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Hydrogen in a carbon-free energy system

Energy carrier

Hydrogen
Sources of energy ) Backbone of energy system ) End uses

4 . Decarbonize
transport

<

5. Decarbonize industry
energy use

y 8 Enable large-scale, & Distribute energy across
efficient renewable sectors and regions
energy integration 6. Serve as feedstock
using captured carbon

7 . Help decarbonize
building heating

3. Actas a buffer to
increase system resilience

https://hydrogencouncil.com/wp-content/uploads/2017/06/Hydrogen-Council-Vision-Document.pdf
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Solar and wind electricity becomes cheap, but

only at good resource sites
Abu Dhabi 2.000 MW Solar Farm

€ 1.25 ct/kWh July 2020

Portugal 700 MW Solar Farm

€ 1.12 ct/kWh August 2020

Saudi Arabia 600 MW Solar Farm
€ 0.87 ct/kWh April 2021

Spain 1.000 MW Wind Farms

Range from € 2 ct/kWh to € 2.9 ct/kWh
January 2021



Hydrogen is, like electricity, an energy carrier!

ProcesslTechnoIogy Maturity ‘Colour’ of Hydrogen

Natural gas Steam methane reforming Mature H, + CO, Grey or blue,
Auto-thermal reforming Mature H, + CO, 50-90% of CO, can be captured + stored

Thermal Pyrolysis First plant 2025 H, +C Turquoise, CO, emissions depend on
the source for electricity production

Coal Gasification Mature H, + CO, +C Brown or blue,
Underground coal gasification Projects exist H, + CO, 50-90% of CO, can be captured + stored

Slellel 2l Gasification Near Maturity H, +CO, +C Green
SIS BRI plasma gasification First Plant 2023 H, + CO, Negative CO, emissions possible

) [ =1l = Super critical water gasification First Plant 2023 H, + CH, + CO, Green

SRS Vicrobial Electrolysis Cell Laboratory H, + CH, Negative CO, emissions possible

Electricity + Electrolysis
Water Alkaline Mature H, + O, Shades of grey to green and pink
PEM Near Maturity  H, + O, depend.on the source for electricity
production
SOEC Pilot Plants H, + O,

=10 sa s o Photoelectrochemical Laboratory H, + O, Green
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Methane Pyrolysis

Natural gas

Plasma furnace

The natural gas
is super-heated
by electricity

process

Methane pyrolysis
CH,»>2H,+C

Natural gas J k Solid carbon



Water Electrolysis

Cathodic Reaction (HER)

Temp.

Technology Range
Alkaline a

electrolysis 40-907C
Membrane =

electrolysis 20-100°C

700 -
1000 °C

High temp.
electrolysis

2H,0 +2e” = H, +20H"

2H* +2e~ =H,

H,0+2e = H,+0*

Charge
Carrier

OH-

H+

Anodic Reaction (OER)

20H™ = %0, + H,0+2e"

H,0 = %0, +2H" +2e”

0" = 40, +2e”
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20 MW alkaline electrolyser ThyssenKrupp

5 MW module 20 MW module
Design capacity Ha 1000 Nm¥h 4000 Nm3/h
Efficiency electrolyzer (DC) > B2%,,." 5 B2% "

Pawer consumption (DC)

max. 4.3 kWh/Nm* Hy

max. 4.3 KWh/Nm* H;

Water consumption =1/Nm? Hz <1I/Nm? Hz
Standard operation window 10% - 100% 10% - 100%
Hz product guality at elactrolyzer outlet > 09.95% punty (dry basis) > 88.95% purity (dry basis)

H; product quality after treatment (optional)

as required by customer, up to 99.9998 %

as required by customer, up to 99,9998 %

Hz product pressure at module outlet

=300 mbar

=300 mbar

Operating temperature

upto 90°C

upto80°C

* HHV = calculated with reference to higher heating value of hydrogen.

Allvalues may vary depending on operating conditions.



Hydrogen production cost; LCoH

Electricity price USD 40/MWh CAPEX USD 450/kW,
.10 10
=
2
~
q 8 8 ——USD 100/MWh
= —USD 650/kW,
we=USD 80/MWh
6 ——USDSS0/KW, 6
—==USD 60/MWh
) R ~-USD 40/MWh
—eUSD 350/KW, ——USD 20/MWh
2 —USD 250/kW, 5 - ——USD O/MWh
0 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000

Full load hours Full load hours
Notes: MWh = megawatt hour. Based on an electrolyser efficiency of 69% (LHV) and a discount rate of 8%.

Source: IEA 20149. All rights reserved.

1(!U Delft Future levelized cost of hydrogen production by operating hour for different electrolyser investment costs (left)
and electricity costs (right), from The Future of Hydrogen (IEA 2019) (LHV efficiency 69% is HHV efficiency 81%)
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Hydrogen can be transported through re-used gas infrastructure

Gas pipeline capacity 10-20 GW,
Electricity cable capacity 1-2 G

<
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RN .,_w I ’ 5 ) 4 ALGERIA ; B s B s 31
Gas Pipelines Europe Gas from North-Sea Gas from North-Africa European Hydrogen Backbone

Transporting gas from gas fields at 2017 production 60 GW Natural Gas Pipeline 75% re-used gas pipelines
North Sea, Norway, Russia, Algeria, 190 bcm = 1.900 TWh 2x0.7 GW Electricity Cable 25% new hydrogen pipelines
Libya to Europe 40.000 km pipelines

TUDelft




Gas and Electricity consumption in the Netherlands 2018
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Solar and Wind electricity production in the Netherlands 2018
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Hydrogen storage
in Salt Caverns

Wind farm Offshare
wind farm

- Hydrogenv

DEPLETED
RESERVOIRS

SALT
CAVERNS

Salt formations and

o™~a

-
orogenic front
P oo AFRICA

TU D elft 1 salt cavern can contain up to 6,000 ton (= 236.4 GWh HHV) hydrogen, Salt Cavern CAPEX 100 million Euro
For comparison, with 100 Euro per kWh battery storage CAPEX, Total battery CAPEX would be 23.6 billion Euro




Offshore wind hydrogen

SiemensGamesa SG 14-222 DD offshore
wind turbine 15 MW with electrolyser in mast

Plan for offshore production of hydrogen

10MW turbine (floating deepwater)

Solar panels on upper deck
Spar-buoy Semi-submersible Tension Leg Platform Control deck / Electrolyser unit

Anchoring to
seabed

NortH,

Shell, Gasunie, Groningen Seaports, RWE, Equinor

10.000 MW offshore wind-hydrogen ERM UK, 10 MW floating offshore wind turbine
with electrolyser at platform

Source: ERM BB IC]

TUDelft

11



Base load solar hydrogen Morocco to Germany

v

Ecia

Base load solar H, LCoH €/kg H,
from Morocco to Germany

Assumptions

Solar-Hvdroaen Solar electricity cost = 0.01 €/kWh 1.0
,y 9 Full load hours = 2,000 hours/yr
prOdUCt|0n Electrolyser efficiency = 50 kWh/kg H,

100 GW solar = 4 million ton H,
Required surface = 1,800 km?

Salt cavern Flexible product(i:(;r::l:_)()s base load; daily 0.1-0.2

storage

Pipeline Pipeline capacity = 20 GW 0.3

P Full load hours = 8,000 hours/yr
— Transport Pipeline length = 3,000 km
[Essaoliira Sl 50 Bfﬁ?ji 1-5 €Ikg H2
R P R e e e ‘e TOTAL
& Duzrlfiz;te ﬁ'l:l"?"\ s =0.04 €/kWhH2(HHV)
:—gig'r‘;};ﬁ?wj o ’;":‘ Z;a??‘m ‘*}'5"52[‘
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Hydrogen Transport by Ship

Liquid Hydrogen Ammonia LOHC Liquid Organic Hydrogen Carrier

4 mﬁ Organic Chemical Hydride (OCH) Technology [Ee=H
= Air & Methyleyclohexane (MCH)
: e D S
Ammonia (NH,) Storage Transportation Storage

synthesiser e [ ]

Solar panels

—

Electricity II e —_— 1__‘5‘ e -‘__!u‘__/ — °
) "\:ﬂ_‘ ] ¢ \ J L o !!1111111
e wﬂig
Hydmg‘;mati@u Dehydrogenation
% P =
Transportation
Fixing hydrogen to toluene produces MCH (SPERA Hydrogen) Extracting hydrogen from MCH (SPERA Hydrogen)
CHs CHa CHs CH=
@ +3H2 —p O AH= -205KJ/mol O—}@ +3Hz AH= +205KJ/mol
Toluene MCH MCH Toluene

Loading system LHz tank
(2,500m3)

HySTRA

Hydrogen
Land
Transportation

Liquefied
Hydrogen
Loading

Liquefied
Hydrogen
Unloading

Gas
Refining

Hydrogen
Liquefaction

Liquefied Hydrogen
Marine Transportation

Gasification

Mining Site Facility 1 5 0 Port Site Facility
(Latrobe Valley ) X (Hastings)
© HySTRA

Liquid Hydrogen Supply Chain Australia to Japan Kawasaki LH, tanker LH, Terminal Kobe Japan
launched dec 2019 Operational Jan 2021

]
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26,500 square km (10,230 square mile) ;:.J {
zone will be built on untouched land L
along Saudi Arabia’s Red Sea coastline
B near Egypt and Jordan
| - i
s

oy L i Could lead the way in the use and v .
| production of drones, driverless cars (P
=2 and robotics

Rag Aday

NEOM City; Solar-Wind Hydrogen

Tetvata

Jordan ,

Wadr Rurn

m Vakat Ay

i A

B B e

2 Will serve as the gateway tnthe :f",, o ; Ly s a“"
B proposed King Salman Bridge, which > \rrr.
(3 1 WIIIhnk Egyptand Saudi Arabia 9‘; e VA } nev
z ; . o ten ;
£ | o 7 Arabia.
&-'-', The city will focus on up-and-coming ; “
S industries such as biotech, digital Han Ghoavets f;::
S sciences, advanced manufacturlng iy 2
and technology .
oy WP b
e
YEMEN ij;':j_

fie. Leo Delauncey
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Carbon-free hydrogen

Produced and delivered with proven, world-class technology

NEOM Hydrogen Refueling Station

________________________________________

Electrolyzer

1
iDissociation H,

]

- ' Hydrogen !

1 I 1

1 % i . !
I : Compression |
:/ -, i : : - :
I Power
. |25 : | H,
I a b "_:VArmgniiar: gl '
I Global !
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1 " Distributi [
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] Production | : Carbon- |
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]

Nitrogen ™

ASU i 1 free H, |
AR /.
=

NEOM, ACWA Power, Air Products

Announced 7 July 2020

5 billion dollar investment
2025 Operational

4 GW Solar, Wind, Storage
Wind speed 10.3 m/s

650 ton Hydrogen per day

1.2 million ton Ammonia per year =
7.5 TWh Ammonia
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HYDROGEN
ECONOMY IN
ROTTERDAM STARTS
WITH BACKBONE

Port of Rotterdam Hydro

PROJECTS

Backbone

e L T o e ral et
[sankers) with clieats in the port area. Public
infrastruciure.

Conversion park
2GW conversion park (indusiriol estale) for the
production of green hydrogen with slecirolysis.

Blue hydrogen

Hiyision for blua hydrgen producion. Nahural
gos and refinery gos are converled info hydrogen
The released COZ s siored in dapleted gas fiskds
under tha North Sea [Porthos)

Transport
A consortium is being developed witk the aim of

operoting 500 frucks on hydrogen. Under the nams

TIMETABLE

Backbone and Maasvlakie
conversion park operational
imvestment decision 2071)

2023

Shell goes operafional with
150-250 MWY elecirolyser on

conversion park finvesiment dacision 2021)

Upscaling of electrolysers RHZINE, 17 porfies ars collaborofing on a dimate- 2023
Shell is planning a 150-250 MW slecirolyser for neutral fransport comidor betwsen Rofierdom
the comversion park. Nauryon, BP and tha Port of and Ganoa based on hydrogen. :
Rotierdam Authority have tsomed up in H2-Filly H2-Fifty's 250 MW
on the davalopment of o 250 MW slecrolysar. Eventually, hydrogen con also be used 1o heat slecirolysar goas operational
greenhouses and buildings, particularly whara linveshment decision 2023]
Offshore wind heat networks or heat pumps are not a salufion. 2025
2 GW Offshors wind snergy is linked io the
production of grean hydrogen. In addition o the lorgs projects shown here,
many smaller onas ars in preparafion. el
Import terminals franspart:
Largescole imports of hydrogen compounds are 500 hydrogen-powsred trucks
noeded 1o provide Nortiwest Furope with odequate 2025
supplies of susiginable energy. This requires impart
terminals ond pipelines.
Installofion of Hision operational
{invesmmen decision 2072}
2026
A
ocs
{PORTHOS) # L impos e, iples
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Hz IMPORT
2030
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€03 PIPELINE
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FOR GREEN Hy (INCLUDING ‘ ' k BIOMASS

H2FIFTY & SHELL)
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ELECTRICITY
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Ha AS
TRANSPORT FUEL

INDUSTRY USES Ha
FOR HEATING
AND AS FEEDSTOCK

Hy BACKBONE

Import mainky from
South Eurape, North Africo
ond the Middls Eost.

impORT
OFFSHORE
WIND

Gy

APORT
BTDROCEN

Connection fo national H grid,
Chemslot ond Norh
Rhine—Wesiphalia (NRW)

MATONAL
; HeT

CONNECTION TO
NATIONAL H; GRID

TRANSPORT
NORTH RHINE-
WESTPHALIA

TRANSPORT
TO CHEMELOT

gen Strategy

3%

DUTCH EMNERGY CONSUMPTION FLOWS
THROUGH THE PORT OF ROTTERDAM

20 Mt

TOTAL HYDROGEN FLOW IN
ROTTERDAM IN 2050

200 GW

WIND POWER NEEDED TO PRODUCE
20MT OF GREEN HYDROGEN

5,000%

INCREASE IN HYDROGEN
FLOW THROUGH ROTTERDAM

Strong growth in hydrogen flow
through Rotterdam due to imports

The coming
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Hydrogen Markets

ry Feedstock/HT Heat

Electricity Balancing

Residential area

NUON Magnum pgwer plant ~

________

Electricity

In case of |
shortage

H, production

H, refueling

KL X, g
> 50% hydrogéngin town gaS=F -
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-World Wide H, production and use

EERYISsM Refining

Natural 69 Mt, H, I
gas 196 Mtoe of which <0.4 Mt H, produced with CCUS
of which <0.1 Mt H, produced with renewables Demand
.t for pure
Dedicated i e P Ammonia hydrogen
production li
<0.01 Mt H,
Coal Transport
4 Mt H,
Other o

Oil

Electricity
L Jother

.~ Methanol

\ 4 Mt H, Demand for
DRI hydrogen

" mixed with
other gases

48 Mt H,
By-product of which <0.3 Mt

(WOIGHIL Ho produced with oo
renewables Ry

-

%
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Steel making with Hydrogen SSAB

BLAST FURNACE ROUTE ‘ HYBRIT ROUTE

k£ ironore N
CONCENTRATE
Fossil fuels = % b i, €= Non-fossil fuels
P
o8, wonore  PELLETISING 00, oe
Coal @® PELLETS PELLETS @@
‘ Eoke ﬁrx]ﬂ i
Caoke i,."
Hydrogen |
co, IRONMAKING Ewuter | Electricrty
3 b ’ V
o Hydrogen Plant
i J{
Hot Blast S g
Coal, Oxygen R i

Hydrogen | Hydrogen Storuge'

l HOT STEELMAKING SPDNGEl
METAL IRON
Oxygen —) é Scrap

Co,

2
_— . «—
CRUDE STEEL GRS GRS,

http://www.hybritdevelopment.com/steel-making-today-and-tomorrow
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The Future is Electric!
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Power

Control
Unit

| Air/Oxygen

Inlet

Toyota Mirai; Fuel cell car

Battery

Hydrogen
tanks

Fuel cell
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olman/New-Holland: JosScholman: Airbus: Airplane:
actor, diesel+H, Holder, diesel+H, LH,+Gasturbine

IEL CELL \7) \J ‘
en Fork Lift

Caetano: Hydrogen bus with
Toyota fuel cell

i Hyzon-Holthausen: Production
% Hydrogen fuel cell trucks
TUDelft
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Hybrid Heat Pump + Boller
Natural gas shlftlng to hydrogen
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Worcester Bosch, launched 15-11-2019

n--,_
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Panasonic: Home Fuel cell systems Japan

Japan 270.000 sold 2018
Aim 5.3 million end 2025

Reforming natural gas to H, + CO, and heat

<1 kW fuel cell converts H, in electricity and heat

Solar panel module

Fuel cell

24
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The Hydrogen Cycle
H2

TRANSPORT
& STORAGE

/COM BUSTION/

Y FUEL CELL
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Further Reading
www.profadvanwijk.com

hydrogen

the key to the energy transition

HYDROGEN
JACT

Towards the Creation of the European
Hydrogen Economy

The Green
Hydrogen

Economy
in the Northern
Netherlands

Jorgo Chatzimarkakis
Constantine Levoyannis
Green Hydrogen

for a European Green Deal Ad van Wijk

A 2x40 GW Initiative Frank Wouters
Prof. Dr. Ad van Wijk
Jorgo Chatzimarkakis

m Hydrogen @
i ., s < April 2021
"n wn ehpn (S Dii QG Europe Hydrogen Europe

April 2020 April 2021

Prof. DEcAJ M. Van Wijk— H_”r_ >
Ir. F. Wouters .y

Ap vaN Wik, ELS VAN DER RoEsT, Jos-B:

November 2017 May 2018 September 2019
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