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lllustrative price-volume relationship for fuel cell bus orders
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Potential interim pricinglevel
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4) Fuel Cell Eelctric Buses—Potential for Sustainable Public Transport in Europe, FCH—-JU, 2015
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25% FCEV penetration in 2050 (hydrogen retail network covers 75% of EU29, giving local access to 97% of all cars)
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Offshore wind

Onshore wind
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Dispensing Fossil parity
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=== Renewables Electrolysis Distribution
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Large scale High pressure Efficient dispensing 0,94 €fliter
Central production Distribution at 100% availability diesel

20 MW 1.000-1.500 kg / truck Fueling time 5-10 minutes
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6) NewBusFuel report
7) Scaling global opportunities, Invester presentation, June 2016, Hydrogenics
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Publication Potential for water
electrolysis (P2G)

“Study of the requirement for electricity storage in GER: 16 GW (2023), 80 GW (2033)
Germany” and 130 GW (2050)

Agora Energiewende

“Reduction of CO2 emissions by addition of hydrogen UK: 23.5 GW of electrolysis in 2050
to natural gas”

by Haines, Polman and de Laat, in IEA Greenhouse Gas Control
Technologies Volume 1

“Study of hydrogen and methanation as processes FR: 1.2-1.4 GW of P2G plant in France by

for capturing the value of excess electricity” 2030 andupito 24 GWiby 2050
Report by ADEME GRTGaz and GRDF, France

“The role of power-to-gas in the future Dutch energy HOL: 20 GW of installed P2G capacity if
system” deep CO, emission reduction targets in the
ECN and DNVGL for TKI Gas, 2014 ERSOVSEEmILe0 o Sol by 20at)

NREL Hydrogen Energy Storage workshop proceedings
February 2015

GER: 18GW (2030), 46GW (2030 High

Commercialization of Energy Storage in Europe : /
RES), and 170GW (2050 High RES)

FCH-JU (McKinsey) March 2015

EE ;R OH'Ii{I W PEM W Alkaline Solid oxide

|2t 812 M

SOURGE: Expert interviews; IEA; LS Department of Energy: Hydrogen Goalition Mambers' Study; Hydrogen Korea Study tsam
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H2 Equipment Electrolyzer & HRS - Market
Potential in Mio.€ (ELY / HRS)
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® Mobility ®Industry MEnergy  Source:IPHE, NOW, ADEME, Afhypac, SIA
Partners
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I 2015 2020 2025 2030 >
2015 Status 2020 goal 2025 goal 2030 gool
- * Range: 300km * Range: 500km * Range: 600km * Range = 600km
% * Acceleration: * Acceleration: * Acceleration: * Acceleration:
% 0-50 km/h =22 sec 0-50 km/h =20 sec 0-50km/h =18 sec 0-50 km/h =16 sec
El * Fuel efficiency Fuel efficiency Fuel efficiency Fuel efficiency
™ < B.5kg /100km < 7.0kg /100km < 6.5kg /100km < 6.0kg /100km
g * Cold start -10°C * Cold start -20°C * Cold start -30°C * Cold start -40°C
» Lifespan 100,000 km * Lifespan 400,000 km * Lifespan 800,000 km * Lifespan 1.0 million km
* Cost: RMB 2 million * Cost < RMB 1.5 million * Cost< RMB 1.0 millicn * Cost < RMB 600,000
 my
a 2 @
o '@ <| Vehicle integration and hybrid control technology of Vehicle integrationand hybrid control technology of
§ ® §| low-power fuel cell stacks and high-capacity power battery High-power fuel cell stacks and low-capacity power battery
€
4
g % E Hybrid power system of low-power fuel cell stacks and Hybrid power systam of high-power fuel cell stacks and low-
; g 7 high-capacity power battery capacity power battery
b
W
2z
g -E Cold start-90°C Low—anr:f.hlgh—temperature Integrated vehicle thermal
sz adaptability control technology management
Z 8
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» a8 . . i 10,000-unit production capacity 100,000-unit production capacity
£ 000-1
E £l unit production capac_:ty fcr- for hydrogen fuel cell commercial for hydrogen fuel cell commercial
£ 2 | hydrogen fuel cell commercial vehicles . X .
Eo vehicles vehicles and sales in volume
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Experience Curve
Fuel Cell Transit Bus

1.200
CHIC*
% 1,000 ® 3EMotion*
w ™
© 800
§ JIVE2*
= 600 ® e
w CHINA
£ 400 ves ® 20.000
o H2BUS g
a 200 1000 busses o e
1 10 100 1000 10000 100000

Cumulative Bus Shipments

a9 17, 429 714§ o= (nel)

2 T 71%E =<4 7 dem o] 5ol SO,
NOx, CO, PM, &lojEmabe RS oA & s Ao By,

CO, footprint of electricity is crucial

CO, emissions of bus fuel (well-to-wheel) in 2015 [kg/100 km]

Diesel [

H., steam reforming natural gas 108

H; electrolysis grid electricity Germany 225
H2 electrolysis grid electricity UK 1201

H; electrolysis grid electricity Netherlands 1180

H2 electrolysis grid electricity France 31

H, electrolysis grid electricity Norway 8

H2 electrolysis from RES 0

19 17. Well to Wheel CO, #F&%F H]1l, FCH—JU Fuel Cell Electric Bus

Potential for sustainable public transport in Europe.
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0 EUE F45d 4 A 2"lo] A 500 bar Al 2~82 800 ~ 1,500 €/kg—H7F &
2% Ao " NewBusFuel projectol]l 4] H.a13}31 a1 v|= DOEOA] H2A E.do
X FAEeE Bl 88 350 bar® 49 1,350 €/kg—H,, 700 bar® 4% 2,000

O T4 10kg oS Ashs AFs A (M2, EE])e] H9- S
FFFS WEH o}A 700 bar FAAFA| AE] FAE FHEE ARETH P

ke TAM O FEHA B UL,

0 YE-& JPEC S0003< F3l a2 49
A 74 W2o] FHo] oF 158 A8 HA
etedo] 700bar (W84 600L, °F 35kg T4 =
] 350bar 7]+ fast feeling?l 120 g/sec«] o] ol 60 g Secols}./] ok
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Iwatani’s Tokyo-Ariake Hydrogen Station for Bus Refueling

Location: 1-8-5 Ariake, Koto-ku, Tokyo
Area: 3,200 m2

Main Features:
1. Hydrogen Supply System
Liquid Hydrogen Storage
2. fueling Capacity
FCV: 16 vehicles/h
FC Bus: 4 buses/h
| 3. fueling time
FCYV: 3 min/vehicle
FC Bus: 15 min/bus
4. Cryogenic Pump
Capacity: 80kg/h
In: 0.3MPa / Out: 2MPa

5. Storage
Volume: 300L x 8
Tokyo-Ariake Hydrogen Station System: 3-bank Switching System
(Suurci: Iwatam s weliie) Max. Operating Pressure: 82MPa
a9 18 A BRSO aa A S AA

O NELAF:= $2H A 228 H2STATION Al 2~ES 7dksle] 24
- 400kg/day, 350bar, A2 A] 10 —15%09) 40kgS Z=Hst= A|~8S 13
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More storage = Less compression o
o Less storage > more compression ‘!-:)
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S o
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£ \AII Possible Combinations i
@
Compression Compression/Storage Combinations
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NREL, Argonne LabollA 23 =

Fleet Size: 30 buses
Fill Amount: 35 kg
350 bar, Type IIl tanks
Back-to-back, one dispenser
~3 hrs 3008 =EAZF

$8M $6.00

% Hydrogen refusling analysis of fuel cell heavy-duty vehicles fleet, Argonne Lab:

Fill Amount: 35 kg

$5.00
Fill Rate: 3.6 kg/min
350 bar, Type Ill Tank Fleet Size: 30 buses
) <6 hrs 30 Fill Amount: 35 kg
g 40 $5.3M -
%J ; $4.00 $4.00
© = =
g $3.00 g ;J $3.50 4-bus/h
2 2 s300 e & $3.00 Staggered
= ~12 hrs 3 =
= $3M 2 & s2s0
5 2 @
& 570 5w £ 5200
@ z ]
@ - =
— & s1s0
=
$1.00 L S su0
0]
g
= 50.50
s
s- 100 4
Back-to-Back Staggered
1 8 3.6 7.2 (Kg/min) Gaseous Station P skl 20b |
“Gaseous Station 20barsupply_ aseous Station (20 bar supply)

20 bar supply




(3)Simplification of
control mechanism

(BBack to back
fueling capacity

(1 Optimization of (& Combination of
compressor capacity direct fueling

Compressor

Hydrogen ——AD

Pressure Vessel

(2)Minimization of

the number of J" ™

pressure vessels

'-’) A 4

d
Coolant

4
(7Max. Operating 7 ( ) Chiller
Pressure of vessels M-) ﬁ/ \ —
@ Optimization of
chiller capacity

% 22, dE NEDOS 4 FHAAHE 714 43S 93 7= 7t
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Several large(>100 MW) alkaline
Low-cost hydroelectricity for an

Y7ol AEsEHA HAEAH S

A z= F2 2"EEY 7Eo] AR

T3 A4 10000 Nm3/Mh7HA] Ak 7Fsg 74
z 1950t 7HA] i =4 Al Zoll - 3)71F Bol
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34

7791 o)
F87) A5
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l

1951

First industrial
Pressurized
ElectrolyzerLurgi

l l 1927

125MW plant in Norway
1843
Raney Ni
electrodes
1947

380MW, 1300ton/day ammonia,
85kg D20/day in Norway

1500
First industrial
electrolyzer

1800
Discovery of
Electrolysis: Ritter

Global H; ELECTROLYSIS PRODUCTION
~70TWh per year
{eguivalent to 8 GW baseload capacity)
First solid oxide

electrolyzer cell, dvanced alkalingthigh temp, press. zero-gap)
1972 1970905 T

l 1967
Zero-gap assembly design
1966
First proton exchange membrane
Electrolyzer{General Electric for
Military & space purposes)

HRS electrolyzer, MW
scale P2G
2013~

MW scale PEM

Market for water electrolyzers | electrolyzer
100MW/year

fﬂu

Overshadows electrolysis .
Due to economic reasons

2000~ 2010

DOE, EU program
High efficiency
& renewable driven electrolyzer

a9y 23, FAd 7= N

Private R.D&D on
Electrolysis~$130 million
Global staff: 1,000 employees

o A 71E T LEA S8 (AE)S PEM A3 7o) 383
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I:I Ikali 100 Nm3/h/stack x 4ea = 400 Nm3/h y
o = ol - T

(kWh/Nm?3) Alkaline w3 z# gs. Sl =4 712 26
i -

Mecphy PLS

1Nm3/h
6.0 —— mwmms

- Siemens Silyzer 200
. Teledyne EL e h
Hydmgemc: HYSTAT 1 ] - 225Nm3/]
[ 7anm3ih 55 kih/Nm3
5 kwr-JNma "
Pmtsn onsite M100 ! Mext Hydrogen NH300
il 104Nm37h 300Nm3/h
| 53 kwh/Nm3 5.1 lawWh/hm3

Mephy 515 Hydrogenics HySTA7 60
10Nm3/h BONm3/h .
sZkAWNMS 5.2 kwiynms I =+ I |
Il\ | A .:':':—:—" S
ArevaElyte120 - ) o3| ?
120Mma/h Mephy Mclyzer g 1
DC 44 kwh/Nm3 400Nm3/h him
40 =— DCaskwhNm3 J;ﬂ
MEL A rangeABSNmeh IHT, ELB 760Nm3fh
DC, 38 ~ 44kWh/Nm3 3 ~ 465 kWh/Nm3
1 | | | |
| | I 1 1
2 AMALSE i:
5 10 100 300 700 T2od8

(Nm3/h)

a9 24, mUe] A8 AR o % a8 AR A

o A&3t Algl7F 9o AP A 7F 400 Nm®/h (100 Nm®/h/
S WEsk A o] glon) Baluby) A=) oA e xR
o] ~EN o7 g&o] Yo} o]o] sl Aol FQ

W 25wt% KOH solution 70 °C
# 30wtk KOH solution, 70 °C

L L L L
100 200 300 10 500

CurnentDensity/ mA om”

a3 25 I A] =9l AE A|AE A g8 L A8 ARR
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HOD drucklose Elektrolyseure

g ® Druckelektrolyseure
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T4E 3 AXYE Adste A=E S

o HyProvide, Large—Scale Alkaline elctrolyzer(MW) 7%

— GreenHydrogen.dk®} Siemens, DTU(Technical University of Denmark),
Aarhus University 7} &7 X&st MW3 &2kl 43 7= 7daA

— AR 2] AFS 918l 124 Nm’/h ~ 1,000 Nm*/hi32] =AY Ho]
7Fegk tie ¢kl s AlaE s SR 38
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oOFCH—-JU, ELYGRID project

- AAEe) Ergoany Auute) gL Bua] 9

Shel el J14el A F AU 8 ATHE BEL 201140l
20143 7FA %13

- FAs Ao Aes skl fd A A48 F

AC/DC converter 45 74, BOP % O&M H|-& *
A A3}, Model =48] FX= 0]&3 Field Test

Voltage [V]

© Asbestos 2.5 mm

. & Blarite 0.5 mm i i
0 100 200 300 400 500

Current Density [mA/cm?]

19 27. Elygridel A 712 9@ g~E

O Reselyser, Hydrogen from RES
— pressurised alkaline electrolyser with high efficiency and wide operating

range, DLR, VITO, Hydrogenics, DTU7} A4 X8t 1 a5 3199 &

AW W BTe FAH FA AT AT

~ 2011 - 2014, 2.89 M€9] A=o] £l
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19 28. ReselyserZ =3 7B 300 cm® A, #au, A= 2 ~=
o DEMOGRID X2 A E
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H| 29} A Fa23aS S
- 2017 ~ 20227}A] 7.7 MES] AGA7o =2 AE 22 AE DBCAL,
MPREIS, IHT, Inycom, fensystems, Aragon hydrogen foundation®] ZFed
o ELY4OFF, X2 4
- SHAGA Gl AYANIAE &&= PEM 73
- 2017 - 20207+ 2.3 M€9] AT A o2 vre|eg] Al 2Hl3 3
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- ITMA}, epic power, Inycom, Aragon hydrogen foundation®] Zted




Cluster of 8 A485 electrolysers — capacity 8t/day
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ll Link with domestic hydrogen [ES— =t
production and use Y =
H: . ?“

-i;ydro

257} 50Co] Fubate] o]H et a2 FAelA H8E >
]:H-}; =) XJI}\]/\FJ] Z"_}\_é_.j_}\] é]loﬂ m; 71%@?_1 E_% jé]

— Air LiquideAls= UAE<]

TaTARE AR T 7)) 50CE W 4
5-ll o\ &l 7124 T FFelA A &5 = one air-to—air EaL g2 ol A
two water—to—air L3t WA 0 Z WA= 5 A g V=S AE5)
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Tank Type Fueling Rate [kg/min] Required Temperature at Dispenser [°C]

1.8 No precooling required
111 (350 bar) 3.6 No precooling required

72 No precooling required

1.8 No precooling for 350 bar
IV (350 bar) 3.6 20°C for 350 bar

2 5°C for 350 bar

SY 32, 350bar S 2 FA) A Fa sk W] Wa Ay
(Z£*]: Agonne Lab. Hydrogen Refueling Analysis of Fuel Cell Heavy—Duty Vehicles Fleet, Sep. 2018)
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Capital Costs of Hydrogen Fueling Stations

(Simulated)
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2000 kg/day — On-site electrolyser + fueling - 4 dispensers

m Footprint includes service
50m

access to electrolyser and fueling
- equipment. 700 mZ

el il =

e — .

[ e ) — .
= "
|
|
|

Ideal solution for bus
depots o

Rectifer room

Deozidiser/dryer 3x2x3m

Scalable from: D] (D]
10 — 200 busses / depot

Gasholder/scrubber @4 x 5m

Lye tank @3 x 3m

o 5
§ )
3
z
3

1 37. nel Akl A AIERE i AE el B FaTd AlXH

5 MW Standard Module < 20 MW+ Standard Trains

1% 45 ThyssenkruppAte] BEE &5 472kl 426

1% 38. Thyssenkrupp A B53 &% AE

- Q] SN ES AFES A gor grie] ARk FelA 5
Fe. ob&el FulolA] 400 Nm¥hitel A% $E 5o gsh 250 £4)
~ S5 Qs AF welo] glo] BOP] HA 7 o £ol A ekgron] A
TGS ALgakA ghob Ffo] R

- (RES) Gd §3] SN U FHOE BE uhe BOPE 45
~ (A73h) Power supply 2 AA A28 AH3} she] A28 2AY s
- (mEE) AT BHHE BH L 58 94N T8 DAA gE LA 9

CEE N

SRR P B PR ERES

| M
AN



2.4. 27 dFnT AxFH J1Ee A B34 AE R AT HE

7} 20 ¥/kWh, =438 &8 5 kWh/Nm® S 18]
AS Ao A 7}7%‘ S AlLkskA oF 25009 /kg .
7FE&0] 70%, AX+H 1093, X @7}t 100 ©+Y/kWh, E

|
-
>
e}
X
12
lo
fu
o2
o
e
2y
i

2] 3 A= PEM Aol nls] 714 AAES sk A3kl
- dZbEol A A o] v A o] qFEe| whel 800 ~ 2000 $/kWorLt
o] A9 150 wHA/kW - 200 wHd/kWol 22 HZA 35S E3) 1009t

% 6 ~ 7 kWh/Nm®o| A 5 kWh/Nm® 43 o3
- 50Ce 2 dAA AdAAoZ HeE + A= TWAA 145 12914

e 2e AZAYS A§5tn JZALHY Bt e

o= N =
- 1500 kg/day®] §7F9] U1F WE FaQlEe Ao Bad 54T FHE
400 Nm/he] BE AAZ sto] = A2 At x

[}

7] A 71 w9l
o] d o] met
gl @ stE E8 BOP 9 A7) AA 74 Az AEF g

- A8 @717} 20 9/kWhold AT Z 0] 2,1009/kg o2 AAAE Fr 7}
o, WEbA UAESH 2Fo] A=A Ql v 49 4 35745 3,0009/kego]

stz 9 g e Aoew Wk

2 =
HYHOR 2T & JE Axw 7Y

N}

- gAM 29 AH)= 3.49 km/Liter(ZA: ar@3HE st wE g d14, 2012),

A1 7H4 1400 9/Litero =2 SAHA] Tl AW 29 AH]= 4019/km<.

— S8~ dr] 2018 10km/kg, 2030 15km/kg O 2 AP H = A7 A A4
st m=viollA skl oy DOE % 3] A5& FFaLstd 8
gAE Aoz Hof glo] o] F Fakshd 12.8 km/kgd. whakA B AAA 7
EA =AM AYE 15 km/kgo 2 A M 9] F-8H]g-0] 400
H/kmo|H T AW 2~ eF A e H]go] Qa1 o] F EAsHY] flg A
FANMAE FaAMPY &S Fste] 60009 /kgolsto] o oF &



Best case

electrolyzer life time: 20 years
electrolyzer efficiency: 4 KWh/Nm3
electrolyzer cost: 400,000 won/kW
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Electricity cost / Won kWh-1
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Capital Cost per Capacity (3 per kg/day)

$18,000
$16,000
$14,000
$12,000
$10,000
$8,000
$6,000
$4,000
$2,000

50

o et alien i O State-of-the-Art (SOTA)
Changetoa )
standardized and o Early Commercial (EC)

\ 7 replicable station

_7 design A More Stations (MS)

€ Larger Stations (LS)
Additional © Cost Status in 2014-2016

| Economies
"’-“ P___| of Scale
— Scaling factor = 0.706
-v-. ¥

> :p
[ -]

0 200 400 600 800 1000 1200 1400 1600

Station Capacity (kg/day)

% 40. NREL 4 %ﬂi H] -84 AR
h=12nyA

(£3: 2012, DOE FA2dAsAX T2 03 UxX)

avy-Duty Station Costs

Fast Fueling L

¥ This focility can produce over 340 kg of hydrogen per day,
enough io fuel our curent flest of fuel cell buses and cars a5
fast as ordinary diesel ond gosoline vehicles ore fueled — buses in
six minutes, cars in three minutes!
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Compression + storage Dispensing

Overflow refuelling: comenﬂonal storage
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Overﬂow refuelling: constant pressure storage
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3 ft Radius

Mo storage containers
10 ft Radius
None of the fellowing allowed:

'
'
'
'
i
AN ;
o=y : o pr;s.tor Electric Classification:
! :I:I: ! : st Class 1, Div 1 for 3 ft radius
o & i S araund any vents
4 \ : - Class 1, Div 2 for 15 ft around
: //"‘ any storage equipment
'
1

Public street or sidewalk
Buildings
Lot lines

Railroad track
29 ft Radius
Group 1 Exposures:
Lot lines [must be station property)
- Building doors or windows
Alr intakes (HVAC, air compressors)
lgnition sources (open flames)

13 ft Aadius

Group 2 and 3 Exposures:

Bulldings

Unautherized entrants
Unclassified electrical equipment
Overhead power lines

Parked cars
Combustible waste
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FC buses cause no local emissions? FC buses reduce noise levels
-100% @ ~60%
— noise
PM / 80 reduction
NMHC 77
Diesel FC Not moving In motion
1) Local emissions for 1 litre of diesel fuel according to EURO VI norm B Diese I o

2) Non-linear db scale; -10db = 50% noise reduction; noise levels vary depending on terrain and driving style
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