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This presentation was prepared by the named authors of the HYPAT consortium. The analysis does not necessarily reflectaies of the HYPAT
consortium or the funding agency. Its contents were created in the project independently of the German Federal Ministry ofuédtion and

Research.
This publication including all its parts is protected by copyright.

The information was compiled to the best of our knowledge in accordance with the principles of good scientific practice. Tla@thors assume that
the information in this report is correct, complete, and upto-date, but do not accept any liability for any errors, explicit ormplicit.
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There are synergies between exporting and importing countries H_'*
Executive summary 27"
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The aim of HYPATIs to identify important export and import countriesfor future hydrogentrade, aswell asthe potential trade quantities, and production and transportation coststo derive
a hydrogen market price. Thiswork therefore assesseshe PtX export potential of selectedcountriesto Germanyand givesan H, and PtX price range for 8 selectedcountries Ukraine,
Morocco, Namibia, UAE,Brazil, Turkey, Chile, and Canada

A detailed model supply chain was developedthat isintegrated into the national energy system and includeshydrogen and PtX production in the national energy systemsuch asthe
electricity grid and underground storage In addition, the model results show the impact of exports on the domestic energy system, such as the local development of electricity and H,
prices We evaluated(1) the effects of the domesticenergy systemon H, and PtXexportsand (2) the effects of exportson the domesticenergy system

(1) The energy system changes depending on export quantity and PtX product :

A Cost drivers: WACC is one of the most important cost driversfor H, and PtX exportsin addition to the alignment of RESwith export points, and underground hydrogen storage The
marginal costsof hydrogen are the main cost component for H, and PtX exports and these depend on the quantity and location of export points. The more export points exist, the more
flexible the energy systemcan be. Therole of underground hydrogen storage (UHS)is larger than expected UHScan play a key role for low-cost H, and PtX exports Not only the sizebut
alsothe proximity of UHSto export points or to RESand its technicalreadinesdevel (availability)are decisive

A Pipelines vs. export by ship: Future export costsof around 2.50 EUR/kgare feasible It is not possibleto generalizewhether export via pipeline or export by ship is more cost-effective,
asthe energy systemof the exporting country must be carefully examinedin eachcase However, a sweet spot exists,where the export costsrelatedto quantity are the lowest and at the
sametime any increasein the marginal costsof hydrogenis offset by a decreasein the levelizedcostsof transport. Importing by ship offers greater flexibility while importing via pipeline
createsliabilities and strategic partnerships High utilization of the pipeline and cheap green compressionenergy are crucial here to keep the levelizedcost of transport (LCOT)ow, and
repurposing pipelinesis not necessarilycheaperthan building new ones LH, is the most cost-effective hydrogen carrierfor ships- evenin the short term. However, the technology is not
yet available on the market. NH; is the cheapestPtX product (without reconversion,i.e., for direct use) NH; can be regarded as a very safe choice for future exporting countries
Reconversiormust be taken into accountwhen comparing hydrogen carriers

(2) The energy system of the exporting country can benefit from exports under the right conditions :
A Accelerating the energy transition : Exportscan acceleratethe energytransition and decreasedomesticenergy prices(H,, electricity)in the exporting country.

A Overexploiting _the energy system: As export volumesincrease the synergiesbetween the domesticenergy systemand exportsdecrease(increasingthe domesticH, or electricity price)

The HYPATmodel chain is a first step to mapping the complete export supply chain, and further studies are needed We recommend conducting more detailed techno -economic
assessments, pushing LH, development to build atrade alliance, and supporting the development of a sustainable export economy in the targeted country.
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What is the H , and PtX price range for German imports? H_"?
1 Introduction 27
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The HYPAT project creates a global atlas of hydrogen potential to assess

sustainableproduction locations based on technical, economic, political and

social criteria. The project's findings will contribute to the development of a Canada

global hydrogen and PtX market! Therefore, HYPAT aims to identify

iImportant export and import countries for future hydrogen trading, aswell as

the potential trade quantities, production and transportation coststo derive a L
hydrogen market price.

Ukraine

Turkey

UAE

Kenya

Thiswork assesseshe PtX export potential of selectedcountriesto Germany
and givesa cost range for H, and PtX (based on the marginal hydrogen
costs) for Namibia

A 2030 and 2050 Chile
A different PtXproducts: LH,, NH,, LOHC,MeOH, FischesTropschfuels
A three different scenarios conservative moderate, optimistic

Brazil

New Zealand

A different export quantities ranging between 1 and 1,295 TWHht.

1 Export quantities up to 3,000 TWh were modeled. As these large export quantities only serve a scientific
purpose and do not seem feasible, we decided to display results only up to 1,295 TWh and thus reduce the
number and complexity of the results. Unterstztzt von Bing

E Australian Bureau of Satistics, GeoNames, Geospatial Data Edit, Microsoft, Navinfo, Open Places, OpenStreetMap, TomTom, Wikipedia, Zenrin
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Are H, exports and the domestic energy system interdependent?

1 Introduction

A detailed model supply chain was developed that is integrated into the
national energy system and includes hydrogen and PtX production in the
national energy system,such as the electricity grid and underground storage.
In addition, the model results show the impact of exports on the domestic
energysystem,suchasthe developmentof local electricityand H, prices

Chapter 2 briefly explains our methodology. Chapter 3 starts with a short
overview of the country-specific results, focusing on the moderate scenario,
and closeswith a summary Chapter 4 comparesthe country-specific results
and identifies drivers of the electricity and hydrogen price evolution in the
exporting country. In chapter 5, we discussthe robustnessof our results
Finally,chapter 6 summarizesour conclusionsand makes recommendations
for action. Additional information on our modeling methodology can be
found in the annexas can further and more detailed model results

Canada

Brazil

Chile

Morocco

Namibia

Ukraine

Turkey

UAE

Kenya

I HY P AT
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New Zealand

Unterst¢tzt von Bing

E Australian Bureau of Satistics, GeoNames, Geospatial Data Edit, Microsoft, Navinfo, Open Places, OpenStreetMap, TomTom, Wikipedia, Zenrin
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Five models are linked to assess the supply chain costs for exports W
2 Methodology LR

Stage 1 Stage 2 Stage 3
Supply and demand models Energy infrastructure model Synthesis and export models
Cost for (desalinated) water
> B >
c 9 s 9
. c
3 8 Cost of synthesis S 8
O « . RE potentials per sub -region H, marginal costs _ and shipping 8 N
? o Enertile 1 Optimized H , production time series | Herieiin LH2, NH;, MeOH, LOHC, g’ o
'g g Sector-coupled FT fuels = é’
g — PyPSAEarth - S -~
L|>j Cost of pipeline c
e Energy demand projections H, marginal costs ( ot transmission -
> > ra
Optimized H , production time series l y
RE marginal cost for compression
Ukraine Exports by ship
, Morocco s RE potentials _ _ A Variation of WACC _ 0
@ Namibia © €— A Variation of WACC Energy infrastructure expansion A Variation of plant operation = e)
S UAE 2 §§ A Variation of WACC flexibility, ship size, propulsion fuel % Ql
D Brazil s E = Enerav demand proiections A Rapidity in energy infrastructure expansion =1 2
A Turkey 3g¢ gy o brojections and integration of renewables to match Exports via pipeline = Qs
S Chile DEe A Variation of CO , mitigation demand and supply A Variation of WACC g Qu
Canada = ambition fevel A Comparison of newly built vs. ]
repurposed NG pipelines

Enertile calculates the RE potential for four different technologies based @aworldwide grid of 6.5km x 6.5km: rooftop PV, utility-scale PV, concentrated solar power, onshore wind and offshore wind. Energy demand is available froEAP in a
yearly resolution per sector, technology and energy carrier. The installed capacities of necessary plants and infrastruatutee cost optimum of the entire value chain are derived from PyPSBarth-Sec and H2ProSim with a spatially high
resolution. This infrastructure includes RE plants, electrolyzers, inland transport, storage, synthesis, liquefaction andlhipes required for export. The export quantities considered for 2030/2050 in TWh: Q1=1/10, Q2=10/100, Q3=40/500,
Q4t 200/ t1,300.



Integration of exports into the energy system under different scenarios

2 Methodology

Each model calculates parts of the PtX export supply chain with
varying configurations depending on the scenario: For 16%
example,in the literature, WACC (weighted averagecost of capital)

is found to be one of the major cost drivers of PtX production. 14%
Different national decarbonization pathways are consideredfor the
energy demand projections, which also affect the ambitiousnessof 12%

national infrastructure expansion

The export costsare calculatedas the sum of the marginal costs of
H, plus the levelized cost of transport by ship or pipeline: EXP =
MCOH + LCOT.

Forfurther methodological details, see(Pietonet al. 2023).

10%

8%

WACC [%]

6%
4%
2%

0%

Natalia Pieton; Hazem AbdeKhalek; Marieke Graf; Bjorn Drechsler; Veronika Lenivova; Christoph Nolden
et al. (2023): Export Potential®f Green Hydrogen. Methodologyfor a TechneEconomicAssessment. In:
HYPAT Working Pape(2). Availableonline https://hypat.de/hypatwAssets/docs/new/publications/HYPAT
Working-Paper02-2023-ExportPotentialsof-GreenHydrogen_Methodology-for-a-TechnoEconomic
Assessment.pdf, lastheckedon 23.03.2023.
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Moderate

UAE

Country WACCs considered for modeling
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2030

Morocco

Chile
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Optimistic Moderate

Year and scenario]

UAE

Morocco
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Chile
UAE
Morocco

Optimistic
2050

\

~ Fraunhofer



3 Country results (moderate scenario)

*If not further specified, the results displayed refer to the moderate scenario
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3 Country results (moderate scenario)




High solar but low wind potential
BrazilDRE potential (2050)

Generation Potential in TWh

= On-roof PV
35,000

30,000
25,000
20,000
15,000
10,000

5,000

W Utility-scale PV W CSP Onshore wind

Generation potential
from wind and PV (GWyear)

(BEEESEEEEEREEES

0- 1

H

SieessusErEuss

<=40 <=50 <=75
Generation costs in €/ MWh

Conservative, moderate, and optimistic scenarios
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W Offshore wind

A

H5 .

Potential

Total potential is more than 30,000 TWh in 2050
at costs below 75 t+/ MWh

High utility-scale PV potential at low cost.
CSP potential is the second most important

Onshore wind at higher

in the optimistic case

The WACC is crucial as there is a significant
difference between the optimistic and

conservative cases

Onshore wind potential is found mainly in
northeast (Cearg and south Brazil (Rio Grande do
Sud). These two regions have the best RE

potential in Brazil
Rooftop PV potential is limited

Z Fraunhofer
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High biomass availability as USP for faster defossilization W
BrazilbEnergy demand projections 2¥ Y -

Total Final Consumption TFC [TWh]

per sector

2.942 2.977
2644 10 2,672 o
—i—
159

. . m .
[14] 160 ) 137
153

g

Moderate | Optimistic | Moderate | Optimistic
2019 2030 2050

m Transport m Industry m Residential Services

m Agriculture Non-energy usem Non-specified

Moderate and optimistic scenarios

2.644

145

2019

mOil

Hydrogen

per energy carrier

2.942 2977

g 2.672 111
T
87

2030

mBiomass mElectricity mCoal

m Heat mAmmonia = Methanol

2.344

190

Moderate | Optimistic | Moderate | Optimistic

Natural Gas

Potential

Sectors

A The transport sector has the highest consumption. The biggest
energy savings can be achieved througtiirect electrification and
increased shares of public transport

A Industry is characterized by food & tobacco, iron & steel, paper &
pulp, non-metallic minerals, and chemicals production

Energy carriers

A Brazil has a high use of biomass. In our modeling, biomass use in
the energy sector decreases strongly and is partially shifted to
non-energy uses in industry (as {Source)

A The current energy carrieuse indicates that Brazil has a well
established oil infrastructure, whereas gas and heat play a
subordinate role

A Electricity demand triples and becomes the major energy carrier
in 2050 (52 B65 % of TFC)

Z Fraunhofer



Immense H, storage potentials available for exports from 2050 on H,—;
BrazilbUnderground hydrogen storage potential F,Df;ﬂha"t

A One major potential H, storage site is located on the southeast

Legend: e . - )
o st dome coast of Brazil, in medium proximity to the biggest demand center
[ pre-salt area and potential future export hub

[ (nearly) depleted gas fields . ; - .

B country borders Brazi A The overall hydrogen storage potential of Brazil is estimated to be
[ country borders global 160 PWh

A Most of the potential storage capacity is an offshore presalt layer
situated in southeast Brazil. This storage potential is assumed to be
available for all scenarios from 2050 on

F 0 200 400 km -
L -

For further details and references please see the Annex

Conservative, moderate, and optimistic scenarios
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The rollout speed of the H , network and the PtX product determine the ———

‘?ﬁ
favored export hub H: y‘ﬂ.
BrazilDEnergy infrastructure expansion Potential

H, exports by ship

i k ) ‘\ . .
2030 | Moderate scenario | 10 TWh | hourly 2030 | Moderate scenario | 50 TWh | hourly
L oy 200 Mode | o \ Marginal costsof hydrogen atthe export points
1 - Electrolyzer capacity -“-.. H2 pipeline capacity . Electrolyzer capacity “r. H2 pipeline capacity .
| ® 1GW - — 5 GW ® scw ETe o — 5 GW 1
(0 1
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: 1
[ 1
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1 1
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| 1
. 1
1 H 1.2
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: [ 1 1 10 50 200
1 g v !
0 e 4 1
H 1
| 1
1
: 2050 | Moderate scenario | 100 TWh | hourly ; 2050 | Moderate scenario | 500 TWh | hourly :
: B E\ectrbfyéer capacity > H2 pipeline capacity 4.0 ™ Electrolyzer capacity > H2 pipeline capacity -3.5 1
= EN =
I ® 50GW g ® 50GW . T — 5 GW s
2050 I . 106W asE e 10GW [ — 16w 302
: - ¢ 5 =y R 5
' / 305 h g
! I ~3 W -2.5 2 1
i & I 5o 23
1 4\" 258 N & : 2,2 e 2,2
1 . 3 e X 202 !
| % S =] 1,9
' k 202 i T8 '
! 5 g 5 1,7 1,7
| g 158
: 153 N
1
: 105 LOE
I T2 2 |
1 > o
i = losla ! 10 100 500 1000
1 G kst -] :
1 > S
| .
" . H, export quantity [TWh]

_______________________________________________________________________________

Moderate scenario
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LH, as H, carrier or NH 5 as PtX product have the lowest costs

BrazilDExport by ship
—
2030 2050

E 205
=
g 172 76
0
cmE . TN

151 [ | :l 137 }
; 139 "2 I;| e - - 158 @ |:| e . 126 126 o
® T e B - . o
8 ‘ 8 :' o: . :I 104 88 | o7

o [ a0 ] 92
B2 NH3 [l LOHC B2 NH3 [l LOHC
=)
=
g J’:_. e d 134 137 3
x (& . -2 | g T o
L e
=l - 7 Rl - ,... 7 -
[ s e _____
o
O
O
-
NH3 w/o recon [#8 MeOH FTS NH3 w/orecon %4 MeOH FTS
1Twh 10 TWh 50 TWh 200 TWh 10 TWh 100 TWh 500 TWh 1000 TWh

Potential

General
A Transport distance: min. 8437 km (Pecen)
A H, production costs are the number one cost component.

A Wide range of LCOH at small quantities  due to big
differences in timeseries case results and cavern case (e.g.,
excess electricity in fictive cavern case leads to very low H
production costs at high RE fluctuation)

A The costs of H production fluctuate less for large quantities

H, carrier and PtX product comparison

For H, carriers (LCOH, LH, is the overall cheapest followed by
NH3 and then LOHC

For PtX products (LCOPTX NHj; is the cheapest option

Bathtub curve:

Medium quantities are favored  (moderate bathtub curve).
Small export quantities need to be increased for cosdfficiency
gains. Large and very large quantities (> 1000 TWh) become les
attractive because the best RE sites are then exhausted

\
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High share of biomass & excellent RE potential at ports H_"!
29"

Brazil- Summary

Potential

@ Excellent = Acceptable @ Sub-optimal

@ RE potential

. Demand

H2 storage
potential

Energy
. infrastructure
expansion

@ Exports by
ship

() Exports via
pipeline

WACC is the main driver of RE potentials. The total p ot eacbnsavativee x
scenario with a high WACC, the lowcost RE potentials (< 30 EUR/MWh) are not even sufficient to meet domestic energy demand. Nwetheast
and South of Brazil are the richest in terms of RE potential.

Hi gh biomass availability is Brazilbs USP for f ast eedordshiftéogpsblicl i z a
transport and direct electrification will be neededDthis will triple electricity demand and electricity becomes the major engy carrier in 2050 (52b
65 % of TFC). The strong decrease in biomass use for energy in the optimistic scenario and its shift to mainly qemergy use might be debatable.

Brazil has an immense hydrogen storage potential (16@Wh) for exports available from 2050 on (in comparison, German J&torage potential in
2030 is estimated to be 33 TWH). The biggest potential H storage sites are located on the southeast coast, at a medium distance to the biggest
demand center, the best RE potentials, and the potential future export hub.

The alignment of its RE potentials with its ports makes Brazil an attractive exporter. For small export quantities, the utlkpeed of the H, network
& chosen export product determine the favored export hub. For large quantities, Ceara is dominant. The marginal costs gfititrease with export
guantities: less optimal RE potentials are depleted and/or more infrastructure has to be built. Marginal costs at export htdrsge from 1.2 EUR/kg
(2 TWh in 2030) to 3.0 EUR/kg (200 TWh in 2030).

More than the transport distance (BrazilGermany ~ min. 8437 km), the overall costs are driven by the production costs. We observe a moderate
bathtub cost curve: Large RE potentials allow moderate LCOH even at very large quantities. The dominant use of excess eigctar small H,
guantities without time-series constraints leads to wide ranges of the LCOH. Overall, LiBl the best hydrogen carrier, NKlis the cheapest when
comparing PtX products for direct use.

Not considered.

1 NationalerWasserstoffrat(2022): WasserstoffspeicheiRoadmap 2030 fir Deutschland. Last accessed 09.04.2024 undemk.
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Investments along the solar belt for large LH , exports H_"éw
BrazilDRecommendations for action PDJ[ZQ?HJ[]E][

RE potentials:

A Besides the investment in solar PV, the northeastern and southern regions exhibit high onshore wind potential that shoulddoesidered.
A Although offshore potential is not considered by the system model due to its higher costs, it might still play a role in Brakfuiure energy system. Regulation is needed.

Demand sectors:

A Transport: The highest energy savings can be achieved by a shift to direct electrification and an increase in the share bliptransport.
A Biomass use should be largely shifted from transport to neenergy purposes and reduced overall so that it can be used as a carbsink.
A Remaining fossil fuels need to be substituted by PtX products to ease the expansion of the power grid.

Energy infrastructure expansion and underground H  , storage:

A Investing in solar PV following the current trend of the country (2019 2023) is the optimum when decarbonizing the system, esgrially along the solar belt (Matto
Grosso do SulGoias Piaui and Ceara).

Ceard has the potential to become a hydrogen export hulif Brazil decides to become a major exporter.

Ceara port Pecen) will be main export port for large quantities in the short and long term.

Rio Grande do Sul is recommended for shoterm small export quantities.

Minimal long-distance H infrastructure expansion is needed in 2030, allowing the country to focus on electrolyzer rollout.

> > I

Export by ship:

A Liquid hydrogen and medium export quantities (108 1000 TWh) are optimal forexport by ship.
A Ammonia is a good option if priority is given to the pure energy content (i.e., for direct product use).

\
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Ukraine

3 Country results (moderate scenario)
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High -cost potential in comparison to other countries W
Ukraine BDRE potential (2050) 2¥ 7 -

Potential
= On-roof PV ® Utility-scale PV B CSP Onshore wind B Offshore wind A Total potential is more than 2,500 TWh in
. : . 2050 at costs below 100
3,000 T o |

= : il i A Its potential is lower and has higher costs

E 2,500 than the other analyzed countries

= 2 000 A Significant onshore wind potential at less than

:g ’ 40 0/ MWh

% 1,500 A Significant differences among the scenarios

“C- as the country faces substantial economic

2 1,000 uncertainties

E A Best regions are in the West and South

S 500 ) . L . .

G A The occupied territories restrict the potential

_ - i E = = significantly

cagedagdalgl’ A (7th biggest producer of nuclear power
§©380328°z238

globally (1EA 2021))

]
(Y
U
o

<=20 <=30 <=40 <=50 <=75 <=100 <
IEA (2021): Ukraine Energy Profile. Available at

Generation costs in € MWh https://iea.blob.core.windows.net/assets/ac51678f -5069-4495-9551-
87040ch0c99d/UkraineEnergyProfile.pdf, accessed 16.03.2023.

Conservative, moderate, and optimistic scenarios
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High use of gas and district heat, and steel expertise

Ukraine D Energy demand projections

I
per sector per energy carrier
608 £oo 608 coo
= 537 537
498 K 498
[ 15

| 11 ]
391 391
-l

Total Final Consumption [TWh]

98 86
171 170
236 23

Moderate | Optimistic | Moderate | Optimistic

Moderate | Optimistic | Moderate | Optimistic

2019 2030 2050 2019 2030 2050
u Industry m Residential H Transport Natural Gas m Qll m Electricity mCoal
Services m Agriculture Non-energy use | mHeat H Biomass Hydrogen  mMethanol
m Non-specified ® Ammonia

Conservative, moderate, and optimistic scenarios

H5 .

Potential

Sectors

A The sectors with the highest energgonsumption in Ukraine areindustry,
followed by the residential sector then transport

A Agricultural products and steel (15.1 Mt exports in 2019, ca. 75 % of the
domestic steel production) are the largest exports.? 2 Steel consumed 23 %
of the total TFC in 2019

A Ukraine has a potential comparative advantage fagreen steel exportsover
new players entering the steel market BUT many iron and steel plants are in
the East- partly occupied by Russia or declared war zones

A Projected declining populationd shrinking residential sector
Energy carriers

A Currently, NG, oil, electricity, coal, and district heat are the major energy
carriers

A Until 2050, electricity consumption is projected to increase by 5568 %
(equally distributed across sectors). In the residential sector, all NG is replaced

by increased use of district heating
1 OEG The Observatory of Economic (2023): Ukraine (UKR) Exports, Imports, and Trade Partners. Available at
https://oec.world/en/profile/country/ukr, accessed 09.02.2023.
2 Global Energy Monitor (2022): Global Steel Plant Tracker. Available at https://globalenergymonitor.org/projects/gl
steelplant-tracker/, accessed 15.07.2022.
3 International Trade Administration (2019): Steel Exports Report: Ukraine. In: Global Steel Trade Monitor.
4© Enerdata2022): Global Energy & ¢Data. A service fror&nerdata Available at https://globaénergy
data.enerdata.net/home/, accessed 29.06.2022.
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Largest H, storage potential in Europe available from 2050 on W
UkraineBUnderground hydrogen storage potential F,Df;ﬂha't

® UGS - aquifer A Ukraine has the largest underground natural gas storage in Europe
T with a potential hydrogen storage of 109 TWh
[] Russia Occupation .

. S cremen A The largest UGS site in EuropeBilche Volytsko-Uherskewith a
e capacity of 179 TWh, is located in the West

A 79 % of the potential storage capacity is from depleted gas fields
situated in the West. This storage potential is assumed to be
available for all scenarios from 2050 on

Russia

Romania

Ser!
Bulgaria

Conservative, moderate, and optimistic scenarios

For further details and references please see the Annex.
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More export points increase flexibility and decrease H  , costs W
29

Ukraine DEnergy infrastructure expansion Botontial
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Generally high costs (lowest: LH , as carrier and NH ; as PtX product)

Ukraine D Exports by ship (EXP)

—
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Potential

A Transport distance: min. 6948 km (Odessa)

A High cost for all PtX products due to high WACC and only
moderate RE potentials

A H, production costs are the number one cost component

A LCOH range narrower because the production of hydrogen
is more stable in all delivery cases

H, carrier and PtX product comparison

For H, carriers (LCOH), LH, is the overall cheapest followed by
NH3 and then LOHC

For PtX products (LCOPTX NH; is the cheapest option. There
is cost parity between MeOH and FT fuels

Bathtub curve:

Medium quantities are favored  (prominent bathtub curve).
Small export quantities (2030) need to be increased for cost
efficiency gains. Large and very large quantities become less
attractive because the best RE sites are exhausted which leads
to a significant increase in LCOH
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High pipeline utilization & cheap green compression energy are crucial
Ukraine D Pipeline exports (LCOT)
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Potential

The feasible levelized cost of transport via pipeline is between
0.10 - 0.70 EURper transported kg H, depending on the type of
pipeline (new/repurposed),export quantity, and cost of compression
energy

New & repurposed pipelines are in a similar cost range.
Assumptiort In 2030, only new pipelines are built and sized
accordingto the export needsin 2050. In 2050, we usethe pipelines
that were newly built in 2030 and additionally allow NG pipelinesto
be repurposed As a different WACC is used for the cost calculations
in 2030 and for those in 2050, it is hard to compare the LCOTfor
new pipelinesin 2030 with that for repurposedpipelinesin 2050

High pipeline utilization decreases specific transport costs. In
2030 with newly built pipelines, good utilization can be achieved
with exports larger than 10 TWh. In 2050 with only repurposed
pipelines and including the newly built pipelines from 2030, good
utilization can be achievedwith exportsfrom 10 to 100 TWh

Compression energy is a driver of the levelized cost of
transport (LCOT) Usingelectricity from the grid stabilizesthe LCOT
If RES/H are used, costsincreaseat larger export quantities as the
better REpotentials are depleted

For further modeling details, please see the next chapter under
Bpi pelxipmoandthedbAnnex
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Rampi ng

Ukraine D Export costs: Pipeline vs. ship

2030
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up ,&pamsvialk gipelihe - costly despite proximity W

Potential

Export costs are defined as the sum of the levelized cost of transport plus the marginal
costsof hydrogen: Exportcosts= LCOT+ MCOH.

Ukraine has the advantage of being close to Ge r ma rbgrdess Dit can export
hydrogen by ship and pipeline . The transport distance by ship amounts to min. 6,948
km, whereasthe pipeline distanceis 871 km.

For Ukraine, export quantities up to 86 TWh in 2030 and 668 TWh in 2050 were
assessed Within this range, we distinguished small (2030: 1 TWh, 2050: 10 -50 TWh),
medium (2030: 10 - 50 TWh, 2050: 100 TWh)and large (2030: 86 TWh, 2050: 500 - 668
TWh) export quantities.

For small to medium quantities, pipeline is the preferred option in economic
terms to export hydrogen from Ukraine to Germany. We modeled only one export
point for pipelinesand multiple export points for ships In the pipeline case,the low-cost
RE potentials for H, production deplete faster and H, costs increase faster with export
quantity compared to ship exports. Therefore, we observe cost parity between pipelines
and shipsfor large and very large quantities ( B0 TWh in 2030, > 500 TWh in 2050).
However, shipsmight becomethe preferred option for verylarge export quantities.

The cost range for export by ship is much larger than the cost range for pipeline
exports, as a variety of H, carriersand H, delivery schedulesare assessed For pipeline
export, the cost range is smaller and depends on the range of costs/sourcesfor
compressionenergy

In general, hydrogen costs are the main driver of the overall export costsand increase
with increasingexport quantities.
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WACC is the reason for high -cost H, exports despite good energy system conditions

HYPAT

H"%3

Ukraine- Summary Potential

@®Excellent =~ Acceptable @ Sub-optimal

@ RE potential

. Demand

H, storage
potential

Energy
infrastructure
expansion

. Exports by
ship

Exports via
pipeline

Moderate scenario

Ukraine has the highest WACC among the analyzed countries. This is a significant driver of uncertainty & costs. Therefore ntodel shows lower and
more costly RE potentials for Ukraine than for the ot heREpaentialrate nthe
West and South (currently hampered by occupation). Besides its RE potential, Ukraine is one of the biggest nuclear poweryced worldwide.

The current energy demand structure is an enabler of faster defossilization: Natugasin industry and the residential sector could be substituted by
hydrogen and the weltestablished heat grid could be extended. Ukraine has a strong USP regarding green steel exports, asatdir produces and
exports large quantities of steel.

Ukraine has the largest underground NG storage in Europe with a,Htorage potential of 109 TWh. This is mainly situated in the West, from where
pipeline exports to Germany could be realized. This storage potential is assumed to be technically available for all scem&om 2050 on.

Ukraine has weHestablished gas and electricity networks. However, our model results show that the limited availability of las@st RE potentials has a
negative effect on the marginal costs of hydrogen exports. Additionally, the misalignment of RE potentials with ports and tpéeline export point
makes Ukraine one of the more expensivexporters. H marginal costs at ports range from 3.1 EUR/kg (1 TWh in 2030 or 10 TWh in 2050) to 5.0
EUR/kg (668 TWh in 2050) for shipping and from 3.4 EUR/kg (1 TWh in 2030) to 6.1 (86 TWh in 2050). Even though the WACC iases from 2030
to 2050, almost no effect on the marginal costs of H can be observed.

High WACC and H, production and long shipping distances (compared to a pipeline) lead to generally high export costs. Additionally, there is a
prominent bathtub curve, as good RE sites are exhausted at large quantities of. th general, H, production is more constant in all quantities and time
series constraints, leading to narrower LCOH ranges. The lowest costs are for 10 TWh export of (&$ hydrogen carrier) or NEl(as PtX carrier).

H, production costs rather than distance (871 km) drive the overall pipeline export costs. For small to medium quantities, aghie is the preferred
economic option to export hydrogen to Germany. Minimal export costs: 4.20 EUR/kg for 10 TWh in 2030, 4.06 EUR/kg for 100 T\\i2050.
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Addressing investment risks for small pipelines or large exports by ship H_w
Ukraine D Recommendations for action 2 Y

Potential

RE potentials:
A Investment risks must be addressed and the WACC lowered so that investments in RE plants become attractive.

Demand sectors:

A Focus on green steel exports, as there is already an established steel export industry.
A Further expand the heat grid to achieve faster independence from NG.

Energy infrastructure expansion and underground H  , storage:

A Exporting large quantities (589 TWh) via both pipeline and ship requires a large expansion of theétwork to ensure reasonable H prices. Lowcost RES sites are a
long way from export locations.

A The high WACC expected in both the conservative and moderate scenarios hinders Ukraine from having competitiyeekports. Investment risks must be addressed.

A Ukraine needs to make an early decision on whether to opt for shipping or pipeline exports. The locations of ports and of thipeline export points to Germany are not
the same, necessitating completely different investment plans, particularly for the hydrogen network.

EXxports:

A For small to medium quantities (< 50 TWh in 2030, < 668 TWh in 2050), a pipeline is the preferred economic option to exporydirogen from Ukraine to Germany.
A Ramping up from Bs pexpoitsiia & pipeliBerhasdhie lowest cots for Ukraine.
A Exports from Ukraine to Germany cover a smaller distance but are costly in comparison to the other analyzed countries.

Moderate scenario
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Canada

3 Country results (moderate scenario)
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High wind potentials available
CanadabRE potentials

Generation Potential in TWh
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Conservative, moderate, and optimistic scenarios
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A

H5 .

Potential

Total potential surpasses 40,000 TWh in 2050

at costs bel

ow 150 +/ MWh

High total potential with a high share of

onshore wind at low cost

Lowest impact of WACC as the country has

been historically stable

The best wind locations are in the Nunavut
province (North-Central), Quebec (NorthEast)
and Saskatchewan (SouttCentral)

Large photovoltaic potential distributed
uniformly in the country (disregarding possible

snow coverage)
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Transport sector characterized by long distances and diverse industry W
CanadabEnergy demand projects 2¢¥7 -

Total Final Consumption [TWh]

Potential
|
Per sector Per energy carrier
Sectors
A At present, transport is the largest energyconsuming sector followed by industry
2.420 2.420 and the residential sector.
. >2 =29 A Strong energy decline is expected in transport due to high share of electrification
— C78 2.073 5 004 2.073 5 004 in road transport (battery electric vehicles BEV vs. internal combustion engines
4 o e ICE). Industry is therefore projected to have the highest energy demand by 2050.
31 329 e 237 A Industrial demand in Canada is diversified and already features a high share of
Jou 1.555 1.555 electricity (e.qg., for primary aluminum production), while the secalled hardto-
314 £ L oo abate sectors of chemicals, steel, and cement account for less than ctigrd of
214 - sectoral energy demand.
228 Energy carriers
A Direct electric solutions (BEVs, heat pumps, industrial processes) are preferred
wherever possible due to their higher efficiency.
A In addition, an expansion of the district heating network is assumed, especially
for space heating in buildings.
A Where direct electrification and heat grids are not suitable (e.g., primary steel
Moderate | Optimistic | Moderate | Optimistic Moderate | Optimistic Moderate Optimistic productlon), hydrogen will also be reqUIred'
2019 2030 2050 2019 2030 2050 A Electricity demand roughly doubles until 2050.
RELGTE R S i PR e o S o A Assumed share of Hin net-zero 2050: overall (9 %), transport (21 %), industry
Non-energy use m Agriculture = Ammonia (12 %), residential & services (0 %)

Conservative, moderate, and optimistic scenarios
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Medium storage potentials in the South from 2030 on H,—T,;
CanadabUnderground hydrogen storage potential F,Df;ﬂha‘t

A Current research indicates that Canada has the
potential to store at least 143 TWh of hydrogen.
Further research might reveal additional potential.

Legend

© underground natural gas storage
aquifer
(proposed) salt caverns excluding

NG storage caverns A Most of the potential storage capacity is situated
(=] country borders global in the South.
I country borders Canada

A This storage potential is assumed to be available
for the realistic and optimistic scenarios from 2030
on, and in the conservative scenario from 2050

on.

For further details and references, please see the
Annex.

Conservative, moderate, and optimistic scenarios
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More export points increase flexibility and decrease H  , costs H_‘?"W
2 ]

CanadabEnergy infrastructure expansion Potential

H, exports by ship
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Liquid hydrogen & large export gquantities up to 1000 TWh are optimal

Canadab Exports by ship
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H.5

Potential

A Transport distance: min. 6225 km (Quebec)
A H, production costs are the number one cost component.

A Wide range of LCOH at small quantities  due to big
differences in timeseries case results and cavern case (e.g.,
excess electricity in fictive cavern case leads to very low
H, production costs at high fluctuation)

A H, production is more constant for large quantities.

H, carrier and PtX product comparison

For H, carriers (LCOH, LH, is the overall cheapest butNH,
could be just as cheap for low quantities.

For PtX products (LCOPTX NHj; is the cheapest option.

Bathtub curve:

Medium quantities are favored (moderate bathtub curve).
Small export quantities (1 TWh) need to be increased for cest
efficiency gains. Large quantities (1000 TWh) are still viable but
become less attractive because the best RE sites are exhausted.
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Low WACC, RE & storage at ports ban attractive exporter from 2030 H-'¢
27

Canada- Summary

Potential

@®Excellent = Acceptable @ Sub-optimal

@ RE potential

Demand

@ H;storage
potential

@ Energy
infrastructure

expansion

@ Exports by
ship

@ Exports via
pipeline

Moderate scenario

Canada has the lowest WACC of the analyzed countries. We observe overall high total RE potential with a large share of onshland at low cost.
The total potential surpasses 40,000 TWh in 2050 aCentral,dNerth-East and Sontir
Central Canada. Additionally, large photovoltaic potentials are distributed uniformly across the country.

The transport sector is characterized by lordistance transportation. Industry is diverse. We expect a strong decline in theergy demand for
transport due to high electrification of road transport. Overall, however, electricity demand roughly doubles until 2050.

Canada has a hydrogen storage potential of at least 143 TWh. Most of this is located in the South. It is assumed to be awdddrom 2030 on in
the moderate scenario.

Low WACC, abundant RE potentials that are relatively close to export ports, and the possibility of underground hydrogen sggdrom 2030 make
Canada a very attractive country for exports, especially in the early phases of the hydrogen raogp H, marginal costs at ports range from 0.8
EUR/kg (10 TWh in 2050) to 3.2 EUR/kg (200 TWh in 2030).

H, production costs drive the total costs more than transport distance (Quebd&germany ~ min. 6225 km). The dominant use of excesslectricity
for small and medium H, quantities without time-series constraints leads to a wide range of LCOH. We observe a moderate bathtub cost curve:
Large RE potentials allow moderate LCOH even at very large ékport quantities. Overall, LH is the best hydrogen carrier (constant costs at all
quantities), and NH is the cheapestPtX carrier (energy carrier or direct use).

Not considered.
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Investments in the East & West for low -cost ship exports H57
CanadabRecommendations for action pafg’m-a[

Demand sectors:

A Direct electric solutions (BEVs, heat pumps, industrial processes) are preferred wherever possible due to their highereeifici
A Expansion of the district heating networks, especially for space heating in buildings.
A Where direct electrification and heat grids are not suitable (e.g., primary steel production), hydrogen will be required.

Energy infrastructure expansion and underground H  , storage:

A Expansion of the hydrogen network is highly recommended in the Eastern states of Newfoundland, Labrador, and Quebec, whioh abundant
in low-cost wind energy and where there is currently no gas network or only a small one.

A Expanding the lowcost solar energy potential in the Western states ohlberta and British Columbia alongside underground hydrogn storage is
essential to ensure a balanced system and minimize the costs of exporting hydrogen.

A Quebec port could provide a relatively constant supply of hydrogen exports all year round due to high fldad hours of wind energy.

Exports:

A Liquid hydrogen and export quantities up to 1000 TW/h are optimal for hydrogen export.

A Underground storage supports PtX production and the export infrastructure by providing enough buffer storage potential to ebke a steady
hydrogen feed for synthesis/liquefaction. The results of the specific cavern case, which emulates optimal underground storegalitions,
indicate high additional potential if more storage capacity were available.

Moderate scenario
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Morocco

3 Country results (moderate scenario)
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Best potentials available in the South and West of Morocco
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A Total potential surpasses 10,000 TWh at costs
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Low wind potential
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Shift from fossil oil to electricity and synthetic oll W
Morocco D Energy demand projections 27V -
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Potential

Sectors

A Transport is currently the sector with the highest consumption,
followed by the residential sector then industry.

A Transport has the highest potential to reduce energy demand
through the electrification of passenger road transport. A certain
share of (synthetic) oil remains, especially for road freight &
internal navigation.

A Inindustry, the production of non-metallic minerals (such as
cement) and mining (especially phosphorus) are characteristic for
Morocco. Oil and fossil electricity are replaced by renewable
electricity.

Energy carriers

A 2019: Oil is used the most (76 %), followed by electricity (16 %).
This indicates that no relevant gas or heat infrastructure exists.

A A high degree of electrification and thus higher efficiencies lead
to decreased consumption in 2050.

A Electricity use quadruples by 2050 and replaces oil in many
applications. Thuspil use decreases by 40 to 80 %.
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Few storage potentials in the center and along the coastline W
Morocco BbUnderground hydrogen storage potential 27

Potential

A L\/ A Current research indicates that Morocco has limited potential to
store hydrogen. Further research is needed to reveal additional
potential, especially offshore.

A The overall hydrogen storage potential of Morocco is estimated
to be 24 TWh.

A The potential storage sites are distributed over central Morocco
as salt caverns and porous media, and in aquifers along the
coast and are assumed to be available for the moderate and
optimistic scenarios from 2030 on, with the full potential
available from 2050 on.

Legend
potential area for storage in porous
media and aquifers

I potenbal area for storage in salt
caverns

[ Country borders global

I Country borders MA

For further details and references please see the Annex.

Conservative, moderate, and optimistic scenarios
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More export points increase flexibility and decrease H  , costs W
Morocco D Energy infrastructure expansion 2V 7 -

Potential
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Liquid hydrogen and medium to large export quantities are optimal

Morocco B Export costs per ship (Moderate)

—
2030 2050
.
<
g D 174
67 167 - 150 .
g 161 142 |:’ 3 144 146 -
- 145 126 - D
|LI_J| 132 [ ] EI 132 O 132 )
g 120 123 124 . 104 . w . . -
= N . w mm * o .
O a7 “ = ] == %0 — I:I “ I:l ’
- 7 ~ 4 78 #
B 2 NH3 [ LOHC B2 NH3 [ LOHC
% ,,,,,, e - ‘ -
zEE T e Sl LA
o s 0000 FEE L 128 g 1 130 126
I L Y 2
< o wesem oo o T
A CHHC RS
o
O
O
-
NH3 w/o recon [#8 MeOH FTS NH3 w/orecon %4 MeOH FTS
1 TWh 10 TWh 50 TWh 200 TWh 10 TWh 100 TWh 500 TWh 1000 TWh

Moderate scenario

H.5

Potential

General
A Transport distance: min. 2985 km (Tangel)
A H, production costs are the number one cost component

A Wide range of LCOH in 2030 due to large differences in
time-series case results and cavern case

A In 2050, real caverns are assumed to be available , which
smooths H, production in all cases

H, carrier and PtX product comparison

For H, carriers (LCOH, LH, is the cheapest carrier followed by
NH; then LOHC

For PtX products (LCOPTX NHj is the cheapest. MeOH and
FT fuels achieve cost parity for medium and large quantities

Bathtub curve:

Medium and large quantities are favored  (one-sided bathtub
curve). Small export quantities (1 TWh) need to be increased for
cost-efficiency gains. Good RE potentials even for very large
guantities ensure no cost increase (up to 1000 TWh).

\

~ Fraunhofer



High pipeline utilization & cheap compression energy are crucial f‘“
Morocco DB Pipeline exports (LCOT) 27

Potential

The feasible levelized cost of transport via pipeline is between
2030 2050 0.70 and 1.40 EUR per transported kg H, depending on the
export quantity and cost of compressionenergy

T—

New & repurposed pipelines have a similar cost range.
Assumptiort In 2030, only new pipelines are built and sized
according to export needsin 2050. In 2050, we use the pipelines
that were newly built in 2030 and also allow repurposed NG
pipelines alternatively, additional new pipelines can be built. As a
T different WACC is used for the cost calculationsin 2030 and for
those in 2050, it is hard to compare the LCOTfor new pipelinesin

200 400 600 800 1000 2030 with that for repurposedpipelinesin 2050.

High pipeline utilization decreases specific transport costs. In
2030, with newly built pipelines,good utilization can be achievedat
exports greater than 10 TwWh. In 2050, with newly built or
repurposed pipelines and including the newly built pipelines from
2030, good utilization can be achieved with exports greater than
100 TWh.

Compression energy is a driver of the levelized cost of
100 200 00 400 00 0 00 400 00 800 1000 transport (LCOT) Usmgelectnmt_yfrom the_‘ grid stabilizesthe LCOT

Export quantity [TWh] Export quantity [TWH] If RES/H are used for compression, costs increaseat larger export
guantities, asgood REpotentials are increasinglydepleted.

LCOT [EUR/kgH2]

F

Grid (0.06 EUR/kWh)
O L, N W A O O N ©
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100 200 300 400 500
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Compression energy

LCOT [EUR/kgH2]

RE/H2
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««+-@ -+ Conservative - Rep ««+-@ -+ Moderate - Rep Optimistic - Rep

—e— Conservative - New —e— Moderate - New Optimistic - New For further modeling details, please see the next chapter under
Bpi p e lxipoandthebAnnex

Conservative, moderate, and optimistic scenarios
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Shipping is competitive with pipeline export H—w
Morocco B Exports: Pipeline vs ship 27

Potential

Export costs are defined as the sum of the levelized cost of transport plus the marginal

2030 2050 costsof hydrogen: Exportcosts= LCOT+ MCOH.

10
Morocco has the advantage of being close to E u r o pherdess BDand can export

9 hydrogen by ship and via pipeline . The transport distance by ship amounts to min.
2,985 km, while the pipeline distanceto Germanyis 2,132 km.

For Morocco, export quantities up to 50 TWh in 2030 and 1,000 TWh in 2050 were
7 assessed Within this range, we distinguished small (2030: 1 TWh, 2050: 10 - 50 TWh),
medium (2030: 10 - 50 TWh, 2050: 100 TWh) and large (2030: > 50 TWh, 2050: 500 -
1000 TWh) export quantities.

Shipping is competitive with a pipeline from Morocco to Germany. We modeled
only one export point for pipelinesand multiple export points for ships Thus, low-cost RE
potentials for H, production are depleted faster in the pipeline caseand H, costsincrease
° faster with increasing export quantity. For medium quantities, we observe cost parity
between pipelines and ships, as pipelines can be operated costeffectively at high
2 utilization. Nevertheless,shipping is the preferred option for very small and very large
export quantities.

[0¢]
e ®

Export cost [EUR/kgH2]
¢

The cost range for export by ship is larger than for pipeline exports, as a variety of H,

carriers and H, delivery schedulesare assessed For pipeline export, the cost range is

0O 20 40 60 80 100 O 200 400 600 800 1000 | smaller,asrepurposedand newly built pipelineshave comparablecosts,although the cost
Export quantity [TWh] Export quantity [TWh] and sourceof compressionenergy add significant uncertainty.

-~@:-Ship MAMin  ---@-:- Ship MAMax —&—PLMAMin —&—PLMA Max In general, hydrogen costs are the main driver of the overall export costsand increase
with increasingexport quantities.

Moderate scenario
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Good RE far from export points  Pattractive exporter if H , network is implemented H—,i
Morocco - Summary 29V

Potential
|
@®Excellent = Acceptable @ Sub-optimal
. RE potential WACC has a significant impact on RE potential. The tot al sevelovwecost i
PV (4,000 TWh < 30 t+/MWh) and wind potentials. The | argest poten

. Demand Morocco is very reliant on oil (products) to meet its current energy demand. Thus, we might see a switch from fossil oil tainmly electricity in
combination with PtX products. The current energy carrier use indicates that no relevant gas or heat infrastructure exists.

H, storage Only limited storage potential (24 TWh) exists, but this could technically be available in 2030 under the moderate scenand & 2050 under the
potential conservative scenariol he storage potential is distributed across central Morocco and along the coastliBmot close to the best RE potentials.

. Energy Morocco has a relatively weak electricity grid and no gas network. Lowost RE potentials are a long way from export ports andipeline export
infrastructure  points. Hence, the country needs extensive hydrogen network expansion to be competitive for exports, especially for largergitees.
expansion After excluding the unrealistic cases, the fHmarginal costs at ports range from 1.4EUR/kg (1 TWh in 2050) t&.5 EUR/kg and drop to 3.5 EUR/kg

with H, storage at the port (10 TWh in 2030).

® Exports by Shipping is competitive with a pipeline from Morocco to Germany. Kproduction costs are the main cost componentWe observe a onesided

ship bathtub cost curve: Small export quantities need to be increased for plant cost degression, but there is only a slight insesia cost for large

quantities due to large amounts of good RE potential. Large quantities are recommended with L Hs a hydrogen carrier and NElas aPtX carrier.
' Exports via Similar to exports by ship, K production costs rather than distance (2,132 km) drive the overall export costs. For medium quantities, pipeline

pipeline exports have in a similar cost range as ship exports from Morocco to Germany. Minimal export costs via pipeline: 4.67 EURIK® TWh in 2030,
2.58 EUR/kg at 100 TWh in 2050.

Moderate scenario
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Swift expansion of hydrogen network is needed for low -Cost exports W
Morocco BRecommendations for action 2y

Potential

Demand sectors:

A Transition from fossil oil to mainly electricity.
A Focus on transition in the transport sector: Highest reduction potential seen for electrification of passenger road transport

Energy infrastructure expansion and underground H  , storage:

Solar PV investments in the southern part of the country proved ideal for system decarbonization.

An early decision about how to export (pipeline vs. ship) is vital as this has a significant effect on shaping the energyesys

Optimal export point depends on how fast the H network expands (Agadir with rapid expansion andan-Tan with slow).

Large distances between the best RES locations and the export points necessitate a swift expansion of the hydrogen netwapeally in the
case of pipeline export from Tangier.

Establishing electrolyzers + solar PV plants in Deraafilitat and SoussMassa regions coupled with a lonedistance H network is ideal for
pipeline exports.

> > I

o

Exports:

A Shipping is the preferred option, especially to kiclstart exports with small quantities in 2030 (1 TWh) and to further expandxports up to
500 TWh in 2050.

A Liquid hydrogen and export quantities from 50D1,000 TWh are optimal for exporting hydrogen.

A Pipeline export is costompetitive for exports from northern Morocco, but exports by ship and distributed export ports along # coast make it
possible to exploit RE potentials throughout the entire country.

Moderate scenario
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United Arab Emirates

3 Country results (moderate scenario)
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High solar potentials Lleaw
UAEDRE potentials H.5#

Potential
a N _ o o A Total potential exceeds 3,000 TWh in 2050 at costs
= On-roof PV W Utility-scale PV B CSP Onshore wind B Offshore win bel ow 30 +/ MWh
4,000 ; :
A Low-cost PV potential
'§ 3,500 . . . .
- A Onshore wind currently with higher costs (below 75
£ 3,000 }/MWh) in the optimistic
a . . .
5 2,500 A PV potential is distributed uniformly
2 2000 A CSP potential is also significant
- - . .
2 1,500 A WACC impact is not as large as in other countries
£ 1,000 s o . :
c 2er;tw-alzcapacmy sopv 2050 low (MW/km2) ) o
$ 500 ?:333 S 4
BT 2 HET LET LET L2ETLETL2ET O | = Wi
02 30sS8303802303580380s38 .
<=20 <=30 <=40 <=50 <=75 <=100 <=150

Generation costs in €/ MWh

Conservative, moderate, and optimistic scenario
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International bunkers and non
UAEDEnergy demand projections

per sector per energy carrier

1.027 1.027

922 934

117

Total Final Consumption [TWh]
BNy ¢

NN =Y

285 256

211

71

- 7
= B
I : |

L

Moderate | Optimistic | Moderate | Optimistic
2019 2030 2050 2019 2030 2050

H Industry
Services

m Residential

m Agriculture

H Transport
Non-energy use

m Non-specified

= International bunkers

Natural Gasm Oil
HAmmonia

m Electricity mCoal
Hydrogen mHeat m Methanol

Conservative, moderate, and optimistic scenario

-energy use require PtX

866

©
o.

Moderate | Optimistic | Moderate Optirﬁistic

Hm Biomass

H5 .

Potential

Sectors

A Industry (incl. norenergy) + international bunkers are by far the
dominating sectors

A Rather low demand for domestic transport and buildings

Energy carriers

A Historically the energy mix is dominated by oil and natural gas (>
84 % in 2019)

A Share of electricity is expected to increase strongly but remains
low compared to other countries

A Non-energy use & international bunkers remain dependent on
molecules: A mix of hydrogenPtX (FT, MeOH & Ammonia),
and biomass is required to achieve significant CQemission
reductions

A Very limited domestic biomass resources
A Electricity demand almost quadruples by 2050

Z Fraunhofer



Medium storage potentials offshore and in central UAE H,—T,;
2¢¥"

UAEDBUnderground hydrogen storage potential

@ Salt domes
Area for potential aquifer storage
Il Country borders UAE
[ Country borders global

.. a0 Legend
9 . o :

Conservative, moderate, and optimistic scenario

Potential

Current research indicates that UAE has great hydrogen
storage potentials in salt domes and saline aquifers, though
hydrogen storage has not yet been developed.

The overall hydrogen storage potential of UAE is estimated to
be 134 TWh.

The potential storage sites in salt caverns are located mostly
offshore on small islands, whereas a huge area with saline
aquifers are located in the center of the country.

The salt cavern storage potential is assumed to be available for
the moderate and optimistic scenario from 2030 on and the
full potential from 2050 on.

For further details and references please see the Annex.
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Western port regions in Abu Dhabi ideal for long -term H2 valleys W
29¥

UAEDEnergy infrastructure expansion Potential
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Low import cost despite long distance, CO , point sources reduce cost H,—T,;
UAE- Export costs by ship (Moderate) A

Potential

2030 2050

General
A Transport distance: min. 11749 km (Fujairah)
- T A H, production costs are number one cost component

A Low costs due to good RE potentials, low WACC and CQ
point sources, despite long shipping distance.

LCOH [EUR/MWh]
|
N
0
0
[]
[ ]
]
W
|-
|

H ==
e ) H, carrier and PtX product comparison:

For H, carriers (LCOH) there ixost parity between all three
carriers for small export quantities. For large quantitiesH, is the
cheapest.

For PtX products (LCOPTX) there iso clear favorite . MeOH
and especiallyFT fuels are cheap for small quantities due to CQ
point sources whileNH; is cheapest for large quantities.

B 2 NH3 [ LOHC B2 NH3 [ LOHC

3oennl

e :::):;::: w et , = [[j— ’ e Bath-tub curve:

Medium quantities are favored  (prominent bath-tub curve).

Small export quantities (1 TWh) need to be exceeded for reason:

of cost efficiency. Large export quantities (1295 TWh) lead to a
NH3 w/o recon @ MeOH FTS NH3 w/orecon #§ MeOH FTS considerable increase in cost.

1Twh 10 TWh 50 TWh 200 TWh 10 TWh 100 TWh 500 TWh 1295 TWh

LCOPTX [E‘UR/MWh]
|
O
| :;
-4
@
|

Moderate scenario
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Alignment of RES, ports, UHS, low WACC, and demand make UAE ideal for exports —

UAE- Summary

H-57

Potential

@ Excellent = Acceptable @ Sub-optimal

@ RE potential

@® Demand

. H, storage
potentials

. Energy
infrastructure

expansion

@ Exports by
ship

‘ Exports by
pipeline

Moderate scenario

Among the countries analyzed the WACC is in the lower range. In combination with the loveost PV potential, which is distributeduniformly across
the country, the impact of WACC on RE potentials is not as large as in other countries. The total potential is over 3,000 TWh in 2050 watsts
bel ow + 30/ MW.

Industry (incl. norenergy) and international bunkers are by far thelominant sectors. These sectors will remain dependent on dgogen and/or PtX
products. The share of electricity is expected to increase strongly but remains@atver valuescompared to other countries.

The UAE offer medium storage potentials (143 TWh) offshore and in central UAE from 2030 on in a moderate scenario. This potdins assumed to
be available for 2050 also in a conservative scenario.

The UAE has a major advantage over other countries assessed. Its top renewable energy sites are conveniently close to exgtstgnd potential
underground hydrogen storage areas are complemented by the low WACC. This setup makes the country ideal for centralized hgéroexport,
often called a "hydrogen valley." The UAE c&n 70ftf/l/&krg frli2Oée&s TWngin 20

Apart from long shipping distances, we generally observe quite low import cost due to low hydrogen cost and low WACC. We obige a dominant
Bbat hbb cost curve: Medi um quantities of exports are nessaractveduetd or
increasing B costs. The CQ point sources decrease the cost of carbon based PtX carriers for low to medium quantities. But when they are deplet

(in high quantities), NH is cheaper. Which is the best PtX carrier is entirely dependent on scenario and quantity. Hydrogen carriers show cost parity
for low and medium export quantities and cost advantages for Liat high quantities (from 500 TWh).

Not considered.
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Using synergies - high domestic PtX use and low cost PtX exports H_"éw
UAEDPRecommendations for action pgtzg?ﬂmt

Energy demand sectors:

A Non-energy use & international bunkers remain dependent on molecules: A mix of hydrogeRtX (FT, MeOH & Ammonia), andiomass (if
available) is required to achieve significant C{mission reductions if the position as an international transportation hub is to be maintained.

Energy infrastructure expansion and underground H  , storage:

Focus on developing extensive solar PV projects in the greater Abu Dhabi region to harness its abundant solar energy potentia

Establish Hydrogen Valleys to maximize the strategic advantages of centralized production, storage, and export facilities.

Explore the early utilization of underground caverns for efficient and secure hydrogen storage solutions.

Capitalize on the alignment of renewable energy sites, export ports, and low WACC to strengthen the country's position aseating hydrogen

exporter.

> > I

Exports:

A Use of CQ point sources (if sustainable) to reduce cost of carbon based PtX carrier in small to medium quantities.
A  Take advantage of dominant bathtub curve and opt for medium quantities (50- 500 TWh) for country optimum for hydrogen carrierand PtX

product export.

Moderate scenario
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Turkey

3 Country results (moderate scenario)
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PV potential is the most important for Turkey
TurkeyD RE potentials

Generation Potential in TWh
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Total potential is over 4,000 TWh in 2050 with costs
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RE potential located in the central and eastern regions

WACC impact is significant
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Conservative, moderate, and optimistic scenario
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Decarbonizing heavy industry presents challenges and opportunities W
TurkeyD Energy demand projections 2 Y

Total Final Consumption [TWh]

Potential
|
per sector per energy carrier
Sectors
1.360 L 1.360 s A Industry is thg Iarg-est consuming energy sector, followed by
1-2;; 1033 e 1235 e transport, residential and the services sector.
- % A Turkey has a high share of heavy industries, especially primary
183 1.040 1_:2 steel and cement production. Thus, a transformation from fossil
\ 83 coal/oil/gas to renewables is needed.
A The chemical sector has a relatively high neenergy demand.
Energy carriers
234
A Historically, Turkey has used a high proportion of coal, which has
145 been partially replaced already by electricity and gas in recent
years.
I A Electricity will be the dominant energy carrier in the future,
_ & accompanied by district heating, biomass and hydrogen.
Moderate | Optimistic | Moderate | Optimistic Moderate | Optimistic | Moderate | Optimistic
2019 2030 2050 2019 2030 2050 A Electricity demand will almost triple by 2050.
mIndustry = Transport m Oil Natural Gasm Electricity mCoal m Biomass
m Residential Services
Non-energy use m Agriculture m Heat Hydrogen mAmmonia ™ Methanol

= International bunkers

Conservative, moderate, and optimistic scenario
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I HY P AT

Medium storage potentials in Central Turkey from 2030 on Hoe
' 27
TurkeybUnderground hydrogen storage potential Dotential
: — N Legend A Current research indicates, that Turkey holds its main potential
@ UGS in porous media to store hydrogen in the center of the country. There is vast
g UGS in salt caverns potential for the development of salt cavern storage, which is
= Eﬁ;’x sal cavern e a storage type with a high TRL.
area A The overall hydrogen storage potential of Turkey is estimated

[ country borders global
I country borders Turkey to be 200 TWh.

A The potential storage sites are distributed over Central Turkey
as salt caverns, and porous media in the far Northwest and are
assumed to be available for the moderate and optimistic
scenario from 2030 on and the full potential from 2050 on.

For further details and references please see the Annex.

Conservative, moderate, and optimistic scenario
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More export points increase flexibility and decrease H2 costs W
Turkeyb Energy infrastructure expansion 2¥V -

Potential
|
H, exports by ship H, exports by pipeline
- S e E— o il Marginal costsof hydrogen atthe export points
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High pipeline utilization & cheap compression energy are crucial

Turkeyb Pipeline export (LCOT)
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I HY P AT

H7 7

Potential

Levelized cost of transport between 0.50 and 1.10 EUR per
transported kg H, feasible depending on export quantity and cost
for compressionenergy

New & repurposed pipelines are in a similar cost range.
Assumptiort In 2030, only new pipelines are built and sized
accordingto export needsin 2050. In 2050, we use pipelines, which
were newly built in 2030 and additionally allow NG pipelinesto be
repurposed alternatively additional new pipelines can be built. As a
different WACC is used for the cost calculationsin 2030 and for
those in 2050, it is hard to compare the LCOTfor new pipelinesin
2030 with that for repurposedpipelinesin 2050.

A high pipeline utilization reduces specific transport costs. In
2030, with newly built pipelines, a high level of utilization can be
achieved with exports greater than 10 TWh. In 2050, with newly
built or repurposed pipelines and including the newly built pipelines
from 2030, good levelsof utilization can be achievedwith exports
greaterthan 100 TWh.

Compression energy is a driver in levelized cost of transport
(LCOT) Using electricity from the grid stabilizesLCOT If RES/E are
used for compression,costsincreasewith higher export quantities, as
easierto use REpotentials are depleted.

Fur further modeling details please see the next chapter under
Bp-ip-e X ipoandtheébAnnex.
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Increasing export quantities lead to increasing hydrogen costs H_"
Turkeyb Export costs: Pipeline 2y

10

Export cost [EUR/kgH2]

0

2030

20 40 60 80
Export quantity [TWh]

100

TR Max

2050

200 400 600
Export quantity [TWh]

TR Min

800

1000

Moderate scenario

Potential

Export costsare defined asthe sum of the levelizedcost of transport and marginal costs
of hydrogen: Exportcosts= LCOT+ MCOH.

Turkey has the comparative advantage of being situated close to the European
border . Thetransport distanceper pipelineamountsto 1462 km to Germany

For Turkey, export quantities of up to 200 TWh in 2030 and 1,000 TWh in 2050
had been assessed Within this range we distinguish between low (2030: 1 TWh, 2050:
10 - 50 TWh), medium (2030: 10 - 50 TWh, 2050: 100 TWh) and high (2030: > 50 TWh,
2050: 500 - 1000 TWh) export quantities.

Due to high hydrogen costs, pipeline exports from Turkey to Germany are
comparably high. We have modelled only one pipeline export point. Thus, low-cost RE
potentials near the export point are depleted rapidly and additional H, infrastructure
needsto be built to transport H, from regions with attractive REpotentials to the export
point. Pipelinescan be operated cost effectively at a high level of utilization Bin our case
we observe low costs for > 10 TWh exports in 2030 and > 100 TWh in 2050.
Neverthelessthe hydrogen costscompensatefor this advantage

The cost range for pipeline exports is relatively small, asrepurposingand newly built
pipelines have relatively similar costs, even though costs/sourcefor compressionenergy
add a significant uncertainty:

In general, hydrogen costs are the main driver in the overall export costsand increase
with higher export quantities.
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Large exports cannot be well -integrated into domestic energy system H_'i
Turkey- Summary 2¢V

Potential
|
@ Excellent = Acceptable @ Sub-optimal
RE potential Turkey is characterized byloe o st PV potentials. The tot al potenti al I s oisysgmificasht, 0 0 O
The RE potential located in the central and eastern regions.
Demand Industry is the largest energy consuming sector, which has a high share of heavy industries, especially primary steel ane@mepnoduction. Thus, a

transformation from fossil coal/oil/gas to renewables is neededin recent years, the high use of coal has been partially replaced already by
electricity and gas. Electricity will be the dominant energy carrier in the future, accompanied by district heating, biomass and hydrogen.

. H, storage Turkey offers medium storage potentials (200 TWh) in the center and northwest of the country from 2030 on. The potential issumed to be
potentials available for from 2030 in a moderate scenario and even in the conservative scenario from 2050 on.
Energy Turkey has mediumcost RES located mainly in the South and the second highest WACC, neither aligning well with pipeline nor g export
infrastructure  points.. Hence, Turkey's competitiveness will be medium for shipping. As for pipeline export, the country needs a large exganto transport the
expansion low-cost RES from the South to the West. This will increase costs rapidly with rising export quantitié$, marginal costs at ports range from

1.5 EUR/kg (1 TWh in 2030) to 4.9 EUR/kg (199TWh in 2050) excluding the unrealistic pipeline cases of high levels of export tjies

@ Exports by Not considered.
ship

. Exports by H, production costs rather than transport distance (1,462 km) drive the overall export costs per pipeline. Pipeline exportsatréhe lowest cost for
pipeline small and medium sized quantities. Minimal export costs per pipeline: 3.5 EUR/kg at 10 TWh in 2030, 2.9 EUR/kg at 10 TWHOB®R

—
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Invest in low volume exports by pipeline via the western border f“
Turkeyb Recommendations for action 27

Potential

Energy demand sectors:

A Extend the heating grid to ease the expansion of the electricity and hydrogen network.
A Use biomass especially as a carbon source in the relatively large remergy sector and not for energy purposes.

Energy infrastructure expansion and underground H  , storage:

A A significant proportion of electrolyzersshould be situated in Central Turkey, leveraging its underground hydrogen storage potential.
A Alarger H, network expansion is needed for export by pipeline compared to export by ship to insure reasonable ¢&kport prices. Lowcost RES
are located far from export point.

Exports:

A Pipeline exports of around 10 TWh are recommended, as here we have a good pipeline utilization, and hydrogen costs arelstill (as no or
only small investments into an additional hydrogen transport infrastructure across the country are needed).

A Exports by ship were not assessed.

Moderate scenario

\
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Chile

3 Country results (moderate scenario)
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Chile has the lowest RE potentials among the countries analyzed

Chile DRE potentials (2050)
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Potential

Lowestc ost PV potential s ar
for all three scenarios.

The best PV potential is located in thé&lorth.
Llow-cost wind potential, ul
mainly located in the South.

High potential, close to 10,000 TWh, for the

opti mistic case under 30

Moderate WACC impact on the generation
potential.

Generation Potential in GWh/year
Il 0 - 161
Il 161 - 385
I 385 - 644
[0 644 - 914
914 - 1426

Conservative, moderate, and optimistic scenario
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Long-distance inland transportation & the mining industry are characteristic W
Chile DbEnergy demand projections 27V -

per sector
358 359
339 . 22
g‘ go B 324 %
=, =5 284
5 so [N
‘g _
e
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S |E
— 68
©
=
L
<
145
= 12
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2019 2030 2050
u Industry ® Transport
H Residential Services

Non-energy use m Agriculture
= International bunkers

Conservative, moderate, and optimistic scenario

per energy carrier

202

Moderate | Optimistic | Moderate | Optimistic

2019 2030
m Ol Natural Gas  ® Electricity
H Biomass m Heat Hydrogen

m Methanol

284

2050

m Coal
H Ammonia

Potential

Sectors

-

A Industry and transport are the largest energy consuming sectors,
followed by the residential sector.

A The industry is characterized by a large mining sector as well as
paper & pulp production

A Chile has a relatively low share of hardo-abate industries (one
blast furnace, some cement plants, very few chemical plants)

A Currently, the share of road transportation is high (90 %); there is
a limited share of inland navigation and aviation (a large country
with a long coastline), but hardly any rail transportation.

Energy carriers

A High share of biomass (e.g., in paper & pulp, predominant fuel in
the residential sector for heating)

A Currently, oil is dominant, with natural gas and coal playing a
subordinate role

A Electricity demand almost triples by 2050

A A significant demand for molecules (HydrogenPtX + Biofuels for
transport and industry) remains
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Small storage site in northern Chile
Chile bUnderground hydrogen storage potential

Legend A

® salt cavern
[ country borders global
I country borders Chile

0 250

AT

H7#

Potential

Several studies are investigating the salt structures in the Atacama region
of northern Chile, situated in the west central part of the Antofagasta
Province. The dome measures 10 km in length and 4 km in width.

Hydrogen storage will be feasible in the salt dome described above,
acknowledging the requirement for additional research to support this
assumption.

The potential hydrogen storage site is assumed to be available for the
moderate and optimistic scenarios in 2030 and all scenarios in 2050.

The overall hydrogen storage potential is estimated to be 80Wh.

—_— e For further details and references please see the Annex.
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Low -cost solar in the North is particularly attractive for H, export W
29

Chile DEnergy infrastructure expansion Potential

H, exports by ship
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Most competitive and potentially largest export quantities feasible W
2y

Chile - Summary

Potential

@ Excellent = Acceptable @ Sub-optimal

@ RE potential

Demand

. H, storage
potentials

Energy
infrastructure
expansion

@ Exports by
ship

@ Exports by
pipeline

Moderate scenario

Chile offers the |l owest cost for PV potential s ( und etheNarthardthMavr )
cost wind potential, wunder 30 t+/MWh, 1is mainly | ocat edcloseto 10,000 TVp
under 30 t+/ MWh. The impact of WACC on the generation potential i

Industry and transport are the largest sectors, characterized by a large mining and paper & pshkxtor. Currently, the share ofoad transportation is
high, such as the large country with its long coastline necessitates inland navigation and aviation. Today, oil is the dortimgienergy carrier, which
is projected to be largely substituted by electricity (demand almost triples until 2050) and molecules,(RtX + biofuels).

The overall hydrogen storage potential is estimated to be in the medium range (8DNh), located in the North of Chile, close taa potential export
harbor. The potential hydrogen storage site is assumed to be available for the moderate and optimistic scenarios in 2030 ati@cenarios in 2050.

Chile can export lowcost H, in 2030 without considerable hydrogen network expansionsWith larger export quantities in 2050, network expansion
along the northern states becomes necessary falomestic demand as well as keeping Jcosts low. In the South, the model does notallocate H,
export until very large H export quantities are needed, that is due tdhe competitiveness ofsolar PV in theNorth. However, the considered export
port in the South has advantages for export to Europe and thus may beost effectivefor the whole supply chain.

Not considered.

Not considered.
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Establish H, network in the North to realize large low  -cost exports W
Chile bRecommendations for action pgfe’ﬂhal

Energy demand sectors:

A A targeted focus on decarbonizing the mining sector is needed. Electrification should be prioritized wherever possible duefficiency benefits.
However, due to the size of the country and its challenges, green molecules will be needed for certain applications, espécialtransportation.

Energy infrastructure expansion and underground H  , storage:

A Investment in solar in the northern states near the port of Antofagasta is key, as the area offers large amounts of kawst sohr (up to 1000
TWh) as well as potential underground hydrogen storage.

A For 3000 TWh, investments in wind throughout the South is necessary.

Moderate scenario
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Namibia

3 Country results (moderate scenario)
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Significant PV potentials

H5
. . . 9
NamibiaDRE potentials (2050) Dotential
=On-roof PV  m Utility-scale PV ~ ®mCSP Onshore wind  ® Offshore wind A Significant PV potential close to 4000 TWh under
16,000 20 +/ MWh in the optimist:i
'§ 14,000 1 A High WACC impact
= 12.000 1S A All three scenarios exhibit high generation
= potentials under 20 t/ MWHh
10,000 A Wi ial is limi i
s A Wind potential is limited and only available under
E 8,000 75 t+/ MWh
§ 6,000
©
E 4,000
{E'j’ 2 ’ DD D ine(r)a_ti;:;otenﬁal in GWh/year
Il 248 -273
- B 273 - 298
53 283¢83288¢2832838¢83¢ kel
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Generation costs in € MWh

Conservative, moderate, and optimistic scenario
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Overall low energy demand and very limited power infrastructure W
29¥

NamibiabEnergy demand projections

per sector

32

P

24

Total Final Consumption [TWh ]

Moderate | Optimistic | Moderate | Optimistic
2019 2030 2050

m Industry = Transport
m Residential Services

Non-energy use m Agriculture
= International bunkers

2019
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per energy carrier
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2030
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m Heat

Hydrogen

23

==
2

2050

m Coal
B Ammonia

Potential

Sectors

-

A

-

A

A

Overall, energy demand in Namibia is very low compared to other
countries.

The main consumption sectors are transportation, agriculture and
the residential sector.

Consumption in industry and the service sector is very low in
Namibia.

Energy carriers

A

Oil is currently by far the dominant energy source in the country,
combined with some biomass, which is mainly used in
households.

There is only a very limited power infrastructure in Namibia and
therefore hardly any electricity consumption from the grid

The power grid and demand are expected to grow in future
scenarios.

However, due to the size of the country and the low population
density, a relatively high residual demand for the molecules
(hydrogen, PtX+ biofuels for transportation) is assumed
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No underground hydrogen storage in Namibia H,—?
NamibiabUnderground hydrogen storage potential F,Df;ﬂha"t

A Geological structures are found in the neighboring countries, but not in Namibia (all promising structures in the vicinityeaxcluded from the
study.)

A There are no known or published UHS sites in Namibia tthismdagt e. Gi
change with further investigations.

For further details and references please see the Annex.
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Large infrastructure enhancements for low cost H 2 for export W
29¥

Namibiab Energy infrastructure expansion Potential

H, exports by ship
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Great RE potentials, but poor infrastructure & electricity import dependency m
Namibia- Summary 2

Potential
|
@ Excellent = Acceptable @ Sub-optimal
. RE potential Nami bia offers in all three scenarios high generati on p dticecenaros!| s
significant (close to 4000 TWh). Nevertheless, WACC has a high impact on the examined generation potential.
. Demand Namibia has a low energy demand, which is mainly covered by oil and biomasstiansport, agriculture and householdsThe country has only a

very limited power infrastructure, which is to be expanded in the future. However, due to the size of the country and the lopopulation density, a
relatively high residual demand for the molecules (hydrogen, PtX + biofuels for transportation) is assumed.

‘ H, storage The overall hydrogen storage potential is estimated to be 0 TWh.
potentials

@ Energy Namibia is highly dependent on electricity imports and has a limited generation capacity with no existing gas network for tgposing. However,
infrastructure  the power grid infrastructure is improving, enabling promising integration of renewable energy technologies, particularly aoPV. The country can
expansion become competitive in green hydrogen exports with electrolysis and solar PV located in the western regions near the pd#tsmarginal costs at

ports range from 0.8 EUR/kg (10 TWh in 2050) to 4.EUR/kg (200 TWh in 2050).

@ Exports by Not considered.

ship

. Exports by Not considered.
pipeline

Moderate scenario
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Enhance infrastructure and reduce dependency on electricity imports H_,"f‘"
NamibiaP Recommendations for action Flgtzg?r]tjaL

Energy demand sectors:

A The current energy demand structure needs to be analyzed in more detail to find the right balance between power grid expamsand green
molecules

A A strategic assessment should be made between industrial development in the country and the export of green energy sources.

Energy infrastructure expansion and underground H  , storage:
A Solar PV investments anthe electrolysisrollout are optimal in the West near the highsolar FLH and the export ports
A The integration of solar PMwill not only be beneficial for exports but also can help decrease the countries dependency electricity imports

A Transmission infrastructur@nhancementwill become attractive to transport low-cost electricity and hydrogen for domestic usea locations with
high demand (North and Northeast)

Moderate scenario
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Summary

3 Country results (moderate scenario)
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Export pathway, distance, and WACC are our key parameters H.,—?
Summary 2v 7 -

Potential

|
Export pathways Minimal export distance m Ship m PL
A Export by ship has been assessed for the countries Ukraine, Morocco, Brazil, Canada, and the AE

United Arab Emirates (;’;
A Export by pipeline has been assessed for the countries Ukraine, Morocco, and Turkey TR e
. MA
A Thus, only results for Ukraine and Morocco can be used to compare pipeline and ship exports ua e

directly 0 2.000 4.000 6.000 8.000 10.000 12.000 14.000

Export distance Distance [km]

A Shipping distance is further for the shipping countries, Brazil, Canada, Ukraine, and UAE as

they are the furthest from the German border. Country WACCs considered for modeling

16%

A The shortest distances are via pipeline from Ukraine and Turkey (< 1,500 km) 149%

A Distance from Morocco to Germany is a relatively short distance for pipeline and ship (2,000 12%
3,000 km) T 10%

WACC g %

< . . : = 6%

A The lowest WACC is assumed for Canada, as it is economically the most stable country among ., 8 8 3 -
the countries analyzed At the other end, the highest WACC is assumed for Ukraine, which is 0% w g w e = Eg%
currently destabilized by war. 0% = -8 O ENE e

A The WACC decreases from the moderate to the optimistic scenario Moderate Optimistic Moderate Optimistic

B 2030 2050

A For 2030, recent moderate/optimistic WACCs are assumed. The WACC adjusts to its historic Year and scenario]

average in the moderate scenario (optimum in the optimistic scenario, respectively) for 2050.
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Exports from CA and MA competitive despite major differences in distance
Export costs: Shipping

H5 .

Potential
|
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Pipeline exports become uneconomical for very large quantities W
Export costs: Pipeline 297

Potential
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Future export costs around 2.50 EUR/kg feasible W
Export costs: Ship and pipeline 2y

Export cost [EUR/kgH2]
(&3]

2030

50

Export quantity [TWh]

-.+#++- UA Ship —@— UA PL ---¢--- MA Ship —e— MA PL

100

2050

200 400 600 800
Export quantity [TWh]
+--- BR Ship CA ship

> ¢ ‘Mo

<

1000

TR PL

Moderate scenario

Potential

There are many countries with good and very good REpotentials, that might
become hydrogen exporters But every country is different and brings other
conditions for exporting early and cost-effectively while at the same
time driving forward their domestic energy transition : Rapid
defossilization of final sectors, expanding the energy infrastructure efficiently
between underground hydrogen storage, RElocations, demand centers, and
export points.

A Chile: Most competitive and potentially largestexport quantities feasible

A Canada Low WACC, RE& storage at ports D an attractive exporter from
2030

A Morocco: Great REfar from export points D attractive exporter if H, network
isimplemented

A Brazil High biomassshare& excellentREpotential at ports

A UAE: Alignment of RES ports, UHS,low WACC, demand make UAE ideal
for PtXexports

A Turkey Largeexportscannot be well-alignedto domesticenergy system

A Ukraine WACC causes costly H, exports despite great energy system
conditions

A Namibia Great RE potentials, but poor infrastructure & electricity import
dependency

LUAE export costs by ship not added here. See BExport cost

~ Fraunhofer
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4 Supply chain analysis
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RE potentials - Enertile
4 Supply chain analysis




WACC is the main cost driver W
RE potentials (Enertile 2050 2y 7 -

Potential
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Energy demand BDLEAP
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High H, demand in Namibia, Canada, UAE, and Ukraine H.,—T,;
Energy demand projections (LEAB)H, share 2y
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Potential

Direct H, demand:

A

>\

2030: between 0 and 4 % with Ukraine having the
highest share (due to current high NG use)

2050: between 1 D5 % (moderate) and 3D10 %
(optimistic) with Namibia as a frontrunner (due to
insufficient power infrastructure); Namibia, Canada,
UAE, and Ukraine 910 % share in optimistic
scenario

Indirect H , demand:

A

A

mainly driven by remaining use of liquid carbon fuels
in national and international transport

Namibia:limited energy infrastructure hinders direct
electrification A high indirect H, share in national
transport

UAE: High share of international bunker#y, high
indirect H, share for international aviation(in line
with national plans)
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WACC is crucial, for exports and for domestic energy transition
Energy demand projections (LEAB)TFC in comparison to RE

REpotentials [TWh,], TFC [TWh]

498

Ukraine

263

Morocco

| 4717 ]
2.977
1.027 1.311
32
Namibia UAE Brazil Turkey

TFC(moderate)lll RE below 30 EUR/MW (moderate)

359

Chile

2.004

Canada

A

A

Potential

Low cost RE potentials should primarily be used to
defossilize domestic energy demand sectors.

In 2050, considering only RE potentials < 30 EUR/MWh
would not even be sufficient to meet the domestic
energy demand in the moderate scenario in:

Ukraine
Most likely UAE, and Turkey

This is a very simplified assessment that neglects the
issue of full load hours and the temporal behavior of
availability and strongly favors PV potential compared
to other renewables.

However, at the same time, it shows the importance of
low-cost RE potential for both local decarbonization
and hydrogen exports and the differences between
countries.

The cost of RE potentials are highly dependent on
WACC. Thus, WACC is not only important for exports
but also to deffosilizethe domestic energy system
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Energy Infrastructure B
Sector-Coupled PyPSAEarth
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Assessment of H , marginal costs and local electricity prices H ™
Energy infrastructure expansionRyPSAD Approach & main results 2y

Potential
|
Approach Target output :
A The model used isSectorCoupled PyPSAEarth. A Marginal prices of hydrogen for export, spatially and temporally resolved
A Integrated systemmodelling that takes into account theinfrastructure of each A Optimized capacitiegspatial resolution: NUTS/GADM) of: renewables (solar,
country assessed. wind, geothermal, biomass/gas)PtX units (electrolyzersfischertropsch, ...),

A The model is applied for cases with no hydrogen export and a comparison is drawn, Storage units (batteries, hydrogen storage, ...)

A The model considers orgrid hydrogen production to utilize the different benefits, A Optimized dispatch timeseriesof: power plants, storage units,PtX capacities

especially flexibility and higheutilization factors. A Optimized transmission networkscapacity expansion (power lines and

A The modelstill accounts for the differentdimensions of green hydrogen hydrogen pipelines)

certification: temporal matching and additionality (extraRES generation) are

respected. Main results:

A This approach helps identifying the export effects on the country and its local A As a general trend for most countries, hydrogen prices increase with increasing

system. export quantities due to increasing demandOn the other hand, electricity
A Further detailscan be found in the model preprint, DOI: prices decreasavith increasing export quantities due to overproduction of
http://dx.doi.org/10.2139/ssrn.4743242 cheap renewable electricity from newly installed RES, which drives the

A Considered stages of the hydrogen value chain: Renewabidectricity generation price down.

and transmission, production of hydrogen via electrolysis, hydrogen inland transportA Hydrogen prices follow in their order of magnitude the electricity prices due to

to the export nodes. electricity usage in the electrolysis process. However, electricity prices tend to
decrease due to overproduction of renewable electricity and hydrogen prices
Emissionlimit tend to increase due to increased demand.
WACC

H2 network limit
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Chile has the lowest H , costs but is limited to ~ 500 TWh
Energy infrastructure expansionRyPSADPH, costs for export in 2030

Hydrogen export marginal costs | 2030 | Moderate scenario | Mean of all delivery schedules A Chile offers the lowest H price A
—— Ukraine Chile  =—— Morocco A Followed by Cana(_da_ the_n Br_az_ll, A
or - Ukraine PL —— Turkey  +++- Morocco PL Morocco and Namibia with similar
; —— Brazil ++-- Turkey PL —— UAE prices_
8- = (Canada = Namibia

A Ukraine has the highest Hprices. A
A Pipelineexport becomes A
expensive.

Large quantities (56200 TWh)

A Chile still offers the lowest price A
limited to 500 TWh.

A Brazil can offer larger quantites A
up to 1000 TWh at moderately
higher prices.

Hydrogen export marginal prices [€/Kg]

A CA offers the same quantity at A

‘ i , . , significantly higher prices.

0 200 400 600 800 1000

A UAis limited to moderate A
quantities

Largest quantities (>200 TWh)

Different hydrogen export quantities [TWh]

Potential

Outstanding RES resources

CA low WACC, BR great RES, MA
great RES, NA good RES (low WACC).

UA has highest WACC (worst RES)
Due to limits in inland H, and
electricity transmission and therefore
limited local RE potential at pipeline
export region. One export location,
that is far from rich RES nodes.

Limited total potential.

Good RES resources with large
potentials align with port locations.

Misalignment of RES and export ports
show the effect of limited expansion.

Limited low-cost RES potentials
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Chile has the lowest costs up to 1000 TWh, Brazil at 3000 TWh
Energy infrastructure expansionRyPSADPH, costs for export in 2050

Hydrogen export marginal prices [€/Kg]

10 -

Hydrogen export marginal costs | 2050 | Moderate scenario | Mean of all delivery schedules

= Ukraine Chile —— Morocco

- Ukraine PL —— Turkey - Morocco PL
—— Brazil - Turkey PL =—— UAE
—— Canada —— Namibia

500

1 I I
1000 1500 2000

Different hydrogen export quantities [TWh]

2500

/

3000

Large quantities (16500 TWh)

Al
J

Largest quantities (1,000+ TWh

A Chile offers the lowest H, price.

A Followed by Canada, Brazil and

Morocco with very close prices.

Ukraine has the highest H prices
followed by Namibia and Turkey.

Ukraine and Turkey pipeline prices
are reasonable up to 500 TWh,
whereas Morocco up to 1000 TWh.

Large difference between countries
with low prices (Chile, Morocco,
Brazil and Canada) and countries
with high prices (Ukraine, Namibia
and Turkey)

Large difference between countries
with low prices (Chile, Morocco,
Brazil and Canada) and countries
with high prices (Ukraine, Namibia
and-Turkey)

I HY P AT

H7 7

Potential

A Outstanding RES resources.

A CA lowest WACC, BR great RES at

ports, MA great RES.

UA has the highest WACC and
worst RES NA, good RES but far
from ports and no existing pipelines.
TR good RES and UHS but both far
from ports.

Limited pipeline expansion + 1
export location far from rich RES.

A\ Good RES resources with large
potentials align with port locations.

Despite MA having close WACC to
NA and TR, unalignment between
RES and export ports show the
effect of limited expansion.

A Chile has limited underground

hydrogen storage potential
compared to Morocco , Brazil and
Canada.
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Several factors influence electricity prices independently of exports H,—T,;
Energy infrastructure expansionRyPSAD Domestic electricity prices 277 -

Potential

Market prices of electricity without export | All scenarios

Main factors affecting the electricity prices 2030

Existing generation capacities: 60 - - L
A In Namibia, in 2030, the system is largely undersized leading to new investments to satisfy domestic demand.>" £
£ - . . . 50 [ ]
A In Canada and Ukraine on the contrary, the system is wedized with a diverse system that covers the sk M
domestic demand for all scenarios H sl . g
40 - A
WACC: | ¥ !
A For 2050, electricity prices in the optimistic scenario (with the lowest WACC) are consistently lower than in § 30-
the moderate scenario (medium WACC). - +
A In 2050, especially in Brazil, In Optimistic and Moderate we see an almost identical seftominated electricity : 20- L e T e TunIey T — e
mix. The lower WACC in Optimistic results in a lower electricity price 2
EmiSSion I|m|t g A Conservative S:en:;’;i:stic ® Optimistic
g Moderate
A In Ukraine,for 2050, we see the electricity mix changing from almost fossfree to fossikdominated in 2 ao- 2050
Conservative at much lower prices. " *
RES potentials: g "
A In the optimistic scenario in 2050, where the WACC is uniform as well as the emissions (regro), Chile has = - ’ 4 e
the cheapest electricity followed by Morocco and then Brazil. - |
50 - ‘ o -
Other: I rd -
A Larger levels of electrification in the system lead to higher electricity demand and thus higher prices * 4 - Y . i
e - . - - . . . - . - .
A Another electricity price influencing factor is the proximity of RESocationsto demand centers asseenin or v
Morocco and Turkey in 2030 and Ukraine in 2050. T . ‘ L i - l ‘
Ukraine Brazil Canada Chile Turkey Namibia Morocco UAE
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On-grid H , export can be beneficial for the local system W
Energy infrastructure expansionRyPSAD Domestic electricity and hydrogen prices 2y

Potential
|
Electricity local marginal prices | 2030 | Realistic scenario | Mean of all delivery schedules
Local electricity prices 2030: — Unrane — Chle  — Moroeo

=+ Ukraine PL —— Turkey ===+ Morocco PL
= Brazil sexo Turkey PL == UAE
=== Canada === Namibia

Generaltrend of a price decrease can be observed in most countries.

=3
o

A The introduction of exports with matching constraints force more renewable capacity installation
resulting in overproduction of cheap renewable electricity that drives the pricgown.

w
o

&
o

A The distribution of RES resources in relation to the export locations + allowed Hetwork expansion
A can lead to RES installations at suboptimal locations leading to price increases at high quantities
of export. (e.g., Morocco & Turkey)

Electricity local marginal prices [€/MWh]
w
3

A Theuncertainty of the effect of the delivery schedulesncrease in systems with undersized
generation capacities (e.g., Morocco and Namibia)

20 -

Bo0 800 1000

o
o
=1
5]
B
=1
e

Local hydrogen prices 2030:

Hydrogen local marginal prices | 2030 | Realistic scenario | Mean of all delivery schedules

General trend of a price increase can be observed in most countries. T — Ukrsine  — Gl — Morocco

=++ Ukraine PL —— Turkey  ---+ Morocco PL
= Brazil «=e= Turkey PL == UAE

A Increased demand for hydrogen drives up its prices o == Ganads == Nenfiia

140 -

A The price increase is steeper in cases of a mismatch between RES resources and ports following the
trend in electricity (e.g., Morocco and Turkey)

120 -

100 -

80 -
60 -

L ' ' ' L '
o 200 400 600 800 1000

In General, the results conclude that on -grid hydrogen export can be beneficial for the local
system given the right conditions are met.

Hydrogen local marginal prices [€/MWh]

Different hydrogen export quantities [TWh]
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On-grid H , export can be beneficial for the local system —

H:5
_ , , . - 27
Energy infrastructure expansionRyPSAD Domestic electricity and hydrogen prices Potential

Electricity local marginal costs | 2050 | Moderate scenario | Mean of all delivery schedules

120+
= Ukraine Chile = Morocco

Local electricity prices 2050 : S v PR A

= Canada = Namibia

=
o
k=3

Generaltrend of price decrease still observed for most countries up to 5001000 TWh

A The price decrease is less significant than in 2030, as there is higlpenetration of renewable electricity in the
system already.

®
S

A At the highest export quantities, the electricity prices go up as the optimal renewable resources are depleted and/
or the expansion limit of the  H, pipeline is reached.

Electricity local marginal prices [€/MWh]

40 -

A The depletion of RES resources and the congestion of the transmission and hydrogen networks can cause a price | ' ! . | | .
increase earlierln the long term with high RES depletion andyreater network expansion, the electricity prices tend ’
to follow the RES resources; countries with the best RES have the lowest prices. e ea sper ventes

Hydrogen local marginal prices | 2050 | Realistic scenario | Mean of all delivery schedules

= Ukraine Chile = Moracco
==+ Ukraine PL —— Turkey =r+s Morocco PL

Local hydrogen prices 2050: 180 — prazi o Tukey PL— UAE

= Canada = Namibia

-
@
=]

The generaltrend of price increases can still be observed for most countries.
A The demand increasés still the main driver for the increase in price.

marginal prices [€/MWh]
I Iy
S S

A The price increases more rapidly at high quantities following the electricity prices and depletion of RES potentials ass -
well as reaching the H pipeline expansion limit.

loc

Hydrogen

I ' ' ' ' ' '
(] 500 1000 1500 2000 2500 3000

Different hydrogen export quantities [TWh]
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Storage potentials
4 Supply chain analysis




Storage size, time horizon for availability, and proximity are relevant H_w
Underground hydrogen storage 2 Y

Potential

A In HYPAT, we look athree different types of underground hydrogen storage: salt caverns, aquifers

Avalilability of underground (groundwater reservoirs), and pore storage (including depleted gas fields).

hydrogen storage potential ) . : L : : :
ydrog gep A The conversion or new construction of underground storage facilities igery time -consuming. It is

therefore advisable to start redesignation or new construction as soon as possible to enable the
160,000 operation of relevant storage facilities by 2050 at the latest. The use of salt caverns for hydrogen storage has
' the highest technological maturity to date. In the past, salt caverns have already been used to store city gas
/ in Germany- a gas that predominantly contains hydrogen. If the exporting country already has concrete
plans or projects in place for salt cavern storage, these could be used for hydrogen storage as early as 2030.
In an optimistic scenario, aquifers and pore storage facilities would also be available from 2030 if the
technologies required reach technological maturity quickly and construction projects are implemented
143
109
BR UA CA

200 quickly.

A 2030 available storage potential (moderate, optimistic scenarios). Estimates are based on planned or
proposed projects in the literature (such as hydrogen strategy): Zero (0 TWh): Brazil, Ukraine, Namibia;
limited (< 50 TWh): Morocco; medium (56200 TWh): Canada, UAE, Turkey, Chile.

80 A 2050 available storage potentials (conservative, moderate, optimistic scenariod)mited (< 50 TWh):
Morocco; medium (500- 200 TWh): Ukraine, Canada, UAE, Turkey, Chile; very large (10Q00k TWh):
Brazil.

UHS [TWh]

134

24

VA AE TR oL A In comparison, German H2 storage potential in 2030 is estimated to be 33 TWh.

Country [-]
For further details and references, please see the Annex and our methodology working paper

2030 (mod, opt) 2050 (con, mod, opt) (Pieton et al 2023) 2 or listen to our podcast episode on underground hydrogen storage 3,

1 Nationaler Wasserstoffrat(2022): WasserstoffspeicheiRoadmap 2030 fiir Deutschland. Last accessed 09.04.2024 undemnk.
2 Pieton et al. (2023): Export Potentials of Green HydrogeDMethodology for a TechnoEconomic Assessment. HYPAT Working Pape2/R023, /
3 HYPAT Podcast (2024): #9_Wasserstaffi Untergrund speicherr? % Fra u n hOfer
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H2ProSim B Export by ship

4 Supply chain analysis
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Potential

Analyzed PtX carriers and quantities for shipping
Export by ship (H2ProSim)Methodology

Basedon hydrogen production in the exporting countries, the costs of synthesisand
shipping were analyzedfor five different PtX carriers: LH,, NH;, LOHC,MeOH and FT
fuels. For three of them (LH, NH;, LOHC), reconversion to gaseous H, is likely,
therefore the levelized cost of hydrogen after reconversion (LCOH)was calculated
NH;, MeOH and FTfuels can also be used directly, therefore the levelized cost of PtX
carrier without reconversion was calculated(LCOPTX)

Due to the model break between hydrogen production and PtX synthesis,the timely
resolution of the hydrogen delivery needed to be defined exogenously Thiswas done
for different quantities (Q1-Q4) to analyze the influence of economies of scale and
exploitation of the best RE sources Furthermore, the timing of hydrogen delivery
( Bc a wersdefljned and calculated, resulting in a range of resultsfor everyscenario
and PtX carrier In the resultssection, the range is shown between the deliveryschedule
with the lowest cost (upper boundary) and a synthetic case, in which a cavern can
smooth deliverybefore synthesis,showing a theoretical optimal case(lower boundary)

Forfurther methodological details, see(Pietonet al. 2023)!.

1Pieton et al. (2023): Export Potentials of Green Hydroge@Methodology for a TechnoEconomic
Assessment. HYPAT Working Paper 02/2023,

LCoH of Hydrogen-Carrier-Export from Brazil [2030, Realistic]

Lo M L2 NH3 [ LOHC |

205
200
180
160

-
172 °
. o
145 a3 145 147 147
5 —— 137 [
wo | 19 = [ o e I:I 1
142 4
139 1 - 137 138 2
132
125 127

38

LCoH (EUR/MWh)
8

LH2 NH3 LOHC LHZ NH3 LOHC LH2 NH3 LOHC LH2 NH3 LOHC
Q1 (1 TWhH) Q2 (10 TWh) Q3 (50 TWh) Q4 (200 TWh)

Example result (LCOH for LHINH; and LOHC after
reconversion)illustrating the quantities and hydrogen
delivery cases exogenoushlyefined at the interface of the
modeling of hydrogen production and export.
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H, costs dominate, but synthesis, storage and shipping can be substantial W
Export by ship (H2ProSin®Brazil (2030, moderate scenario) 2¥ Y -

Potential

A The maincost component can differ betweenPtX
products.

A Comparing the threehydrogen carrier options(red
box):

LH,:
Medium dynamicsA medium hydrogen
costs

High hardware costs (liquefaction)

NH;:
Low dynamicsA high hydrogen costs

Medium hardware costs
LOHC:
Good dynamicsA low hydrogen costs

Low hardware costs
A The influence of cost components changes with
quantity. Therefore, the best PtX product also
changes depending on the exported quantity.
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