Developing the supply chain for electrolysis
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Developing the supply chain for electrolysis

STRONGEST POTENTIAL P2X PRODUCERS (2/2)

= PtX already on countries (energy) poitical radar
= Export potential and PtX readiness evident
* Uncomplicated international trade partner
| Especially favourable in early stages of market penetration

* ; RES patential
mmmmm {energy) poiitical
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= Abundant resource availability: massive land areas paired with
ﬁnmnﬂlm
= Pt re not arily dition, may require facilitation
» Provide order of PtX magnitudes demanded in mature market

* At centre of PX debate in Europs with strong PLX potential

* Energy partnerships with Europe foster pofitical support S
# Potential to lead technalogy development: may depend strongly on -
solid paftical facilitation
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* PtX to diversify p as fwe long-tarm growth strategy Saudi Arabi
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requires poliical facitation and parinership with the EUDE

= Parfially ’_ d RES potents paired with ambitious.
pmoel] chiite e POk S ) Frontier economics (2018) International
= PiX export in competiion with growing enesy (et aspects of a power-to-X Roadmap
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SCENARIO’S HYDROGEN DEMAND NL & GE

2017: 2050 Local: 2050 National: 2050 International:
Demand (869 TWh) Demand (405 TWh) Demand (416 TWh) Demand (417 TWh)

B Electricity
B Methane
I Hydrogen
I Others

Final energy demand for Germany (2017 and three 2050 scenarios) Liq‘._lid fUE| S

22%

24%

2017: 2050 Local: 2050 National: 2050 International:
Demand (2591 TWh) Demand (1934 TWh) Demand (1748 TWh) Demand (2024 TWh)

Final energy demand for the Netherlands (2017 and three 2050 scenarios) g E c N ) mmﬁ?ﬂm

Infrastructure Outlook 2050 &
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Developing the supply chain for electrolysis

applances

Low-temparature haat

High penetration of efficient slectric heat

High penetration of heat pumps and gas fired

35% Blectric haat pumps.

pumps. Savings: 41% heaters burning mathane. Savings: 33% Savings: 41%
High-tsmperatura & Mix of many energy sources: Mix of many anargy sources: Growing importance of green gas In Industry:
feadstock Industry 15% savings 25% savings 18% savings
16% blomass 24% blomass 4% blomass
29% electriication 20% eiacrrification 36% electrification
100% lower CO= emisslons 100% lower CO= emissions 86% lowar COz emissions
Passanger transport 100% slectric 25% alactric 25% elactric
25% hydrogan 25% hydrogan
50% synthatlc fusls 25% mathans
25% synihetic fusis
Fresght ranspor 50% hydrogen 35% hydrogen 25% elactric
50% synthstic fusls 65% synthetic fuels 25% hydrogan
50% synihetic fuals
Ranowabies ganeration 600 GW solar 218 GW solar 114 GW solar
210 GW onshore wind 193 GW onshors wind 171 GW onshore wind
£4 S ol A cro o £ S offchors wind
Corversion and storage 281 GW slectrolysis 254 GW glectrolysis 63 GW alectolysis
110 GW battery siorage minoe effect of battaery storaga on 15 GW battery siorage
transmisslon level
Hydrogen 365 TWh by domestic P2G 223 TWh by domestic P26 164 TWh by domastic P26
Mo imporis No impords 5 TWh imports
Demand from Industry/transport Demand from Industry'transpornt Raiathvaly small demand from Industry/
Fuel for power-piants Fual for power-planis fransport
g g e s LU =g N LTIt T e
200 TWh by domestic blomathana
No imporis No imports 108 TWhimports
High demand In all sectors Demand from residantial High damand In all sactors
Power-fusls 151 TWh by domestic generation No domestic generation 87 TWh by domestic generation
No imports 286 TWhimparts of green power-fusls 108 TWh imports of grean power-fudls
Damand from transport Demand from iransport Demand malnly from iransport, but also from

Industry and resldentlal

J
SCENARIO’S HYDROGEN DEMAND NL
[— I
= .
ZZ EC N TRgQ inoyation
Local National International
Power & Light 26% base-load savings through more efficient 25% base-load savings through more efficient 26% savings through more efficient appliances
appliances. Substantial electrification of industry  appliances. Substantial elecirification of industry
Low-temperature heat High penetration of heat grids and all-electric High penetration of hybrid heat pumps bumming  High penetration of hybrid heat pumps burming
{restrictions on green gas, no Hz distribution) Hz {and green gas) (restrictions on green gas) Hz and green gas {mild restrictions on green
Savings: 23% Savings: 23% gas). Savings: 12%
High-temperature & Gircular industry and ambitious process Circular industry and ambitious process Biomass-based industry:
feedstock industry innovation: innovation: 56% savings
60% savings 60% savings 35% biomass
66% electrification 65% electrification 14% electrification
97% lower CO2 emissions 97% lower COz emissions 95% lower CO2 emissions
Passenger transport 100% electric 75% electric 50% electric
256% hydrogen 26% green gas
25% hydrogen
Freight transport 50% green gas 50% green gas 25% synthetic fuels
50% hydrogen 50% hydrogen 25% green gas
60% hydrogen
Renewables generation B4 GW solar 34 GW solar 16 GW solar
16 GW onshore wind 14 GW onshore wind 5 GW onshore wind
26 GW offshore wind 53 GW offshore wind 6 GW offshore wind
Converslon and storage 75 GW electrolysis 60 GW electrolysis 2 GW electrolysis
60 GW battery storage 50 GW battery storage 5 GW battery storage
Hydrogen 100 TWh domestic generation 158 TWh domestic generation 73 TWh import
4 TWh domestic generation
Methane 23 TWh domestic biomethane 48 TWh domestic biomethane 24 TWh domestic biomethane
36 TWh imported natural gas 55 TWh imported natural gas 72 Twh imported natural gas
Blomass 28 TWh import
SCENARIO’S HYDROGEN DEMAND GE
[— I
Z innovation
Local National International é E C N ) mmllfa
Power & Light 25% basa-ioad savings through more efficlent 10% savings 25% savings through more efficlant appliances

Workshop 12 March 2019, TNO Petten



Developing the supply chain for electrolysis

POSSIBLE ROLL OUT SCENARIO GE

< 20 MW /a added

<100 MW installed
Source: Fraunhofer ISE (2018)

250-500 MW/a added
1-2 GW installed

1-5 GW/a added
> 10 GW installed
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5,000
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3,000 <Market activation program sets reliable > ff
2,500 framewaork for investments 3
2,000
1,500
1,000  Initial scale-up and cost
500 fei i
0
2020 2025 2030

EXPECTED GROWTH PER TECHNOLOGY

Mature/
established
products
available

Technology
in early
commercial
stage

Technology
in demons-
tration

AEL

Potential production capacity in 2020 by
manufacturer (anonymised). Depending on
corresponding demand growth on the market.

Source: Fraunhofer ISE (2018)

Order of Magnitude:

5MW/a 50 MW/a 500 MW/a SOFC design

PEM short stack
(Hydron Energy)

—
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Alkaline short stack
(Hydrogenics)

Tapecasting at EC
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Developing the supply chain for electrolysis
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8,00 To reduce cost of hydrogen:
* Improve efficiency
7,00 * Smart PPA contracts for RES
* Reduce electrolyser cost CAPEX
6,00
"op and /or
=
W 500
g 100 * Cost of the alternative (reference price gas)
=i * CO2ETS / minimum prices
= .
8 3,00 * Value of flexible demand
= 1 * Valorise value heat and oxygen
£ 2,00 « . * Increase plant capacity ( 100+ MW)
* Expected lifetime
1,00
l & Operating hours per year
0,00 .
1000 €/kWh 750 €/kWh 500 €/kWh
— —
€/kg H2 ,If:?ﬁ\éation
10 — H, production cost via water electrolysis (KPls 2017 at 15,4ct/kWh) !
300 €/t CO, compensation (gas grid injection)?
8 - : 3
B i 4
Exemption from levies and taxes Measures foF
1 o F
z i ! market activation
i ‘
E Flexibility in sourcing green electricity > :
- Combination of both measures ;
A~
2 costs in
target markets
H, injection in ga
0 1 KPIs of scenario 53 2017, range resuits from 2,000 to 3,000 full-load hours 2 Compensation payments for CO, savings (204g Cﬂfwkwh LHV natural gas) Comparison based on substitution LHV of natural gas with hydrogen
(33,3kWh/kg LHV, assumption 100% CO, free hydrogan) 23 0Bct/kWh electricity grid fees (Bundesnetzagentur/Bundeskartellzmt (2016)  Monitoringbericht 2006, industrial consumers with 24 GWh/a) 4 B,55ct/kWh electricity
levies and taxes {, BDEW Strompreisanalyse 2018”, industrial consumers up to 20 GWh) S If electrolyser operations are not coupled to PV- and Wind generation profiles o ta the negative residual load in the network, 8,000 full load
houwrs (instead of assumed 2,000-3,000) per year become possible, implying that {during a transition period) guarantees of origin can be provided from, e.g., hydre power plants. & Assumption: Competitive hydrogen prices at the
puUMp 6 €/ke (Diesel passenger car 5I/100km at 1.20 €1, fuel cell passenger car 1 kg, /100kmj, of which 3 £/kg deducted for distribution and station costs. Prerequisite: Roll-out of fusl cell vehicles and refuling stations and continued tax
exemption for hydrogen as a fuel. 7 Cost of steam methane reforming at 100t/day hydrogen production based on FCHIU , Study on Development of Water Electrolysis in the EU* 2014 3 Substitution of natural gas with hydrogen
based on LHV, natural gas prices private customers in Germany 2016 6 5ct/kWh, large customers 3,4ct/kWh (Eurastat), LHV hydrogen: 33, 3kWh/kg; Results in a value of hydrogen in gas grid between 1,13 and 2,16 £/kg.

Workshop 12 March 2019, TNO Petten



Developing the supply chain for electrolysis

HOW TO MAKE SURE IT IS GREEN?
e
Z ECN) TNO e
. Decision tree presenting the criteria for producing Low-
\’éﬂCertlny Carbon and CertifHy Green H,
[ svrage o of N oty 11560, ot percrmcrse | (TREEIN
Average emissions of Non-CertfifHy H, <91gCO; ./MJ (benchmark)2 : i)
8 S
Yes # ""'m:“"‘;"'
Production unit NOT Renewoble energy - &=
ELIGIBLE input into batch?
100% Non- renew. X% renewable and . ond (1-X%) non-
baich renewable. share
i Baitedi civiisiions b ( Iienefvoble B 4 Non-le:ewoble A
< 36,49C0O, _./MJ share emissions share emissions
L (40% of benchm.)2 ) < 36,49C0O, /M) ? < 36,49C0O, /M1 ?
Low-carbon H2
WHAT ARE THE INITIATIVES TODAY (1/2)?
—

Bedrijf Plan/Project aats Datum gereed
. quino/Casnie Bl waterstofvia ATR [42M) Eemshaven 0usf208%
2 GasurieiyStock MW elektrolyser Zuidwerding 2008
3 NowyonfGasanic 20 MW cickirolyser Ot o001
s EnpefGasunic 100 MW clesaroyser Eemshaven 2002
5 Lgervey 2.3 MW waterstchwindmelen Eemahaven/Delfn] 2020
& agervey o20p00
7_Emmen partnership 2.5 MW elekaolyses Emmen 000
8 Nouryon 200 MW elekolyer Delfal 2025
5 Nk nazo2s
o Engie Opschalenvan 100MW naas SSOMN en 1 clearobser | Eermshaven 2026-20%
1 Bnentortaangelondigd_| 3o MW elekiobser nih, 2000
n Eemshaven 2009
BASF) Yara/Orsied TU Delfi
13 SOWGasunic 300 MW Sperktische watenvergassing Eemstiaven | Eemshaven nth
£
E]
c
El Warersotdstriburiens: Chemiepack Delfil Dt 209
[ e prr— Taventing o
1 3 Tuidnerding oasjoe
z sl 2 nth. na2025
epshag
. Hieine keten E nih
crergebromnen e erbinen Noord Nederand
=
S
g
& | 2 0vGroningen/Emmen | Bussen op waterstof Groningen/Emmen 1000 1
22 Nedrmag. Ornetten randers enavens Veendar 01
73 Holthausen/Green Planet] | 8 Tankstations voor mobileei 3noordeljhe proviaces 2o05-20m
Pigoint
14 Hydrogresnn ook op watertel n Heogeveen Hoogercen beginjarenso
ucte Canversie
Groringen ath B e
17 Snell & Partners Waerstotpompaations ¥ roordeinke proncer nth B e
s ot Fueleell companent iy Hoogezand 2010ym 2025 =
29 Nuon Magrumeentraleop waterstot Eemshaen 2005h026 —
30 Holthaisen Hoogezand 2020 tjm 2025 ool Waterstofpipleding
7 BaM(N Praductic homethandl it cmissicrme materstl Delfl 2on e H
2 TepinAramid Ovtwikkeling versterite kunststoleding woor watertof | Emmen 208 = ' WATERSTOFPROJECTEN TOT 2030
32 1SPT & Partners HydroHub, Test-en ontwikkelcentrum waterstofop. ‘Groningen = D vrsien NOORD-NEDERLAND
Entance

\ ! J
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Example of H2
investment
agenda North of
the Netherlands
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Developing the supply chain for electrolysis

WHAT ARE THE INITIATIVES TODAY (2/2)?
| — I
innovation
AANBOD EN VRAAG WATERSTOF 2030
Aanbod Vraag
(2030: 1.530-2.440 kton = 216-343 PJ) (2030: 1.530-2.440 kton = 216-343 PJ)
Bestaande grijze Grondstof en hoge-
e | ey T
te zetten naar blauw Ejﬁf jfﬁ j wvoor (petro)chemie
-. 675-900 kton
A Blauwe waterstof .BE L
CCS j[ j 225-675 kton D G:_ederenve:oer
innenvaart, ran-
— == geerlocs en trucks
Groene waterstof
g elektrolyse uit net ﬁ 50-100 kton IQ! Personenvervoer:
Groene waterstof bL.-ISSEn, auta’s
elektrolyse 100-150 kton E . r;leuw:_§;rEG|; -
offshore wind centrale en bijstool —_—
- Lokale ——i gasturbines WKK --m D 275-400 keon
E’?ﬁ groene waterstof E s ien ) Warmte glastuin-
..... h bouw, bebouwde l 20-40 kton
omgeving
Import groene of EXampIe
Bunker- ————
S AT | e
Groene waterstof
%9_?@ biomas_sa— ﬁ 50-100 kton ﬁn Export .l U Province
vergassing
f 340-660 kton South-Holland

2 2* H2FUTURE - Hydrogen for the Steel Industry
@

«  Steel industry accounts for 30% of global industrial CO2 emissions
(2 tons of CO2 emissions per ton of steel).

« Replacing carbon with green hydrogen as the reducing agent is the only realistic way
of fulfilling CO2 reduction targets in 2050.

Challenges b ——— e =
« Total replacement of carbon results in a significant increase = : I

in production costs. = -
» Huge demand for green electricity 24/7 in the steel industry.

Verbund
voestalpine
SIEMENS

. MET

226

Source: voestalpine

| FUEL CELLS AND HYDROGEN
JOINT UNDERTAKING

EZ ECN

http://www.h2future-project.eu
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Developing

the supply chain for electrolysis

AND STRATEGIES?
| — I
% E CN ) mlfgpﬁgsation
Equinor Hydrogen Portfolio = Through industrial leadership, building Rouryon
S W R RN . towards the scale-up and the circular economy
= B
. ::":: L -_ ’! Houryon Houryon
. ey E Mouryon || J@TUuHe !__ ‘,'.‘_\‘T:.:r:.-., |
Ne wark with partners on the hydrogen sconamy —
HYDROGEN W m
i o ™o (7o | [meT
L e | et urpon
EXAMPLE SOLLIANCE
— —
ZECN) TNO i

Can we leverage on ‘green H2’, the way we did it with the thin-film solar?
) In 8 years became a hotbed of shared, pre-competitive innovation

} 28ME initial investment, created value of 115+ ME,
partners, 150 direct jobs, 4 spin-off companies

Technology partnerships
Shared and 1on1 research programs

SRP APPLICATION INTEGRATION

AP PEROVSKITE BASED SOLAR
s TECHNOLOGY

80+ patents, 30+ industry

Demo projects

* Involving with industry &
knowledge partners

THE KEY TO & SUSTAINABLE BUILDING
FACADE NL

SOLARESLA START TEST ORIJVEND
SOLARSYSTEEM

INTERREG ROLLING SOLAR: DUURZAME

ELECTRICITRITSOPWEKKING 1N

INFRASTUCTUUR EN WEGEN
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Developing the supply chain for electrolysis

ZZ ECN) TNO 5t

* Green hydrogen will take a major roll in the future energy system
* Manny parties are (and will become) active with strategies, programs and projects

» Current market of green hydrogen is now limited - coming year many
(demonstration) project

« Still many (innovation) challenges and regulation barriers in order to reach
promised upscaling

- Setting up a H2 supply chain is needed:

1. in order to deliver for projects larger than >XX MW

2. torealize further cost reduction and industrialization

3. to attract new companies to become active in this sector
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