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Motivation

Motivation

» Some hydrogen strategies of traditional fuel-importing regions feature the assumption that a substantial part of
demand be imported from currently non-existing global markets
> E.g. BMWi (2020) and BMWK (2023), with 50-70 % of the 95—130 TW h by 2030
> Or the REPowerEU plan (EC 2022) with 10 Mt of domestic production and 10 Mt of imports by 2030
> Japan also aims for the establishment of international value chains (METI 2023)

» Hence, some techno-economic literature investigates procurement and shipping cost

> Often, it is assumed that prices towards demand side are formed in a cost-reflective fashion.
> In the traditional energy world, this is rarely the case

» Only few works investigate strategic behavior on a global scale (e.g. Ikonnikova, Scanlon, and Berdysheva 2023)
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Motivation

» Several characteristics indicate potential for strategic behavior:

> Limited time to develop sufficient human and financial capacity to realize large-scale deployment
> High capital intensity of investment as barrier to market entry

» Many regions with high renewable potentials have less dependable institutional frameworks
> Threat of moving towards more competitive pricing in the long term
> Price elasticity of demand

» Limited options for substitution

» Move away from fossil fuels incentivizes hydrogen use

» Used where other options are expensive or unavailable (e.g. electrification)
> Subsidized long-term contracting vs competitive spot markets
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Model Overview
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Figure: Model Overview.
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Producer Problem

» Maximize discounted profits from selling
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Trader Problem

» Maximize discounted profits from interacting with
other players
> Demand
> Conversion
> Storage
> Transport
> Producers

» Such that:
> Nodal mass balances check out

» Sales, and outgoing flows to storage,
conversion and transport

» Reception from producers, converters,
transport and storage

> Trade limitations are accounted for
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Converter Problem

» Maximize discounted profits from converting

commodities on behalf of traders
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Transmission System Operator Problem

» Maximize discounted profits from auctioning capacity
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> Capacity expansion is symmetric
> Repurposing is symmetric

Lukas Barner A Muli-Commodity Partial Equilbrium Model — Future Global Hydrogen Markets
TU Berlin / DIW Berlin -11- Paris, 26.09.2024



Storage System Operator Problem

» Maximize discounted profits from storing
commodities on behalf of traders
> Revenues from acquiring and reselling
> Capacity expansion cost
> Repurposing cost
» Such that:
> Stored volumes do not exceed active capacity
» Exogenous capacity
» Capacity investments
» Net repurposing
> Intertemporal mass balance is accounted
> Active capacity does not exceed physical limits
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Market Clearing Conditions

» Connect individual problems between

> Producer and trader
Trader and demand
Trader to converter
Trader from converter
Trader and transport
Trader to storage
Trader from storage
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Mixed Complementarity Problem
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Reformulation: MCP — Convex Optimization Problem
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Implementation and Validation

Implementation and Validation

» Two model versions implemented in the form of a standalone Julia package

> https://github.com/LukasBarner/HydrOGEnMod.jl,
» Documentation and replication script

> Hosted at https://lukasbarner.github.io/HydrOGEnMod.jl/dev/
» Detailed Testing

> Complementarity approach and convex reformulation validated

> Detailed cases of 28 data sets

> Functionality tests related to data and plotting utilities

> Over 95 % of the source code are covered by tests.

> Documentation of validation procedures provided in a 156 page technical supplement

» Accepted with Energy
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Data

>

>
>
>

v

.

» GIS analysis with the GlobalEnergyGIS package (Mattsson et al. 2021).

Historic weather data from ERA5

Hypothetical hourly capacity factors for the year 2018

Areas excluded, such as natural reserves, water bodies, croplands, etc.

Numerous assumptions (e.g. on maximum water depth for offshore wind, distances to coastlines, population
densities, remoteness from grid infrastructure, renewable-build-specific parameters etc.)

Subtract capacities required to meed seasonal electricity demand from renewables exclusively
Investment cost projections for renewables roughly follow IEA (2022) and IRENA (2023)

Nuclear investment costs regionally adjusted, but generally follow Géke, Wimmers, and von Hirschhausen
(2023) with a surcharge for decommissioning.

Electrolyzer investment costs in line with IRENA (2021), most conversion related cost follow IEA (2019)
Inverse demand functions calibrated in line with IEA (2022) Net Zero Emissions by 2050 scenario

» 300 BCMe (2900 TW h) hydrogen and derivatives demand by 2030 and 1500 BCMe (14 750 TW h) by
2050

Detailed overview of data assumptions can be seen from code repository

Lukas Barner
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Results — Market Power

» Significant price spreads can be observed

» Early on, locations rich in wind are most attractive, while over time solar regions tend to be most lucrative
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(a) Weighted Average 2030 (b) Weighted Average 2050

Figure: Prices for Hydrogen with Market Power in € / MWh
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Results — Comparison

» Mostly, Europe and Japan are affected by the price increase due to strategic behavior
» For some regions, cheaper resources are domestically available as exports are strategically withheld

-20.6

49.3 -3.36 34.6

(a) Weighted Average 2030 (b) Weighted Average 2050

Figure: Seasonal Price Increase due to Strategic Behavior in €/ MWh
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Results — Trade Flows under Perfect Competition

» Under perfect competition, few large ammonia exporters emerge

» Again, locations rich in wind are most attractive early on, while over time solar regions tend to be most lucrative

(a) Competitive Flows 2030 (b) Competitive Flows 2050

Figure: Annual Trade Flows for Ammonia in TW h
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Results — Trade Flows under Market Power

» Supply patterns diverge
» Withheld quantities are partially offset by other suppliers

(a) Oligopolistic Flows 2030 (b) Oligopolistic Flows 2050

Figure: Annual Trade Flows for Ammonia in TW h
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Conclusion and Outlook

Conclusion

» Strategic behavior of exporters can have significant effects on prices

» Twofold narrative for potential exporting regions to incentivize strategic behavior:

> Profits of exporters increase from higher foreign prices
> Prices paid by domestic consumers decrease.

» Nuclear hydrogen not cost competitive
~

» Reduced complexity case study

> More detailed scenario analysis, Additional derivatives

Higher spatial and temporal resolution

Stochasticity and decomposition

Different allocation of exporters

Cross validation of renewable potentials (esp. Southern Africa)
Natural gas and CCTS

AR VAR VAR VAR v4

\.
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Outlook

» Next model runs:

> Including global natural gas markets and simplified representation of electricity markets
> Structured along the following regions:

Figure: Outlook to future transportation network
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Discussion

Discussion

Lukas Barner 'A Multi-Commodity Partial Equiliorium Model — Future Global Hydrogen Markets
TU Berlin / DIW Berlin —28— Paris, 26.09.2024



Agenda

8. References

Lukas Barner A Multi-Commodity Partial Equilibrium Model — Future Global Hydrogen Markets
TU Berlin / DIW Berlin —29— Paris, 26.09.2024



References |

@ BMWi. 2020. The National Hydrogen Strategy. Technical report. Berlin: Federal Ministry for Economic Affairs and Energy.
https://www.bmbf.de/bmbf/shareddocs/downloads/files/bmwi_nationale-
wasserstoffstrategie _eng s01.pdf?  blob=publicationFile&v=2.

@ BMWAK. 2023. National Hydrogen Strategy Update. Technical report. Federal Ministry for Economic Affairs and Climate Action (BMWK).
https://www.bmwk.de/Redaktion/EN/Hydrogen/Downloads/national-hydrogen-strategy-
update.pdf?  blob=publicationFile&v=6.

@ EC. 2022. REPowerEU Plan. Communication from the Commission to the European Parliament, the European Council, the Council, the European Economic
and Social Committee and the Committee of the Regions, COM(2022) 230 final. European Commission.

https://commission.europa.eu/publications/key-documents-repowereu en?prefLang=de.

@ Goke, Leonard, Alexander Wimmers, and Christian von Hirschhausen. 2023. “Economics of Nuclear Power in Decarbonized Energy Systems,”
https://doi.org/10.48550/ ARXIV.2302.14515.

@ IEA. 2019. The Future of Hydrogen: Seizing Today’s Opportunities. International Energy Agency.
https://www.oecd-ilibrary.org/energy /the-future-of-hydrogen 1e0514c4-en.

@ ———. 2022. World Energy Outlook 2022. Technical report. Paris: IEA. https://www.iea.org/reports/world-energy-outlook-2022.

Lukas Barner A Multi-Commodity Partial Equiliorium Model — Future Global Hydrogen Markets
TU Berlin / DIW Berlin -30- Paris, 26.09.2024


https://www.bmbf.de/bmbf/shareddocs/downloads/files/bmwi_nationale-wasserstoffstrategie_eng_s01.pdf?__blob=publicationFile&v=2
https://www.bmbf.de/bmbf/shareddocs/downloads/files/bmwi_nationale-wasserstoffstrategie_eng_s01.pdf?__blob=publicationFile&v=2
https://www.bmwk.de/Redaktion/EN/Hydrogen/Downloads/national-hydrogen-strategy-update.pdf?__blob=publicationFile&v=6
https://www.bmwk.de/Redaktion/EN/Hydrogen/Downloads/national-hydrogen-strategy-update.pdf?__blob=publicationFile&v=6
https://commission.europa.eu/publications/key-documents-repowereu_en?prefLang=de
https://doi.org/10.48550/ARXIV.2302.14515
https://www.oecd-ilibrary.org/energy/the-future-of-hydrogen_1e0514c4-en
https://www.iea.org/reports/world-energy-outlook-2022

References Il

@ Ikonnikova, Svetlana A., Bridget R. Scanlon, and Sofia A. Berdysheva. 2023. “A Global Energy System Perspective on Hydrogen Trade: A Framework for the
Market Color and the Size Analysis.” Applied Energy 330:120267. Accessed February 1, 2024. https://doi.org/10.1016/j.apenergy.2022.120267.

@ IRENA. 2021. Making the Breakthrough: Green Hydrogen Policies and Technology Costs. Technical report. Abu Dhabi: International Renewable Energy
Agency. https://www.irena.org/- /media/Files/TRENA /Agency /Publication/2020/Nov/IRENA Green Hydrogen
breakthrough 2021.pdf?la=en&hash=40FA5BSAD7AB1666EECBDE30EF458C45EE5A0AAG.

. 2023. Renewable Power Generation Costs in 2022.
https://www.irena.org/Publications/2023/Aug/Renewable- Power- Generation- Costs-in-2022.

@ Mattsson, Niclas, Vilhelm Verendel, Fredrik Hedenus, and Lina Reichenberg. 2021. “An Autopilot for Energy Models — Automatic Generation of Renewable
Supply Curves, Hourly Capacity Factors and Hourly Synthetic Electricity Demand for Arbitrary World Regions.” Energy Strategy Reviews 33:100606. Accessed
January 18, 2024. https://doi.org/10.1016/j.esr.2020.100606.

@ METI. 2023. Basic Hydrogen Strategy. The Ministerial Council on Renewable Energy, Hydrogen / Related Issues.
https://www.meti.go.jp/shingikai/enecho/shoene shinene/suiso_seisaku/pdf/20230606 5.pdf.

Lukas Barner A Multi-Commodity Partial Equiliorium Model — Future Global Hydrogen Markets
TU Berlin / DIW Berlin -31- Paris, 26.09.2024


https://doi.org/10.1016/j.apenergy.2022.120267
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_Hydrogen_breakthrough_2021.pdf?la=en&hash=40FA5B8AD7AB1666EECBDE30EF458C45EE5A0AA6
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_Hydrogen_breakthrough_2021.pdf?la=en&hash=40FA5B8AD7AB1666EECBDE30EF458C45EE5A0AA6
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-Costs-in-2022
https://doi.org/10.1016/j.esr.2020.100606
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_5.pdf

Agenda

9. Appendix: Notation

Lukas Barner 'A Multi-Commodity Partial Equiliorium Model — Future Global Hydrogen Markets
TU Berlin / DIW Berlin -32- Paris, 26.09.2024



Appendix: Notation

e
ey b e A Setof al a1 (a,) 00 which commodity ¢ an bs Tansported.
E < R —p—
ot coritn e s DSB. ‘ot of domand blocks of one commodiy
v ° Satof a procucton origne. “Guatyof it rocured by producer  sach e step 1 nyear . vakd i ook b —
s o ool ead 0 producscommaly e Vom o RA ot o a possitie epurposings of arcs between commacties (. ¢') F=a
Eroenoscoct o lo s commo < om o 3 oot Y » u
T PR 5] Set f ol posble rpapusgs of commn echiges beween a7 O .
({r.). (ee). = oy
. L 5 T m——— Lo = vt e e e
Lo vevporing commty e s v Setol s comverters o ey
Costel o i o oy o ooty VT Setot al < Comversion capacily exparsion rom commodity ¢ 1o ¢ of year . Ao Dl o produce pe mput Hock corsiant.
e —— e T
e = e
o b e oty g e ain e Au(e) A vansportaon ars athat s e . Dt o i € Dy fehetires At Out o v comrto apactycorsta
() Mapping each producer 1o the corresponding node . Defined for all p & P. - o et ol ot Ly
¢ o =T D1, o comaiog alldomestic podvoors f der o . Defmedo s 1€ Ton €N Ouan o ety fom i o et o dorge dg e iy strae i Do g sy cparaor el gt axpdon .
o S s o ra st oulr st s oo e aop o () scs. =3
= o) Domestic converter of node . Deined for al 1 € -
[ ™ (m) “Time stgp preceding m. The step preceding the first one is the last, ie. m™ (m{1])
[ Eragenous sorsga capasl of orags e cparalo ¢ o comeadty 0 ear m{end) Defned forallm < M.

Lukas Barner
TU Berlin / DIW Berlin

—-33-

‘A Multi-Commodity Partial Equiliorium Model — Future Global Hydrogen Markets
Paris, 26.09.2024



	Motivation
	Model Overview
	Mathematical Formulation
	Implementation and Validation
	Case Study
	Data
	Results

	Conclusion and Outlook
	Discussion
	References
	Appendix: Notation

