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Rethinking renewable energy policies for hydrogen – How the

intercept of electricity and hydrogen markets can be addressed

Daniel Geßner∗
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Abstract

A lot of countries have recently published updated hydrogen strategies, often including more ambitious

targets for hydrogen production. In parallel, accompanying ramp-up mechanisms are increasingly coming

into focus with the first ones already being released. However, these proposals usually translate mecha-

nisms from renewable energy (RE) policy without considering the specific uncertainties, spillovers, and

externalities of integrating hydrogen electrolysis into electricity grids. This article details how different

aspects of a policy can address the specific issues, namely funding, risk-mitigation, and the complex

relation with electricity markets. It shows that, compared to RE policy, subsidies need to emphasize the

input side more strongly as price risks and intermittency from electricity markets are more prominent

than from hydrogen markets. Also, it proposes a targeted mechanism to capture the positive external-

ity of mitigating excess electricity in the grid while keeping investment security high. Economic policy

should consider such approaches before massively scaling support and avoid the design shortcomings

experienced with early RE policy.
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1 Introduction

Governments mobilize large financial resources to support green technologies, predominantly to achieve two

goals: first, to aid the transition to a carbon neutral society and fight climate change and second, to transition

domestic industries and develop competitive advantages. Generally, green technologies that do not yet scale

sufficiently cannot compete effectively on the market without government support. This can be due to

different reasons. On the one hand, costs may be too high such as when externalities of pollution and/or

CO2-emissions are not internalized – for instance if carbon schemes invoke inadequate price levels (Hepburn

et al., 2020; Pigou, 1920). These technologies are then unable to compete with fossil solutions on a level

playing field, which is the case for most economies (Boyce, 2018).1 But even if sufficiently priced, some

carbon-neutral solutions may be more developed to scale than others, effectively requiring the government

to intervene for them to compete on an equal footing.2 On the other hand, new technologies also come with

higher levels of uncertainty regarding properties like durability, degradation, utilization rate, achievable sales

volume and price, etc. Interventions to mitigate these uncertainties can aid the development of such new

technology markets (Mazzucato, 2011).

In looking for suited instruments to promote hydrogen, policymakers usually draw on experiences with other

green technologies.3 Yet, hydrogen is not a primary energy source like solar and wind. As a storable energy

carrier, it possesses properties that enable many useful features like sector coupling or aiding electricity grids

in dealing with increasing shares of intermittent RE (see e.g., Grüger et al., 2019; Macedo & Peyerl, 2022;

Nascimento da Silva et al., 2022; Nasiraghdam & Safari, 2020). These features represent positive externalities

for which policy should account to effectively achieve the integration into the energy system. By implementing

dedicated measures on the supply side, policymakers can manage these issues at the intersection with the

electricity system to address the complexity at its focal point and leverage grid-conducive behavior.

To provide steppingstones for the current hydrogen policy debate, this article explores the distinctions

between RE and hydrogen to derive how experiences from RE policy can be adapted. Emphasis is placed

on the different functions that hydrogen policy can fulfill, namely (1) close a funding gap, (2) mitigate risks

associated with an emerging industry and the uncertainty induced by the electricity sector, and (3) leverage

positive externalities. Initial remarks therefore focus on technological and economics differences between RE
1E.g. for Germany, even in a best-case scenario with production in times of low price and if no surcharges on electricity

would be charged, hydrogen production costs would be about 30% above (fossil) hydrogen market price (Grüger et al., 2019).
2This aspect refers to an industrial policy (or infant industry) argument stressing competitive disadvantages of upcoming

technologies relative to established competitors due to, amongst others, economies of scale and scope as well as learning-by-doing
effects (Hepburn et al., 2020; Liebensteiner & Naumann, 2022; Reichenbach & Requate, 2012).

3Literature on RE delivers many evaluations on the performance of these policies. For instance, Kilinc-Ata (2016) and
Bersalli et al. (2020) empirically show FITs to have had a positive impact on RE capacity expansion. Winkler et al. (2016)
favor FIPs for efficiency reasons.
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and hydrogen and the transferability of previous experiences. Next, feasible policies to close the funding gap

are explored before the issue of investment security and its trade off with masking electricity price signals is

addressed. Further emphasis is placed on the role that targeted policies can play in enabling electrolyzers to

serve as a stabilizing force for the energy system and capture this externality for society. Lastly, proposed

measures are discussed, and recommendations to policymakers are given.

2 Comparability with renewable energy

As the hydrogen economy is just developing, one can currently only draw on limited experience with respective

support policies. Referring to other sectors is therefore necessary, with early RE policy representing a

particularly comparable field (see also International Renewable Energy Agency (IRENA), 2021). Yet, there

are distinct differences to be aware of in order to gain the right inferences.

2.1 Renewable energy technologies

The business case for most RE technologies is characterized by high upfront investment and very low oper-

ating costs, respectively marginal costs of near zero (Fabra, 2021). Once in operation, these plants produce

electricity cheaply, mostly from naturally occurring wind and sunlight, and are therefore intermittent as

shown in figure 1.4 After achieving massive cost reductions and nowadays usually being the lowest-priced

source of electricity (Neuhoff et al., 2022), their production is however volatile and as such constitutes a

negative externality. With electricity having to be utilized in the same instance as it is produced, it is

required to be supplemented by costly storage and/or flexible supply or load capacity (Hirth et al., 2016;

Impram et al., 2020).

Fig. 1. Exemplary production profiles for solar (left) and wind energy (Data: Bundesnetzagentur, 2024a).
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4The profiles are exemplary for a period of about average production (September) in Germany (production peaks are in
early summer for PV and in early winter for wind).

2



Compared to legacy fossil technologies, RE used to not be cost-competitive and received support in many

economies to ramp sufficiently (REN21, 2022). A further reason for state interventions roots in technological

and economic uncertainty, which initially required policymakers to offer reliable business cases to attract

private investment. Accordingly, many economies first largely decoupled RE’s from market forces to provide

investment security and only later increasingly exposed them to market feedback (e.g. in the EU, European

Commission, 2011).

2.2 Hydrogen technology, industry, and economics

A hydrogen economy is characterized by many similarities to RE, but also exhibits differences which entail

contrasting economic drivers and divergent needs for intervention. Like electricity, hydrogen is versatile and

can serve many use cases. Yet, as a molecule it can be stored more easily, transported over large distances,

and e.g., bridge into processes to reduce carbon emissions in chemical reactions; so-called hard to abate

sectors (Capurso et al., 2022). Additionally, when used to stabilize fluctuations within the electricity grid,5

it exerts positive externalities. These properties make hydrogen very flexible, yet they also imply that its

applications are particularly diverse and integrated into various sectors, making pathway projections and

policy intervention more complex (see, e.g. Farrell, 2023; Hanley et al., 2018). Moreover, and unlike renewable

electricity, hydrogen cannot rely on an available infrastructure and appliances – at least not without retrofit.6

This further increases economic and technological risk and necessitates high initial investments.

Cost structures differ widely depending on the technology. While building infrastructure and retrofitting for

instance blast furnaces requires high capital investments (Pawelec & Fonseca, 2022), operating costs dominate

in many applications. These operating costs on the usage side predominantly stem from prohibitively high

prices of green hydrogen compared to using grey hydrogen or natural gas and are due to high electrolysis costs.

Also, for electrolyzers, electricity and maintenance account for the majority of total costs with their relative

shares increasing even further with scaling electrolyzer production (and decreasing capital investment) (Nami

et al., 2022). Moreover, investments in hydrogen projects are associated with additional uncertainty due to

electricity prices being volatile, difficult to predict, and dependent on country-specific regulation. Modelling

thus shows that the introduction of hydrogen pathways is particularly susceptible to the availability of an

infrastructure and suited risk-reducing policy measures (Hanley et al., 2018).
5For technical properties and viability, see Buttler and Spliethoff (2018).
6Hydrogen transport infrastructure and hydrogen ready-appliances are currently scarce with e.g., 1,600 miles of pipelines

in operation in the U.S. vs. 3,000,000 miles for natural gas (Department of Energy (DOE), 2023; US energy information
administration (eia), 2022).
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3 Policies to close the funding gap

Hydrogen and RE policies are numerous and diverse. At least when considering financial policies, their

primary goal is usually to close a funding gap. This chapter lays out common properties and illustrates

policy mechanisms. The focus here is however on key supportive instruments for the hydrogen sector, so

that only a selection is presented. Moreover, it addresses interactions along the value chain and vis-a-vis

other sectors.

3.1 Properties of support policy

Hydrogen or RE policies can be classified in different dimensions. Usually, they are clustered according to

product maturity into R&D, industrialization, and operations or similarly as technology push vs. demand

pull. While technology push describes the use of science and technology with the aim of reducing the costs of

emerging technologies through e.g., R&D (Henrique de Mello Santana et al., 2019), demand pull instruments

then again aim at generating a market need, inciting suppliers to invest in R&D and production capacity.

On the other hand, policies can also be structured by the value chain stage they address e.g., equipment

manufacturing as well as hydrogen production, transport, storage, and usage.

Table 1
Clustered overview of feasible hydrogen policies (exemplary selection).

R&D Ramp-up Operations
Industrial-
ization

Infra-
structure

Supply Demand

Finan-
cial
(fixed)

Research
projects,
grants,
demonstra-
tion projects

Investment
subsidies,
favorable
loans & de-
preciations

Investment
subsidies,
favorable
loans & de-
preciations

Investment sub-
sidies, capacity
schemes

Investment subsi-
dies, purchase pre-
miums

Finan-
cial
(vari-
able)

Cost-based
compen-
sation,
milestone
payments

Production
credits, pilot
projects

Levy’s, fuel
subsidies,
credits

Fixed credits, fixed
and floating pre-
miums, CfDs, tax
exemptions

Fixed credits,
fixed and floating
premiums, CfDs,
CCfDs

Non-
finan-
cial

Guarantees and favorable loan access, leaner
administration and permitting

Guarantees and favorable loan access,
quotas and portfolio standards, leaner
administration and permitting

Conversely, classifying policies as primary or secondary is more common in the literature (e.g., del Río et

al., 2017; Huber et al., 2007; Kitzing et al., 2012). This distinction developed from early policy analysis

when instruments such as quotas, feed-in-tariffs (FITs), or tendering dominated (del Río & Mir-Artigues,

4



2014). Another approach is to distinguish if policies use financial incentives or are non-financial, such as

command-and-control measures (see e.g., Henrique de Mello Santana et al., 2019). Additionally, financial

mechanisms can be based on fixed payments, usually at the beginning of a project, or be recurring and

variable, e.g., according to output. Table 1 provides an illustration of policies clustered according to the

described properties. Primary polices are depicted in italics.

3.2 Operating policies for green technologies

Initially, hydrogen technologies have often been supported through research policy and demonstration

projects. The aim of these instruments is to accelerate the technical development and illustrate first ap-

plications which would then attract demand in the market. These measures are typical technology-push.

Subsequently, many governments moved on to industrialization measures by setting up grants, subsidies, or

pilot projects that benefit specific technologies, particularly in an early phase of ramp-up (Henrique de Mello

Santana et al., 2019). By now, operating measures aimed at scaling the adoption of hydrogen technologies

increasingly come into the focus for policymakers.

3.2.1 Primary operating schemes

Many countries plan to introduce or have already launched operating policies to create a hydrogen market

(demand pull measures) (see e.g., International Energy Agency (IEA), 2023), including 15 of the G20 mem-

bers (see table 2). These policies address a high number of market participants at high volumes so that

they are usually leaner, less bureaucratic, and aim more strongly at efficiency compared to project specific

funding

in R&D or industrialization. They can be divided into quantity instruments like quotas or portfolio standards

on the one hand, which function e.g., as command-and-control measures by regulating certain usage shares

that must be met, or as incentives by being awarded tradable certificates that can be sold (Abolhosseini &

Heshmati, 2014). In the past, these instruments have seldomly lived up to expectations because they provide

a low level of investment security (see e.g., Butler & Neuhoff, 2008; del Río & Mir-Artigues, 2014; European

Commission, 2013; Mitchell & Connor, 2004).

On the other hand, literature on RE delivers many evaluations on the performance of price-based instruments

with most of them favoring FITs and feed-in-premiums (FIPs) (Bersalli et al., 2020; Kilinc-Ata, 2016; Winkler

et al., 2016). Such mechanisms incite operations via output-based payments and lead investors to aim for

maximized production. Due to this, they resulted in superior outcomes for RE and are now again frontrunners

in proposals for hydrogen (see e.g., Özdemir et al., 2020; Talebian et al., 2021; Zheng et al., 2022). In general,

5



Table 2
Overview of hydrogen operating policies among G20 members (proposed law and in force).

Country Policy or Scheme Mechanism Source

Australia Hydrogen Headstart
Program

Fixed Premium (w/
Upside Sharing)

Australian Renewable Energy
Agency (2023)

Brazil National Hydrogen Pro-
gram

Investment & tbd
Production Subsidy

Proposed Artt. 26 ff. Bill 2308/23,
Chamber of Deputies (2023)

Canada Investment Tax Credit
for Clean Hydrogen

Investment Subsidy Proposed Sec. 127.45 Income Tax
Act, Bill C-59, Parliament of
Canada (2024)

China New Energy Vehicles
Dual Credit Policy

Tradeable Credits
Scheme

Government of the People’s Re-
public China (2020)

European Union EU Hydrogen Bank In-
novation Fund Auctions

CfD European Commission (2023),
with Art. 10 par. 8 subpar. 11
Directive (EU) 2023/959

France Support for the Produc-
tion of Renewable and
Low-Carbon Hydrogen

CfD Artt. L812-2 ff. Code de l’énergie

Germany 1) Innovation Fund
Auctions-as-a-Service

1) CfD 1) Federal Ministry for Economic
Affairs and Climate Action (2023)

2) Climate Protection
Contracts

2) CCfD 2) Federal Ministry for Economic
Affairs and Climate Action (2024)

India Incentive Scheme for
Green Hydrogen Pro-
duction

Fixed Premium Order No. 353/40/2023-NT, Min-
istry of New and Renewble Energy
(2023)

Italy Production Incentives
for Gaseous Fuels from
Renewable Sources

CfD Ministero dell’Ambiente e della Si-
curezza Energetica (2024)

Japan Supply Chain Subsidies CfD Ministry of Economy, Trade and
Industry (2024)

Russia Implementation Cost
Compensation

Investment Subsidy Ordinance No. 1679, Government
of the Russian Federation (2023)

South Africa Green Hydrogen Com-
mercialisation Strategy

No final decision
yet (probably CfD)

The Department of Trade Indus-
try and Competition (2022)

South Korea Hydrogen Power Genera-
tion Bidding Market

Portfolio Standard Art. 25-6 Hydrogen Economy Pro-
motion and Hydrogen Safety Man-
agement Act

United Kingdom The Hydrogen Produc-
tion Business Model

CfD Sec. 57 f., 65 f. Energy Act 2023

United States Hydrogen Production
Tax Credits

Fixed Premium 26 U.S. Code 45V
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payments are realized through direct payments, tax credits,7 or by representing a fixed or floating premium

on top of the market price up to purely financial contracts for difference (CfDs). The amount of these

payments can either be determined administratively, yet then they suffer from time-lag and information

asymmetry, or be competitive and auction-based (Fabra, 2021; Haufe & Ehrhart, 2018).

Table 3
Properties of typical operating mechanisms.

Type Most notable properties

Quota - Little investment security due to uncertain future demand and prices
Instruments - Full market integration and no government payments needed

Fixed (Indexed) - High level of investment security through feed-in and price guarantee
Price or Tariff - No price incentives (at least not without additional design features)

- Incites maximized production

Fixed - Low level of investment security due to price uncertainty
Premium - Medium production incentive due to low prices at high electricity supply

- Increased incentives for system conducive control interventions

Floating - Effectively very similar to FIT, including strong investment security
Premium - Increased market integration with no price risk (possibly even upside potential)

- Incites maximized production in its standard design

CfD - High level of investment security coupled with a market integrative process
- Entirely financial nature enables designs with strong market incentives

CCfDs are a specific type of CfDs and provide investors with a guaranteed carbon price above the actual

level, the so-called strike price (European Commission, 2022; Richstein & Neuhoff, 2022). This mechanism

facilitates in its basic form a reliable payment per abated unit of carbon emissions. However, CCfDs come

in different designs such as with or without a payback requirement when carbon prices are above the strike

price or with administrative or auction-based price determination. Also, different award procedures can be

leveraged to achieve specific goals, for instance, auction-based awards are preferable to achieve static cost-

efficiency while multi-criteria procedures can be used to prioritize effectiveness in CO2 reduction (Rilling

et al., 2022). CCfDs are usually deemed to be a suitable policy for the energy intensive or hard to abate

industry in hydrogen usage sectors, such as steel or fertilizer production (Richstein & Neuhoff, 2022).

Guaranteed sales prices or FITs offer output-based payments for a pre-determined timeframe and thus provide

independence from market demand and prices. Conversely, premiums can either be a fixed markup to market

revenues or floating to pay for the difference to a reference price. As such, floating premiums are comparable

to FITs but entail deeper market integration and can yield proceeds above the reference value (Klobasa
7Many European publications do not classify tax credits as a primary support measure e.g., del Río et al. (2017) and Kitzing

et al. (2012). Yet, they have a long tradition in US RE policy, see Murray et al. (2014), and are now again used as the primary
US scheme for hydrogen support, see Sec. 45V of the Internal Revenue Code, as enacted by the Inflation Reduction Act
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et al., 2013). CfDs operate similarly but with the key distinction that operators are required to pay back

such extra proceeds (Kitzing et al., 2012; Neuhoff et al., 2022). As a targeted instrument for risk reduction,

they are also economically more efficient, even more so when technologies mature (Neuhoff et al., 2022).

Particularly in EU policy, auctioned CfDs are therefore the favored incentive mechanism (see e.g., Council

of the European Union, 2023). CfDs, premiums, and fixed prices can moreover take many different designs

regarding contracting partner, payout scheme, reference period, unit of reference (e.g. actual production or

reference plant), etc (see e.g., Beiter et al., 2023; Rilling et al., 2022; Schlecht et al., 2024).

Price-based
operating
schemes

Fixed sales
price or tariffs

Indexed
tariffs/credits

Fixed premiums
or credits

Floating
premiums
(market
premia)

Contracts
for differ-

ence (CfDs)

Determined either administratively or competitively via auction mechanisms

Fig. 2. Structure of typical operating mechanisms.

3.2.2 Relevant secondary policies

Next to these schemes, governments may employ secondary policies which supplement them or serve as an

administratively leaner alternative. Combinations of instruments may particularly be justified to account for

coexisting market failures or to achieve multiple goals (del Río & Mir-Artigues, 2014). A common instrument

in this context are investment subsidies or grants which allow for investors to cover part of their upfront

investment as a one-off non-reimbursable payment, usually at the construction of a project (Kitzing et al.,

2012). They incite to take on an investment by reducing its initial burden (Abdmouleh et al., 2015), but do

not encourage maximized or efficient output. These measures are thus also suited as ramp-up policies.

A similar effect can be achieved by providing preferential financing conditions, i.e., loans at lower rates,

longer repayment periods, or interest holidays to investors so that taking on debt becomes less costly (del

Río & Mir-Artigues, 2014). Even though these preferred conditions do not represent direct payments, they

entail reduced costs which have the same effect. Capacity payments on the other hand are usually auction-

determined and do not play a prominent role for RE but are regularly used in general energy policy to

award fixed payments for stand-by capacity and only a minor share of payments for actual use (see e.g.,

8



Homan & Brown, 2021; Ocker et al., 2018; Pollitt & Anaya, 2020). Another common practice to supplement

major schemes are exemptions from taxes, levies and similar electricity or gas price components which reduce

operating costs (del Río & Mir-Artigues, 2014; Kitzing et al., 2012).

3.3 Value chain interrelations

Most direct support policies address a single type of technology. Yet, being linked within the value chain,

they typically take effect beyond the scope of a single technology stage so that spillovers and interrelations

should be carefully considered. For instance, supporting hydrogen production entails an increased supply

of cheap hydrogen which contributes to closing the funding gap for application technologies, and vice-versa.

Such a positive spillover from supply policy to demand sectors has already been observed for RE policy

(see e.g., Yi & Feiock, 2012). Similarly, hydrogen technologies cannot be considered only by themselves, as

synergies, spillovers, and externalities with other sectors are key to their development and success (Hanley

et al., 2018). This is particularly the case with respect to the electricity market and application technologies

for hard to abate sectors.

Drawing conclusions from RE, most primary policies address electricity supply. One reason for this could

be that renewable electricity is a homogeneous good,8 serving as an input for a diverse market of demand

applications. This might also be an advantageous strategy for green hydrogen which is expected to be

produced predominantly from electrolysis (Zainal et al., 2024), while its use can lie in many different ap-

plications. Related to this, hydrogen availability represents one constraint for the ramp-up of the hydrogen

economy at the moment, so that additional demand stimulus may only entail higher prices (Farrell, 2023).

Modelling further shows production subsidies and corresponding electricity incentives to be more effective

in reducing greenhouse gas emissions than demand side policies (Talebian et al., 2021). Moreover, supply

side measures are also better suited to reduce uncertainties and mitigate externalities as described in the

subsequent chapters.

These indications thus suggest that it is a reasonable strategy to provide hydrogen at competitive prices and

exert influence over the entire value chain. This can be flanked by additional measures in R&D and indus-

trialization, and, particularly at this stage of the technological development, in infrastructure and demand

use cases to address further funding gaps (del Río & Mir-Artigues, 2014; International Renewable Energy

Agency (IRENA), 2021). These are often related to further immature technologies and the uncertainties

related to long-term commitment for infrastructure investments. Also, with demand applications requiring
8Electricity also exhibits properties of a heterogeneous due to different timing and properties of the generation technology,

but for the argument above it can be considered homogeneous (Hirth et al., 2016).
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diverse and low hydrogen prices to reach breakeven, use-case-specific policies can be utilized to balance or

prioritize specific applications. The subsidies paid on the supply side should then entail that less support is

needed in other sections of the supply chain.

4 Policy options to mitigate uncertainty

As the hydrogen economy is still in a nascent stage, there is significant uncertainty regarding how technology,

markets, and cost factors might evolve as well as if high investments can be recouped. Such uncertainty

is commonly present in early development stages of new technologies and may hinder robust inflows of

private capital (Mazzucato, 2011). Particularly investments that require a long time to amortize exhibit

strong risks when private contracts are only of short duration, consequently they are unsuited as hedges

(Neuhoff et al., 2022; Schlecht et al., 2024). Additionally, the hydrogen economy is closely integrated into

the likewise transitioning electricity market so that it faces further uncertainty from this sector interplay in an

environment of firm regulatory dynamic. Hence, government policies must go beyond financial funding and

accelerating the market development to address all these uncertainties as well. By implementing dedicated

mechanisms, support policy can provide the required funding and simultaneously reduce uncertainty, decrease

risk-related markups, and enable access to private funding by providing more attractive business cases.

4.1 Electricity markets introduce uncertainty

RE technologies are to a large extent non-dispatchable, so they produce electricity depending on the inter-

mittent availability of wind and sun, and as such introduce volatility into electricity grids (see e.g., Ciarreta

et al., 2020; Dong et al., 2019; Nguyen et al., 2019). With expanding RE shares and, for now, mostly inflexi-

ble electricity demand, this implies intensifying fluctuations in market clearing prices and an increasing need

for storage (Hirth et al., 2015).9 Figure 3 illustrates the volatility of electricity prices. These developments

affect the economics of electrolyzers by limiting runtime10 and increasing electricity costs so that produced

quantities as well as achievable margins compress and become less predictable for investors. Additionally,

many countries maintain regulations that limit the creditability of green hydrogen, for instance geographi-

cally, to periods of high RE share in the grid, or to direct line connections with RE plants (e.g., Commission

Delegated Regulation (EU) 2023/1184). This further raises volume risk and/or electricity price risk which

are key issues for the business case of electrolyzers.

Own production or power purchase agreements (PPAs) can stabilize the costs of electricity via fixed long-
9Empirical evidence from Spain: Ballester and Furió (2015).

10So-called volume risk (Schlecht et al., 2024).
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Fig. 3. Development of electricity prices in Germany, Jan. 2024 (Data: Bundesnetzagentur, 2024b).
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term conditions. However, with direct line connections to RE plants, such arrangements imply intermittency

caused by the dependency on usually only one type of generator technology (International Renewable Energy

Agency (IRENA), 2021). This is not necessarily an issue if electrolyzers are allowed to also take electricity

from the grid, but in many cases, green hydrogen regulations only allow for this in limited exemptions

(e.g.,Commission Delegated Regulation (EU) 2023/1184, Ruhnau & Schiele, 2023). The aim behind this

restriction is to guarantee hydrogen production from pure RE sources. Yet, such regulations as well contribute

to increased uncertainty and provide less opportunity to use hydrogen production to mitigate excess supply in

the grid (Ruhnau & Schiele, 2023). Like this, policies can hinder the inclusion of electrolyzers into electricity

markets and increase business risks through further electricity price volatility and uncertainty regarding the

number of achievable full load hours.

4.2 Mechanisms to foster investment security

One way to mitigate the described risks is to implement output-independent mechanisms like investment

subsidies or capacity mechanisms. In this case, investment and operating risks are mitigated as the initial

investment costs are recovered independently from achieved operational time at positive margin. Yet, such

mechanisms in pure shape can in turn provide false incentives, leading to an under-utilization of production

capacities (Winkler et al., 2016). This typically prompts policymakers to prefer output-based interventions
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that provide stable selling prices, like fixed prices, floating premiums, or CfDs, leaving only the quantity risk

to investors. Fixed premiums or tax credits also close the funding gap but leave investors with full exposure

to hydrogen price volatility (Fabra, 2021). Consequently, the latter tend to outperform pertaining market

integration but underperform in terms of investment security and support costs because investors require

additional risk premiums, making debt financing more costly (Beiter et al., 2023; European Commission,

2013; Kitzing, 2014).

However, these output-based mechanisms still do not offset electricity price risks – at least not without further

adjustments. One such adjustment can for instance be to index production remuneration respective

to the electricity price11 While this involves continuous changes to the level of remuneration, it stabilizes

the hydrogen sales price vis-à-vis its production costs and thus preserves margins. The more frequent these

adaptions, the less market integration and the fewer the risks that investors bear.

Another alternative is to directly address the electricity price risk by implementing a sufficiently low and

fixed purchase price. With hydrogen being easily stored or buffered in pipeline networks, its price is

less volatile than electricity (Zheng et al., 2022), as illustrated with figures 3 and 4. Such an approach

can close the funding gap similarly to production credits while at the same time alleviating the supply cost

uncertainty. A disadvantage to this is, that support levels need to be regularly adjusted because of medium-

or long-term hydrogen price trends, which may pose an issue when prices and thus margins decrease or may

lead to over-support vice versa. As a solution, subsidized electricity prices can be anchored or indexed to

changes of the hydrogen market price. The shorter these intervals, the more dynamic the price adjustment

and the less uncertainty investors bear.

4.3 Trade-off against the permeability to price signals

Being positioned at the intersection of electricity and hydrogen markets, the design of such policies is decisive

to balance the trade-off between investment security and system conduciveness. Fixed premiums or discounts

for instance integrate market signals but pass through price volatility which is a key risk for plant operators.

They thus contradict the initial aim of fostering investment security. This is not the case with a fixed supply

price, floating premiums or CfDs. However, these mechanisms incite continuous operation at full load as price

signals are covered.12 Consequently, to achieve both goals, the subsidized price must be at least partially

decoupled from market price volatility. Yet, it should still sufficiently allow for market signals, as electricity

prices are uniquely suited to indicate efficient hydrogen production timing (see Griffiths et al., 2021).
11Similar adjustments have been used with RE policy where FITs were indexed on e.g., exchange rates or natural gas prices

(Kitzing et al., 2012), yet this can as well be done according to input costs
12Through fixed tariff payments above marginal costs, profit maximizing investors are incentivized to maximize production.
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Fig. 4. Development of hydrogen prices in Germany, Jan. 2024 (Data: E-Bridge Consulting, 2024).
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Such an intermediate solution can be achieved by implementing extended reference periods, used to

calculate average market prices (to then determine the differential vis-à-vis a strike price) (Neuhoff et al.,

2022). By basing the calculation of the average market price on a longer timeframe, intra-period price

differences are no longer muted and create incentives again (Schlecht et al., 2024). Like this, indexed schemes

or market premia policies become permeable to price signals while longer price trends are mitigated. This

solution can be leveraged to calculate the reference value for an electricity index based on average prices for

the case of a hydrogen production subsidy.

Some countries conversely stipulate policies where subsidies are only fixed up to pre-defined parameters,

while they are reduced or withdrawn beyond (see e.g. § 51 sec. 1 with § 51a sec. 1 EEG and Government of

the Netherlands, 2020). Such a mechanism is suited for a fixed electricity purchase price when implementing

a maximum subsidized runtime (Newbery et al., 2018) so that electrolysis operators are incentivized

to run their operation at times of peak margin to maximize profit. The government subsidy would in this

case need to be a sliding discount or CfD with a reference value determined according to times of lowest

electricity prices. Operating electrolyzers in times of excess electricity supply is in this case an independent

decision of market participants without the need for ad-hoc government intervention – with all associated

advantages. This functions best with local pricing zones if limited transmission capabilities cause local

congestions (Newbery et al., 2018).
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5 Addressing externalities as a third goal

Allowing for market signals to partially pass through the scheme and thus inciting system-conducive electrol-

ysis enables an efficient integration of hydrogen technologies into the energy system. Beyond that, hydrogen

production can furthermore be leveraged to explicitly reduce volatility in the grid by providing flexible offtake

capacity. While electricity pathways in general exhibit a higher efficiency, making direct electrification more

attractive, developments like an increased adoption of e.g., wind energy nevertheless represents a driver for

flexible hydrogen production due to its potential in mitigating excess electricity (Hanley et al., 2018). While

these properties are well-known, their specifics are seldomly considered when designing support schemes.

5.1 The positive externality of mitigating fluctuations

At high RE shares from wind and solar, electricity supply in grids often exhibits a strong geographic and

temporal simultaneity which strains the grid’s transport capacity and subsequently necessitates re-dispatch

and shut-offs (Joskow, 2011). This is rooted in technology-specific production profiles or local accumulation

of e.g., wind turbines in coastal regions. With extending RE capacity, future electricity infrastructure will

increasingly benefit from flexibility in production, load, or storage capacity to stabilize grids and electricity

prices (Karaduman, 2021). A recent meta study estimates that 1-3 TWh of flexible capacity will be required

for the European Union and the U.S. each in a scenario with over 80 % and PV-dominated variable RE share

(Cebulla et al., 2018). The International Renewable Energy Agency (IRENA) (2017) estimates a required

worldwide capacity of 11.9 to 15.7 TWh at an 80 % RE share, of which 52 % are solar and wind, which

is about triple the current capacity. What’s more, power-to-gas technologies like electrolysis are a suited

option to avert transportation bottlenecks and mitigate excess supply.

In general, all types of electrolyzers are capable of providing flexibility, yet different technologies have di-

verging start-up and reaction times which make them distinctly suited for specific use-cases or load profiles

(see Buttler & Spliethoff, 2018). However, regulation may represent an obstacle if it hampers e.g., taking

electricity from the grid or, requires simultaneity with the production of physically or virtually coupled RE

plants (Ruhnau & Schiele, 2023). Beyond forgoing the chance to capture positive externalities, hydrogen

generation costs even increase in such a scenario compared to an approach where the grid can be used flexibly

(Terlouw et al., 2022). Allowing for unhindered trading according to price signals can consequently reduce

the levelized costs of hydrogen by up to 50 % and decrease required subsidies (Ruhnau & Schiele, 2023).

Additionally, investments for the extension of electricity grids can be reduced by this and as such contribute

further to cost savings. Yet, with these cost savings materializing outside of their scope, electrolysis oper-
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ators do not consider this in dispatch or in their investment and pricing decisions – representing a positive

externality. Hydrogen production thus exerts a mutual benefit when operated conducive to electricity grids.

Beyond allowing for market signals to be perceptible, the value of this externality must then be priced ac-

cordingly to avoid under-investment (Fabra, 2018). Therefore, leveraging these benefits requires targeted

government incentives and specific considerations when designing policies.

5.2 Low utilization rate detriments investment incentives

The key dilemma in balancing electricity grids is, that in an energy-only setting, imbalances must exert

strong price peaks for investments in flexible capacity to be taken and to allow for investors to recoup their

costs in these few moments (i.e., at very low utilization rate) (Fabra, 2021). Effectively predicting these

peaks nonetheless comes with strong uncertainty and consequently also yields higher risk premiums. This is

particularly the case for high capital expenditure technologies which require even more runtime at positive

contribution margins to break even.13

Theory additionally predicts that such scarcity pricing leads to an inefficient allocation due to imperfect

competition and restricted market entry under real conditions (Fabra, 2018).14 With price signals moreover

translating into additional physical capacity after a long time-lag, energy-only remuneration induces boom

and bust cycles so that the efficient functioning of such markets is hindered (Ford, 2002). Flexible power

markets are therefore commonly characterized by auctioned capacity payments, including a compensation

per utilized energy unit.15 This approach stabilizes cash-flows and reduces revenue risks for investors, yet

RE research also finds capacity-based support to lead to disadvantages like unfavorable incentives for an

output-oriented plant design and lower produced quantities (Winkler et al., 2016). It may therefore be

better suited for the dedicated provision of flexible capacity.

Remuneration schemes for system-conducive electrolysis should consequently at least partially be based on

production incentives. Nevertheless, being a technology not yet manufactured at scale, electrolyzers

entail rather high investment costs (Buttler & Spliethoff, 2018), which then need to be recouped through

contribution profit in times of operations. Because of this, limited runtime puts such high investment cost

technologies at a disadvantage and tends to favor solutions with a relatively high operating cost share, such

as batteries. As a result, electrolyzers cannot profitably take part in the grid-related storage market today
13Recouping investments in high capital technologies requires particularly high contribution profits so that peak prices must

be even better timed in these cases.
14As this concerns electricity supply, it is only directly applicable to flexible fuel cells, but the general mechanism similarly

relates to electrolyzers in case of electricity surplus.
15See e.g. for Australia, UK, US and Europe: Homan and Brown (2021), Ocker et al. (2018), and Pollitt and Anaya (2020)

See also Kozlova and Overland (2022). RE plants are often exempted from participation in capacity schemes because they are
not sufficiently reliable (Kozlova et al., 2023).
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(Karaduman, 2021; Macedo & Peyerl, 2022).16

According to Nguyen et al. (2019), the cost optimum of operating electrolyzers without policy interventions

lies in the rage of 95-97 % utilization, depending predominantly on local electricity prices and price volatil-

ity.17 Achievable full load hours for grid services are usually much lower than this and are expected to

reach for instance in most locations of Germany less than 2 %.18 Altogether, following a business model of

providing flexible capacity yields limited production incentives and comes at a high cost to society due to a

low utilization which increases the levelized costs of hydrogen. Hydrogen policies focused solely on providing

flexibility are thus usually not economical and do not deliver the desired amounts of hydrogen.

5.3 A perspective policy approach

Society aims to achieve two goals simultaneously, namely maximize hydrogen production and at the same time

utilize the stabilizing externality of electrolysis for grids. Policymakers should accordingly consider the need of

electrolysis operators for a profitable and sufficiently de-risked business and the effect that this business exerts

towards the electricity grid. To bring all this together, fixed output-based payments as well as pure capacity or

investment-based mechanisms are not expedient. Literature thus suggests referring to intermediate solutions

like two-part-tariffs to resolve such conflicting goals (see e.g., Fabra, 2021; Huntington et al., 2017; Lesser

& Su, 2008; Newbery et al., 2018).

Typically, such a two-part-tariff would be made up of an output-independent and an output-dependent com-

ponent, where the output-independent component (investment or capacity payment) covers the investment

net of future profits from operations (Fabra, 2018). With respect to the outlined uncertainties in the hydro-

gen sector, future revenues and profits are however difficult to predict for investors. Alternatively, Andor

and Voss (2016) suggest utilizing capacity and operating subsidies to offset learning-by-doing19 externalities

with capacity support and environmental externalities with operating support in addition to electricity mar-

ket prices. Nevertheless, this too is hard to quantify in practice, particularly for hydrogen if externalities

respective to the grid are to be considered.

Recent studies point to production or electricity incentives in the form of capacity-like solutions, to be

more cost-efficient and effective at reaching climate goals (e.g., Özdemir et al., 2020; Talebian et al., 2021).

Policies based on a maximum number of full-load-hours represent such a solution as they guarantee output-

based payments but with pre-determined runtime to induce flexibility. Investors thus benefit from investment
16This is still the case for a supplementary business model since low electricity prices and congestions often coincide so that

utilization can increase only marginally (Larscheid et al., 2018).
17Increasing electricity price and price volatility result in an optimally lower number of full load hours (Nguyen et al., 2019).
18Larscheid et al. (2018) find only 4 locations in Germany requiring more than 200 full load hours per year.
19For this effect see e.g., Andor and Voss (2016), Huntington et al. (2017), and Newbery et al. (2018).
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security and reliable revenue streams while still being subjected to market forces to a substantial extent.

With regulators determining a utilization rate ex-ante, competitive auctions using this mechanism ensure

sufficient but efficiently low support payments for low and high runtime models alike. It allows investors

to consider downtime from the start and incorporate it into bids so that grid responsiveness is no longer

associated with revenue risks.

For the grid, electrolysis that, by design, incites plant operations at low electricity prices constitutes an effi-

ciency improvement by mitigating excess electricity without further straining the grid in periods of shortage.

Figure 5 illustrates operations under such a mechanism with an exemplary runtime limit of 90 %. It shows

how operators can make use of subsidized fixed supply prices (Fig. 5: flat black line, here at 52 EUR/MWh)

while still being incited to shut down or regulate electrolyzers to a technologically feasible minimum for

electricity shortages (dark grey peaks). Regulators can also leverage this to strategically account for flexi-

bility requirements and align the electrolysis rollout with grid development objectives to reduce the need for

flexible capacity. This facilitates the advance of RE at diminished risk to grid stability and at lower cost.

Fig. 5. Illustration of plant operations with proposed mechanism (Data: Bundesnetzagentur, 2024b).
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Calculating the reference value for CfDs according to the lowest electricity prices within the utilization period

implies that investors only receive full profits when operating with ideal timing, while profits diminish when

deviating. Implementing the subsidy payout through such CfDs ensures that incentives for all involved actors

are aligned and requires electrolyzers to be closely integrated into electricity markets, thus leaving it up to

investors to develop predictive solutions for optimized operating schedules. Recent advances in artificial

17



intelligence open new possibilities in this field (see e.g., Ahmad et al., 2021; Ali & Choi, 2020). To deter

false incentives due to surplus runtime at the end of a settlement period, such an instrument could include

e.g., banking mechanisms, like the Dutch SDE++ program (see, European Commission, 2020), to transfer

unused or overused subsidies to the next period.

In general, regulators may choose which utilization rate to auction according to grid development require-

ments. This could be done in a very diverse range from “marathon runner” plants, which exhibit high

utilization and only shut down in strong electricity shortages, to “sprinter” plants, which are particularly

responsive to short-term fluctuations and exhibit lower utilization. Figures 5 and 6 illustrate these types

each. Such categorization has the advantage of fostering self-selection among different electrolysis technolo-

gies, according to differentiated technological and economic properties (i.e., comparative cost advantages).20

This further enhances the scheme’s market integration and reduces the need for policymakers to regulate

aspects that require detailed assessments of technological developments.

Fig. 6. Exemplary operations for low runtime policy: "sprinter" (Data: Bundesnetzagentur, 2024b).
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5.4 Geographic distribution and trade implications

Next to temporal fluctuations, electricity grids are furthermore increasingly affected by geographical imbal-

ances when the share of RE rises. A beneficial placement of electrolyzers can contribute to reducing RE
20Regarding properties and use cases see e.g., Buttler and Spliethoff (2018) For instance, PEM (proton exchange membrane)

electrolyzers are often advantageous when volatility is high, while other technologies exhibit advantages when load profiles are
more continuous.
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curtailment in locations prone to congestions and improve the overall costs of grid operations (Larscheid et al.,

2018; N.V. Nederlandse Gasunie & TenneT TSO B.V., 2020). Tenders represent an option for policymakers

to incorporate additional provisions such as localization requirements so that targeted policy can contribute

to reducing intermittency costs by utilizing power to hydrogen (Nasiraghdam & Safari, 2020). However,

profitable full load hours are particularly high at these locations (Larscheid et al., 2018), so that projects

require lower support and these bids are more likely to be awarded. Project developers could therefore be

expected to develop these locations preferentially, implying that market forces might already be sufficient to

address optimal location choices without a need for government intervention. Yet, sector coupling might also

give way to externalities for instance when it is cheaper to transport gaseous hydrogen instead of extending

the electricity grid or when long-term storage is needed (N.V. Nederlandse Gasunie & TenneT TSO B.V.,

2020).21 Depending on the specific situation, integrating localization provisions into tenders can then still

be beneficial.

Another issue to keep in mind is the effect of international trade. If the aim with supporting electrolysis is to

foster the entire value chain via the affordable and abundant availability of green hydrogen, then the sale on

outside markets at higher prices may be unintended. Particularly with an effective transport infrastructure

in place, such a commodity below unsubsidized market prices would be a probable subject to arbitrage.

To avoid this while not erecting trade barriers, boarder adjustments similar to carbon boarder adjustment

mechanisms22 might be sensible.

6 Discussion

Many authors have contributed to the issue of trading off investment security and operating incentives in the

context of RE. Some argue that capacity subsidies are particularly effective at generating cost decreases via

learning-by-doing (e.g., Andor & Voss, 2016; Huntington et al., 2017; Newbery et al., 2018). Yet, as capacity

mechanisms are less efficient, (Nguyen et al., 2019; Özdemir et al., 2020) they promote this by achieving

a lot of inefficiently utilized capacity if they are the single support mechanism. Andor and Voss (2016)

thus suggest utilizing both, capacity and operating subsidies for RE, to offset the learning externality with

capacity support and environmental externalities with operating support in addition to electricity market

prices (Andor & Voss, 2016). Nevertheless, this is difficult to achieve in practice since these externalities are

difficult to quantify for RE and even more difficult for hydrogen policy if the externality of grid stabilization
21However, power to gas technologies for energy storage for reconversion at the same location yield poor economics (Macedo

& Peyerl, 2022).
22Boarder adjustment mechanisms are used to avoid that firms escape carbon pricing by moving production outside of the

policy’s applicability or to avoid competitive advantages for foreign companies (i.e., carbon leakage, see Eicke et al., 2021).
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is to be considered in the support scheme.23

A related idea to this article’s proposal was raised by Newbery et al. (2018) based on a Chinese policy, where

FITs were only paid up to a specified MWh/MW cap. The authors argue to auction similar FIPs for RE

plants with the aim of de-risking investments and to make payment streams more predictable (Newbery et al.,

2018). This idea, while aimed at RE production, resembles the mechanism described in this article. Though,

premiums imply stronger market feedback and more revenue uncertainty compared to using CfDs. More

recent research has shown CfDs to outperform as a mechanism compared to FITs and premiums, especially

in the long-run when a technology is maturing and the mitigation of electricity market risk becomes more

relevant in a relative perspective (Neuhoff et al., 2022).

A similar24 policy is used by the Netherlands, where the amount of eligible full load hours per year is capped

to about 2,500. The aim behind this is to shift hydrogen production to times of peak excess electricity with

high RE share in the grid, so that CO2-intensity is reduced (Government of the Netherlands, 2020). However,

the full load hour cap is rather low, implying low equipment utilization, and uniform for all bidders. This

could be because the mechanism has been implemented for environmental reasons and not to better integrate

hydrogen and the electricity system. Also, the scheme utilizes FIPs with a cap and floor prices (Zheng et al.,

2022). The Dutch government plans to undertake a first evaluation of the scheme in 2024 which could give

indications on the market interest in the scheme. Evidence on the operation, including experiences with the

runtime cap, will be determined in 2030 (European Commission, 2020).

Clean energy policy is sometimes made up of multiple instruments that interact with each other, but where

the respective aims are not always clear (Özdemir et al., 2020). For instance, most economies have established

emission trading schemes and technology focused policies that address e.g., hydrogen. Experiences with RE

shows that technology support may weaken the effect of carbon pricing by reducing emissions in the energy

sector so that certificates are available for other sectors at a lower price (Wu et al., 2020). This might

be transferrable to hydrogen. Nevertheless, either certificates could just be reduced accordingly, or this

approach is intended to establish a mixed framework of burdens and subsidies. Moreover, research shows

that supplementary carbon prices can be utilized to counteract the cannibalization problem of RE.25

23Externalities vis-à-vis the grid also exist for RE, however they are negative and were in the past seldomly considered for
support schemes. Still, this shows that there are even more factors at play in reality. Andor and Voss (2016) further stress
that carbon pricing represents the first-best to mitigate externalities of greenhouse gases which, due to the policies interacting,
further complicates the quantification of remaining, if any, environmental externality and thus the administrative calculation
of operating payments. If none remain, the authors suggest using only capacity subsidies.

24Similarities focus on the fact that subsidies are capped to full load hour limits. Auctions are not simultaneous in this case,
but bids can be submitted in subsequent rounds with increasing price levels. Corrective measures, like base and cap prices,
emission factors, etc. are applied, (European Commission, 2020). The payout is accomplished through a FIP with cap and
floor prices (Zheng et al., 2022).

25At high shares, RE plants cannibalize their own profits by decreasing electricity prices at feed-in due to simultaneity.
Carbon pricing can counteract this effect (Liebensteiner & Naumann, 2022).
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7 Conclusion and policy recommendations

Many countries have lately introduced or are currently developing hydrogen policies. A starting point to

advice policymakers with such limited data, is to derive insights from related RE policy. Yet, the economics

as well as technological properties differ so that previous experiences with RE cannot be simply mirrored

but need to be adapted to fit for hydrogen. This paper takes a perspective of incentives, uncertainties, and

externalities to develop policy proposals that bring interests of investors, grid operators, policymakers and

in extension society together. The two key takeaways are that (1) hydrogen experiences most risk from

electricity markets which needs to be addressed with suited mechanisms on the supply side and (2) specific

schemes can bring the goals of maximized hydrogen production, investment security and the provision of

flexible load together, thus leveraging strong externalities.

Most currently discussed mechanisms prioritize production volume with little regard to the situation in

electricity markets – a shortcoming that was already criticized in RE policy – or are not welfare improving

due to higher uncertainty.26 When considering responsiveness the key priority, low runtimes favor capacity

mechanisms,27 which in turn prioritize flexibility and deliver low quantities of hydrogen. Policy must be

aware of this trade-off and adapt policies accordingly. Merging incentives for flexible electricity offtake and

strong hydrogen production should be the key goal, so policy could aim for a hybrid model where subsidy

payments are only fixed up to a predetermined number of full load hours. Combined with a specific payout

scheme of auction-determined CfDs, this incites profit maximizing investors to act responsive to the grid

through shutoffs or minimized operation while still providing predictable amounts of hydrogen.

Auctioning different shares of full load hours also allows regulators to acquire flexible load according to grid

requirements. Notably, such categories allow for the self-selection of different electrolysis technologies into

fitting use cases, for instance adjustable and capital-light versus highly efficient technologies for continuous

operation. Identifying a technology-application-fit, demand prediction, and optimized operations are then

handled by the market instead of regulatorily, averting inevitable distortions. Compared to current ap-

proaches, this can reduce support costs meaningfully and electrolyzers may better respond to RE availability

in the grid.28 Additionally, investment security is kept at a high level to safeguard the uptake of private

investment – particularly as increased uncertainty generally raises overall support costs (Kitzing, 2014).

One relevant issue that is mentioned briefly in the article is the influence of specific frameworks for the
26E.g., Andor and Voss (2016), Huntington et al. (2017), and Newbery et al. (2018). For FIPs and welfare losses due to

uncertainty: Neuhoff et al. (2022).
27This is due to low utilization, giving investors little possibilities to earn back their initial investment if very high peak prices

cannot be effectively imposed (Macedo & Peyerl, 2022).
28For the EU: Ruhnau and Schiele (2023). These benefits are even stronger in off-grid situations (Nguyen et al., 2019).
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creditability of green hydrogen which can represent a major obstacle to the entire concept of grid responsive

electrolysis. Detailed requirements like direct connections with RE plants or PPAs with exact load matching

can introduce restrictions that oppose system-conducive operations. Yet, this behavior would benefit the

absorption capacity of RE into the electricity grid. Regulatory interventions in this regard should thus be

carefully considered. Furthermore, investors will require some time to gain experience in predicting renewable

electricity intermittency. Policymakers should therefore act early on to establish a stable framework since

well-designed predictive algorithms give way to noticeable increases in the economic and environmental

performance of such systems (Grüger et al., 2019).

These results can serve policymakers in developing support schemes for the ramp-up of the hydrogen economy

while at the same time achieving a better integration into the energy system. Based on experiences with RE,

the proposals take incentives for each involved actor into consideration, aim at avoiding previous shortcomings

and offer a solution for the diverging economics of the hydrogen sector. The framework can also be adapted

to perform vice versa for electricity production from hydrogen. Similar to RE plants, payments could be

capped after reaching a limit on full load hours per period. CfDs would then only cover the price difference

for the periods of highest electricity market price to incentivize grid-conducive operations of for instance fuel

cell systems. Varying the auctioned cap on full load hours can again induce self-selection into fitting use

cases.

References

Abdmouleh, Z., Alammari, R. A., & Gastli, A. (2015). Review of policies encouraging renewable energy

integration & best practices. Renewable and Sustainable Energy Reviews, 45, 249–262.

Abolhosseini, S., & Heshmati, A. (2014). The main support mechanisms to finance renewable energy devel-

opment. Renewable and Sustainable Energy Reviews, 40, 876–885.

Ahmad, T., Zhang, D., Huang, C., Zhang, H., Dai, N., Song, Y., & Chen, H. (2021). Artificial intelligence

in sustainable energy industry: Status Quo, challenges and opportunities. Journal of Cleaner Pro-

duction, 289, 125834.

Ali, S. S., & Choi, B. J. (2020). State-of-the-Art Artificial Intelligence Techniques for Distributed Smart

Grids: A Review. Electronics, 9 (6), 1030.

Andor, M., & Voss, A. (2016). Optimal renewable-energy promotion: Capacity subsidies vs. generation

subsidies. Resource and Energy Economics, 45, 144–158.

Australian Renewable Energy Agency (Ed.). (2023). Hydrogen Headstart: Guidelines. Retrieved March 29,

2023, from https://arena.gov.au/assets/2023/10/Hydrogen-Headstart-Guidelines.pdf

22

https://arena.gov.au/assets/2023/10/Hydrogen-Headstart-Guidelines.pdf


Ballester, C., & Furió, D. (2015). Effects of renewables on the stylized facts of electricity prices. Renewable

and Sustainable Energy Reviews, 52, 1596–1609.

Beiter, P., Guillet, J., Jansen, M., Wilson, E., & Kitzing, L. (2023). The enduring role of contracts for

difference in risk management and market creation for renewables. Nature Energy.

Bersalli, G., Menanteau, P., & El-Methni, J. (2020). Renewable energy policy effectiveness: A panel data

analysis across Europe and Latin America. Renewable and Sustainable Energy Reviews, 133, 110351.

Boyce, J. K. (2018). Carbon Pricing: Effectiveness and Equity. Ecological Economics, 150, 52–61.

Bundesnetzagentur (Ed.). (2024a). Actual generation, hourly, Germany. Retrieved March 17, 2024, from

https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%

22selectedCategory%22 :1 , %22selectedSubCategory%22 :1 , %22selectedRegion%22 :%22DE%22 ,

%22selectedFileType%22:%22CSV%22,%22from%22:1694037600000,%22to%22:1694555999999%

7D

Bundesnetzagentur (Ed.). (2024b). Day ahead prices, hourly, Germany. Retrieved March 17, 2024, from

https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%

22selectedCategory%22 :3 , %22selectedSubCategory%22 :8 , %22selectedRegion%22 :%22DE%22 ,

%22selectedFileType%22:%22CSV%22,%22from%22:1672527600000,%22to%22:1675033199999%

7D

Butler, L., & Neuhoff, K. (2008). Comparison of feed-in tariff, quota and auction mechanisms to support

wind power development. Renewable Energy, 33 (8), 1854–1867.

Buttler, A., & Spliethoff, H. (2018). Current status of water electrolysis for energy storage, grid balancing

and sector coupling via power-to-gas and power-to-liquids: A review. Renewable and Sustainable

Energy Reviews, 82, 2440–2454.

Capurso, T., Stefanizzi, M., Torresi, M., & Camporeale, S. M. (2022). Perspective of the role of hydrogen in

the 21st century energy transition. Energy Conversion and Management, 251, 114898.

Cebulla, F., Haas, J., Eichman, J., Nowak, W., & Mancarella, P. (2018). How much electrical energy storage

do we need? A synthesis for the U.S., Europe, and Germany. Journal of Cleaner Production, 181,

449–459.

Chamber of Deputies (Ed.). (2023). Establishing the legal framework for low-carbon hydrogen. Retrieved

April 5, 2024, from https://legis.senado.leg.br/diarios/ver/114177?sequencia=140

Ciarreta, A., Pizarro-Irizar, C., & Zarraga, A. (2020). Renewable energy regulation and structural breaks:

An empirical analysis of Spanish electricity price volatility. Energy Economics, 88, 104749.

Council of the European Union (Ed.). (2023). Proposal for a Regulation of the European Parliament and

of the Council: Amending Regulations (EU) 2019/943 and (EU) 2019/942 as well as Directives

23

https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:1,%22selectedSubCategory%22:1,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1694037600000,%22to%22:1694555999999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:1,%22selectedSubCategory%22:1,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1694037600000,%22to%22:1694555999999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:1,%22selectedSubCategory%22:1,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1694037600000,%22to%22:1694555999999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:1,%22selectedSubCategory%22:1,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1694037600000,%22to%22:1694555999999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:3,%22selectedSubCategory%22:8,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1672527600000,%22to%22:1675033199999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:3,%22selectedSubCategory%22:8,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1672527600000,%22to%22:1675033199999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:3,%22selectedSubCategory%22:8,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1672527600000,%22to%22:1675033199999%7D
https://www.smard.de/en/downloadcenter/download-market-data/?downloadAttributes=%7B%22selectedCategory%22:3,%22selectedSubCategory%22:8,%22selectedRegion%22:%22DE%22,%22selectedFileType%22:%22CSV%22,%22from%22:1672527600000,%22to%22:1675033199999%7D
https://legis.senado.leg.br/diarios/ver/114177?sequencia=140


(EU) 2018/2001 and (EU) 2019/944 to improve the Union’s electricity market design. 16964/23.

Retrieved February 8, 2024, from https://data.consilium.europa.eu/doc/document/ST-16964-2023-

INIT/en/pdf

del Río, P., & Mir-Artigues, P. (2014). Combinations of support instruments for renewable electricity in

Europe: A review. Renewable and Sustainable Energy Reviews, 40 (1), 287–295.

del Río, P., Resch, G., Ortner, A., Liebmann, L., Busch, S., & Panzer, C. (2017). A techno-economic analysis

of EU renewable electricity policy pathways in 2030. Energy Policy, 104, 484–493.

Department of Energy (DOE) (Ed.). (2023). Hydrogen Pipelines: Hydrogen and Fuel Cell Technologies Office.

Retrieved August 24, 2023, from https://www.energy.gov/eere/fuelcells/hydrogen-pipelines

Dong, S., Li, H., Wallin, F., Avelin, A., Zhang, Q., & Yu, Z. (2019). Volatility of electricity price in Denmark

and Sweden. Energy Procedia, 158, 4331–4337.

E-Bridge Consulting (Ed.). (2024). Hydex & HydexPLUS – Kostenindizes für Wasserstoff: Aktueller Hyd-

exPLUS. Retrieved April 4, 2024, from https://e-bridge.de/kompetenzen/wasserstoff/h2index/

Eicke, L., Weko, S., Apergi, M., & Marian, A. (2021). Pulling up the carbon ladder? Decarbonization, de-

pendence, and third-country risks from the European carbon border adjustment mechanism. Energy

Research & Social Science, 80, 102240.

European Commission (Ed.). (2011). Communication from the Commission to the European Parliament and

the Council: Renewable Energy: Progressing towards the 2020 target. COM(2011) 31 final. Retrieved

August 16, 2023, from https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2011:0031:

FIN:EN:PDF

European Commission (Ed.). (2013). European Commission guidance for the design of renewables support

schemes: Accompanying the document: Communication from the Commission - Delivering the inter-

nal market in electricity and making the most of public intervention. SWD(2013) 439 final. Retrieved

January 30, 2024, from https://energy.ec.europa.eu/system/files/2014-10/com_2013_public_

intervention_swd04_en_2.pdf

European Commission (Ed.). (2020). State Aid SA.53525 (2020/N) – The Netherlands: SDE++ scheme for

greenhouse gas reduction projects including renewable energy. C(2020) 8773 final. Retrieved January

31, 2024, from https://ec.europa.eu/competition/state_aid/cases1/20212/287356_2229457_158_

2.pdf

European Commission (Ed.). (2022). Communication of the Commission: Guidelines on State aid for climate,

environmental protection and energy 2022. Official Journal of the European Union C 80/1.

European Commission (Ed.). (2023). Communication from the Commission to the European Parliament,

the Council, the European Economic and Social Committee and the Committee of the Regions on

24

https://data.consilium.europa.eu/doc/document/ST-16964-2023-INIT/en/pdf
https://data.consilium.europa.eu/doc/document/ST-16964-2023-INIT/en/pdf
https://www.energy.gov/eere/fuelcells/hydrogen-pipelines
https://e-bridge.de/kompetenzen/wasserstoff/h2index/
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2011:0031:FIN:EN:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2011:0031:FIN:EN:PDF
https://energy.ec.europa.eu/system/files/2014-10/com_2013_public_intervention_swd04_en_2.pdf
https://energy.ec.europa.eu/system/files/2014-10/com_2013_public_intervention_swd04_en_2.pdf
https://ec.europa.eu/competition/state_aid/cases1/20212/287356_2229457_158_2.pdf
https://ec.europa.eu/competition/state_aid/cases1/20212/287356_2229457_158_2.pdf


the European Hydrogen Bank: COM(2023) 156 final. Retrieved March 31, 2023, from https://eur-

lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52023DC0156

Fabra, N. (2018). A primer on capacity mechanisms. Energy Economics, 75, 323–335.

Fabra, N. (2021). The energy transition: An industrial economics perspective. International Journal of In-

dustrial Organization, 79 (1), 102734.

Farrell, N. (2023). Policy design for green hydrogen. Renewable and Sustainable Energy Reviews, 178, 113216.

Federal Ministry for Economic Affairs and Climate Action (Ed.). (2023). Joint press release - European and

International Energy Policy. Retrieved March 30, 2024, from https://www.bmwk.de/Redaktion/EN/

Pressemitteilungen/2023/12/20231220-boosting-sustainable-and-clean-energy-across-europe.html

Federal Ministry for Economic Affairs and Climate Action (Ed.). (2024). Richtlinie zur Förderung von kli-

maneutralen Produktionsverfahren in der Industrie durch Klimaschutzverträge (Förderrichtlinie Kli-

maschutzverträge – FRL KSV). Retrieved March 30, 2024, from https://www.bmwk.de/Redaktion/

DE/Downloads/F/foerderrichtlinie-klimaschutzvertraege-frl-ksv.pdf?__blob=publicationFile&v=

6

Ford, A. (2002). Boom and Bust in Power Plant Construction: Lessons from the California Electricity Crisis.

Journal of Industry, Competition and Trade, 2 (2), 59–74. https://doi.org/10.1023/A:1020826920972

Government of the Netherlands (Ed.). (2020). Government Strategy on Hydrogen. Retrieved November 14,

2023, from https://www.government.nl/documents/publications/2020/04/06/government-strategy-

on-hydrogen

Government of the People’s Republic China (Ed.). (2020). Decision on amending the Measures for the Parallel

Management of Passenger Car Enterprise Average Fuel Consumption and New Energy Vehicle Points.

Retrieved April 4, 2024, from https://www.gov.cn/zhengce/zhengceku/2020- 06/22/content_

5521144.htm

Government of the Russian Federation (Ed.). (2023). Ordinance: October 11, 2023, No. 1679. Retrieved April

2, 2024, from http://static.government.ru/media/files/kNQGZKgJOzph9TFnJESl8iYJBUWnUzqI.

pdf

Griffiths, S., Sovacool, B. K., Kim, J., Bazilian, M., & Uratani, J. M. (2021). Industrial decarbonization

via hydrogen: A critical and systematic review of developments, socio-technical systems and policy

options. Energy Research & Social Science, 80, 102208.

Grüger, F., Hoch, O., Hartmann, J., Robinius, M., & Stolten, D. (2019). Optimized electrolyzer operation:

Employing forecasts of wind energy availability, hydrogen demand, and electricity prices. Interna-

tional Journal of Hydrogen Energy, 44 (9), 4387–4397.

25

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52023DC0156
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52023DC0156
https://www.bmwk.de/Redaktion/EN/Pressemitteilungen/2023/12/20231220-boosting-sustainable-and-clean-energy-across-europe.html
https://www.bmwk.de/Redaktion/EN/Pressemitteilungen/2023/12/20231220-boosting-sustainable-and-clean-energy-across-europe.html
https://www.bmwk.de/Redaktion/DE/Downloads/F/foerderrichtlinie-klimaschutzvertraege-frl-ksv.pdf?__blob=publicationFile&v=6
https://www.bmwk.de/Redaktion/DE/Downloads/F/foerderrichtlinie-klimaschutzvertraege-frl-ksv.pdf?__blob=publicationFile&v=6
https://www.bmwk.de/Redaktion/DE/Downloads/F/foerderrichtlinie-klimaschutzvertraege-frl-ksv.pdf?__blob=publicationFile&v=6
https://doi.org/10.1023/A:1020826920972
https://www.government.nl/documents/publications/2020/04/06/government-strategy-on-hydrogen
https://www.government.nl/documents/publications/2020/04/06/government-strategy-on-hydrogen
https://www.gov.cn/zhengce/zhengceku/2020-06/22/content_5521144.htm
https://www.gov.cn/zhengce/zhengceku/2020-06/22/content_5521144.htm
http://static.government.ru/media/files/kNQGZKgJOzph9TFnJESl8iYJBUWnUzqI.pdf
http://static.government.ru/media/files/kNQGZKgJOzph9TFnJESl8iYJBUWnUzqI.pdf


Hanley, E. S., Deane, J. P., & Gallachóir, B. Ó. P. (2018). The role of hydrogen in low carbon energy

futures–A review of existing perspectives. Renewable and Sustainable Energy Reviews, 82, 3027–

3045.

Haufe, M.-C., & Ehrhart, K.-M. (2018). Auctions for renewable energy support – Suitability, design, and

first lessons learned. Energy Policy, 121, 217–224.

Henrique de Mello Santana, P., Passaro Bertazzoli, L., & Carvalho Jr, R. (2019). Classification and Effective-

ness of Energy Policy Mechanisms for the Promotion of Renewable Energy. International Journal of

Development Research, 9 (11), 31414–31424.

Hepburn, C., Stern, N., & Stiglitz, J. E. (2020). "Carbon pricing" special issue in the European economic

review. European economic review, 127, 103440.

Hirth, L., Ueckerdt, F., & Edenhofer, O. (2015). Integration costs revisited – An economic framework for

wind and solar variability. Renewable Energy, 74, 925–939.

Hirth, L., Ueckerdt, F., & Edenhofer, O. (2016). Why Wind Is Not Coal: On the Economics of Electricity

Generation. The Energy Journal, 37 (3).

Homan, S., & Brown, S. (2021). The future of frequency response in Great Britain. Energy Reports, 7, 56–62.

Huber, C., Ryan, L., Ó Gallachóir, B., Resch, G., Polaski, K., & Bazilian, M. (2007). Economic modelling

of price support mechanisms for renewable energy: Case study on Ireland. Energy Policy, 35 (2),

1172–1185.

Huntington, S. C., Rodilla, P., Herrero, I., & Batlle, C. (2017). Revisiting support policies for RES-E adult-

hood: Towards market compatible schemes. Energy Policy, 104, 474–483.

Impram, S., Varbak Nese, S., & Oral, B. (2020). Challenges of renewable energy penetration on power system

flexibility: A survey. Energy Strategy Reviews, 31, 100539.

International Energy Agency (IEA) (Ed.). (2023). Global Hydrogen Review 2023. Retrieved February 14,

2024, from https://www.iea.org/reports/global-hydrogen-review-2023

International Renewable Energy Agency (IRENA) (Ed.). (2017). Electricity storage and renewables: Costs

and markets to 2030. Retrieved November 14, 2023, from https://www.irena.org/-/media/Files/

IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017 .pdf ?rev=

a264707cb8034a52b6f6123d5f1b1148

International Renewable Energy Agency (IRENA) (Ed.). (2021). Green hydrogen supply: A guide to policy

making. Retrieved January 31, 2024, from https://www.irena.org/-/media/Files/IRENA/Agency/

Publication/2021/May/IRENA_Green_Hydrogen_Supply_2021.pdf

Joskow, P. L. (2011). Comparing the Costs of Intermittent and Dispatchable Electricity Generating Tech-

nologies. The American Economic Review, 101 (3), 238–241.

26

https://www.iea.org/reports/global-hydrogen-review-2023
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017.pdf?rev=a264707cb8034a52b6f6123d5f1b1148
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017.pdf?rev=a264707cb8034a52b6f6123d5f1b1148
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017.pdf?rev=a264707cb8034a52b6f6123d5f1b1148
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/May/IRENA_Green_Hydrogen_Supply_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/May/IRENA_Green_Hydrogen_Supply_2021.pdf


Karaduman, Ö. (2021). Economics of Grid-Scale Energy Storage: Presented at: Energy, COVID, and Climate

Change, Online - June 7-9, 2021 (International Association for Energy Economics, Ed.). Retrieved

November 14, 2023, from https://iaee2021online.org/download/contribution/fullpaper/179/179_

fullpaper_20200119_200815.pdf

Kilinc-Ata, N. (2016). The evaluation of renewable energy policies across EU countries and US states: An

econometric approach. Energy for Sustainable Development, 31 (11), 83–90.

Kitzing, L. (2014). Risk implications of renewable support instruments: Comparative analysis of feed-in

tariffs and premiums using a mean–variance approach. Energy, 64, 495–505.

Kitzing, L., Mitchell, C., & Morthorst, P. E. (2012). Renewable energy policies in Europe: Converging or

diverging? Energy Policy, 51, 192–201.

Klobasa, M., Winkler, J., Sensfuß, F., & Ragwitz, M. (2013). Market Integration of Renewable Electricity

Generation - The German Market Premium Model. Energy & Environment, 24 (1/2), 127–146.

Kozlova, M., & Overland, I. (2022). Combining capacity mechanisms and renewable energy support: A review

of the international experience. Renewable and Sustainable Energy Reviews, 155, 111878.

Kozlova, M., Huhta, K., & Lohrmann, A. (2023). The interface between support schemes for renewable

energy and security of supply: Reviewing capacity mechanisms and support schemes for renewable

energy in Europe. Energy Policy, 181, 113707.

Larscheid, P., Lück, L., & Moser, A. (2018). Potential of new business models for grid integrated water

electrolysis. Renewable Energy, 125, 599–608.

Lesser, J. A., & Su, X. (2008). Design of an economically efficient feed-in tariff structure for renewable energy

development. Energy Policy, 36 (3), 981–990.

Liebensteiner, M., & Naumann, F. (2022). Can carbon pricing counteract renewable energies’ cannibalization

problem? Energy Economics, 115, 106345.

Macedo, S. F., & Peyerl, D. (2022). Prospects and economic feasibility analysis of wind and solar photovoltaic

hybrid systems for hydrogen production and storage: A case study of the Brazilian electric power

sector. International Journal of Hydrogen Energy, 47 (19), 10460–10473.

Mazzucato, M. (2011). The entrepreneurial state. Demos.

Ministero dell’Ambiente e della Sicurezza Energetica (Ed.). (2024). Public consultation: regulation of tariff

incentives for the production of gaseous fuels from renewable sources referred to in Article 11,

paragraph 2 of the decree Legislative Decree no. 199 of 8 November 2021. Retrieved April 3, 2024,

from https://www.mase.gov.it/sites/default/files/02_Consultaz%20pubblica%20schema%20DM%

20Incentivi%20H2.pdf

27

https://iaee2021online.org/download/contribution/fullpaper/179/179_fullpaper_20200119_200815.pdf
https://iaee2021online.org/download/contribution/fullpaper/179/179_fullpaper_20200119_200815.pdf
https://www.mase.gov.it/sites/default/files/02_Consultaz%20pubblica%20schema%20DM%20Incentivi%20H2.pdf
https://www.mase.gov.it/sites/default/files/02_Consultaz%20pubblica%20schema%20DM%20Incentivi%20H2.pdf


Ministry of Economy, Trade and Industry (Ed.). (2024). Interim Summary: Hydrogen and Ammonia Policy

Subcommittee. Retrieved April 21, 2024, from https://www.meti.go.jp/shingikai/enecho/shoene_

shinene/suiso_seisaku/pdf/20240129_1.pdf

Ministry of New and Renewble Energy (Ed.). (2023). Scheme Guidelines for implementation of "Strate-

gic Interventions for Green Hydrogen Transition (SIGHT) Programme - Component II: Incen-

tive Scheme for Green Hydrogen Production (under Mode 1)" of the National Green Hydrogen

Mission: 353/40/2023-NT. Retrieved March 29, 2024, from https : / / cdnbbsr . s3waas . gov . in /

s3716e1b8c6cd17b771da77391355749f3/uploads/2023/07/2023072641.pdf

Mitchell, C., & Connor, P. (2004). Renewable energy policy in the UK 1990–2003. Energy Policy, 32 (17),

1935–1947.

Murray, B. C., Cropper, M. L., de La Chesnaye, F. C., & Reilly, J. M. (2014). How Effective are US Renewable

Energy Subsidies in Cutting Greenhouse Gases? American Economic Review, 104 (5), 569–574.

Nami, H., Rizvandi, O. B., Chatzichristodoulou, C., Hendriksen, P. V., & Frandsen, H. L. (2022). Techno-

economic analysis of current and emerging electrolysis technologies for green hydrogen production.

Energy Conversion and Management, 269, 116162.

Nascimento da Silva, G., Rochedo, P. R., & Szklo, A. (2022). Renewable hydrogen production to deal with

wind power surpluses and mitigate carbon dioxide emissions from oil refineries. Applied Energy,

311 (9), 118631.

Nasiraghdam, H., & Safari, A. (2020). Techno-economic assessment of combined power to hydrogen technol-

ogy and hydrogen storage in optimal bidding strategy of high renewable units-penetrated microgrids.

Sustainable Energy Technologies and Assessments, 42 (6), 100832.

Neuhoff, K., May, N., & Richstein, J. C. (2022). Financing renewables in the age of falling technology costs.

Resource and Energy Economics, 70, 101330. https://doi.org/10.1016/j.reseneeco.2022.101330

Newbery, D., Pollitt, M. G., Ritz, R. A., & Strielkowski, W. (2018). Market design for a high-renewables

European electricity system. Renewable and Sustainable Energy Reviews, 91, 695–707.

Nguyen, T., Abdin, Z., Holm, T., & Mérida, W. (2019). Grid-connected hydrogen production via large-scale

water electrolysis. Energy Conversion and Management, 200, 112108.

N.V. Nederlandse Gasunie & TenneT TSO B.V. (Ed.). (2020). Phase II - Pathways to 2050: A joint follow-up

study by Gasunie and TenneT of the Infrastructure Outlook 2050. Retrieved November 15, 2023,

from https://www.gasunie.de/news/gasunie-und-tennet-klimapolitische-ziele-lassen-sich-nur-mit-

einem-integrierten-europaeischen-energiesystem-erreichen

Ocker, F., Ehrhart, K.-M., & Belica, M. (2018). Harmonization of the European balancing power auction: A

game-theoretical and empirical investigation. Energy Economics, 73, 194–211.

28

https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20240129_1.pdf
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20240129_1.pdf
https://cdnbbsr.s3waas.gov.in/s3716e1b8c6cd17b771da77391355749f3/uploads/2023/07/2023072641.pdf
https://cdnbbsr.s3waas.gov.in/s3716e1b8c6cd17b771da77391355749f3/uploads/2023/07/2023072641.pdf
https://doi.org/10.1016/j.reseneeco.2022.101330
https://www.gasunie.de/news/gasunie-und-tennet-klimapolitische-ziele-lassen-sich-nur-mit-einem-integrierten-europaeischen-energiesystem-erreichen
https://www.gasunie.de/news/gasunie-und-tennet-klimapolitische-ziele-lassen-sich-nur-mit-einem-integrierten-europaeischen-energiesystem-erreichen


Özdemir, Ö., 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.

Parliament of Canada (Ed.). (2024). C-59 - Fall Economic Statement Implementation Act, 2023. Retrieved

March 24, 2024, from https://www.parl.ca/legisinfo/en/bill/44-1/c-59

Pawelec, G., & Fonseca, J. (2022). Steel from Solar Energy: A Techno-Economic Assessment of Green Steel

Manufacturing (Hydrogen Europe, Ed.). Retrieved August 31, 2023, from https://hydrogeneurope.

eu/wp-content/uploads/2022/06/Steel_from_Solar_Energy_Report_05-2022_DIGITAL.pdf

Pigou, A. C. (1920). The economics of welfare. Macmillan.

Pollitt, M. G., & Anaya, K. L. (2020). Competition in Markets for Ancillary Services? The Implications of

Rising Distributed Generation. The Energy Journal, 41 (SI1), 5–31.

Reichenbach, J., & Requate, T. (2012). Subsidies for renewable energies in the presence of learning effects

and market power. Resource and Energy Economics, 34 (2), 236–254.

REN21 (Ed.). (2022). Renewables 2022: Global Status Report. Retrieved August 29, 2023, from https :

//www.ren21.net/wp-content/uploads/2019/05/GSR2022_Full_Report.pdf

Richstein, J. C., & Neuhoff, K. (2022). Carbon contracts-for-difference: How to de-risk innovative investments

for a low-carbon industry? iScience, 25 (8), 104700.

Rilling, A., Anatolitis, V., & Zheng, L. (2022). How to design Carbon Contracts for Difference: A systematic

literature review and evaluation of design proposals (IEEE, Ed.). Retrieved January 14, 2024, from

https://doi.org/10.1109/EEM54602.2022.9921044

Ruhnau, O., & Schiele, J. (2023). Flexible green hydrogen: The effect of relaxing simultaneity requirements

on project design, economics, and power sector emissions. Energy Policy, 182, 113763. https://doi.

org/10.1016/j.enpol.2023.113763

Schlecht, I., Maurer, C., & Hirth, L. (2024). Financial contracts for differences: The problems with conven-

tional CfDs in electricity markets and how forward contracts can help solve them. Energy Policy,

186, 113981.

Talebian, H., Herrera, O. E., & Mérida, W. (2021). Policy effectiveness on emissions and cost reduction for

hydrogen supply chains: The case for British Columbia. International Journal of Hydrogen Energy,

46 (1), 998–1011.

Terlouw, T., Bauer, C., McKenna, R., & Mazzotti, M. (2022). Large-scale hydrogen production via water

electrolysis: a techno-economic and environmental assessment. Energy & Environmental Science,

15 (9), 3583–3602. https://doi.org/10.1039/D2EE01023B

29

https://www.parl.ca/legisinfo/en/bill/44-1/c-59
https://hydrogeneurope.eu/wp-content/uploads/2022/06/Steel_from_Solar_Energy_Report_05-2022_DIGITAL.pdf
https://hydrogeneurope.eu/wp-content/uploads/2022/06/Steel_from_Solar_Energy_Report_05-2022_DIGITAL.pdf
https://www.ren21.net/wp-content/uploads/2019/05/GSR2022_Full_Report.pdf
https://www.ren21.net/wp-content/uploads/2019/05/GSR2022_Full_Report.pdf
https://doi.org/10.1109/EEM54602.2022.9921044
https://doi.org/10.1016/j.enpol.2023.113763
https://doi.org/10.1016/j.enpol.2023.113763
https://doi.org/10.1039/D2EE01023B


The Department of Trade Industry and Competition (Ed.). (2022). Green Hydrogen Commercialization

Strategy for South Africa: Final Report. Retrieved April 2, 2024, from http://www.thedtic.gov.za/

wp-content/uploads/Full-Report-Green-Hydrogen-Commercialisation-Strategy.pdf

US energy information administration (eia) (Ed.). (2022). Natural gas explained: Natural gas pipelines.

Retrieved November 18, 2022, from https://www.eia.gov/energyexplained/natural-gas/natural-gas-

pipelines.php

Winkler, J., Gaio, A., Pfluger, B., & Ragwitz, M. (2016). Impact of renewables on electricity markets – Do

support schemes matter? Energy Policy, 93, 157–167.

Wu, J., Fan, Y., Timilsina, G., Xia, Y., & Guo, R. (2020). Understanding the economic impact of interacting

carbon pricing and renewable energy policy in China. Regional Environmental Change, 20 (3), 74.

Yi, H., & Feiock, R. C. (2012). Policy Tool Interactions and the Adoption of State Renewable Portfolio

Standards. Review of Policy Research, 29 (2), 193–206.

Zainal, B. S., Ker, P. J., Mohamed, H., Ong, H. C., Fattah, I., Rahman, S. A., Nghiem, L. D., & Mahlia,

T. M. I. (2024). Recent advancement and assessment of green hydrogen production technologies.

Renewable and Sustainable Energy Reviews, 189, 113941.

Zheng, L., Anatolitis, V., & Winkler, J. (2022). Which support instruments can be used to promote green hy-

drogen? Lessons learned from renewable electricity support schemes (IEEE, Ed.). Retrieved January

17, 2024, from https://doi.org/10.1109/EEM54602.2022.9920979

Legal texts

Commission Delegated Regulation (EU) 2023/1184 - The European Parliament and the Council (10 Febru-

ary 2023). Supplementing Directive (EU) 2018/2001 of the European Parliament and of the Council

by establishing a Union methodology setting out detailed rules for the production of renewable

liquid and gaseous transport fuels of non-biological origin. Official Journal of the European Union

L 157/11.

Directive (EU) 2023/959 - The European Parliament and the Council (10 May 2023). Amending Directive

2003/87/EC establishing a system for greenhouse gas emission allowance trading within the Union

and Decision (EU) 2015/1814 concerning the establishment and operation of a market stability

reserve for the Union greenhouse gas emission trading system. Official Journal of the European

Union L 130/134.

EEG - Deutscher Bundestag (05 February 2024). Gesetz für den Ausbau erneuerbarer Energien (Erneuerbare-

Energien-Gesetz - EEG 2023). Bundesgesetzblatt, 2024, I, 33.

30

http://www.thedtic.gov.za/wp-content/uploads/Full-Report-Green-Hydrogen-Commercialisation-Strategy.pdf
http://www.thedtic.gov.za/wp-content/uploads/Full-Report-Green-Hydrogen-Commercialisation-Strategy.pdf
https://www.eia.gov/energyexplained/natural-gas/natural-gas-pipelines.php
https://www.eia.gov/energyexplained/natural-gas/natural-gas-pipelines.php
https://doi.org/10.1109/EEM54602.2022.9920979

	Introduction
	Comparability with renewable energy
	Renewable energy technologies
	Hydrogen technology, industry, and economics

	Policies to close the funding gap
	Properties of support policy
	Operating policies for green technologies
	Primary operating schemes
	Relevant secondary policies

	Value chain interrelations

	Policy options to mitigate uncertainty
	Electricity markets introduce uncertainty
	Mechanisms to foster investment security
	Trade-off against the permeability to price signals

	Addressing externalities as a third goal
	The positive externality of mitigating fluctuations 
	Low utilization rate detriments investment incentives
	A perspective policy approach
	Geographic distribution and trade implications

	Discussion
	Conclusion and policy recommendations

