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1 Outline

@® Context
Where do things stand?
How to support hydrogen?
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1  Where do things stand?

> Curl’enﬂy +95% Of H2 is Historic capacity Announced capacity Status
. 25 Technology 500 i Early stage
produced using Steam sk 3 B Feasbilty
Methane Reforming (SMR) mPEM 400 o operations
@0ther
. -
» Global electrolyser capacity BUnknown 300 S 0
H Region 0100-1000 MW
exceeded 1 GW in 2023 oEucpe 200 B <100 MW
| g _ i B China Region
Not cost-competitive yet aUnied States 100 aRow
BROW a Chlina )
0 DOLatin America
G . h 2019 2020 2021 2022 2023e|2023e| Region Size :iz‘lsc: Nzl
overnments wish to support By eclinciony . 2030 ot
renewable hydrogen production IEA. CC BY 40

Notes: ALK = alkaline electrolysers; FID = final investment decision and under construction; PEM = proton exchange
membrane electrolysers; RoW = rest of world; Aus & NZI = Australia and New Zealand; 2023e = estimate for 2023
capacity, based on projects planned to start operations in 2023 and that have at least reached FID. “Other” technology
refers to solid oxide electrolysis, anion exchange membrane electrolysis or a combination of different technologies. The unit
is GW of electrical input. Only projects with a disclosed start year are included.

Source: |EA Hydrogen Projects, (Database, October 2023 release).
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1  Support mechanisms for hydrogen

» The question arises how to design these support mechanisms: e.g., trade-offs
between capacity- and energy-based subsidies

> A lot of research dedicated to RES support exists but this not directly applicable to
hydrogen support.[1]

> But, electrolysers are dispatchable — higher risk for inefficiencies
» Policies can distort the operational decisions and investment in electrolysers

Research question

Given the different ways hydrogen production can be subsidised, what is the effect of these
policies on hydrogen, carbon- and electricity markets?

[1] Odemir, O, Hobbs, B. F., van Hout, M., & Koutstaal, P. R. (2020). Capacity vs energy subsidies for
promoting renewable investment: Benefits and costs for the EU power market. Energy Policy, 137, 111166.
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1  Overview of hydrogen support mechanisms

Name Region  Type Eligibility

Inflation Reduction Act USA Fixed premium <4kg CO2/ kg H2

Hydrogen Business mod- UK Hydrogen CfD Blue & green H2

els

H2Global DE Hydrogen CfD Ammonia import,
methanol or SAF

Important projects of EU Capacity grant Innovative nature

Common interest

Innovation Fund EU Capacity grant Innovative nature

Hydrogen Bank EU Fixed premium Defined in DA of RED Il

» Historically more "project basis” capacity-based support
» Current trend towards energy-based support

» Organising capacity-based support through an auction seems overlooked
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1  Overview of the compared mechanisms

» Fixed premium (EUR/MWh) 4 ¢ = e
Premium
» Contract for Difference with yearly H . 2 gg‘;m;
reference price (EUR/MWh) 2 Sk\/\r | §3£\/\_ |
e AL (P Q
> Capacity grant (EUR/MW) . S \ = )| / \
> Investment subsidy (EUR%) 205 2030 20355 2040 2055 2080 2035 2040
Year Year

(b) Fixed premium (c) H2 CD

Variants of the mechanisms that are studied:
» FP where the annual production is kept constant

» FP where support is limited to x hours of full load operation

Single auction is considered in 2030, agent covered under support mechanism can install capacity only in
2030. All are calibrated to cover the same production volume 2031-2040.
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2

Model

We use equilibrium models to
describe investment behaviour
of electricity, hydrogen and
industrial agents for
2020-2060

MCP solved using price search

algorithm (Alternating Direction
Methods of Multipliers)

Cap-and-trade system ()\ETS)
Demand:
e Industry (competitive fringe)

o Steam methane reforming

e Fossil-based electricity
generation

Hydrogen market ()\I;)d)
Supply:

Power-to-hydrogen (peak- and
base load technologies)

Steam methane reforming

Steam methane reforming +
carbon capture and storage

Import
Demand:

e Industrial demand (inelastic)

At

e

Electricity market (Afg{‘ﬁ)

Supply:

o Renewable energy generation
(Solar, on- and offshore wind)

e Fossil-based electricity
generation (OCGT, CCGT,
coal-fired, oil-based)

Demand:

o Industry and households
(inelastic)

e Power-to-hydrogen (peak- and

base load technologies)
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2 Case study

» Case study on a system based on EU: including cap-and-trade system, 45% renewable
electricity ambition, 10 Mt domestic hydrogen production by 2030 ambition, etc.

» We consider a peak and base load technology

» This represents the inherent trade-off between CAPEX and OPEX in alkaline PtH
technology (e.g. thickness membrane) [2]

Technology SMR  SMR-CCS  PtH-peak  PtH-base
Investment cost ICtH2 EUR/kW, 740 1000 1500 2000
Lead time years 3 3 3 3
Lifetime years 25 25 20 20
Learning rate % change YoY - - 2% 2%
Efficiency ntP_’Hz 65% 70%
Efficiency anG*Hz 75% 62%

Carbon Intensity C'ItH2 tCO2/MWh 0.328 0.0328 0

Legacy capacity GW 70 0 1 1

[2] IRENA. (2020). Green hydrogen cost reduction: Scaling up electrolysers to meet the 1.5C climate goal.
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© Results
No subsidy policy case
Influence on hydrogen sector
Influence on power sector
Changes in total system cost
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3  No subsidy policy case
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> By 2030 8.6 Mt is produced by PtH out of the 10 Mt domestic hydrogen production.
> A mix of expensive, high-efficiency and cheap, low-efficient PtH technologies arises.

> 2416 TWh of electrical power is supplied by solar and wind, and 522 TWh by
non-renewable generation in 2030.

» Various sensitivities were carried out

11 Results
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3 Influence on hydrogen sector - Technology choice

» Both technologies are attracted - 0 Uil base
| PtH peak

HHHHHHHH
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mechanisms.

» The capacity-based instruments
(CP, INV) tend to install more
capacity to obtain the same H2
quantity.
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3 Influence

2,000

on power

sector
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» All mechanisms decrease the production of gas-fired and nuclear generation, because of
the increased attractiveness of renewables when flexible load is added to the system.

» All mechanisms increase RES production, either through additional investment or less

curtailment.
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KU LEUVEN




3 Influence on power sector - Operational decisions

Fixed Premium (FP) Contract for Difference (CfD) Capacity grant (CAP) Investment subsidy (INV)
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» Capacity-based mechanisms do not change electricity prices that much

» Energy-based instruments increase electricity prices when H2 production is price setting
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3 Capacity support reduces cost increase in the power

sector
=
30
a o H2 sector
£ 0o Power sector
Eﬁ 20 - + . 7 |DoIndustrial sector
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> Additional cost increase primarily in H2 sector, but also an effect on the power sector

» Capacity-based instruments cause less costs in the power sector

» Subsidising decarbonisation decreases carbon prices and abatement cost of industr
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3 CAP performs best according to total system cost
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» Sensitivities confirm trends in central reference scenario

> CAP performs best according to total system cost for all sensitivities (besides
‘expensive base’)
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4 Conclusion

» This model captures the interactions between hydrogen and electricity markets.

» The research compared capacity-based subsidy mechanisms with two energy-based
mechanisms: a fixed-premium (FP) and a hydrogen contract for difference (CfD).

» The choice of mechanism influences the renewable capacity and displacement of
gas-fired generation in the power sector.

» Capacity-based instruments tend to have a technology selection bias. Energy-based
instruments distort electricity markets.

» The CAP performs best followed by the FP, according to total system cost.
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5 Electricity agents

» Energy only market with economic dispatch of conventional ggd h,p and renewable
generation assets g\ j,

» Possibility to invest in new conventional cpg7~ and renewable generation capacity cpypjr,
to meet growing electricity demand

Fossil-based generation:

Max. ZAy- Z(Agg}f—VC’p) e anp— 1Cy -cpy =TSy (1)
yey heH

Renewable generation:
EOM R REC R,NB R R
Max. > Ay Y MG Gyans + A0 gy — ICEcply, (2)
yey heH
Note that constraints are omitted here

KU LEUVEN
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5 Power-to-hydrogen

» The power-to-hydrogen actors (peak- and base-load, Vg € Q) aim to optimize their
generation g;', . and capacity cp,/, to maximize their profit P(g,'y, ,» Py o)

P(gql;{,d,h,qv prq ZA?JZ )\ dh tP—>H2)'ggI;{,d,h,q - IC;{' cpif,q (3)
yeY heH
st. YyeY,Vvde D,Vhe H,Vge Q: g;{’d’h,q < Z cp?*,q + cpit, (4)
yey
Vye )’ Vge Q: cpy g SAF (Z cpy g Ty q) (5)
yeY
Yy € Y,Vd € D,Vh € H,Vq € Q: gydh,q,cpyq>0 (6)

The profit P(g,'y 4 4 cPy.,) will in what follows be augmented with income through various
subsidy mechanisms.
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5 Energy-based support instruments

10-year fixed premium: [EUR/MWh]

Participants offer an annual generation of electrolytic hydrogen [TWh/y], which they must
keep for 10 years.

Max. P(ggd hogs cpy q Z Ay )\FP H FP (7)
9y,d,h,q CPZLT gg’,l;FP o VyeYr
Subject to (4)-(6) and:
Vy e Vr,Vqe Q: gH P < Z Wa Z gqud,h,q (8)
deD  heH
Yy € Yr,Vge Q: gHFP>0 (9)
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5 Energy-based support instruments (2)

10-year hydrogen CfD: [EUR/MWHh]
Operators receive compensation according to the difference between a fixed strike price and
the average yearly hydrogen price

> Agents receive a fixed strike price for 10 years and is determined through an auction

> Agents keep their market revenues from selling hydrogen (daily clearing) but pay-back
a yearly average hydrogen price

H M%IXT H,C P(gy d h,q? pr q + Z A )\CfD )\H ref) g:’IJ‘I CfD (10)
gy,d,h,qa Cpq’ ) gy,q Vye:)]T

Subject to (4-6) and:

Yy eVr,Vg e Q: g™ <> Wa Y gtang (11)
deD heH
Yy € Yr,¥g € Q: g™ >0 (12)
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5 Capacity-based support instruments

Capacity grant: [EUR/MW]

The support level A“C is determined through an auction that ensures that a hydrogen
production target HT), is produced through PtH, similar to the previous mechanisms, but
the renumeration is based on its capacity investment cpi"™.

H H cG , HT
H M%{XT H,CGP(g%dvhaQ’ pr,q) + Ay A CPq (13)
9y,d,h,q> Pa’ » 9y.q

Subject to (4)-(6) and:

Yy € Yr,Vg e Q: g?Ij’qCG < Z Wy Z gllf’d’h,q (14)
deD  heH
Yy € Yr,Vq € Q:g?lj’ch >0 (15)
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5 Capacity-based support instruments (2)

Investment subsidy mechanism: [EUR/EUR]
the subsidy is a percentage of the investment cost IC,?I and is determined in an auction
system that ensures a hydrogen production target HT, is reached.

H H INV 7 ~H  HT
9 an I\i%),(f gH,INVP(gy7d7h7q7 pr,q) + Ay - XTICT - ep, (16)
y,d,h,q’ q » JY,q
Subject to (4)-(6) and:
Yy eV Vg€ Qg N <Y Wad ) glang (17)
deD  heH
Yy € Yr,Vq € Q:gi’qINVZO (18)
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5 Market coupling constraints

» Energy- and capacity-based mechanisms are calibrated to yield the same amount of
electrolytic hydrogen production HT}-

» The equilibrium price of the contracts are determined through one of the following
market coupling constraints (MCC).

» Which make sure that a user defined amount of hydrogen Depending on the considered
mechanism the corresponding MCC is enforced out of Eq. (19)-(20).

> 2 g = SN oo = o, (19)

qEQLVYEYT qEQ VYEYT
Z Z gHCG Z Z gHINV HT,. (20)
qeEQ VyeYVT qEQ VYeYVT
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