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Global clean energy investment vs
WTI crude spot 2004-15

Record
investment

$146/bbl

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
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2016 unsubsidised clean energy
world records

ONSHORE WIND SOLAR PV

—

Location: Morocco Location: Dubai

Bidder: Enel Green Power Bidder: Masdar Consortium
Signed: January 2016 Signed: May 2016
Construction: 2018 Construction: 2019

Price: USS$ 3.0 c/kWh Price: US$ 2.99 c/kWh
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World Solar Energy Map
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Wind Energy

INDIA " _Annual average wind speed at 80 meters

Wind Power Density Map at 50 m agl
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World Hydrogen Council

How hydrogen empowers
the energy transition
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Hydrogen Council January 2017
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Why Green Hydrogen?

4. Decarbonize
transport

5. Decarbonize industry
energy use

1: Enable large-scale, 2 Distribute energy across
efficient renewable sectors and regions

energy integration 6. Serve as feedstock

using captured carbon

i Help decarbonize
building heating

3. Act as a buffer to
Source: Hydrogen Council increase system resilience
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Delft

Offshore Wind Development Germany

Offshore-Windkraftanlagen
in der Deutschen Bucht

Offshe >
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beantragt * Umspannplattform
in Konzeption

Kabelanbindungen
—— Hochspannungs-Giechstrom-Obertragung (HGO)
Drehstromabertragung Smnas e
— Weiterfuhvung in Onshore Zielsation

Natura 2000-Schutzgebiete
(dargestellt sind nur die Gebiete in der deutschen Nordsee)

Flora-Fauna-Habitat (FFH)
EU-Vogelschutzgebiet

Grenzlinien
—— Staatsgrenze

ungekirte Grenzlage im Gebiet des Ems-Astuars.
(deutsche und niederlandische Grenzautfassung)

. Sremerhaven
Grenzlinie des Hoheitsgewdssers (12-Seemeilenzone) ey o | -
Grenzlinie der Ausschlielichen Wirtschaftszone (AWZ)
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Offshore Hydrogen Production

Noordgastransport B.V. : ‘ \ i
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Electricity and Gas Transport Grid
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http://eduweb.eeni.tbm.tudelft.nl/TB141E/imgs/aardgas-transport-netwerk-nederland.jpg
http://eduweb.eeni.tbm.tudelft.nl/TB141E/imgs/aardgas-transport-netwerk-nederland.jpg

Eemshaven; The Energy Harbor
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Hydrogen production

HYDROGEN

Production technologies

Natural gas Steam reforming 72%
Bio Gas Solid Oxide Fuel Cell 80% (40-40)
Coal/Oil Gasification 56%+ (=syngas)
Biomass Gasification 44%+ (=syngas)
Electricity Electrolysis 67% (90% exp.)
Sunlight Photoelectrochemical 14% (lab)
Energy source ¢
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Siemens Silyzer 200

Electrolysis type/principle:
PEM (Proton Exchange Membrane)

Rated stack capacity:
727277,

o — -
iy ’ = 2 1.25 MW

Skid dimensions:
6.30m x 3.10m x 3.00m

Startup time:
< 10 sec

Output pressure:

Up to 35 bar

Hydrogen purity (dep. on operating point):
99.5% — 99.9%

Hydrogen quality 5.0:

Optional DeOxo dryer

Hydrogen production under nominal load:
225 Nmith

Life cycle design:
= 80,000 h

Weight:
17t

CE conformity:
Yes

Fresh water demand:
1.5 1/ Nm? Hz
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Hydrogenics 20 MW PEM electrolysis

. PEM Stacks

. Oxygen Gas Separator

. Hydrogen Gas Separator

. Hydrogen Valve Assembly
Oxygen Valve Assembly

. Hydrogen Purification System
. Demin Catchment Tank H2

. Demin Catchment Tank 02

. Control Room

VCONOUAWNK
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Torrgas biomass gasification

- —
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Hydrogen production cost 2-3 Euro/kg

Electrolysis
Exemplary cost build-up of hydrogen
(EUR per kg, electricity @ 25 EUR/MWh)

Biomass gasification
Exemplary cost build-up of hydrogen
(EUR per kg, torrefied biomass @ 8.3 EUR/GJ)
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Source: RABO bank
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Worldwide energy system use

Feedstock - Heating &
Industry Cooling
25-30% 5-30%

Transport
25-30%

Electricity -
15-20%
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Green Hydrogen Economy Northern Netherlands 2030

Hydrogen production Hydrogen consumption
270,000t 270,000t
60,000t

300,000t methanol Delfzijl

60,000t
},oﬁog'l\?v(\’glgctrolysis 300,000t ammonia Delfij

12,000t 100,000 cars
10,000t 1,300 busses

5,000t 50 trains
3,000t other mobility

100,000t

1,000 MW biomass-gasification gzr%’&%gctmg

10.000t 100,000t

100’so|ar—hydrogen areas Pipeline Delfzijl and Rotterdam, Limburg,
Germany
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Delfzijl chemical site
Ammonia and Methanol production
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NORTHERN EUROPE NETWORKS: 2 700 km

Fig.6 - Industrial Gas Pipelines in the Benelux Region (Source: Air Liquide, 2006)

Hydrogen Pipeline network

g Oxygenand
L nitrogen facility

= Oxygen
=== Nitrogen

E Hydrogen and/or
carbon monoxide facility

== Hydrogen
= Carbon monoxide

Cogeneration faciilty
PR synthetic gas faciiity

AJ Hydrogen source
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~~ High voltage battery

ey
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Fuel cell car characteristics

Capacity 80-120 kW
Electrical efficiency 60% at full load
Hydrogen tank capacity 4-6 kg
Hydrogen energy content (HHV) 39 kWh per kg
Water production 9 Liter per kg Hydrogen
Driving distance 100 km per kg Hydrogen
7 ,
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Fuel cell costs

350

Costs can be reduced dramatically 2007 estimate ==
with economies of scale 2014 estimate

300

250

200 |

US$/kW

150 |

100

50

100,000 200,000 300,000 400,000 500,000 Fuel cell production

Source: U.S. DOE/IEA
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Fuel Cell Hydrogen Train
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The Northern Netherlands uniquely
positioned for green hydrogen

» Large scale green electricity production
» Large scale green electricity import
» Existing gas knowledge infrastructure

* Existing chemical clusters; Delfzijl and Emmen

- Existing gas infrastructure which can be retrofitted

easily and cheaply to transport hydrogen
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reen Hydrogen Economy Northern Netherlands 2030

Production

4,000 MW offshore wind

1,000 MW electrolysis hydrogen production

1,000 MW biomass gasification
100 solar-hydrogen smart areas
Future far offshore wind-hydrogen

Markets

» 300,000 tons green methanol and
* 300,000 tons green ammonia

* Ammonia-hydrogen Magnum power plant

* 100 H, fueling stations in Northern NL

* 5 hydrogen fuel cell balanced data centers

2 Dertt
TUDelft it

Green Hydrogen Economy

Infrastructure

H, pipeline to Rotterdam/Limburg and
Germany

Hydrogen trading platform

Hydrogen harbor facilities Eemshaven

5 hydrogen distribution centers

Society

Zero emission public transportation (busses,
trucks, trains, ferries)

Hydrogen trade fair and exhibition
Hydrogen regulatory framework

Green hydrogen certificates

28 NP iaslationsoara




Investments 2018-2030
Green Hydrogen Economy

Production 3,000-5,000
Markets 1,000-1,800
Infrastructure 700-2,000
Society 300-1,200
Total Hydrogen Related 5,500-10,000
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Green Hydrogen Economy

Biomass gasification

O
1,000 MW L

Electricity
Grid

Electrolysis
100 * 5 MW

Electrolysis
1,000 MW

A
Hydrogen
270,000 ton

Hydrogen Transport:
Pipeline to Delfzijl
Rotterdam/Limburg/
Germany

Mobility: Grid balancing:
Magnum power
plant, Datacenters,

Smart Areas

Fueling stations +
Distribution

Centers

Shipping export + import

%
TUDelft

Chemicals: || Chemicals:
Delfzijl Delfzijl
Methanol Ammonia
300,000 ton 300,000 ton
Delft
University of
Technology
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High level Roadmap for the green hydrogen economy unce cortracion | a4 [ i o esize
in the Northern Netherlands up to 2030 veed nivestrents | 4 Q] | (R | ot inchised inimestments

| 017 | H1e | 2019 | 2020 | w021 | 2022 | 2023 2024 025

2026 | w7 | 2028 | w029

Wind offshore: 1,000 MY 1000 MW 1000 MW (Fer offshore wind)
Electralysis (1,000 MW (L.000 MW)
Biomass.
pesification S00 MW
Soler-hycko areas 1ican anes 1icon area 5 arees 10 areas 10 aress 15 sreas 15 aress 15 arees 20 aress
Dffshare cable 00 MW Gemini 700 MW Cabra 1,000 MW wind 1,000 MW wind 1,000 MW wind 100D MW wind m
Amimonin {Magrum Huan Delfzil 150,000 Dedfzijl 150,000 {Magrum Huan 1.3
First import) tons production tars production ilkce: tans kmport)
Delfij 150,000 Delfzijl 150,000
tons tans
Dedfzijl, Rotterdam, Rubr area, Bremnen- (Offshore gas/’
Limburg Harlingen, Emmen Hamiwrg hydrogen pipeling)
8 10 10 10 10 10 10 10
Harlingen i Harlingen Ermimen
Le. trains L. trai Erasun Lomsmautan Hocguen dlectrabysis eleciroiysis
Fued call balancing 100 MW 100 MW 100 MW 100 MW 100 MW
Biomass import um,.ﬂ?w“.‘
50 50 50 50 50 50 50
50 0 50 100 100 100 100
6,000 10,000 10,000 15,000 15.000 20,000 20,000
First yacht First fishirg boat | First freight ship
Mabile
Research, Energy Academy Europe, research universities, uriversities of applied sciences, Energy Academy i
innenvatian certers EnTranCe (Groringeri), Wetsus (Leeuwarden), Emmbec (Emmen) EnTranCe (Grani Wetsus (L
Trading platform Established
Tradde fair Shaws Shows First time 1 1 1 1 1 1 1 1 1
Established Estabished Established
Green certificates WL Germay Eurcpe
Festors Flvimetemened
Educatian B0, HBO, uriversities, high schaols, primary schoods, ebe. MBQ, HBO, universities, high schoals, primary schaols, etc. —_—
% et
TU Delft University of Teaining Autoenotive, fire desartment, police, installatian techricisns, builders, technicians, regulstars, ete. Autornotive, fire department, palice, instsllation techniciars, builders, techricians, regulatars, ete. :I
Technology




2017 2018 2019 2020 2021 2022 2023

Wind offshore 600 MW Gemini 1,000 MW 1,000 MW
Electrolysis
Biomass
gasification
Solar-hydro areas 1icon area 1icon area 5 areas 5 areas
Offshore cable 600 MW Gemini 700 MW Cobra 1,000 MW wind 1,000 MW wind

. (Magnum Nuon Delfzijl 150,000
Ammonia First import) tons production
Methanol
Pipeline Delfzijl, Rotterdam, Ruhr area,

Fueling stations

Distribution centers

Delfzijl

Fuel cell balancing

Harbor facilities

Limburg
8

Harlingen
i.e. trains

Groningen
i.e. trains

Harlingen, Emmen

10

Emmen

Truck loading

5
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hallenge the future

Ammonia import

Biomass import




Green Hydrogen Economy in
Northern Netherlands

Development phases for the green hydrogen economy
realization in the Northern Netherlands

PHASE | YN PHASE Il YE B PHASE IV YN PHASE V

Mobilization . Masterplan : 33 e Scale-up Maturation

Masterplan Base Proof of
production and value leading

infrastructure to further
capacity commitments

3 Delft
TUDelft i Green Hydrogen Economy D inrsvationBoard




Green Hydrogen Economy Northern Netherlands 2030
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Legend

s Hydrogen
pipeline

EEEEE Svngas pipeline
CO pipeline
CO; pipeline
0; pipeline

. am Electricitygrid

s Non-electrified
railway

...... Bus transportation

ﬁ Hydrogen innovation
center

Green methanol

,i\ ‘Windfarm

g 1000 MW biomass
gasification

é 1000 MW electrolysis
hydrogen

Solar Hydrogen

smartcityareas
x indicates number in province

P :
y Green ammonia
Yo

X
H Hydrogen fuelingstation

x indicates number in province

h Hydrogen harbor
facilities
E Hydrogen distribution
centers

=5, Hydrogen ferry
%" Hydrogen drones
LS hydrogen sailboat

m Hydrogen bus

E Hydrogen train

4.000MW wind
NorNed Cubra

Gemini Wind /

A /\ /\
| | ’I" |

Bremen
Hamburg

Hoogeveen

Ruhr region

Rotterdam
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