&H]& X3
b LEE ($/kg Hz) ($/kg Hz)
A HAVLA FF 2015 2.1 3.8
2015 5.9 7.7
Hpol oA g F&
2020 2.3 4.0
2015 2.1 —
Hlo] @ w2~ 7}~ 3}
2020 2.0 -
2015 3.9 -
Ak S 8
2020 2.0 -
2015 3.0
T4y A
2020 2.0
2015 14.8
4 s}st A
2020 3.7
2015 17.3
i P e BT I
2020 5.7
g A=Y TA 2020 9.2
g 34 2020 10

d

O WS o $714Me 2eEg 24

O "= =4 o] )l Wigk AL & 2.309] A= AAY 20133 ANE 2=
Mol FAH o T J]|eEo] 9S

- (FBREHZYY) 20 715 o5 520 baret 5% 940 kg o|v] Air
Liquide, Air Products, nelAlE o] 7]doA] 253 7|2 GAlsE Ho7 I
7t e

- (AL 57k FREHDR) 204 71 90K L5l 1,500 ke H2#&5
3} 340 bartd S EXE AlA

- (93 FREH YY) 204 7]E olF™EE 70 kgm’= oln] S Ao, A4

Al 1 $/kg Hoe @A E3xxolH, & 40%U9 9] oy £48S 30% W71

Ex= AA.
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— (Fo]=ZEQl) AAA o7 ExnH]L) A 07 |eakage 750 kg Hy/mile/years =

== "1

12 AAR o, EujA] &4 160 kg Ho/mile/year ©|stE A|AI g
= A ARl 71 FEold WAl o3 R EUe]e} o] gl o]n
Fgohd Fel A G5

— N;dx%o]

) o] 7)< B3 AN E 204 o] 3 E V| AYEFAF EE = Air products,

&=
Air Liquide, Linde &°l 93] dd%U=

¥ 2.30. "= DOEo|A AAI3 o]& 7| ==
(Hydrogen Delivergy Tech Team Roadmap, ®|= DOD, 2013)
(Multi—Year Research, Development, and Demonstration Plan, US DOE, 2015)

TL olFTe H| & 15 *20 223
== O} x] = A) xgz‘\_ 2N
oome e T 2.19 2.15 <17
PR +% M8 ($/kg Ha)
e B A} F28E  3.35~43 » »
. < 2.
H-& ($/kg Hs) 5
+% &% (kg Ho) 720 1,100
7AYol
A7ere (bar) 250 500
L% (K) - 60 K
A2 AL Fol% +58% (90 K) - 1500
8 (bar) — 340
ol (kg Hy) 4,554 4,554 5,250
M3} T4 o]F A E7F ($/kg Ha) - 1
Te A Y A as _ ~ 70
(%)
H, 7% < 0.5 < 0.5 (+%g9) <05
(2% gH %) < 0.02 < 0.02 (Exjzkel) < 0.02
vlo] X g}el AZ4] $ 765,000 695,000 (5%/km) 520,000

(8in¥l ¥, 1mile 71%) 355000 230,000 (1.72}/km) 140,000

T - 50 50
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TZF 59| A a7}
T S (kWh/kg) (KWh/L) ($/kWh)
700 bar 7]A 4= 1.4 0.8 15
300 bar 71A] &= 1.8 0.6 13
=A< (500 bar) 2.3 1.4 18
17
=247 (NaAlHym) 0.4 0.4 43
Sorbent (MOF—5, 100 13 0.7 15
bar, HexCell, LN, cooling) ' ‘
o} A4 (AB—liquid) 1.5 1.3 17
90 1.5 1.0 10
(0.045 kgHo/kg)  (0.03 kgHo/L) (333 $/kg Hs)
95 1.8 1.3 9
(0.055 kgHo/kg)  (0.040 kgHo/L) (300 $/kg He)
Hzuy 2.2 T y

(0.065 kgHo/kg)  (0.050 kgH,/L) (266 $/kg He)
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Tlad Az Yol A9 saabeat FhstE A% 2Efe AAlsksler,

HyPPO Z=ZAE=Z wv

o F= AP EUl Ao Fa 2HO AT a4 AFA RFS AT AL o)

Number of Stations

3 AAStaL

160 60000
A0 50000
120
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20 8 L Market Growth J
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0 - i 0

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
@ FCEVs Supported W Stations
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18,465 Vehicles
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10000

8000

6,650 Vehicles

6000
4000

2000

Auto Manufacturer Survey-Based FCEV Count

125 Vehicles

2013/2014 2017 2020
B Berkeley B Coastal/South OC ETorrance
B West LA/SM [0 South SF/Bay B Expanded Network

19 2.98. Y14d AAE AR XYool A B 2
(A California Road Map, The commercialization of Hydrogen Fuel Cell Vehicels, 2014)
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FPS + other EU instruments provide support for market deployment, > 2030 vision

helping to reach fully commercial volumes & prices.

20-40 GW of electrolysis
is installed in Europe.

Major electrolyser policy initiative recognises the value of

‘electrolysis in decarbonising the energy system through market

rules and valorising €O, supporting widespread deployment. * Electrolysis capable of
producing zero emission

hydrogen at a cost of

Demonstration projects prove viability of large scale 2030 —€3/k

] e : fio based [ke.
electrolysers serving key applications e.g. transport. H, cost €3/kg base

an:

= - - * €500/kW capex. RO pE—
R&D on technologies with the potential to S0KWh/kg efficiency. manufacturers are
improve economics of decentralised £50/MWh elec. global leaders in
systems. 2027 electrolyser sales.

Systems =100 MW
operational.

R&D on technologies that

hold high potential to lt_JGV_V installed, comprising
reduce cost and improve * distributed and centralised
performance. systems.

2023-25 H, costs €5/kg.

50 MW systems operational.

=>1,000 distributed systems (c. 1-10 MW
scale) operational.

H, cost €5-8/kg.

Current state of the art
Demonstration projects in the 1- 10 MW scale
operational.

Projects of c. 20 MW under development.
Current H,costs c. £10-15 kge.

Hydrogen

$ Europe

Electrolysis: detailed technology roadmap

Actions and interim targets

*

2025
50 MW systems operating, >1000
decentralised (1-10MW) systems operating

2030 g
| ; 2030 vision

{ Current and planned deployment projects prove

hnology at 10's MW scale
AL g T 7 * Installed cost of €720/kW including all BoP 2040 6Wial
efficiencies: Current projects achieve lower cost (due to H2020 Plant AC efficiency of 50 kith/kg. electralysis is
5570 kiWh/kg e 2t 10 MW scale) Hycoste e5k atscale installed in
- I | I . Europe
Continiad resaarch on fechnolomes wiiki aTar im e Improved technical KPis Shuchrofyile
increased efficiency, operation at high pressure actieued;
fnere + Installed cost oF€500/kW capable of
High efficiency concepts are demonstrated in real world + Plant AC efficiency of 48 producing zero
icati tscale (e.g: solid oxide el t 10MW) * kWh/kg i emission
T — I = + Cell stacklifetime exceeding hydrogenata
gt EU pp: R&D on tec| to reduce cost and improve performance 60,000 hrs costof <€3/ke
operating, 10 S
MW ITM Power 1 !
Pmﬁ ;'3"8' Large scale projects (10-100 MW scale are daveloped)
Wb pm").’e"ﬂ Decentralised projects g-liﬂ MUW) demonstrate wide range of Background assumptions:
n b
supported by 2 Loy eneiey 100 MW systems operating, el ‘;"“.“g“‘ Aoy
the FCH JU2 Rapid respor hrol for electricity system storage and flexibility continue to be >10GW installed across eh rol ]:;.n"ﬂ'an 0 access
(TBC) developed and tested at a range of scales Europe cheap electricity (e.3.
German regime)
. . . - Resolution to Renewable
Eu pports d projects at scale linked to key O30
rs Energy Directive to allow
licati tr rt, enel st heat &
Legeiid L applications (transport, energy storage, heat & power) procurement S arecn
Low cost green electricity procurement strategies identified, including grid balancing income. These strategies Sl o s
are enabled by regulation and allow prices <€50/MWh e Ienewanie uC
- - * standards
*Intmm target Projects at range of scales from 1 MW ~ 100 MW scale are developed on 20-40 GW installed
acommercial basis H, cost €3/kg based on:
EU programme provides support for market activation mechanism, E500/kW capex
helping to reach fully commercial volumes and therefore prices S0kWh/kg efficiency
. €50/MWh elec. cost

* See next page for breakdown of projects

a9 2102, 9 FAN FaNE 2o
(Hydrogen Technolgy Roadmaps Full pack, Hydorgen Europe, 2019)

- 183 -



Regulatory regime ensures low carbon hydrogen for all production

options.

Support for first commercial trials of new direct solar and

direct biological production systems.

> *

Member States + EU funds support deployment of

reformer + CCS systems at scale.

Deployment of gasification systems at

scale.

R&D on technologies that hold
high potential to produce zero
emission H, at low cost.

2023-25

> ..

MW scale projects operating for solar production,
production from waste, & biological production.

2030

>10MW scale gasification
production commonplace
Commercial 10MW scale direct
solar and direct biological

production.
Reformation+ CCSis

widespread and mandatory for
new deployment.

Deployment projects at the 100MW scale for

reformer + CCS.

‘Solar production and waste

Current state of the art

One reformation+ CCU unit operating

in Europe. Biomass and solar

production have trial plants operating

or under construction. Waste

gasification prove technology
‘concepts.

Successful completion of

current planned trial projects

gasification and biological production
concepts are at the laboratory scale.

on reformer+ CCS.

Actions and interim targets

H 28 7l 28 24

2030 vision

Arange of
technologies which
can produce low
carbon, low cost
(€3/kg) hydrogen at

scale, are operating

either at industrial
scales or close to
industrial scales.

Fossil based routes
including CCS achieve
below €2/kge.

14

Hydrogen
Europe

()
W/

‘ 2030 =
. P 2030 vision
. B . N New centralised reformer
SMR+CCS : not ‘ Development of new reformation +CCS flow schemes to optimise eficiency, cast and €O, capture sl ekl
rt : Arange of
of’d-ailrcu ‘ SMRincluded i rzc[ Conti ueddave(o;: ent of Cc's"%cw = technoglosies
. in in Contin! velopment o and €O, capture
programme|  Development of European CCS netwarks * European CCS networks i which can
‘ s Large bi e — preduce low
Bi = T - ! 3
g::'i'f‘i::ii S Deployments of biomass to H, plants prove technology at MW ‘Commercial projects are developed at 10's plants deliver renewable * <arhion, lowcast
} scale MW scale hydrogen at <€3/kg to industrial (well below
10's of kW scale | €3/kg) hydrogen
trial facilities =
| atscale, are
operating sither
EU programme supports at industrial
Selar hydrogen : - _— R&D&D on the most promising. scales or close to
0.75 MW_HZ Continued research on range of most promising technology options within technologies and concepts industrial seales
production plant o solar hydrogen duction, te gasi ion and biological production of
in construction hydrogen First 10 MW scale
Jcommissioning solar
d at d d i
‘ Most Eoncepts are developed ot p level srGectin * - €O, transport and storage
7 AN operation HEdsts technology matures and is
Waste 1l ion of existi : | projects i of MW scale producing Hy being deployed across Europe
gasification solar- | gemonstrations reactors with high H, production rates during the 2020's
Small prototype - Policy support for hydrogen
concepts ‘ decarbonisation via
= = N - - SiidllosnnaEe taxes/mandates
Waste- | Successful demonstration of existing Demonstration projects based on second generation ifiers are operating
prototypes concepts at the 10's of MW seale in town and cities, Legend
mﬁ;gic_al i - oy >
production Ay projects proving f scale
from algae L reactors with high H. production rates Biological production
Lab-scale of H, from algae pmu* nterim target
concepts = ‘ atscale
| |
. A |
{
16
2] o = ]El. /“/\}\g}\]- ]/\ 2= m
1% 2.103. wH 7 Rt/ E —

(Hydrogen Technolgy Roadmaps Full pack, Hydorgen Europe, 2019)
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o (A7) M3t LOHC, stEuYe}, WEsE o= A AshaL
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V Liquid hydrogen carriers: detailed technology roadmap Fw b g

CurrentState 2020 | | 2025 | 2030 2030 vision
of the Art = = = N | |
Next of liquefaction \ \

{cryogenic vessels, high efficiency etc) -4 Liquefaction with 6-9

kWh/ke efficiency X
High efficiency liquefaction demonstration project to 3 * déveloped atscale and with Arange of liquid
low cost (<€1/kg) hydrogen carriers

Liquefaction
KPls:

Enerey validate next gen technologics

consumption:
12 kWh/kg ‘
e ceore

are being used
commercially to

transport and store
hydrogen at low

cost and with <10%

Improvements in storage of liquid H, to reduce boil-off
losses (see previous roadmap)

Roll-out of next generation liquefaction technology to
new bulk hydrogen production plants

EU programme supports R&D&D on these technologies

loading/unloading

T T T |
Regulatory changes facilitate transport of ammonia and LOHCs such as toluene from ship to road at ports ‘ energy lost from
| |
|
|

Hydrogenious

hich show potential for reduced energy use, .
have deployed a

Most promising liquid
carrier options are being |

S0l uritina L ' adopted in commercial
micro-grid Most promising concepts in terms of safety, cost and performance are RRgeels | Background assumptions:
environment developed | - Demand for H, grows in
| line with projections in other

EU programme supports R&D&D on these Most promising next generation chemistries and catalysts are N roadmaps
Legend technologies and concepts demonstrated in HRS with 100kg/day capacity and €5/kg cost /
- N
Acti 4 - .
T | [ [ Carriers have charge/discharge efficiency |
| | | above 88% and discharge energy use below |
*\ nterim target ‘ | | 5 kwh/kg H, ) C!a;ngels have
Role for EU ‘Techno-economic work based on early trials to conclude on mostappropriate i
programme | liguid option for different scales of dermand/production and also distance //
‘ travelled (from short distance to intercontinental energy transport) /
T _

T T
 IDEALHy project, 20

:lal 2.104. Tl_aq oﬂ/\L x}z}ﬂg ituﬂ
(Hydrogen Technolgy Roadmaps Full pack, Hydorgen Europe, 2019)

- 185 -



H 28 7l 28 24

i

3.5 kWh/kg

Hydrogen transport logistics: detailed technology roadmap!

Road (tube trailers)
Tube trailers with
capacity > 1,100kg H,
(at>=500bar)
Liquid H, tanker
capacity of 4,000 kg of
H,

Ships (liquid)
No liquid H, ships in
operation. Kawasaki
are designing a large
ship to transport
liquid Hy.

2025

Tube trailer CAPEX 0.45M€/tonne
capacity (@1,000kg and 500 bar)*s"®
(hargeldlscharge eﬂ'cxen(y> 88%

2020 ‘ ‘
Optimisation af existing road and ship transport :

technology ta optimise efficiency (loading and
| | | 1 Demands of 1,000 kg per day at HRS
| Development of novel high pressure lightweight composite materials H, tanks * networks create scale needed to

Tube trailer CAPEX 0.3M€/tonne
capacity (@1,500kg and 700 bar)
|

unloading time) and cost
| I ; reduce transport costs to <<€1/kg
3[ Substantial increase in H, demand for transport and building applications |
\ . i * \
Improvements in transport vessels for liquid H, (temperature control and minimal boiling Little/no boil-off of H, in
loss) L transportation
PR Tiquid H, storage container capex €0.2Mtonne capacity ‘

Demonstration of very high capacity gaseous tube trailers e.g. 700 bar,
including required changes to existing regulations

Most promising liquid
carrier options are being
adopted in commercial
projects

|

T |
‘ Regulations for on-road liquid transport of hydrogen are harmonised across the EU to facilitate transport of liquid H, ‘

EU programme supports R&D to optimisation of high pressure and liquid H, storage

for road and maritime transport

FrEdRe, W, stolLeglow Fiatel AN HYL
UG BEE 1€ks o5 ANINFOH, o F 25K Tk
SRR AN, WSS 052 21d7kA e, ~30:e] Wl

ZEWOZ AA

21 1,000 kg o14¢] AA7H
ol ghel 7%

& e s

olstel 200 keg/d o]/del

Tgro] Baly)ey 19u9e] Astel =3 njE 9] 7L e A A

lﬂ Hydrogen

Q@ Europe

2030 vision

H, transport costs <
€1/kg across all
transpertation methods.
Road transport
networks offer efficient
solutions to deliver
hydrogen across Europe.
New large H, pipeline
networks are serving
hydrogen energy users
with low carbon
hydrogen

Background assumptions:
- Continued policy support

and industry momentum
T \ I = " = — for zero-emission road
Pipeline | || Next generation of road and maritime transport with liquid H, trafispiort and hydiczsh
Hydedicated pipeline | EU programme | | : S e
costc €1M per km support i .
demonstration of ‘ Demonstration of intermodal hydrogen transport to optimise system components > Demand driven Intrease in
7 | H, production (from
logisties. | transport and housing
Légend e Devise regulations and safety standards to allow the integration of 100% H, into the natural gas ‘ energy demands)
& grid pipelines and the more widespread deployment of H, dedicated pipelines - Clarity on purity
; o = T - - | requirements for energy
Action > UK’s Hy4Heat and H21 programs test viability of conversion of Deployment of H, dedicated pipelines fof enerey applications (e.g. 100%
existing (low pressure) gas pipes to run on hydrogen applications Evcliores pipslines)
:
*lnterim target | 1 I - Regulatory support for H,
Development of novel components/welding processes for high pressure H, pipelines, as well as practical solutions pipelines
Role for EU o problems identified around converting existing pipelines to hydrogen
programme !

EU programme supports R&D to develop new cumpnnentsfpramces for H, plp!lmes

% 2.105. 9 o)lE7E 25
(Hydrogen Technolgy Roadmaps Full pack, Hydorgen Europe, 2019)
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l

O (FasHA By H1) “25Wd7bA] 100070, 184 ~30Wd7bA] 450070 Has &

=

00WHEMS S, 3o, AA] THN G 50% Aa 5 T

(29hA ~*27) 100 kWolite] g dx =
0.3~5 kWole] &% A8x%] 3,500 €/kW

Stationary fuel cells: detailed technology roadmap &

Hydrogen

QP Europe

Current

State of . _ : _ 4
theArt ) Toda: 2020 ‘ 2025 2030 e
4 | | 2030 vision
( Y i Building regulations remgnise the value of FC CHP efficiency in reducing the environmental impact for new build and retrofit
>2,000 fuel cell- I Stationary fuel cell increased production of
fhicro GhE *FGH 1U PACE projct de""’ys * F“e' cell praductiori capacity of * 10,000 units/manufacturer/year. Capital Widespread uptake
systems installed, €.2,000 fuel cell-micro CHP L “0" units/manufacturer/year {codts reducewith volure o production for domestic and
with ¢.2,500 | | | :
commercial
planned to be ‘ :
installed by 2021 | | pesign for manufacture and mass i reduces fuel cell stack costs buildings, with 0.5
| million FC CHP units
-~ EU programme supports market activation with widespread deploy of fuel cell micro-CHP deployed.
—\ Numerous European
|
| manufacturers
e Develop OEM/Tier supply chain to further reduce costs of fuel cell stacks and related i
micro-CHP c. EviHchent ! L 5/ ’
£13,000/kW EUprogramme | EU programme supports cost reductions via supply chain development (see page 104) T
supportsR&D & |
Fuel cell stack cost for micro- Fuel cell stack cost for micro-
A ‘ | CHP (0.3 - 5kW) <€5,500/kW CHP (0.3 - 5kW) <€3,500/kW
hnologi |
| |
ﬁar%e.qéwl cell use cases Research on new stack technologies & components to reduce costs & improve | packgrsund
ant in Europe is ility i i
P S Do:er flexibility in operation U H— :ss:n;ptinns: - .
i - m— - = - Hydrogen and biogas is
plantin Germany Dt next o dustrial scale * power plantinstalled at blended into the gas
(>100kW) fuel cell power plant at £1,500/kW. <€1,500/kW eridl across Furopean
Reversible power plants with countries and reduces
P Research & development on reversible cell ellsi at RES sites and/or efficiency >50% and cost * phe carborifoct kGl
i concepts for grid balancing with biogas €5,000/kW T the gas grid, improving
Action - Deployment of distributed the CO, emission of NG
Commercial sales of stationary FC to specific use cases continue (back-up power for sensitive electronics, commercial systems linking LV | based fuel cells
use of waste hydrogen elc ) & MV grids with gas grids - Emergence of 100%
*Imen'm target T L hydrogen gas
Increased H, and hlog,as content in the gas gnd furthers the .iecarbomsatmn of stationary fuel cells networks.
T T
Role for EU | ‘ | 100% hydrogen gas grids emerge and further decarbonisation potential
g
programme ‘ ‘ | with stationary fuel cells /

19 2,106, Y A5AA] Ve 2=y
(Hydrogen Technolgy Roadmaps Full pack, Hydorgen Europe, 2019)
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Final energy
demand

Thereof H; 2% 4% 6% 8% 24%

14,100 11,500 2,300

2,251 :
_ \ Power genera-
=¥ tion, buffering

a8
7 Transportation

y

579

.:'

'~J~

Industry energy

| «.1:*
New industry
feedstock

325
427 427 391 39
Business as Ambitious Business as Ambitious
usual usual
2030 2050

~24% ~-560 Mt ~EUR 820 bn 15% ~5.4m

@

of final energy annual CO. annual revenue reduction of local jobs [hydrogen,
demand’ abatement? [hydrogen and emissions [No,) equipment, supplier
equipment] relative to road transport industries)?

a% 2,107, wHe i ouA 2eg Ao 5%
(Hydrogen Roadmap Europe, a sustainable pathway for the european energy transition, 2019)
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O (BEGAL % 7|&/E) 13 2,108 49 o] mE, whd, AR Tol I
a® ste 7l okl tigk ZlEAY REPE AN

- FARUEE T HEE HEE RSt S8kt AAAE EF, At
T25A7MA] AHgstel, EY, af v g7] & st som A

- Ag A o3 HHE 30dCR BFE AL U

A Ambitious scenario

/\ Business-as-usual scenario

Start of commercialization ======g Mass market acceptability’

Today 2020 25 30 35 40 2045
e A A\ Forklifts
ﬁ i Taxis Medium and
s e\ City buses large cars
Siam A
2 Trans- *f_\ Trams/railways
=% portation e R\, Vans
o WAl A
Coaches Synfuel

Steelmaking®s

@ &\ Industry
Y=Y heat
- Industry
7 feedstock
AV power

/

¥ generation

CCU [methanol, olefins, BTX)®

s il e——, TrU kS

[freight ships and aviation)

*

. — Y

Blended
Pure hydregen heating
Low/medium industry heat 'F“

High-grade industry heat A

Mm & Existing: refining*, chemicals [production of ammonia,
i I

A <t

b

Power generation,
balancing, buffering

7\ Small cars

hydrogen heating
A AN
b :

methanol, and others), metal processing

x:z.

EUR bn

\ Power

['Lg generation

@ Transportation

Industry
energy

a\

! Including in

1% 2.108.

=y New feedstock —

to/rey

Cumulative investments
in manufacturing equip- Annual revenues in Cumulative investments in hydrogen production, storage, and
ment (2018-30)! end-uses (2030)! distribution (2018-30)"
Supplier OEM Equipment Hydrogen
Gi—Qu2— 1.5
R&D and
@ O ©
) " facturing
— Qe — T~ 16.7 if Vi
’Hydrogen // Hydrogen
’f distribution {{ storage and
and retail buffering W
R i (R VB @)\
structure
—— <01 <0.P— <0.1
nfa — nfa — n/a

en

[e]
e

AIA =g 9 A& AW 9F B FAT

(Hydrogen Roadmap Europe, a sustainable pathway for the european energy transition, 2019)
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O g R S48 ZE

T

o Ugada#=+= 7]E 4 o2 Hydrogen Roadmap Europe, a sustainable pathway
for the european energy transition®] Ztojsk shAl 7|7 =719,

- x4 71+ A S 2 Hystock 7A4o] 9lom, HA7FA fFHo] B2 & o
g9d= A R Vs i 2=l A

- U S WS 9 28 BT Bk 7R 2
1 3 Ay

Wol TAE o, AepA gl w2z Qlzete]| #4 T AFE TAE

o YEg#=+= TKI GasAel 98l ¥# ¥ Hydrogen Roadmap©]| ~ 184 59of i
=Helor, 7]& 29l ARk o2 EUS Hydrogen Roadmap®] W-&2} fF-ARE

— 7} Bopd 7149 sk A7) 7} EUY 2AZd H]3) 5 AE =0zl AE=
M= 2=W]s A

— sk SMR + OCS 714:9] AArer} 14o] 2 A Ho] glew, 747t oy
Aok A7k wrtel oa) 7HA AA

————— Development and Market introduction, = Heady for
market preparation commercialisation begins Mass Market

Passenger cars a

Pubhc transport buses ﬁ

Delivery vans
________ — VYR L
Lomies .
———————— USSR

P Touring coaches
Mobility and _| ————————— m
transport & C

Forklift trucks @l
”-— ele —

Inland waterway transport/vessels a

i

Synthetic fuels based on H, and CO, for aviation and shipping a

fos » e

& o
e->_,Eﬁ';1 Current use of industrial H_: ammonia, refining, etc.

Feedstock for _| Sustainable Chem;sn-y based on H, and CO -;;"S"
industry $= ] P Sl et ey e ey SRy D S EESS——— . 2 "H-"".
Manufacture of low-carbon iron and steel i‘:
Process heat High-temperature process heat ‘EL
formdustey - - [ 1 - -
Electricity Gas-fired electricity production
production —_—
Built High-efficiency boilar £ hybnd heat pumg £ micro CHP for space heating

Snvironment
Tirse
Hydrogen ...
production

s —

2020 20256 2030 2036 2040 2045

a9 2.110. UE®= =4 A3 5 action plan
(Outlines of a Hydrogen Roadmap, TKI NIEUW GAS, 2018)
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From 2019: .
cable for surplus

Danish wi :
energy

Solar farms

i /N
From electricity... " EAsE
R/
£ ...to hydrogen... /\
€n El‘g\g‘f alley b "'“‘“@E"I'-’lﬁ'" W

Zuiawending

...to consumers
Methanation:
€Oz fram the air reacts with hydrogen ta farm syngas. 2 ¢ Blending Hz into

which can beinjected into the natural gas network ~ the natural gas metwork

Co-financed by the Eurcpean Union
y\ =2 Connecting Europe Facility
e SR i o 60% ON CAPEX
o,
7 Houses Transport Industry
Ministerie van e 4
Infrastructuur en Milisu EI‘EBH:I:}HHBI

HyStock pilot Project s msma s wsne

Into the natural
gas network,

Electrolysis:

separating water
into hy:

and oxygen

2H;0 -2 2H,+ 0,

Gas storage
in cavarnsin
the salt layers
measurng
approximately
FoX 300 M

« Idea generated September 2016
« EC subsidy application December 2016 W
« Final Investment Decision June 2017

« Plant in operation September 2018

a9 2,111, Jg¢= HYSTOCK X2 AE Jjd %=
(Pluijm, R., v.d., HyStock, connecting and distributing electrons and molecules, Energystock, 2018)
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- Phase 1 (°17) T2 AEQ 7|H A2 A

- Phase 2 ("17—"18) wi=H Zd 1, AL, O]EF/} A soll tigh Akt Al

- Phase 27}A|7} 0] @A o], Phase 3HH AdA = A g

3 2.32<> Phase 3%-H Al#s = AAAA 144 = Q9% A

ok o Hekey oy <l o At
. 283 10099709 4 SdL AY
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B

Hydrogen production
Green hydrogen economy s
in the Northern Netheriands and consumption in tons

270,000 WP 270,000
Total hydrogan Total hydrogen
preduction consumption

a9 2112, 5 UEgd= 244 71E 2299 7HA] AL
(The Green Hydrogen Economy in the Northern Netherlands)
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Large Small H, use inindustry

w
= = Mon-road Road
o] satiunay stationary and for liquid fuel
= power & CHP power & CHP production transport transport
o
= Statmnan;_FC Poreabia
= systems with i
portable fuels Hydrogen pipeline
networks and use
in domestic and
Z e
o commercial heat
=
3
F o Bulk centralised H, production and
= o
n = H, production distribution for
Q x transport
o L
=]
[Sl=1
C =
<
>
8 Services to energy
b netwaorks

CROSS-CUTTING ISSUES: Underpinning research, skills, regulations, codes and standards

End-use roadmap Supply chaln readmap

13 2.115. = 2=gio] Hopd Ay
(Hydrogen and Fuel Cells: Opprtunities for Growth, A Roadmap for the UK, E4tech & elementenergy, 2016)
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solZetel e B o]$2 YO V)% AWsHE PFOoE Zeg T
2016-2020 2020-2025 2025 onwards
Heat polley declsion supporting Hy
(‘CSIre-.llew
Further feasibility work including trials | Preparation for first city conversion

Rewview fit with price control
Establish Industry group Creation of national body to coordinate first conversions and future roll-out

Infarmation on convercion and safety to consumars

applications

Technical working group on specifications standards and training
RD&D and support for appliances at all scales

Hydrogen pipelines and use in
domestic, commercial and industrial

Data collection on existing appliances and industrial users
RD&D rheri demos in high-temperature heat
COS palicy review
Ha Included in strategic planning for CCS
SMR included in early CCS deployment

Market framework for electrolysers to | Review cost reduction crossover from
generate value from system services small scale electrolysers

FEED study on bulk electrolysis with RE
Support for breakthrough R&D on-alectrolysis
Biomass gasifier competitions at increasing scale

Biomass gasifier research
I
Define low carbon H2 Policy for Hy decarbonisation

Palicy support for H2-derived liquid fuels

Hydrogen and liquid fuel production

Liguid fuels included in feasibility study
on HZ in a remota area

Prove technical suitability for HFC technology to
participate in energy storage and balancing services
!

Coflaboration to understand Tuture service needs,
supporting regulations and local needs

Underground storage strategy and Engineering studies on underground
identification of target sites storage

t %

Servicesto energy
networks

% 2,116, = Qlxg} Hof 2w

(Hydrogen and Fuel Cells: Opprtunities for Growth, A Roadmap for the UK, Edtech & elementenergy, 2016)
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'
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a8 2117, 97 4 W% 2o RopbdH Ay
(Hydrogen and Fuel Cells: Opprtunities for Growth, A Roadmap for the UK, E4tech & elementenergy, 2016)
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a9 2,118, 9= ARHA 22
(Hydrogen and Fuel Cells: Opprtunities for Growth, A Roadmap for the UK, E4tech & elementenergy, 2016)
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S 2119, A5 REW A A7)A A Sk AR B IS (S, ok )
(Hydrogen and Fuel Cells: Opprtunities for Growth, A Roadmap for the UK, E4tech & elementenergy, 2016)
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TIMEFRAME COMMERCIAL

2018-2025 * Secure export offtakes

Implement vertical
integration under

a v, ‘take or pay’
arrangement with CO,
storage operator B

2025-2030 = CO, reservoir operator to
establish offtakes with

multiple sources of CO,

Secure multiple revenue
sources for gasification
or SMR plant

TIMEFRAME COMMERCIAL

2018-2025 = Secure favourable low

emissions PPAs

Position electrolyser
for multiple hydrogen
offtakes

Optimise plant operation
with grid connected and
dedicated renewables
where possible

Establish verticals for
optimisation across the
value chain

Secure offtake for oxygen
and revenue from grid
services

POLICY/REGULATORY

» Government to secure
long term liability for CO,
storage reservoir

* Implement ‘Guarantees
of Origin’ scheme

POLICY/REGULATORY

¢ |mplement regulations

that provide appropriate
compensation for grid
firming services from
electrolysis

* Implement cocrdinated

incentives for
demonstration schemes
with clear flow on
learnings

RD&D

* Improve efficiencies
in water and CO,
separation through
hydrogen selective
membranes

* Further process
intensification research

Continue to develop
emerging technologies
such as chemical
looping, methane
cracking, biomass
gasification and solar
fuels

Continue CO, starage
reservoir appraisal and
demonstration

RD&D

Improve PEM efficiencies
via catalysts, lower
resistance membranes

.

Implement lower cost and
removal of BoP concepts

.

Improve lifetime of stacks
by developing catalyst
layers and membranes
and by reducing
corrosion of system
components

* Progress emerging high
temperature electrolysis

H 28 7l 28 24

SOCIAL

= Continue stakeholder
engagement regarding
safety and technical
viability of CCS

SOCIAL

* Develop engagement
plans dedicated to
normalising risk of
hydrogen produciion to
secure appropriate land

a8 2,127, 359 AR B3 EdAS 93k action plan

Pipeline Hydrogen
Australia - China
(~2035)
Powered by

Grenatec

Asian Infrastructure
Investment Bank

Asian Development Bank

9 2.128. E59 ofAlo}A ]

(%]: d3tstz FA olg: #7]3e4 #F4 National Hydrogen Roadmap, www.csiro.au, 2018)

First hydrogen-powered

O~ =

= T=

Olympic Games
(in 2020 in Japan)

Kawasak! will build @ liquid
hydrogen bulk carrier to ship
the hydrogen from Australia
to Japan by 2020

Shipborne Hydrogen
Australia - Japan
(~2025)

=
e 4 FE

(The Green Hydrogen Economy in the Northern Netherlands)
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i Passenger vehicles

Buses

I ' I Tricks

Remote Area Power Systems

Base case H,
supply cnst
(2018)

Export-— _p

Industrial feedstocks

Grid firming services I

2020 2025

12 2,129, 3 V)& 2rWo dx H B33

H 2F 71EM

LEGEND

Expected H, supply cost

(including compression)

Infrastucture barrier

Base case (2018) H, supply cost barrier
Base case (~2025) H, supply cost barrier
Infrastucture and H, supply cost barrier

Best case H,
supply cost
(~2025)

Residential heat I Synthetic fuels I

2030

o}

-

]_

(National Hydrogen Roadmap, CSIRO, 2018)
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@i : 1 Start of commercialisation l—’ Independent strong market growth
| | |

o—0 J Passenger vehicles I
1 i I
'A’ Buses I
Mobility m | I
i | Tuds ;

P>

i
———=—p i i "
j | ) Shiping ;
! ! i | Aireraft
. ) i i

- Hydrogen blending up to 10% ;

T " i

Natural gas substitution | | m | | | Switching parts of network te 100% hydrogen
| | m I ‘ =

I 1 I I T =

v

I I I I I
Iron and steel | | : I . "

) 4

Ammonia fertilisers

P
¥ T '

i P Mo, &0fF it tora
Electrical storage & L . Ll ydrogen storage %

grid support ! -,W i I

I P> Large scale hydrogen storage |

|
|
|

Hydrogen exports | 1 | | Hydrogen exports

| |
2020 2025 2030 2035 2040 2045 203

a9 2,130, 35 £ AxE FES 9e e
(Australia® s Hydrogen Future, Energy Transition Hub, 2018)
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1 Project to validate the introduction of FC forklifts and build a clean hydrogen use model

WPrimary partner: Toyota Motor Cormp.
BWWunicipalities: Kanagawa Prefecture, Yokohama City, and Kawasaki City

Hydrogen is produced by water electrolysis using wind power {Hama Wing) in Yokohama, Kanagawa, and
is supplied 1o fuel cell farklifts used in distribution warehouses, refrigeration warehouses, and a
fruit’vegetable market in the Keihin waterfront area.

R A "J-E Staiage Baltary System m
- Tcﬂm'l Ry Hydl
. 1; rming, FOgEn
HACKS Exsieer 1 IE-%#II?’H::FEIME 7& Compressar g m ‘m
4 = ——
"".r “
t Simpified Hydrosan FC Forklifla used i
——————t Fusiing vahicle wegelaiie/ Tt markats and
'e_iﬁ%*"g}"- a distributionrefigerticn wamhousis
Watir Elecholyer borape Tk
L A
hoa vk o 2= = 2= o 2 S = o
a9 131 FEEd ) sds e dARAA AAA &

Project to validate a hydrogen supply chain based on livestock manure

W Frimary partner: Air Water Inc,
W Stategi; partners: Kajima Com, Nippon Stesl & Sumikin Pipeline & Engineering Co. Lid., and Air Products Japan KK,
W Municipalities: Hokkaido, Shikaci Town, and Obihire City

Hydregen is produced from biogas originating from livestock manure in Shikaoi, Hokkaida, The hydrogen is
uszed to supply electricity and heat to dairy farming facilities, and as fuel lor FCVs. Some of the gas is

tlanspmtpd to nearby facilities in small tanks to S-JpDI‘_.' electrlrlh,r and heat

'“EWLE Biogas Refing Hyrkogen Hirkgrn S'llqlage Taric Hysrogen ‘m [ ek
% N
Li-mlo:k Marre ; Piuire Hyphogen Fuef Cel s i
A -
T 2,134 AL Jlwe] £h B B9 5Y dRdd 4 dm FRwe
0 VAT /1t S A1 4% AER A% B 2 A A Y
o B 7% mzAE
- J}EY : Tokuyama Corp.
- 3 EY : Tosoh Corp., kb7 A, 1t A, A/E=M 7] Al
- ) e ok A Sl AT A B BAA
- (FF) Fo]Zeeloy 7tAgAE B3 AR HAA R 4 Ty A slo]
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Project to build 2 model of regional cooperation and local energy production/consumption
using high purity waste hydrogen from caustic soda production

WFrimary partner: Tokuyama Caorp,

M Strategic partners; Tosoh Corp., Yamaguchi Prefecture, Shunan City, and Shimonoseki City

High-purity by-product hydrogen produced at a caustic coda plant in Shunan, Yamaguchi is supplied to fuel
cells through pipelines or gas tanks to generate electricity or heat. Some of the gas is liquefied and delivered
to a hydrogen fueling station for fuel cell vehicles. The higuefied hydrogen is also transported to pilot fueling
facifities In Shimonoseki that have been set up as a part of the regional cooperation prﬂjEE.

Storane & Transoortation

Pures Hyarogen Fuet Sell

===+, . 2tHealed Indoor
i Swimeming Fool
ﬁ i bl Pure Hydrogen
i Fusl Cab ol
(e ? Radside Staton
e g L AR ] Freerey
Pﬂ:ﬂ"'g;'ﬂ“ B M = Simglfied Vehicles & Rure
Liguefiect Hydmpn Tarker Trick il o e
=) = = AT <t P
a9 2135 FAFAS 8, AAF B golzEl & ZRAE
= = Q.o = P
o (&G ZThaE 7N HESkaE o] AFdES AT AT a4 AL

- (28) 29 ARdAY T4 Tas S A7 3 E eEd A AR S

ZolA &

4 Using low-carbon hydrogen that was produced from recycled plastics

WFrimary partner: Showa Denko KoK
Wiunicipality: Kawasaki City

Twe projects are demonstrating how hydrogen is produced from plastic waste collected by a city. In the
first project, the hydrogen gas is carried to a waterfrant area through dedicated pipelines to supply

electricity and heal 1o a hotel. In the second project, the hydrogen is transported to a hydrogen fugling
station for FCVs ona c.om;:-ressed hydrcgen 1ube trdlaer

™ |—— —_— il w —_—
] peaen
Pipeliras i Eiectriciy & Heat
Pure Hydi Fusi Cal y < hied
—— ."::= s i i Toe Commerncial
iy arer Farilities

TR Hydfogan Generasar S % — et ? “

Conmpressed Hydrogen Tobe Trailes
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Project to build a hydrogen use model that expands the use of renewable hydrogen
produced from a small-scale hydropower plant
BFrimary partner: Toshiba Energy Systems & Solutions Carp,
W Strateqic partner; lwatani Corp

EMunicipalities: Hokkaido, Kushiro City, and Shiranuka Town
Hydragen is produced from a small-scale hydropower plant at Shoro Dam in Shiranuka, Hokkaido, The

highly compressed gas is transparied 1o some facilities in the region in a tube trailer or in gas lanks to
supply electricity and heat through fuel cells, The hydrogen s also used as fuel for FCWs
5 A~ o i v S 2 1k
-
— &
"-“E:u w‘ - Sl ':””“ﬁ;‘f'.-’.!f;’“'-’“ FCW
* . ree | =
Small-Scak Waler Blecirlyze Hydmogan  Hydrogen —_— Electiicity. and haal
Hytko Pewar Plant Shorane Tark  Corpressoy for dary famming faciifies,
Tarks Pume Hydmgen mﬁ;mdr;;?gm
Fuel Celf @ haslth cenibe
"
=g 9k ]_04/\;]]*/\31\215/\1&_\7 1 E
a9 2,137, A ek A A A SHE ASE2AE

o Erlof, Mopr] Be] &5 Sh AR WA V)E BF YEAAE Aale] A

- 8 ¥EY : Hitachi Ltd
- A4 mEY : Marubeni Corp., Miyagi Coop., =H]oF A]

— (FAAA 2 o)%) £4 T4 T JtEYA AFE 5 Az ag EY
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Project to demonstrate a low-carbon hydrogen supply chain using pure hydrogen
fuel cells and the existing logistics network in Tomiya, Miyagi Prefecture

WPrimary partner; Hitachi Lid.

WStrategic partnars: Marubeni Carp,, Mivagl Coop,, and Tomiya City
Hydrogen is produced by sclar power in Temiya, Mivagh, stored in a hydrogen-absorbing alloy cartridges,
and then deliversd to shops, households, and an after-school day-care center by taking advantage of the
city' s existing logistics network including co-cp delivery trucks. The hydregen in the cartridges Is used to
generate alectricity or to heat up water through fuel cells installed at each site where it will be used
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Project to demonstrate the production and storage of hydrogen produced through
electrolysis from renewable energy sources, as well as the supply and use of
hydrogen mixed with municipal natural gas

WPrimary partner: NTT Data Institute of Management Consulting, Inc.

B Strategic partner: Dainichi Machineg and Engineering Ca., Lid

BWunicipality; Moshiro City

Hyelrogen is produced through edectrolysis using wind powear in Noshira, Akita Prefecture, mixed with gas
similar to municipal natural gas, and supplied through gas pipelines. The gas mixture is used in
commarcially-avaitable gas devices.
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o —_— — W
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- 8 3EY : Taisei Corp.

- A=A EY 2T A], 7F9F &L, Muroran Institue of tecyhnology,
Tomoe Shokai Co., Ltd., The japan Steel works Itd., and Kita Koudensha
Corp.

- AAA A FTrolE

() T2, Fololwe] Fesh £ANE B 1 £h AN
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- (Z8) 2H AU A8 dAE T8 d7s

T s

Project to demonstrate a low-pressure hydrogen delivery system to promote
hydrogen use in buildings and in city infrastructure
WFrimary partner; Taisel Cormp,

W Strategic partners: Muroran City, Eyushu University, Muroran Institule of Technology. Tomoe Shokal Co., Lid
The lapan Steel Waorks Ltd,, and Kita Koudensha Corp,

.qurmall y: Hokkaido
Using efectricity produced from wind power in Muroran, Holdkaido, water electrolysis produces hydrogen. |t is then

stored in a hydrogen- m rhma il"("y ank and fran Hp:}l'(—"(" I'Jg- a vehicle. A pure I ‘fdloqk’n J“' Ff-” af a "Gt b"'lﬂq
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A7k wj e A Weld FHEE 755171 918 230 million =5

LA =
H|ZE3F ZFE CAPEX %2 OPEXE 1d@3t 23 & 2,054 million =7} 2H]=
Aoz ALk

Eae) 1Ry kv )= 2= o =
o1%S e Tholme] Haloh S8 5 Qs AlFe) FRo} Do BN He A=
P 5 @)

o] Bgo] ofele o thehta glont, A7) H el oA 7]
I =AAR] 7|FHE ko w Qs A|HHoE AT Sold AoRE 4=
Astol wel EA TAY FF AT TEHS g8 TEH] 2600 9
TgaAgH 2409 =, vid 9 HE 28980 289 o= 041%
CAPEX OPEX
Labour &
Total Appliances Annual
Illustrative CAPEX OPEX OPEX
Rollout Profiles Investment Conversion Costs Costs
16/17 Prices Years (Em) Years (Em) (Em)
Leeds 20-25 991 26-28 1,053 138
Teesside 26-28 647 29-21 895 117
Kingston Upon Hull 26-28 297 29-31 370 48
Newcastle 29-31 1.421 32-34 1.602 183
Manchester 29-31 2.826 32-34 3113 337
Sheffield 32-34 679 35-37 652 77
Liverpool 32-34 1.990 35-37 1988 231
Edinburgh 3335 817 36-38 576 66
Glasgow 36-38 1373 39-41 1.328 139
Birmingham 36-38 3.242 39-41 2936 340
Bristol 39-41 707 42-44 463 53
Cardiff 39-41 468 42-44 373 42
Aberdeen 39-41 585 42-44 242 27
Leicester 42-44 444 45-47 352 38
Luton 42-44 390 45-47 221 24
Oxford 42-44 323 A5-47 166 18
London 42-44 951 49-51 B.027 809
Total 26,318 24,357 2779

Table 11.3. llustrative Rollout Profile 2016./17 Prices

a9 2142, 93 9E AR FAE A8 a7 o4
(Leeds City Gate, H21, X2 A E
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[ ] Nakskov Hydrogen Society Project
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Phase 1 [2007]
Nakskov X| g0 $==

Phase 2 [2008]
Vestenskov X| ¥ 57 7}20|| =4

Phase 3 [2009-2012]
Vestenskov X| 9 357 74|
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(Current state—of—the—Art Hydrogen Production Cost Estimate Using water Electrolysis, USA)

- 356 -



°F 0.02-0.03
b2 Aarel 7h

5]

T
T

1A Ao 2] o}

al
BS R AL w7t

- (A A AR /7 AA FH A 5o

=
[e)

2 $/kg ]

T
-

L

kel
=

$/kWho|B=2 o]& 1

o

ol

of B3

}o] IRENA®] A

&l

A
uj, 719 4.3000 4 &} o] A4 AL oF 5 $/kg Ho 2

7heh

g

3

S}
=

=48

S
=

lo
=

ox

]_

jeus

o] A

[e}
s

EEE

A3

7] wZol 4

ki3

I gy g AIzte] vl

0

o

AZNELR 779, Wt A 5AIE AR ByFog e J|FE. AFA 0T F9

= =
= &

°F 1004 Wel7 2

XA 8AIZF Yol g,

(WmW/asn) 3001

i gy

Fail Lo

“FLM =

LCOH {(USDy/Ng of H,)

i ket

9|

PN
T3

(Hydrogen from Renewable Power, Technoloty Outlook from the Energy Transition, IRENA, 2018)

=
fu—

% 4.30. AU A Ayt oo u

IR o =y

A3

AFE, SMR ABAtekrke} 4=

gt

PEREE R

1Y 4.30

—

B Aol MA@zt 0.03

s}
Sl

A%

&

R [EERS S

€/kWh ©]

- A
Qs

P2 stolx] = A

5]

- 357 -



H 4 Ardel =

A
gl
n
T

— o] AL 47 kWh/kg Hpd &S 2439 W= 7143 A,
T} X

o
I 749 o] 212 ddo] 7}

A]"g‘% % = 18
~ 49.28 kWh/kg H, (nel A} A& 2d) ojm=z dAjo] 7b5
gulr o] f2Fo =z ok 4.5 kWh/N .03€/kWh

Ct
CO, EWL |HI=iErE SiRH &7 1M
C}
50 5 Ejectricity consumption el'_trg 7 I- L
v
- sskwnkgH] 203048 ATHAROILAXI E/I‘Z"Jf
40l T %2 kWh kg H //’/
47 kWh kg H o
9
o
: a0 ||
5 1
I
5 g0 | 21N —
8 _ j
_.______7‘,;'_,_.-— SMR efficiency:
— |
e 2 = — |- 78% (LHV)
i
G,G T T T T T T T T T T
0 20 40 60 80 100
= or CO, price (€fton CO,)
—— SMR; natural gas 6 eur/GJ —— SMR; natural gas 10 Eur/GJ SMR; natural gas 14 Bur/GJ
—— 480 Eurfk\W; 8000 FLH —— 910 Eur/kW; 6000 FLH . 1220 Eur/kW: 4000 FLH
79 431 AR A olel whe A 2 e}

(Hydrogen from Renewable Power, Technoloty Outlook from the Energy Transition, IRENA, 2018)

- 358 -



22 AR Ao Ak 74 T

F} g3 ol 923

o

Ea

Bixy At
- (4 R4 U NE =S(EHAEH T1E)

o AR ES ET|(2000 £E)

- (23) 200bar(FE)

» (23 50,000m3h
* (7IEE) 20%

L]

10A|ZHE 2]

1/kg (1.99 $/kg), A7}

-
RN

- ZH EHAIE 10% (B[S 7|8k MF)

« (2&712]) 200km O|LY

« (23 250kg/day
* (7IE8) 20%

[e)

At

AlZ1

-2 171 1400 W) o]Ato] BG4 o

=
T

[—ye

7} B4 wuxe] Ayl 19 4.33

Y

3

44 26

Yo] 7hsete,

)
LN

A} ®of7tH sigt

SE

o

(EHOH 712)

55,019

E274)

10,756 |

AAEA] | AR 7]HEo] oF 2 270

QA

A/kg (2.39 $/kg) o=

-

[e)
=1

b

(HIE 7HH)
7|4dko] 2,720
- 50,000 Nm®/hr (¢F 560 ton Ho/d 715)

— On—site, Off—site 7]¥Fo.&2 &
[e)

3,099

o

- 359 -

747y 73, 77 %2 2



Al 4% Ablel =T MY

- On—site 7|52 AA7IA 7]9ke] AAF ©@7b= 3,919 Y/kg (3.44 $/kg) o=
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Tt 3
Naphtha 71¥ 42 44 | Natural Gas 71 & 44
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(| e fyr) (g (A k4l fyr) (/g
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Cost Total (g1/kg) 6,287 5,242 3.919
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Minutes of Meeting for Hydrogen City
(June 16,2019)

Participants:  Alexander Ritschel (Head of Technology. Masdar, UAE)
Seungkwan Hong (Professor, Korea University)
Laurie Alazet (Services Business Developer, ENGIE, France)
Younes Aljalam (Business Control Accounts, ENGIE. France)

l. Korea's KAIA and UAE's Masdar agree to carry out the following tasks as a follow-up 1o
the UAE cooperation Mol in the filed of hydrogen cities signed on February 27, 2019,

2. Both parties promote in-depth discussion on hydrogen city research projects that can be
carried out between the two countries with the goal of starting the project in 2020.

3. Az such a discussion. the meeting with ENGIE, the international energy solulion provide
based in France, was held today to examine the future of hydrogen technology in the Middle
East eritically and extensively. It was emphasized that the best place o demonstrate the
hydrogen transport city (e.g.. hydrogen bus system) is the one between Abu Dhabi and Dubai
in LUAE, considering not only the most economically frasible solar power supply but also other
factors including political stability, commercial potentials, and technical innovations in
competition with electrical bus transport svstems which exhibit the limitations under harsh
conditions (e.2.. high temperaure).

4, The future research 1o facilitate the hydrogen transport city includes the demanstration of
hvdrogen bus systems with hydrogen supply stations. the development of water clectrolysis
technology with the solar power for hydrogen supply in the hydrogen station, and other core
technology developments, including maritime transportation of hydrogen integrated with
hydrogen society in the UAE.

5. The KAIA will review the requirements for technology development and demonstration
projects, while the Masdar will examine the necessary matters such as infrastructure, human
resources, legal and institutional supports, possibly by initiating collaboration cooperation with
the relevant organizations, if the project is funded.

HdBL QR

Mame: Alexander Ritschel Name: Seungkwan Hong

Title: Head, Technology Title: Pr’:a Soy

Date:  July 11,2019 Date: J“ﬂd, x, 2019

19 4.38. 71949 649 agjuistuet viantagke] £4 2A] 3] @E MoM
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