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Norwegian H, Forum's Mission

@ A driving force for implementation of
0-emission solutions in all sectors

Facilitating education, research and innovation
within hydrogen technologies

Norwegian & international stakeholders

Being a constructive dialogue partner for

@ Conveying information to & between
@ government and funding agencies
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WelgWlsian H, Forum's Board

Are Opstad Sabg Julie Wedege
Chairman of the Board, SINTEF

Morten Solberg Watle Liv-Elisif Kalland Johan E. Hustad

Norwegian Hydrogen
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Renewables in energy consumption
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Eurostat, 2019

Source: https://en.wikipedia.org/wiki/Renewable_energy in_the European_Union
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Primary Energy Self-Sufficiency Rate (2018)

700.3% e GEWELID geothermal, wind, solarete.

320.0% =T,
s 175.8% S bido

11.8% & 30

No. 1 No. 2 No. 3 ND 5 No. 11 No. 16 No. 22 No. 29 No. 33 No. 34 No. 35
Norway Australla Canada France Germany Spain South Korea Japan Luxembourg

[l = Il B O e (o o

Source: Estimates for 2018 from IEA *World Energy Balances 20719% except fur data for Japan, which are confirmed values of FY 2018, derived from *Comprehensive engrgy statistics of Japan®,
Agency Tor Natural Resources and Energy. * The ranks in the table are those of the 35 OECD member countries.
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Norwegian Prime Minister, Jonas Gahr Stagre

e
:

Norway will install 30 GW
of offshore wind by 2040.
With this ambition we go

from the two offshore wind
turbines that are in
operation today to ~1500
offshore wind turbines.
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Hydrogen Production Initiatives \0
Glomfjord

.\ Storfjord

H, & NH; prod. from renewables & NG ¥/CCS

Trondheim

Energy export of H, & NH; as energy carriers? Bodg

"\ Mo i Rana
Rarvik

Fosen

H, & NH; as fuels (Maritime Transport)

Smela

Tjeldbergodden \ ®
\ : Energy sources:
* Hyd rogen Hubs . HE”ES’NN. Hitre ® Hydro power
» 15 pre-studies financed Q3 2021 FEl!.O Ir:ﬁ i Merdker ® Run-offrivers
* Five (5) full scale projects‘ were each Artia: Gjavik ® Wind power
granted up to 15 M € each in public Kollshes ./ S@rum @ Natural gas
support yesterday (June 23) Mongstad .é Nittedal ® Byprodukt
Tvssedal Solar power

ENOVA Dimmelsvik P Sandvika

Rullestad Porsgrunn
Kristiansand

S
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H, and NH; as fuel for maritime transport, 7 ships funded
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Climate Neutral Europe 2050, "a key role for hydrogen”

Strategies

and Drivers
Detailed assessment supported by <-.., rio analysis

— e essity’ "LIMATE NEUTRAL

Brg 1.5°C s
Electrification Hydrogen Power-to-X . but a ne ~ Technical V m
ion \ (1.5TECH)
) 019) ‘ _.efficient

combination of
el . :
OV emb _acerial options from 2°C

efficiency scenarios

Electrificationin

Main Drivers e

V HZ ingas E-gasingas * Dietary changes ﬂ
. : : 2 ent = Enhancement
distribution grid | distribution grid Py | e H yd rogen

w Europe
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Strategies

and Drivers

N

' * Europe imports fossil fuels valued at ~ 1 billion €/day

Drivers, seen from Europe's perspective

* Europe aims at increasing their primary energy self-
sufficiency rate while strengthening competitiveness

* Hence EU's Energy and Climate Policies focus on:

* Production of hydrogen from domestic available sources (=RES)

* Stimulating Europe's industrial capacity and capabilities

EU's Hydrogen strategy, targets (examples):

* Focus on green hydrogen production (from renewable energy)

* 6 GW electrolysis by 2024, 40 GW++ electrolysis by 2030

13 SINTEF
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sl Future demand for H, globally

2050 hydrogen demand
Mt hydrogen [ year

0 Power Building heating ) Industry Other Transport (1) Road Transport . Total Transport . Synfuels production '. Green ammonia for shipping
813
Incl. energy 801
productivity: _ IREMA 1.5°C
575 Mt scenario:
590 Mt
' §
ETC: supply-side Hydrogen Council: BMNEF: New Energy Outlook IREMA: Transforming IEA Sustainable
decarbonisation 2°C scenario Climate Scenario — clean Energy Scenario Development
only scenario’ electricity hydrogen power Scenario®
% of 2050
final energy 15-17% 18% 24% 6-7% (13%3) 6-7 % (13%:3)
demand?

MOTES: * llustrative scenario considering 2050 final enargy demand without application of energy productivity lewers which would reduce energy needs in anet-zero scenario,
# Hydrogen reaches 13% of final energy demand by 2070 in IEA SDS, with hydrogen wolumes of 520 Mtiyear,
#|REMA 1.5C scenario does not include split in uses, but represants 13% final energy demand.

_

Demand for
hydrogen



siisl Future demand for H, globally EEEE

Exhibit 1.4

Demand for

Clean hydrogen will play a growing role across the economy as the
world transitions towards net-zero

% of sector Lewvel of
Clean hydrogen demand in a net-zero COz emissions economy (2050, illustrative scenario) final energy certainty in
Million tonnes per year, ETC supply-side decarbonization pathway demamnd Hz role
-E{Er-rtei']t- ------------------ e H: for final consumption 30 % I
Swed e Hz for green ammonia production =0 % I
_Chemicals —energy | B I ) H; for synfuels production 25 % i
Industry Fghowalue chemscals® | ! R @ H. for power storage and flexibility 20 % i
Ammonia® || 100 % |
‘Methane®* | *"; _______________________________________ 100 % 8 2
. Otherindustres | 5 % % i <
Light-duty transport '] Minimal | S
Heavydutytramsport |l 0k B s
Transport Shipping = | 80 % |
Aviaton | W = 0% I
Rail | 10 % |
' Buildings  Heating | 1= 10 % i
Powerstorage | — i 2-5 % I
[Total____ N s1e pazgosEEEEs 813 1,001
346 88 575

Level of confidence in Multiple decarbonisation routes available, Hydrogen based routes likely to play a significant
role of Hz in a net-zero eventual role of hydrogen likely to vary by region decarbonisation role due to, e.g. limits to alternative
CO; emissions economy depending on local costs and availabilities routes, likely cost evolution, industry actions

MOTES: * High wvalue chemicals predominantly used to produce plastics, which could potentially be produced wia Hy dogen and CO; in the future (via methana and MTO process); ® Around 80%
of ammonia (excl. shipping) is used to produce fertilisers; ® Methanol is used as intermediate in numerous chemical proces ses, including plastic s production. @ ETC scenario including
maximum energy productivity improwvaments.

SOURCE: SYSTEMIQ analysis for the Energy Transitions Commission (2021)
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Demand for
1 hyd
sl Future demand for H, in Europe virogen
* H, production today in Europe ~ 10 Mt/a [1] _
M Buildings
* Majority of H, produced from fossil resources lm:::rv

* Significant increase in all scenarios towards 2050 100 B oot for transport
. .. . . } ) [ H, in fuel cells for transport
* High variations in volume & major application areas a0
One likely scenario [2]: N
* European demand increase to 30 Mt/a in 2030 [2] gi 60
S~
* 'Hard-to-abate' sectors - transport and industry - T NP
make up the vast majority of hydrogen demand 5 40 N
* Synthetic fuels are foreseen to play a major role m
: 20
* Hydrogen also contributes to a smaller degree to 4
decarbonization in buildings and power generation
2040 200

Sources:
1) Green hydrogen in Europe — A regional assessment: Substituting existing production with electrolysis powered by renewables
2) Hydrogen4EU — Charting Pathways to Net Zero, Hydrogen4EU study, 2021

Renewable Push pathway



https://www.sciencedirect.com/science/article/pii/S0196890420311766#b0010
https://2d214584-e7cb-4bc2-bea8-d8b7122be636.filesusr.com/ugd/2c85cf_69f4b1bd94c5439f9b1f87b55af46afd.pdf
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sl Future supply of H, in Europe

* Europe is aiming at complying to IPPC's 1,5°C scenario
= by increasing the ambitions for GHG emissions 2030

* The targeted 40 GW electrolysis to be supplemented by 100
import of another 40 GW green hydrogen from
southern & eastern neighbours 80

FT Financiyy
Dt Times Live gy

(e.g., Ukraine or Morocco)) in 2030

* Dramatic increase in green H, = 2050 ou
* "Blue hydrogen will be needed”, 40

says EU-comm. Kadri Simson
20

¢ Window of opportunity for blue H,
from Norway to Europe?

Sources:
1) Hydrogen4EU — Charting Pathways to Net Zero, Hydrogen4EU study, 2021

>

Supply &
Distribution
Options

Electrolyzer

Reformer with CCS

Imports from outside Europe 10
8
77
40
10
33
21 20
2030 2040 2050

Renewable Push pathway


https://2d214584-e7cb-4bc2-bea8-d8b7122be636.filesusr.com/ugd/2c85cf_69f4b1bd94c5439f9b1f87b55af46afd.pdf

i
Potential fc.>r . o s
H, production in Europe = -

* Domestic EU + UK supply potential exceeds demand,

* considering needs of electricity market, land availability,
environmental regulations, installation rates

Dedicated renewables for H,-production:
¢ 2030: 9Mt ( 460 TWh)

* 2040: 40 Mt (2100 TWh) d |
* 2050: 80 Mt (4000 TWh) —— =

* Favourable economics of pipeline —

>

Supply &
Distribution
Options

transport allows cost competitive W e

imports from North Africa,
Norway and Ukraine

* Blue H, as "quick start”
* European wide use of H, require a | *>

distribution network for hydrogen 3 a0 300

Supply ~ Demand

Source: Analysing future demand, supbly and transport of

hydrogen, June 2021 EHB#2 report partl 210614.indd

Technology for a better society



https://gasforclimate2050.eu/wp-content/uploads/2021/06/EHB_Analysing-the-future-demand-supply-and-transport-of-hydrogen_June-2021_v3.pdf

>

Supply &
Distribution

wilisl  Preparing for a European H,-network Options

* Low cost distribution of large volumes

* |nitial pipeline network of 6,800km (2030)
maturing into a European Hydrogen
Backbone in 2040 totalling 23,000km |

* Additional H, import routes indicated

Possible additional routes
Countries within scope of study
Countries beyond scope of study
A Potential H, storage:
existing / new
salt cavern
A Potential H, storage:

* s Ammonia a viable alternative

@ Potential H, storage:
Depleted field

for long distance transport? ® ol sk

* City, for
orientation
purposes
(if not indicated
as cluster already)

Source: European Hydrogen éackbone HOW A DEDICATED

; HYDROGEN INFRASTRUCTURE CAN BE CREATED;°2020:1 niicte 2020
Technology for a better society e e TR



https://gasforclimate2050.eu/wp-content/uploads/2020/07/2020_European-Hydrogen-Backbone_Report.pdf
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Distribution

sl Transport cost for H, carriers vs. distance it

30

¢ RetrOflttlﬂg eXiSting NG-pipeliﬂeS m=m H_-pipeline (retrofit NG =2 H,) Ammonia — Conversion & Pipeline
ol g mem Ho-pipeli A ia—C ion & Shippi
far cheaper than building new ones -: pipeline ew) mmonia - Conversion & Shipping

[ = = LH, liquefaction = transport = evaporation

 Conversion to LH, very costly

-
--------
-4-—-#-"---—
-— - -
- -
-
- -

B
o

* NH;-ships cheaper than pipeline

EUR/Kg H;
o

|
|

0,0 =
0 500 1.000 1500 2.000 2.500 3.000

km

Sources:
1) https://www.oeko.de/fileadmin/oekodoc/Wasserstoff-und-wasserstoffbasierte-Brennstoffe.pdf

Technology for a better society
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Supply &
Distribution

sl Transport cost for H, carriers vs. distance it

All-in delivered cost of hydrogen including production, transport and storage, 2050 Sea technical Annex
$.fkg H, for further information

* Retrofitting existing NG-pipelines
far cheaper than building new ones VR I000) || 000, g some o s for )

 Conversion to LH, very costly

High cost location - $1.72/kg H;'

* NH;-ships cheaper than pipeline .
Highcase = % e

Low case —).

* Pipeline H, transport (even 7000km) Lw
is cheaper than shipping of NH;, when
end use is H, (i.e., incl. NH; cracking),

Ammonia ship - Final
use as hydrogen

Ammonia ship - Final
use as ammonia

Hydrogen pipeline?

Local green production
(mid-cost location)?

High capacity retrofitted Green ol i

L production in Green production in

Low case Rock cavern storage P'PE“"EIE“::?TES}‘; day, 48 favourable region favourable region

* Locally produced green hydrogen (left) o N
: ransmission pipeline ue production in ue production in

High case Tanked storage (<1000 t/day, 13 inches) favourable region® favourable region®

competitive in 2050 time frame.

MOTE: * Green hydrogen production +low-cost rock cavern storage; * Green hydrogen production takes storage costs of 50% annual demand into account. ® Lowest cost retrofitted natural gas
pipeline according to European Hydrogen backbone report. # Blue hydrogen production via ATR + CCS (80%+ capture rate). ® Assuming medium levelized cost of greenfield high-capacity
pipeline according to European Hydrogen backbone repart.

Sources:
1) https://www.oeko.de/fileadmin/oekodoc/Wasserstoff-und-wasserstoffbasierte-Brennstoffe.pdf
2) BloombergNEF (2019), the Economics of Transport & Delivery, Guidehouse (2020), European Hydrogen Backbone, Industry interviews
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Cost and

sibll Green hydrogen, cost developments

Volume

p— ~AEL 2015
Investment cost for PEMEL (dynamic) electrolysers . 2] \ \ ':‘EEE‘E{"::
* Expected to fall dramatically towards 2030 1 ‘Eé’ 2000 \L
* Due to increased volume and automated production :Egg \
* Modular technology = smaller WE plants cost effective 53 fo 0 1600 o000 100000 1000 000
* Green hydrogen cost significantly influenced by power cost £ 125
Renewable energy cost gj’ 1001 oFloating Offshiors
* Cost projected to fall significantly towards 2050 2) § s :ix:dm{toso”sho,e“-.. ______
* Possibly competitive with fossil energy from 2030 - % ] Jousnere T =TS
& 254 —
. 20'20 20'30 2OT4O 20'50
I——— PR

Sources:
1) SINTEF-study, publication submitted to Journal of Hydrogen Energy
Technology for a better society 2) Berkley Lab


https://www.renewableenergymagazine.com/wind/predictions-for-wind-energy-costs-drop-significantly-20210419

i

Cost and
Volume

milill Green vs. Blue hydrogen

Blue hydrogen §

* Low(er) cost at high volumes ! o om G,eenhdeSheet orice [-50%)
) ) 3,5 .'-u\ Price of pj Oge ill b S pri %

* High dependence on natural gas price : o o ®ble to ungerg,,

030

Levelized cost of H, [€/kg]

* High initial investments, require long term depreciation " T e ! price 28 €/MWh)
) DeCM “Fol vel price (48 €/MWh)
Green hydrogen 15 it e FO0 i VEL 2030
1 2n ‘
* Local/regional production stepwise following demand os W Green hydrogen will be able to undercut ;/MWh)
" price of blue by 2030 g
* High(er) focus on green hydrogen in most European MS ',, W Scale can be advantage for producers, but

only for so long
* Uncertainties related to requirement on Additionality

uyr mOnth : oare
EXpira s ly limjt
. Sta Of fr,
Vi . e
wz’atlllty_ Tryog top of hiitc()l:)tent is g b
ek, Can, n‘)onth Oric ma, Out to
el anytime. 0r $8.75 5'5"’
) ) -50 pey

Sources: S Oer
1) SINTEF-study, publication submitted to Journal of Hydrog. . & b’°°mber 9
.COm

Technology for a better society \
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Cost and

sl Initiatives for green hydrogen production

Volume

Aker world-record 10GW floating wind-
to-hydrogen plan 'to turn Scotland into

* Northern Horizons: .
green energy exporter

Floating wind to hydrogen,
= net zero refinery (Shetland),
conversion to LH,, NH,, e-fuels

Similar initiatives/projects
* AguaVentus (Germany)
* NortH2 (Netherlands)

Hlustration: Aker

Technology for a better society



Cost and

sl Initiatives for green hydrogen production

Volume

* Northern Horizons:
Floating wind to hydrogen,
= net zero refinery (Shetland),
conversion to LH,, NH,, e-fuels

Similar initiatives/projects
* AguaVentus (Germany)
* NortH2 (Netherlands)

Europe's largest today: 10 MW =
* Funding given to Refhyne II: 100 MW

—

elementenergy Ysphera- () !TM POVVER

SINTEF
U

Technology for a better society
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i

Safety and
Regulations

A

Regulatory Framework

-'-‘.-'_{{' Clean Hydrogen
Partnershlp

----

Financial and funding framework Z
* Clean Hydrogen Partnership (2021-2027), EC funding 1 B€, launched Q4 2021

* |PCEI, ETS Innovation Fund, Tax exemptions and incentives

Standards and Technical approvals

 EN 17339, TPED and CEN standards, Pre-Normative Research = new regulatory requirements
Operational/Market regulatory framework

 Hydrogen and Decarbonized Gas Market Package

* Taxonomy, RED Il Delegated Act, Additionality, RePowerEU

* CO, boarder tax under discussion to prevent Carbon leakages

SINTEF


https://ec.europa.eu/commission/presscorner/detail/en/ip_21_6682

i

Safety and

REPower EU - Boosting the use of hydrogen Rz
N

Hydrogen Accelerator

e An additional 15 million tonnes (mt) of renewable hydrogen on top
of the 5,6 mt foreseen under the Fit for 55 can replace

25-50 bcm per year of imported Russian gas by 2030.
e Of this additional 10 mt can be imported hydrogen

* While 5 mt of additional hydrogen produced in Europe*

* New cross border gas infrastructure should be hydrogen compatible

* Commission will support pilot projects on renewable hydrogen production and transport
in the EU neighbourhood, starting with a Mediterranean Green Hydrogen Partnership.

* Ambition is going beyond the targets 5,6 mt of the EU’s hydrogen strategy in FIT for 55

SINTEF
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Safety and

Hydrogen safety SCH)IFT pegulotons

e SH,IFT 1 (2018-2021)
* Hydrogen jet fires

* LH, BLEVE (Boiling liquid expanding vapor explosion)
& RPT (Rapid Phase Transition) (tests in Sept 2021)

* Modelling activities on both gaseous and liquid hydrogen

* SH,IFT 2 (2021-2024)

* Gaseous & Cryogenic jet fires with and without Passive Fire Protection

* Ventilation experiments (also with ammonia) Ci:ﬂr

* Further on modelling and risk analysis rfE)\::{(ZNE

* Material degradation—integrity
e toi §

g o equmor @Fllr Liquide N NyeVeier flfrrglg%rrlgtet @NTNU

oo @ D Statkraft  NASTA % *dsb H%E @@ ' @ SINTEF
al’lanth’OUP


https://www.google.no/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj_6uLo7IjWAhWJCpoKHZzRAogQjRwIBw&url=https://innsida.ntnu.no/logo-og-maler/-/asset_publisher/ePQVVG1jlg3D/content/ntnu-hovedlogo-andre-sprak-farger-og-format?redirect%3Dhttps://innsida.ntnu.no/logo-og-maler?p_p_id%3D101_INSTANCE_ePQVVG1jlg3D%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26p_p_col_id%3Dcolumn-1%26p_p_col_count%3D2&psig=AFQjCNH8K8nE5SGAvc-EEAJj343tgY2mYw&ust=1504522385413696
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Areas where Norway
can play a key role
internationally

within hydrogen

Exporter of H,
& H,-technologies -
\\_“"‘V__;r“r_’;}i‘j = S = A ‘_ h / gf’:“;‘;j'r'—:.;.}
sport & industry =

=~

SINTEF



Global H, market evaluations

* Import of energy/H, from Africa 1988

* The EQHHPP 1989 - 1992
Euro-Quebec hydro-hydrogen pilot project

* Norwegian Hydro Energy in Germany
(NHEG) Norsk Hydro, and others, 1992

* World Energy Net, Japan 1995 -2

27

SINTEF




Energy export H, as fuel for transport

D N Natural Gas (Sn¢hV|t)

40O
Relevant study Onsho Wind Flnnmark)

on hydrogen
export to
Europe (2008):

36



siill Global market under development

MoUs in place “~ 7~ Potential trade route

O Exporter Exporting region = New routes in
place or under establishing explicitly mentioned in
() Importer Importing region development trade routes published strategies



sl Global market guided by alliances

Flgure 4.5 Selected country bllateral trade agreements and MOUs, announced as of November 2021

(Prospective) Exporter (Prospective) Importer

* Many nations are establishing Namivia | Beigium coderal MIniStTY,

trade agreements & MoUs cve | f; Econom"f-:‘gg"s

. : @S Climate AC

e This is showing contours of Denmark B and

future trading routes of H, sounArice B Germany SR

as a global commodity oot B
* Is the Norwegian governmental ot LA\

structure well suited for the Brunci W Rt radoand IndustY

green energy transition? ey B i yoffeoro™

man ‘
H H emocratic . 4

* Norwegian industry has European Bt%guggﬁég 1 ey

customers to CO,-storage Morocco B & Netherlands

L. L. Iceland W &y &

* Additional proposition Q2 2022 portugal v &

to white paper "Energi til Arbeid” Australa

pap g P 4
g
Saudi Arabia I Eﬁfﬁab"c

Technology for a better society



Norwegian Minister of Trade, Jan Christian Vestre

"The Government is now
mapping the Norwegian
coastal shelf and is

discussing establishing
hydrogen pipelines to
Germany»
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sl  Summary and Conclusions

* High and increasing focus on hydrogen as key for decarbonizing the energy system

* European drivers: Increased Primary energy self- sufficiency rate & Competitiveness

* Clearly expressed preference for domestically produced green hydrogen in Europe

* Ambitious Climate targets and high H,-damand in EU leaves door open for H, import
* High interest and strong global competition from several potential H,-suppliers

* Norway's export potential closely linked to conversion of NG-resources = Blue H,

* Low cost pipeline transport of H, in retrofitted NG-pipelines is Norway's "gold card”

* Inherent investment risk in high cost CO,-storage facilities weigh heavily on Norway

Technology for a better society



SINTEF

Technology for a better society



