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Given the significant investments needed to build a green hydrogen industry, energy modeling must move
beyond techno-economic optimization to include stakeholders as active drivers of the transition. This paper uses
agent-based modeling to analyze investment dynamics in the coupled electricity, hydrogen, and electrolyzer
markets of Germany. The model incorporates heterogeneous investors with varying expectations about future
market conditions. We examine how different investment strategies and willingness to pay for green hydrogen
affect the development of electrolyzer manufacturing and green hydrogen supply. Results show that deep levels
of power sector decarbonization and 40 GW of installed electrolyzer capacity by 2050 are possible, but require
strategic, short-term loss-incurring investment decisions and a substantial premium for green hydrogen over grey

hydrogen. However, even in our best-case scenario, Germany’s 2030 electrolyzer targets remain out of reach, as
decarbonization is confined to the power sector during the 2020s.

1. Introduction

Green hydrogen is expected to play a leading role in the decarbon-
ization of many industry sectors because it can act as a versatile energy
carrier, with no direct CO5 emissions during its production [1-3]. As a
result, the green hydrogen and electrolyzer markets are expected to shift
from a niche market with limited impact on the electricity system to a
global mass market with major electricity demand [4]. The European
Commission, for example, has set a target to produce up to 333 TWh of
green hydrogen and expects that up to 25 % of electricity produced from
renewables will be used for electrolysis by 2050 [5].

The strict definition of green hydrogen - as hydrogen produced
through electrolysis using electricity from renewable sources — increases
the demand for additional renewables to cover the additional electricity
demand. The liberalized nature of the electricity, green hydrogen, and
electrolyzer markets, with multiple individual players, results in a
complex system [6], as these actors are now expected to play a signifi-
cant role in the transition to a mass market. As private actors are ex-
pected to build this industry, their investment decisions come under
increased scrutiny.

The market for green hydrogen is currently relatively small but is
anticipated to grow substantially. The exact global demand for green
hydrogen is a much-researched topic [7], with estimates for future
global demand varying widely from 120 to 660 Mt by 2050 [8]. In
comparison, current global demand for all types of hydrogen stands at
95 Mt [9]. However, global installed electrolyzer capacity in 2024 was
estimated to be only 5.2 GW [10]. To meet future demand, an expansion
of installed electrolyzer capacity by several orders of magnitude is
necessary [1,11]. However, the expansion of green hydrogen production
capacity is hindered by financial uncertainties, particularly the will-
ingness to pay for green hydrogen [12]. Yet, this aspect remains less
explored, as current studies predominantly focus on the costs of pro-
ducing and supplying green hydrogen [13].

Global installed electrolyzer manufacturing capacity in 2023 was
only 14 GW/year, with actual production reaching just 1 GW [14].
While there have been announcements of investments in new
manufacturing capacities, these may not be sufficient, and the realiza-
tion of such investments is not guaranteed [9]. The real challenge lies in
the coordination of building renewables, electrolyzers and electrolyzer
factories to ensure these three sectors are in sync as delayed capacity
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expansion could lead to bottlenecks in the supply chain [15].
1.1. Modelling markets

Modeling the development of green hydrogen, electrolyzer, and
electricity markets can help identify the limitations of scaling an in-
dustry from a niche to a mass market, as well as the conditions required
for its long-term profitability. Such a model may also uncover hidden
dynamics and potential feedback loops. While numerous studies have
focused on the transformation of the electricity market (e.g., Refs.
[16-18]), an increasing number of models now incorporate green
hydrogen production and consumption (e.g., Refs. [19-23]). However,
few studies address the deployment of electrolyzers and their
manufacturing capacities. For example, Odenweller et al. compare past
scale-ups in other industries (e.g., smartphones, internet hosts) to proj-
ect the potential growth of electrolyzer availability [24].

Energy system optimization models are commonly used to analyze
the development of the electricity system (e.g., Refs. [25-27]). These
large-scale models provide cost-optimal pathways for the energy tran-
sition and for power plant operations. However, they assume an ideal-
ized world to answer the question of “what should be” [28]. Typically,
such models are based on a single central actor with perfect knowledge
and absolute control to implement the cost-optimal solution. In contrast,
today’s electricity market has evolved into a competitive, multi-actor
environment. Similarly, the green hydrogen and electrolyzer markets
have never been operated as centralized, state-run systems. To fully
understand their dynamics and development, it is necessary to account
for heterogeneous actors with limited information and rationality, and
their investment decisions.

In addition to optimization models, equilibrium models are
frequently used to study the energy transition (e.g., Refs. [29-32]).
These models use algebraic and/or differential equations to represent
system dynamics [33]. For more complex problems that cannot be
captured by formal equilibrium frameworks, simulation models serve as
an alternative approach [34].

While these and other neoclassical models — assuming rational eco-
nomic behavior — have provided valuable insights at the macroeconomic
level [35], they fail to reflect the reality of heterogeneous and only
partially rational decision-makers [36]. Assumptions such as perfect
foresight can be overly strict and lead to under estimate challenges and
restrict possible scenarios [37,38]. Alternative tools are needed to better
capture bounded rationality [28].

1.2. An agent-based approach to green hydrogen industry investments

Agent-based models (ABMs) are well-suited for modeling complex
adaptive systems such as the electricity, green hydrogen, and electro-
lyzer sectors [39]. They are effective in representing adaptive, hetero-
geneous actors — such as investors — whose behavior contributes to
emergent system dynamics [39]. ABMs can offer new insights into the
development of these interlinked sectors that may not be captured by
more traditional energy system modeling approaches.

Several ABM studies have focused on electricity system trans-
formations, investigating both consumer behavior (e.g., Refs. [40-42])
and investor behavior (e.g., Refs. [43-47]). In the green hydrogen
sector, ABMs have been applied to broader energy systems (e.g.,
Ref. [44]) as well as to the development of specific hydrogen technol-
ogies, such as fuel cell vehicles (e.g., Ref. [48]).

To the best of our knowledge and the reviewed literature, no study to
date has modeled the simultaneous development of all three sectors —
electricity, green hydrogen, and electrolyzers — using an ABM approach.
Existing ABM studies have primarily focused on the electricity sector,
and only few have explored the coupling between the electricity and
green hydrogen sectors. Consequently, there is a gap in understanding
the role of heterogeneous actors with bounded rationality in the inte-
grated development of the electricity, green hydrogen, and electrolyzer
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sectors.

This study aims to model the transformation toward a decarbonized
economy by focusing on the scale-up of the green hydrogen industry. To
this end, we develop an ABM that simulates the dynamics of the elec-
tricity, hydrogen, and electrolyzer sectors in a representative Western
country, such as Germany. The model incorporates the investment de-
cisions of heterogeneous actors and is designed to be transferable to
countries with similar characteristics. Furthermore, we vary the will-
ingness to pay for green hydrogen to address the knowledge gap con-
cerning how hydrogen pricing affects technological and market
development.

Based on these considerations, the following research questions
arise.

e R1: What are the fundamental processes driving the scale-up of the
green hydrogen industry?

e R2: How do different investment strategies impact the scale-up?

e R3: How significant is the willingness to pay a premium for green
hydrogen?

The remainder of the paper is structured as follows: Section 2 out-
lines the initial set of assumptions underlying our ABM. Section 3 de-
scribes the conceptualization of the model. In Section 4, we present our
experiments and results, followed by a discussion in Section 5. The paper
concludes with a brief reflection on our modeling approach.

2. Investment decisions in coupled sectors of electricity, green
hydrogen and electrolyzers

Our model examines the role of investors in renewables, electro-
lyzers and their manufacturing capacities and their investment de-
cisions, analyzing how these decisions influence the dynamics of the
electricity, green hydrogen, and electrolyzer industries. To avoid over-
parameterization, we aim to keep the model as simple as possible. We
propose the following initial assumptions as a reasonable starting point
for an investor-focused agent-based model.

I. Future prices for electricity, green hydrogen, and electrolyzers, as
well as technology learning rates for electrolyzers, are unknown
to investors.

II. Investors base their investment decisions on individual expecta-
tions about the future.

III. Past performance of investors influences their investment ca-
pacity and outlook.

IV. New investors may enter the market.

Given the political goal to achieve carbon neutrality in the power
sector, we incorporate the following additional assumptions.

V. Investors in the electricity sector invest exclusively in renewable
power generation assets.

However, residual demand is covered by gas turbines that are not
explicitly modeled.

VI. Renewable power generation has a seasonally variable supply,
and no seasonal storage solution is available besides green
hydrogen.

VII. The electricity market operates as an energy-only market.

For green hydrogen production, we assume.

VIII. Green hydrogen is produced exclusively from renewable elec-
tricity in excess of non-electrolytic electricity demand.

For the electrolyzer market, we assume.
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IX. The electrolyzer market operates as a modified single sealed-bid
auction where prices are not transparent and negotiations
determine the closing price.

Finally, to reflect on the early stage of these industries.

X. The green hydrogen and electrolyzer markets are emerging markets
where strategic investment decisions are possible.

2.1. Investors’ heterogeneous views on the future and their investment
decisions

The first assumption (Assumption I) includes factors such as the pace
of electrolyzer capacity expansion, future costs, performance of assets,
and future market price developments — all of which are unknown.
Given that these variables influence company performance and that
actors have different preferences, it is logical that they also hold varied
expectations about the future (Assumption II). These differences reflect
varying risk thresholds and company strategies among investors,
resulting in heterogeneous views on market development. Variations in
both internal and external factors lead to heterogeneous capital return
requirements across different investors [46].

Typically, investment opportunities are evaluated by analyzing
common metrics, such as the net present value (NPV) [49]. In our model,
we extend this approach by using the ratio of net present value to in-
vestment costs.

2.1.1. Influence of past performance on new investment decisions

Given that investors have heterogeneous outlooks on the future, their
investment decisions vary accordingly. As markets evolve, these differ-
ences lead to varying income and cost structures among investors, which
in turn affect their performance. The overall performance of an in-
vestor’s assets influences their outlook on future developments
(Assumption III).

Since Western electricity markets have been liberalized, new com-
panies have entered the market, e.g. there are nearly 480 electricity
providers in Germany [50]. Similarly, the green hydrogen and electro-
lyzer markets, as emerging sectors, are also expected to attract new
entrants [1] (Assumption IV).

2.2. Assets

2.2.1. Renewable power generation assets

Most European electricity systems currently rely on a mix of
renewable and thermal power plants. However, as the transition to a
carbon-free economy progresses, renewable assets have become the
primary focus for new capacity expansion (Assumption V). While wind
and solar power provide CO, emissions-free electricity and have low
operational costs, their power output is intermittent. Despite this vari-
ability, no large-scale seasonal storage solutions are currently operated
to address these fluctuations [51]. Green hydrogen may take this role
(Assumption VI). Other storage technologies, such as pumped-storage
power plants have limited potential for further expansion [52]. Bat-
tery storage primarily provide short-term capabilities [53]. This makes it
challenging to predict their impact on the availability of excess elec-
tricity. Nevertheless, these technologies do have an effect, and in prac-
tice, they influence the development of electrolyzers. However, since
our model focuses specifically on electrolyzers, we have not included
these storage technologies.

2.2.2. Electrolyzers

Although electrolyzers are not a new technology, their use for green
hydrogen production is not yet widespread. Various types of electro-
lyzers exist at different technology readiness levels: Alkaline, proton
exchange membrane and solid oxide electrolyzers [54]. However, no
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single type has yet emerged as the dominant technology, and it remains
uncertain which one will lead the market in the future.

Currently, electrolyzers involve high capital costs, although these are
expected to decrease over time. In fact, historical data show that costs
have already declined in the past [54]. This reduction is partly attrib-
uted to learning effects, with learning rates of 9-21 % reported for
electrolyzers in the literature [55]. However, interviews with stake-
holders from the electrolyzer industry reveal that the actual costs for
turn-key electrolyzers — including the stack, balance of plant, and project
engineering, etc. — are often underreported and higher than suggested in
the current literature [11].

2.2.3. Factories for electrolyzer manufacturing

Many new electrolyzer manufacturing factories are being
announced, but it remains uncertain how many of these will actually be
built [56,57]. Currently, the global production capacity for electrolyzers
is 25 GW/year [10]. Today’s announced projects indicate, that the size
of new production capacities is increasing rapidly (cf. Refs. [10,58-601).

2.3. Markets

Assumptions VII to IX address the functioning of different markets,
including the green hydrogen market. While the hydrogen and electro-
lyzer markets are liberalized by nature, pro-market reforms that liber-
alized the electricity sector in OECD and non-OECD countries took place
in the 1980s and 1990s [61]. These liberalized markets are designed to
foster competition among actors [62].

2.3.1. Electricity market as an energy only market

In energy-only markets, power generators offer varying quantities of
electricity at different prices, ranked from the lowest to the highest
marginal costs (Assumption VII). The market-clearing price is set so that
the marginal cost of the most expensive producer required to meet de-
mand determines the price. These costs include fuel and variable oper-
ation and maintenance expenditure (OPEX) but exclude -capital
expenditures (CAPEX). Power producers earn their margin from the
difference between their individual marginal costs and the market-
clearing price, which is necessary to recoup their investment.

2.3.2. Green hydrogen market and willingness to pay

Green hydrogen is chemically identical to hydrogen from other
sources and is therefore not a distinct product but rather a substitute for
hydrogen produced from fossil fuels. As such, it competes with fossil-
based hydrogen. However, there may be a premium that customers
are willing to pay for green energy like green hydrogen, driven by
commitment to decarbonize or other factors [63].

By definition, green hydrogen is produced using exclusively renew-
able electricity [2]. If an electrolyzer is using grid electricity, it can
produce green hydrogen only if the entire electricity supply is sourced
from 100 % renewable sources; in other words, the electrolyzer should
only operate when all demand is met by renewable sources and thus use
only excess electricity (Assumption VIII).

2.3.3. Electrolyzer market as a modified sealed-bid auction

Electrolyzers are industrial machines designed and procured as
projects rather than consumer products; they are business-to-business
products [64]. Consequently, there is no transparent market [11]. For
this reason, we assume that interested buyers must request bids from
manufacturers to purchase an electrolyzer (Assumption IX). The simple
auction-based approach was developed with the aim of keeping the
model logic as straightforward and transparent as possible.

2.3.4. Strategic investment decisions in emerging markets

The markets for green hydrogen and electrolyzers are projected to
experience substantial growth [10] (Assumption X). In emerging mar-
kets like the green hydrogen market, firms often adopt aggressive
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growth strategies [65]. These strategies typically involve prolonged
periods of negative net cash flow, which has become the dominant
approach for companies in emerging markets [66]. Similarly, recent
investments in the electrolysis business have been made without
expectation of direct profitability [11,67].

One reason for these types of investment strategies is the anticipation
of a first-mover advantage. In addition to considerations of market share
and survival [68], first-mover advantages can be represented by a pos-
itive present value for a company due to early market entry [69]. Key
potential factors for first-mover advantages include: (1) technological
leadership, (2) preemptive acquisition of assets, and (3) buyer switching
costs [70]. Technological leadership can emerge through mechanisms
like ‘experience curves’, which can reduce average production costs
[71]. Preemptive acquisition involves securing resources, geographical
locations, production plants, or equipment [72]. Finally, consumer
switching costs create a barrier for consumers to switch to a functionally
identical product from another producer, thereby granting the producer
a degree of market power [73].

3. Conceptualization

The ABM used in this study was developed following the 10-step
framework proposed by van Dam et al. [74] and implemented in the
NetLogo software environment [75]. NetLogo has been used for complex
simulation models due to its highly efficient built-in primitives and its
compatibility with High Performance Computing clusters [76].

Building on our understanding of the three markets and investor
behavior, we developed the conceptual framework of our model, shown
in Fig. 1.

The model concept is based on a literature review and semi-
structured interviews [11]. The model has been verified and validated
through recording, single- and multi-agent testing, and agent tracking
[74]. Model results were analyzed using Python. This section only pro-
vides a brief overview of the model conceptualization. A fully detailed
description and a list of symbols is available in Appendix A. Flow charts
showing the model logic can be found in Appendix B. The model, as well
as the description, is open source and is published on github.com.’

3.1. Investors

Three types of investors exist in our model: power producers (PP) in
the electricity market, hydrogen producers (HP) in the green hydrogen
market, and electrolyzer manufacturers (EM) in the electrolyzer market.
Each investor evaluates investment opportunities using the ratio of the
Net Present Value NPV to investment costs of an asset I in comparison to
their investment threshold ¢ as their key metric, i.e.:

NPV
— =29

I Eq. 1

A global minimum threshold for this threshold is established for each
market, representing the lowest acceptable ratio for all investors.
However, investors’ heterogeneous expectations about the future are
reflected in agent-specific thresholds for the NPV-to-investment-cost
ratio. The rate at which this investment threshold changes differs
among investors.

New investors may also enter the market. Whenever all existing in-
vestors in a market have invested in new assets, a new investor may
enter that market.

Investor adaptivity is modeled through the dynamic adjustment of
their individual thresholds based on past performance. Each investor’s
threshold increases or decreases according to their profitability, repre-
senting the investor’s expectation for the future. This adjustment occurs
once per year, prior to new investment decisions.

! https://github.com/b-jesse/HIM.
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3.2. Assets

There are three types of assets in the model: renewables (R), elec-
trolyzers (E), and factories for manufacturing electrolyzers (F). Each
asset class has distinct characteristics (cf. Table 2). Renewables exhibit
variable daily capacity factors. For simplicity, renewables are assumed
to be a mix of photovoltaic, onshore wind, and offshore wind. Capacity
of newly added renewables increases with each investment until
reaching a maximum.

Electrolyzers are initialized with equal capacity and efficiency.
Similar to renewable assets, the capacity of electrolyzers increases with
each investment.

Manufacturing capacities for electrolyzers represent the third asset
type. These are initialized with equal capacity and production costs. The
capacity of new factories increases with each new investment up to a
maximum value. Production costs at which a new factory produces
electrolyzers cg are calculated based on the cumulative electrolyzers
capacity produced Ag cym:

log (1)

Ag cum(t)\ 108 @
ce(t) =cro (7E ( )>

Where cgp is the production costs in year zero (i.e. the start of the
simulation), Ag the capacity of electrolyzers in year zero, and A is the
learning rate for electrolyzers.

Eq. 2

3.3. Electricity market

The electricity market in our model operates on two time scales:
daily and yearly actions. On a daily basis, renewable assets produce
electricity to meet non-electrolytic electricity demand and if possible,
demand by electrolyzers. This paper primarily focuses on the impact of
the green hydrogen industry, so we assume that the non-electrolytic
electricity demand - covering all other sectors — remains constant year
over year, including its daily variations (cf. Refs. [77,78]). This demand
is assumed to be inelastic and must be met at all times.

If the installed renewable assets cannot generate sufficient elec-
tricity, the deficit is supplied by gas turbines, which are not modeled as
assets in this study. In this case the electricity price is determined by the
merit order and thus by the gas turbines (cf. Eq. (3)). When renewable
assets generate more electricity than the non-electrolytic demand, sur-
plus electricity is considered excess electricity and can be used for green
hydrogen production.

If excess electricity is insufficient to fully supply all installed elec-
trolyzers, hydrogen producers pay for the electricity (cf. Eq. (4)). Given
that all hydrogen producers compete for a limited amount of excess
electricity, their willingness to pay for electricity is equal to the price of
hydrogen multiplied by the efficiency of the electrolyzers. This repre-
sents the maximum willingness to pay at which they do not incur any
losses from the sale of hydrogen produced using that electricity. If there
is more excess electricity than the electrolyzers can utilize, the elec-
tricity price is set to zero (cf. Eq. (5)).

The electricity price in the three different cases is as follows:

_ Peas

pelz(t) - for PR.all.mmax(t) < Delc(t) Eq 3
Ner

pelc(t) = Welc(t) for Delc (t) < PR.all.ma.x(t) < Delc(t) + ZAE Eq 4

Petc(t) =0 for Pr aiimmax(t) > Dac(t) + Y Ap Eq. 5

Where p,;. is the electricity price, pys the natural gas price, 55y the ef-
ficiency of gas turbines, Pg gmqer the current maximum output of re-
newables, D,. the non-electrolytic electricity demand, w, the
willingness to pay for electricity by hydrogen producers, and Af the
installed capacity of electrolyzers. Fig. 2 depicts the electricity price
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newables and non-electrolytic electricity demand. Where e is the total
normalized electrolyzer capacity, defined as the ratio of total installed elec-
trolyzer capacity and the maximum output of renewables.

depending on the ratio of maximum output of renewables and non-
electrolytic electricity demand.

On the yearly scale, at the end of each year, power producers
calculate their profitability for that year and adjust their outlook
accordingly by updating their investment threshold. Each power pro-
ducer performs an NPV analysis for a potential new renewable asset and
invests if the NPV is greater than their individual threshold. If all
existing power producers decide to invest in a new asset, a new power
producer enters the market, initializing with one renewable asset.

3.4. Hydrogen market

The hydrogen market operates on both daily and yearly timescales.
Electrolyzers produce hydrogen daily, which is immediately sold as we
do not consider hydrogen storage. The price of green hydrogen is
updated annually at the beginning of each year. This price is determined
based on the cumulative hydrogen production from the previous year
and the corresponding willingness to pay for that quantity. The demand
curve in the best-case scenario, with varying willingness to pay for green

hydrogen, is shown in Fig. 3.

The curve reflects varying levels of willingness to pay for green
hydrogen across different industries, depending on expected policies
and subsidies (cf. [79]). While it represents the maximum willingness to
pay, we also examine the impact of lower willingness to pay by applying
a cap to the curve. In this approach, values above the cap are reduced to
the cap level, while values below remain unchanged.

We assume that hydrogen producers, if necessary, have at most a
willingness to pay for excess electricity equal to the current hydrogen
price py, from the demand curve multiplied by the electrolyzer effi-
ciency nz:

= 1P, (t) Eg. 6

Investment in new electrolyzers occurs annually. At the end of each
year, hydrogen producers evaluate their profitability and update their
outlook of the future by recalculating their investment threshold. For
investments in new electrolyzers each hydrogen producer determines
their individual willingness to pay for new electrolyzers by solving the
NPV analysis for the willingness to pay:

Welc (t)

g - - 250 —

3 g
4
@ - 200 =
et w
> 6 &
g 2
b= - 150 &
- (=]
w 4 - S
@ 100 &
c [
2 5
§ 2 s0 £

| =

0 0
Demand [Mt]

Refineries Steel 1 Aviation

Ammonia Power generation N Industrial heat
Em Methanol

Fig. 3. Willingness to pay for green hydrogen in Germany in 2030 (based on
[791). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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NPV

Eq.
I a-7

o(t)
The investment costs I are the product of the relative willingness to
pay wg and the planned electrolyzer capacity Ag:

Iy = wgAg Eq. 8

The NPV is calculated using a constant cash flow Yz and capital re-
covery factor CRFg:

Y,
NPVp= — wgAp + -

CRE, Eq. 9

Finally, using Eq. (8) and Eq. (9), Eq. (7) can be solved for the
relative willingness to pay for electrolyzer capacity:

YeAr

wg(t) :m Eq. 10

Hydrogen producers are ranked in descending order based on their
willingness to pay and matched with electrolyzer manufacturers offering
the lowest production costs. We assume that electrolyzer manufacturers
do not sell at a loss; therefore, the production cost cz; must be less than
or equal to the willingness to pay wg;. The final price for the electrolyzer

pr depends on the market situation and is calculated as:

pEAE: CriAE +ﬂ (WEJ — CEJ‘)AE for Cgi < WE Eq 11
Where f is the bargaining factor, that is based on the ratio of maximum
demand for electrolyzers Agp and the maximum supply of electrolyzers
AE‘S:

1 Agp Agp

=— 2 for =<1 Eq. 12
D=3 tns " Ags = 1
1 AE.S AE.D
=1—--—=for —>1
P15 gy " A

The bargaining power is selected in a manner that ensures, in in-
stances where supply and demand are in equilibrium, the price is posi-
tioned at the midpoint between the production costs and the willingness
to pay for electrolyzers. In scenarios where supply exceeds demand,
bargaining power shifts toward the demand side, resulting in a price that
approaches production costs, and vice versa.

If no electrolyzer manufacturer can meet the demand — either due to
insufficient available production capacity or because the hydrogen
producers’ willingness to pay is below the production cost — the corre-
sponding hydrogen producer cannot invest in a new electrolyzer. If all
existing hydrogen producers successfully invest in new electrolyzers, a
new hydrogen producer may enter the market, provided they can buy an
electrolyzer. This potential new entrant starts with the lowest invest-
ment threshold among all existing hydrogen producers, based on the
assumption that a new market participant would adopt the most opti-
mistic outlook upon entry. After entry, the new agent follows the same
bidding process as existing producers. The new hydrogen producer is
only added to the system if they can purchase an electrolyzer.

3.5. Electrolyzer market

The electrolyzer market operates exclusively on a yearly basis. As
outlined in Section 3.4, the production and sale of electrolyzers occur at
the end of each year. After that, each electrolyzer manufacturer calcu-
lates their profitability and updates their market outlook by adjusting
their individual investment threshold. Then electrolyzer manufacturers
perform an NPV-analysis for a new factory. The production costs for the
new factory are determined based on the cumulative number of elec-
trolyzers produced to date (cf. Eq. (2)). If all existing electrolyzer
manufacturers invest in new factories, a new electrolyzer manufacturer
is initialized.
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3.6. Asset and investor elimination

Finally, at the end of the year, assets that have reached the end of
their operational life are eliminated from the system. Investors with no
assets by the end of the year are also removed.

4. Experimental setup and results

In this section, we describe the experimental setup and provide an
overview of the model’s results. The model was executed on a PC
equipped with an Intel Xeon E5-2667 processor running at 3.2 GHz and
256 GB of RAM. Leveraging multiprocessing and parallel execution, a
scenario comprising 100 runs was completed in under 10 min.

4.1. Experimental setup

We conducted multiple experiments to explore possible pathways
toward a profitable green hydrogen industry and to analyze the effects of
key exogenous parameters on its dynamics, cf. Table 1.

In the best-case scenario, both the willingness to pay for green
hydrogen and the willingness to make strategic investment decisions are
at their most favorable levels. This means that the investment threshold
for hydrogen producers and electrolyzer manufacturers starts between
—0.99 and 0, and the willingness to pay for green hydrogen is as shown
in Fig. 3. In the grey hydrogen scenario, the investment threshold also
starts between —0.99 and 0; however, the maximum willingness to pay
is capped at the marginal costs of grey hydrogen. In the non-strategic
case, there is no willingness to make strategic investment decisions, i.
e., the investment threshold starts at 0. However, the maximum will-
ingness to pay is again based on Fig. 3. Finally, in the worst-case sce-
nario, there is no willingness to make strategic investment decisions, and
at the same time, the maximum willingness to pay for green hydrogen is
capped at the marginal costs of grey hydrogen.

In all experiments, the model was initialized to represent the German
electricity and green hydrogen industry in 2024. An overview of the
most important values at initialization is provided in Table 2. The model
starts with 150 GW of installed renewable capacity, 150 MW of installed
electrolyzers, and an annual electrolyzer manufacturing capacity of 500
MW. The power sector begins with 27 investors, the hydrogen sector
with 6, and the electrolyzer manufacturing sector with 2. Assets are
randomly distributed among investors, with at least one asset per
investor, and are initialized with a uniform age distribution. The simu-
lation runs for 80 years; however, we focus in our results on the years
2024-2050, which aligns with commonly targeted timelines for decar-
bonization of Germany.

Carbon prices are kept constant at the same level of €95 per tcoz as
used in Ref. [79]. Renewable power generation is modeled to reflect the
German energy mix based on installed capacities: 6 % offshore wind, 45
% onshore wind, and 49 % photovoltaics (cf. Ref. [77]). Production costs
for electrolyzers start at €2500 per kW [9,11] and the learning rate for
electrolyzers is assumed to be 10 % [55].

4.2. Results
The following section presents the results of the experiments

Table 1
Scenario names and characteristics.

Willingness for strategic
investment decision

Maximum None
Maximum willingness to pay  Based on [79] Best-case Non-
for green hydrogen strategic
Marginal costs of Grey Worst-
grey hydrogen hydrogen case
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Table 2
Parameters at initialization. Lifetime shows the minimal lifetime and in brackets
the maximum random additional lifetime an asset can have.

Parameter Initialization Source
Power market

Number of power producers 27

Non-electrolytic electricity demand 462 TWh/year [77,78]
Installed capacity renewables 150 GW [77]
Lifetime renewable asset 20 (+5) years [80]
Natural gas price 33 €/MWh [81]
Gas turbine efficiency 40 % [82]
Investment costs renewable asset 1250 €/kWp [80]
Capacity factor renewable asset 0.03-0.46 [83,84]
Hydrogen market

No. of hydrogen producers 6

Maximum hydrogen demand 543 TWh/year [79]
Installed capacity electrolyzers 150 MW [85]
Lifetime electrolyzer asset 15 (+10) years [86]
Electrolyzer efficiency 70 % [55]
Steam reforming efficiency 70 % [87]
Electrolyzer market

Number of electrolyzer manufacturers 2

Installed capacity electrolyzer factories 1000 MW/year [9]
Lifetime electrolyzer factory asset 20 (+5) years

Investment costs electrolyzer factory 500 €/kW/year [88-90]
Production costs 2500 €/kW [9,91]
Learning rate electrolyzers 10 % [55,67]
Global

Discount rate 5%

CO,, price 95 €/tcoz [79]

conducted. The graphs shown are based on 100 model runs per scenario.
Shaded areas represent the first quartile above and below the median,
while thick lines indicate the median — unless stated otherwise.

4.2.1. Best-case scenario

The first scenario explores the best-case for the green hydrogen in-
dustry. The willingness to pay for green hydrogen is based on [79] (cf.
Fig. 3). In addition, the scenario assumes maximum willingness for
strategic investment decisions in the hydrogen and electrolyzer sectors,
i.e., the minimal initial value of the investment threshold for both
hydrogen and electrolyzer manufacturers is set to ¢ ;g = — 0.99. This
represents the extreme case in our model with the most favorable con-
ditions for the emergence of a green hydrogen industry.

4.2.1.1. A profitable green hydrogen industry. Fig. 4 shows the develop-
ment of the green hydrogen industry under the best-case scenario. The
top graph shows the total installed renewable capacity, the middle graph
the total installed electrolyzer capacity, and the bottom graph the total
installed electrolyzer manufacturing capacity.

Firstly, the development of the sectors can be categorized into three
distinct phases. Phase one (I) exhibits steep linear growth in the power
sector until 2028, reaching 277 GW of installed renewables. Phase two
(1) is characterized by a growth rate that initially stagnates but then
gradually increases, peaking in 2038 at 371 GW installed renewables.
The final phase (III) is marked by overall stability.

Secondly, a profitable green hydrogen industry emerges in this sce-
nario, reaching up to 41 GW of installed electrolyzers by 2050. Initially,
electrolyzer capacity increases by merely 640 MW until 2029 in phase I.
Thereafter, in the 2030s growth accelerates, reaching 34 GW of total
installed electrolyzer capacity by 2039 — a 47-fold increase in installed
electrolyzers. The expansion of installed electrolyzer capacity follows
the typical S-curve observed for the diffusion of new technologies [98].

Finally, the installed manufacturing capacity for electrolyzers begins
to grow after a few years and increases steadily between 2025 and 2041.
By 2028, manufacturing capacity nearly tripled from 1 to 3 GW/year.
After 2029 (phase I), the growth rate of electrolyzer manufacturing ca-
pacity stabilizes at approximately 1 GW/year per year until 2041. In
2050 14 GW/year of manufacturing capacity for electrolyzers are
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Fig. 4. Installed renewables capacities (top), electrolyzers capacities (middle)
and manufacturing capacities for electrolyzers (lower). The solid line and area
represents our model results, dashed line model results from Refs. [92,93],
triangles the announced electrolyzer projects in Germany from Ref. [94], and
circles the German targets for installed renewables and electrolyzers [95-97].
Different phases of the scale-up are indicated by number and their separation by
the dashed grey lines in all three sectors. Phase I is the increase in renewables
independent of electrolyzers, phase II the scale-up of electrolyzers and phase III
the stabilization of all sectors.

installed. Furthermore, a variety of development pathways emerge, with
installed manufacturing capacities ranging between 11 and 22 GW/year
by 2050. As in the other sectors, the installed manufacturing capacity
remains stable in the final years (Phase III).

4.2.1.2. Governmental targets are a pipe dream. Fig. 4 compares our
model results with governmental targets for installed renewable and
electrolyzer capacities, revealing several key findings. First, none of the
targets are met on time. Although renewable capacity grows sufficiently
during phase I, the growth rate declines significantly as the primary
driver of expansion shifts from market design to electrolyzer deploy-
ment. As a result, the targets for installed renewable capacity in 2030
and 2045 are missed, since the number of installed electrolyzers does not
generate sufficient electricity demand to support continued expansion.

Moreover, the target of 10 GW of installed electrolyzers by 2030
appears particularly unrealistic, as insufficient excess electricity is
available by that time to operate such a capacity profitably.

Note that our results indicate that the governmental targets will not
be achieved under the best-case scenario, even though the model allows
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in principle the required capacities to be attainable.

4.2.1.3. Decarbonization of the power sector. One of the main goals of
the transition is the total decarbonization of the electricity sector. Fig. 5
shows the electricity mix normalized by the total electricity demand.
The share of renewables increases in two distinct phases: first, a rapid
rise until 2028, reaching 79 %, followed by a more gradual increase to
89 % by the late 2030s. In 2050, gas turbines still supply about 50 TWh/
year. Although, in our model we have assumed the use of natural gas,
other fuels (e.g. hydrogen, biomass) could be used to provide back-up
power.

At the same time, while the share of renewables in the electricity mix
increases, the share of curtailed electricity by renewables initially rises
to over 15 %, however, decreases to about 8 % in 2050 (equivalent to 35
TWh/year) as more electrolyzers are installed, that can use excess
electricity.

4.2.1.4. Hydrogen supply for industries. In 2050, a total of 113 TWh of
electricity is used for green hydrogen production, meeting a hydrogen
demand of 80 TWh or 2.4 Mt of green hydrogen. This results in an
average electrolyzer utilization rate of 32 %, consisting of 1345 full-load
hours and 3689 partial-load hours. Fig. 6 illustrates the development of
green hydrogen production, which ramps up over time and stabilizes
around 2039.

Comparison with the demand curve from Fig. 3 reveals that a sig-
nificant portion of hydrogen demand cannot be met, as the willingness
to pay is insufficient for hydrogen producers to operate profitably. This
raises the question of whether these customers and their associated in-
dustries can remain viable in Germany or need to resort to other tech-
nology options in such a future scenario.

4.2.1.5. Reduction potential for electrolyzer production costs. Fig. 7 shows
the development of electrolyzer production costs over time. During the
initial years, costs remain stable, as installed manufacturing capacities
are sufficient to meet demand for new electrolyzers. As electrolyzer
manufacturers begin investing in new factories, production costs
decrease steadily, reaching approximately €1070 per kW by 2050.

We can see that in the first phase, the relatively small expansion in
electrolyzers and their manufacturing capacity already resulted in a
significant reduction in production costs by approximately 28 %. During
the second phase, minimal production costs declined by an additional
30 % of the original costs, driven by increased electrolyzer deployment
and investments in new manufacturing facilities. However, after 2039, a
lack of sufficient demand for new electrolyzers removes incentives for
factory expansion, resulting in no further reduction in production costs.
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Fig. 5. Electricity mix normalized on the annual non-electrolytic electricity
demand and in TWh.
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4.2.1.6. The costs of a green hydrogen industry. Finally, we are interested
in the costs of a green hydrogen industry and its impact on prices for the
non-electrolytic electricity demand and hydrogen. Fig. 8 illustrates the
development of the average electricity price paid by hydrogen pro-
ducers, the levelized cost of green hydrogen (LCOH), and the share of
electricity costs within the LCOH over time.

The share of electricity costs within the LCOH increases as the
average electricity price paid by hydrogen producers rises to €35 per
MWh, driven by growing availability of and demand for excess elec-
tricity. While at the same time, investment costs for new electrolyzers
decrease due to declining production costs over time (cf. Fig. 7).
Although the LCOH stabilizes at the beginning of phase III around €4 per
kg or about €120 per MWh and the electricity price around €33 per
MWh. In the later years the LCOH decreases to €3.25 per kg or €100 per
MWh, however the share of electricity costs only reaches 50 %, indi-
cating that investment costs and the electricity price are both significant
parts of the LCOH. This is impacted by the market design chosen for the
electricity sector, where electricity costs for hydrogen producers are
often zero (cf. Section 3.3).

Fig. 9 illustrates the development of hydrogen prices and the yearly
average electricity prices for non-electrolytic electricity demand over
time. This allows multiple observations.

Firstly, the price of green hydrogen starts at close to €9 per kg, de-
creases from around 2031, and stabilizes at approx. €3 per kg. We
consider this indicative of a green hydrogen industry nearing stability.

Secondly, the electricity price for non-electrolytic demand decreases
in two distinct stages. In the first stage, the price drop — from €119 to 76
per MWh - is driven by the expansion of renewable energy, which is
independently of installed electrolyzer capacity. The second stage be-
gins once installed electrolyzer capacity reaches its maximum, with
prices declining further to €69 per MWh.

In addition, the levelized cost of electricity (LCOE) for the entire
system fluctuates between €53 and 72 per MWh, showing a downward
trend over time.

From these observations, we conclude that the existence of a prof-
itable green hydrogen industry reduces the electricity price for non-
electrolytic demand. Additionally, the low electricity price required by
hydrogen producers for profitability is insufficient by its own for power
producers to cover their LCOE. The power producers need to be able to
sell to the non-electrolytic electricity demand or at higher prices to
hydrogen producers.

Lastly, to address the question of the overall cost of the green
hydrogen industry, Table 3 lists investment costs across the three sec-
tors. The largest investment is required in the power sector, amounting
to €1234 bn. Hydrogen producers cumulatively invest €82 bn., and
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Fig. 9. Comparison of electricity price for the non-electrolytic demand (green)
and green hydrogen price (blue). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Table 3

Comparison of cumulative investment until 2050 in the power, hydrogen and
electrolyzer sectors for the best-case, non-strategic, grey hydrogen and worst-
case scenario.

Sector Best-case Non- Grey Worst-
strategic hydrogen case
Power €1234 €1236 bn. €1047 bn. €1025
bn. bn.
Hydrogen €82 bn. €75 bn. €22 bn. -
Electrolyzer €15 bn. €13 bn. €7 bn. -
manufacturing

electrolyzer manufacturers invest €15 bn. Although there is an order of
magnitude difference between the power sectors and the other sectors, it
should be noted that power producers supply not only hydrogen pro-
ducers but also the entire non-electrolytic electricity demand. Moreover,
the relatively low investment required by electrolyzer manufacturers
results from the fact that the total electrolyzer costs are dominated by
OPEX rather than CAPEX (cf. Table 2).

A sensitivity analysis was performed on the electrolyzer learning rate
for the best-case scenario. The analysis reveals that higher learning rates
lead to increases in installed electrolyzer and manufacturing capacities,
accompanied by reductions in electrolyzer costs. However, other key
indicators, such as hydrogen production volume, LCOH, hydrogen price,
LCOE, and installed renewable capacity remain largely unaffected.
Moreover, the overall development dynamics are independent of the
assumed learning rate. The detailed results of the sensitivity analysis are
presented in Appendix D.

4.2.2. Key parameters for the green hydrogen industry
To understand how our biggest assumption of strategic investment
and a premium to pay for green hydrogen will impact the green
hydrogen industry, we conducted three additional experiments with
more conservative assumptions. In the first scenario, we assume no
premium for green hydrogen, instead the maximum willingness to pay is

based on the production costs for hydrogen from stream reforming:
_ Dgas

sz max —
Nsr

Eq. 13

We refer to this scenario as “grey hydrogen”. In the second additional
scenario, we keep the maximum premium for green hydrogen, however,
do not allow for strategic investment, i.e. the minimum starting in-
vestment threshold for hydrogen and electrolyzers producers is equal to
zero:

Pomax =0 Eq. 14

We refer to this scenario as “non-strategic”. In the last, third addi-
tional scenario we assume for both, the willingness to pay and the
minimum starting investment threshold conservative values, i.e. Eq.
(13) and Eq. (14) are true. We call this scenario the “worst-case” for a
possible green hydrogen industry.

4.2.2.1. No industry or just slower growth. Fig. 10 shows the develop-
ment of the installed capacities in the three sectors for the “grey
hydrogen”, “non-strategic” and the “worst-case” scenario in addition to
our best-case scenario.

When comparing the results from the “grey hydrogen” scenario to
our best-case scenario, we observe that developments in installed re-
newables in the power sector are similar during the initial years in phase
1. However, after 2028, no significant expansion of renewables occurs in
the “grey hydrogen” scenario, stabilizing around 280 GW. The absence
of the second increase in renewables, which was observed in the best-
case scenario, is due to the significant lower green hydrogen produc-
tion. In the “grey hydrogen” scenario, the median installed electrolyzer
capacity only increases to 12 GW. However, these installed electrolyzers
are not replaced after 2050, as these never become profitable. Since this
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occurs after 2050, it is not observable in Fig. 10. We provide Fig. C 1,
showing this investment bubble in Appendix C. A similar pattern — a
hype bubble, driven by strategic investment decisions - is observed for
electrolyzer production capacities. We conclude that no profitable green
hydrogen industry develops in the “grey hydrogen” scenario.

For the “worst-case” scenario, we see that no new electrolyzers are
installed and after a while the initial electrolyzers reach the end of their
lifetime. The same is true for the manufacturing capacities in this sce-
nario. The installed renewables do increase in the first few years from
150 GW and stabilize around 274 GW. They only sligthly decrease to
265 GW by 2050. With this observation, we can calculate that the ratio
of additional installed renewables to installed electrolyzers in a profit-
able green hydrogen industry in our best-case scenario is around 2.1
GWR/GWE.

Comparing the “non-strategic” scenario to the best-case scenario, we
observe similar developments in installed renewables as in the other
scenarios in phase one. However, after 2029, the installed renewables
grow more slowly than in the best-case scenario. This slower growth
results from a longer scale-up period of installed electrolyzers in the
“non-strategic” scenario compared to the best-case scenario. While the
total installed electrolyzer capacity stabilizes around 43 GW in both
cases, the time required to reach this level is approximately two years
longer in the “non-strategic” scenario. The same delay is observed in the
expansion of manufacturing facilities.

4.2.2.2. Costs of being strategic and the costs of a green hydrogen
industry. For these four extreme scenarios, we can compare the cumu-
lative investments until 2050 in the three sectors, as shown in Table 3.

Firstly, we observe that the costs for hydrogen producers to act
strategically amount to €82 bn. , i.e. 9 % more compared to our “non-
strategic” case. At the same time, investment in electrolyzer
manufacturing capacities is €2 bn. higher compared to “non-strategic”

10

scenario. The cumulative investments in all three sectors in this scenario
are around €6.2 bn, i.e. around 1 %, higher by 2050, as compared to the
non-strategic scenario.

Secondly, €1025 bn. are still invested in new renewables in the
“worst-case” scenario. This implies that approximately €210 bn. of
additional investment in the power sector is required for the green
hydrogen industry that develops in both the “non-strategic” and the
best-case scenario. Thus, for every €1 invested in electrolyzers,
approximately €2.5 must be invested into additional renewables.

4.2.3. Sensitivity to strategic investment decisions and green hydrogen price

To further assess the impact of the level of strategic investment and
the premium paid for green hydrogen, we explored the industry’s
development under different combinations of these two parameters with
a sensitivity analysis. We vary the willingness to pay between €3 and 8
per kg in €1 per kg increments, and the investment threshold between
—1 and 0 in 0.1 increments.

4.2.3.1. What is needed for a profitable green hydrogen industry?. Fig. 11
shows the installed electrolyzer capacity in different scenarios in the
year 2050. A clear distinction can be observed between parameter
combinations that result in a profitable green hydrogen industry and
those in which no industry develops. At a minimum, a willingness to pay
€4 per kg for green hydrogen is required for an industry to develop in the
model. This indicates that with a lower appetite for risk among hydrogen
and electrolyzer manufacturers, a higher maximum willingness to pay
for green hydrogen is necessary and vice versa. However, with a
maximum willingness to pay of €5 per kg strategic investment decisions
are not necessary anymore.
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Fig. 11. Sensitivity of installed electrolyzers in 2050 to maximum willingness
to pay for green hydrogen and minimum starting investment threshold. (For
interpretation of the references to colour in this figure legend, the reader is
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5. Discussion

Using our simplified conceptual and model, we have simulated the
co-development of the power, hydrogen, and electrolyzer sectors from
2024 to 2050. We validated the power sector component of our model
against historical data, with the corresponding results provided in Ap-
pendix E. For the period from 2000 to 2024, our results show a mean
absolute percentage error of 16.2 % for installed renewable capacity,
15.7 % for the share of renewables in total electricity production, and
10.6 % for renewable electricity production. Due to the high-level, ab-
stract nature of our model and the current non-existence of the green
hydrogen industry, we validate our results by comparison to literature.

5.1. Comparison to literature

The development of the green hydrogen industry is an active field of
research. Many studies have been conducted on green hydrogen in-
dustry in Germany. Table 4 shows how our key results compare to values
reported in literature. For comparison, we consider meta-studies that

Table 4

Comparison of key results of literature and current model (best-case scenario).
Values for literature show range from minimum to maximum and if available the
median in brackets. Values for current model show 25- and 75-percentile and
median in brackets.

Result Current model (best- Literature Source
case)
Installed electrolyzers 1.9-2.1 (2.0) GW 5-21 (5) GW [100]
2030
Installed electrolyzers 39.7-42.5 (41.0) GW 11-147 (36) GW [100]
2045/50
Installed renewables 2030  282-293 (289) GW 195-390 (256) [100]
GW
Installed renewables 351-372 (358) GW 270-856 (490) [100]
2045/50 GW
Hydrogen production 4.0-4.6 (4.4) TWh 0-335 (11) TWh [99]
2030
Hydrogen production 75.4-87.8 (80.0) 0-644 (78) TWh [99]
2050 TWh
Electrolyzer price 2030 1674-1700 (1692) 400-1850 €/kW [101,
€/kW 102]
Electrolyzer price 2050 1065-1073 (1072) 220-650 €/kW [103]
€/kW
LCOH 2030 4.83-5.67 (5.29) 3.06-3.69 €/kg [104]
€/kg
LCOH 2050 3.03-3.49 (3.25) 1.40-4.38 €/kg [105,
€/kg 106]
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aggregate results from multiple individual studies.

Comparing our results shows that our model simulates a green
hydrogen industry in 2050 similar to literature in the best-case scenario.
However, our model appears to differ in the pathway it takes to reach a
profitable green hydrogen industry. Our results for 2030 are consistently
less favorable for a green hydrogen industry than those reported in the
literature, while for 2050, our results align closer with literature values,
close to the mean or median.

For the power sector, our 2030 results align with the literature, as the
main driver for expansion is not green hydrogen production but finan-
cial incentives from fossil fuel power plants in the merit order. However,
like all but one study in the meta-analysis, the 2030 policy goal is not
met, despite a high expansion rate of renewables already achieved,
highlighting the ambitious nature of this target. Differences in installed
renewables for 2050 between our model and other studies may be due to
various factors such as different methods, policy or electricity demand
assumptions, and available technology options. Our model indicates
that without increased electricity demand, green hydrogen alone does
not provide sufficient incentives to install the renewables necessary to
meet the policy target. Only about 30 % of studies analyzed in the meta-
study achieve the target for installed renewables by 2050.

Regarding the hydrogen sector, two differences stand out. First, our
model shows that the rollout of electrolyzers occurs later than in other
models. Nevertheless, the final state of the industry is comparable with
literature results, with key indicators such as installed electrolyzers, and
hydrogen production showing reasonable consistency. Differences be-
tween our results and other studies may be attributed to factors such as
green hydrogen imports, modeling methods, or hydrogen demand.
Variations in import quotas and hydrogen demand explain the wide
range of reported hydrogen production levels. Both the meta-analysis
studies and our results suggest that the policy target of 10 GW
installed electrolyzers by 2030 is overly ambitious.

Second, both the starting point at which significant investment in
electrolyzers begins around 80 % renewable electricity — and the ratio of
additional renewable capacity to electrolyzer capacity — approximately
2 GWRr/GWFE — are comparable to values reported in the literature (cf. Ref
[107D).

In addition, the relative reduction potential of electrolyzer produc-
tion costs is similar. As mentioned earlier, we assumed very high initial
production costs and a low learning rate for turnkey electrolyzers,
leading to a lower total reduction potential for electrolyzers. However,
the production costs for 2050 are in line with what is mentioned in
Ref. [11].

5.2. Discussion of the industry scale-up

The developments observed in our model lead to the following key
insights:

A profitable green hydrogen industry in Germany is feasible.
Given the right combination of willingness to pay a premium for green
hydrogen and a high level of strategic investment decisions by hydrogen
and electrolyzer manufacturers, an industry with approximately 40 GW
of installed electrolyzer capacity and the necessary production infra-
structure can emerge. This industry could produce hydrogen at levelized
costs (LCOH) around €3 per kg by 2050 using exclusively excess elec-
tricity. While other studies have already suggested that a domestic green
hydrogen industry may be the cost-optimal solution (cf. Section 5.1), we
have demonstrated that such an industry can also be profitable under the
right conditions. However, the industry relies on both investors being
willing to make strategic investment decisions and hydrogen consumers
being willing to pay a premium for green hydrogen.

The green hydrogen industry benefits non-electrolytic elec-
tricity consumers. This is a novel and potentially counterintuitive
result. We attribute this to the fact that electrolyzer deployment in-
centivizes the installation of additional renewable capacity. As a result,
the volume of excess electricity increases, which leads to more hours
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with lower electricity prices compared to situations when gas turbines
must supply part of the non-electrolytic electricity demand. While the
use of electrolyzers raises electricity prices during some excess elec-
tricity periods (since prices are no longer zero), the overall cost-lowering
effect of having more hours with excess supply outweighs this increase.

Strategic investment is costly. Strategic investment decisions in-
crease the likelihood of a profitable green hydrogen industry emerging.
This is consistent with real-world behavior, where hydrogen and elec-
trolyzer manufacturers invest in or announce new projects despite the
associated risks. However, our model does not account for insolvency,
which may result in underestimating the risks of strategic investment
decisions. In addition, strategic investment decisions by hydrogen pro-
ducers and electrolyzer manufacturers also increase the overall amount
invested.

Policy makers are needed. Our results show that a profitable green
hydrogen industry requires a combination of strategic investment and a
willingness to pay for green hydrogen. This is where policymakers play a
crucial role. They can facilitate strategic investments by setting clear
industry targets, as done by the EU [5] and Germany [95]. Appropriate
policy instruments such as Hy2Tech under the Important Projects of
Common European Interest [108] can support these goals by reducing
investment risks and thereby making strategic commitments more
attractive. Moreover, policies such as Hy2Use [109] or the auctions by
the European Hydrogen Bank [110] can increase the willingness to pay
for green hydrogen, or reduce the price of green hydrogen. Policymakers
thus have several levers at their disposal to influence the development of
the sector.

5.3. Discussion on conceptualization and parameterization

The conceptualization of the decision-making process within an
agent-based model is a critical element. In our study, we deliberately
adopt a keep-it-simple approach by basing investment decisions on a net
present value analysis. We acknowledge that real-world investor
behavior is more complex and influenced by a range of factors —
including preferences for certain asset types, prior experience, and
broader macroeconomic trends. However, we argue that our simplified
approach is justified, as many of these factors are difficult or impossible
to quantify.

In our model, we have simplified the electricity sector as an energy-
only market. Additionally, we have assumed that the non-electrolytic
electricity demand remains constant until 2050. While many studies
predict an increase in non-electrolytic electricity demand due to rising
electrification, we believe that accounting for this would introduce un-
necessary complexity and uncertainty regarding how much the demand
would increase, into our results.

While the CO; price influences both the electricity market and the
demand for green hydrogen, its future trajectory is highly uncertain.
Moreover, it is affected — though not solely determined — by de-
velopments within the sectors represented in our model. For simplicity,
we have therefore assumed a constant CO, price throughout the simu-
lation period. A higher CO5 price would likely stimulate additional
deployment of renewable energy sources and electrolyzers. However,
the impact on other results is difficult to predict.

On the technical side, we decided to exclude other technologies than
renewables in the electricity sector to keep the model as simple as
possible. The inclusion of technologies such as different renewables
technologies, steam or gas turbines would add complexity without
altering our fundamental findings. An interesting addition could be the
use of green hydrogen in the power sector, as it presents another po-
tential demand for green hydrogen. However, this is outside the scope of
our research. Likewise, the modeling of electricity storage technologies,
while an intriguing addition, was not part of the model but could be
valuable, as these technologies also use excess electricity. Their inclu-
sion could, on the one hand, provide an additional revenue stream for
power producers and thereby encourage further investment, potentially
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leading to greater installed renewable capacity. On the other hand, it
could also result in an overestimation of the profitability of hydrogen
producers and the installed capacity of electrolyzers.

Although our source for green hydrogen demand accounts for
different sectors and industries, the model does not capture feedback
effects on this demand and does not include all sectors (e.g., the trans-
port sector). While demand assumptions are an essential aspect of the
model and affect the results, a full modeling of all these in-
terdependencies would exceed the scope of this study.

We acknowledge that the market for electrolyzers could be expanded
internationally. However, the literature suggests that this will not
happen in the near future, and that electrolyzer manufacturers in China,
Europe, and the USA will focus primarily on their home regions [10].

We decided not to account for the import of green hydrogen due to
the many uncertainties surrounding price and availability, particularly
as potential exporting countries may prioritize decarbonizing their own
energy systems. That said, if low-cost hydrogen becomes available, it
could affect our results. Therefore, the prices and LCOH from our model
should be interpreted as valid only if inexpensive imports are not
available in sufficient quantities.

Furthermore, we acknowledge that the values we assumed for the
parameterization (cf. Table 2) carry uncertainties and ranges. For
installed electrolyzer manufacturing capacities, we were only able to
find a number for Europe but have made an educated guess for the
German part.

However, to the best of our knowledge and based on a comprehen-
sive review of existing studies, no previous modeling effort has inte-
grated all three key sectors required for a green hydrogen industry into a
unified agent-based model while also incorporating a framework for
strategic investment behavior. Existing agent-based models have only
explored the interaction between renewable energy deployment and
electrolyzer investment, cf. Ref. [44].

6. Conclusion

In this study, we developed an agent-based model that simulates
investor behavior across the electricity, hydrogen, and electrolyzer
markets. We modeled the future growth and coupled development of
each of these. The results highlight the dynamics of the green hydrogen
industry’s development. Through scenario analysis, we linked these
dynamics to fundamental drivers such as the strategic risk appetite of
investors and willingness of the market to pay a premium for green
hydrogen.

Agent-based models are particularly well suited to exploring the role
of individual actors in complex systems. We followed a ‘keep-it-simple’
principle, acknowledging that modeling three interacting sectors
already introduces considerable complexity. Nevertheless, we argue that
this study offers new insights through a simple and transparent
approach. In addition, we were able to incorporate strategic investment
behavior in the model: hydrogen producers and electrolyzer manufac-
turers may decide to invest in assets without expecting direct profit-
ability in order to gain a first-mover advantage.

Our results underscore that the availability of excess electricity and
domestic electrolyzer manufacturing capacity are essential prerequisites
for scaling up a green hydrogen industry. However, successful industry
development is not guaranteed. The willingness to pay is a decisive
factor in determining whether a profitable green hydrogen industry can
emerge. Even under maximum strategic investment, a willingness to pay
€4 per kg for green hydrogen is required during the initial phase of the
scale-up. If investors behave less strategically in their investment, this
threshold increases to €5 per kg. Nonetheless, once the industry scales
up, the levelized cost of hydrogen can fall to around €3 per kg in Ger-
many as the cost of electrolyzers falls to circa €1000 per kW due to
technological learning.

If a scale-up occurs, it can be divided into three phases. First, in the
2020s only the power sector decarbonizes through deployment of
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additional renewables. There is no significant electrolyzer capacity
addition as there is insufficient excess electricity available to utilize
electrolyzers effectively. Second, from the early 2030s onward there is
continued power sector decarbonization as well as expansion of elec-
trolyzer capacity and electrolyzer manufacturing capacity. Third, the
system transitions into a stabilization phase around 2040, during which
only end-of-life assets are replaced. Reaching this profitable green
hydrogen industry with 40 GW of electrolyzer capacity and halving the
ca. 20 % remaining non-electrolytic power demand not met directly
with renewables in 2030, require investments in electrolyzer capacity of
around €80 bn. and additional investments in renewables of around
€200 bn. up to 2050.

Different investment strategies influence the timing of the scale-up if
an industry develops. With the most strategic investment decisions, the
scale-up occurs approximately two years earlier than without any stra-
tegic investment decisions. However, this comes at a cost of about €6 bn.
Nevertheless, the final outcome — around 40 GW of installed electro-
lyzers by 2050 - is largely independent of the degree of strategic
behavior, as long as the willingness to pay for green hydrogen is high
enough.

We show that, while policy targets can drive strategic investments,
they are unlikely to be met on time. Before 2030, electrolysis deploy-
ment remains limited until the point where there is sufficient excess
electricity to warrant electrolyzer deployment. Afterward its expansion
is limited by slow growth of excess renewable electricity and time
required to scale up electrolyzer manufacturing capacities.

Our findings suggest that, to promote a domestic green hydrogen
industry, policy makers need to guarantee not only sufficient excess
electricity but also a willingness among consumers to pay a premium for
green hydrogen. Additionally, we demonstrate that investors in elec-
trolyzers face a limited temporal window for the perfect market entry,
shaped by the availability of excess electricity and the potential for cost
reductions in electrolyzer technology.

Future research could extend the model to include electricity storage
technologies such as batteries as investment opportunities, to assess
their effect on the availability of excess electricity. Moreover, the
explicit use of green hydrogen in the power sector could be examined as
a means to further decarbonize electricity generation.

Incorporating and coupling additional sectors, such as the transport
sector, into the demand modeling could provide a more comprehensive
view and reveal interesting dynamics, which should be explored in
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future research. Moreover, the model could be extended to account for
international trade, enabling an assessment of the impact of interna-
tional imports on the German hydrogen industry and electrolyzer
manufacturing, as well as their export capabilities.

Lastly, the model could be extended to incorporate different policy
instruments, to analyze their impact on industry scale-up. This method
could support evidence-based policy design, by allowing policymakers
to assess the effectiveness of proposed measures.
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A. Appendix A.

Model narrative

Our model simulates the development of the green hydrogen industry and the power system over several years. The smallest time step within each
year is one day. Each day, renewable electricity production, electricity prices, and electrolyzer activity are modeled. At the end of each year, the

following steps occur:

Power producers calculate their profitability. Power producers calculate their income from each asset in their portfolio based on daily elec-
tricity production and prices. They then determine the profitability of each asset. Based on the profitability of their assets, power producers adjust their

investment threshold.

Power producers evaluate new investment opportunities. Power producers assess new investments by performing an NPV calculation based on
expected profits and capacity. Expected profits are estimated from the past year’s renewable utilization and electricity prices. If the ratio of NPV to
investment costs exceeds the investor’s individual investment threshold, a new asset is added to the system and begins generating electricity the

following year.

New power producer entry if possible. If all power producers have decided to invest in new assets, a new investor may enter the electricity
sector. This new investor is initialized with a random investment threshold and one renewable asset. Since capital is limited, only one new investor

may enter the market per year.

Hydrogen producers calculate their profitability. Hydrogen producers calculate their asset profitability similarly to power producers and adjust
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their investment thresholds based on asset performance.

Hydrogen producers evaluate new investment opportunities. There is no guarantee that electrolyzers will be available. Hydrogen producers
calculate their willingness to pay for electrolyzers using their investment thresholds and an NPV analysis. They submit bids to electrolyzer manu-
facturers. Electrolyzer manufacturers sell their electrolyzers to the highest bidders, starting with the electrolyzer manufacturer with the lowest
production costs, until no more production capacities for electrolyzers are available or no more bids are placed. New electrolyzers begin producing
green hydrogen the following year.

New hydrogen producer entry if possible. After all hydrogen producers acquire electrolyzers, a new hydrogen producer may enter the sector if
they can purchase an electrolyzer. The new producer’s willingness to pay is based on a random investment threshold, and they bid accordingly. If the
bid is accepted, the new hydrogen producer enters the market. As with power producers, only one new investor may enter per year.

Electrolyzer manufacturers calculate their profitability. Electrolyzer manufacturers calculate their profitability after selling electrolyzers,
considering profits, production costs, and equivalent annual costs. They adjust their investment threshold accordingly.

Electrolyzer manufacturers evaluate new investment opportunities. Electrolyzer manufacturers evaluate investments similarly to power
producers. Upon a positive decision, production costs are calculated, a new factory is initialized, and the factory becomes operational the following
year.

New electrolyzer manufacturer entry if possible. If all electrolyzer manufacturers invest in new factories, a new investor may enter the
electrolyzer market. The new producer starts with a random investment threshold and one electrolyzer factory. Only one new investor may enter per
year.

Asset and investor elimination. Assets reaching the end of their operational life are removed from the system. Investors with no remaining assets
at the end of the year are also eliminated.

List of symbols

Tab. A1
List of symbols.

Symbol  Meaning Symbol Meaning
aj Risk tolerance factor of hydrogen producer j CRFg Capital recovery factor for renewable
a Risk tolerance factor of electrolyzer manufacturer k Dy Non-electrolytic electricity demand
p Bargaining power factor I Investment costs
ng Efficiency electrolyzers Ig Investment costs of electrolyzer
Ner Efficiency gas turbine Igj Investment costs for electrolyzer for hydrogen producer j
2 Learning rate for electrolyzers Ign Investment costs of electrolyzer n
[y Weight for capacity for hydrogen producer j Ir Investment costs for electrolyzer manufacturing factory
O Weight for costs for hydrogen producer j ir Specific investment costs electrolyzer manufacturing factory
@ Investment threshold Irp Investment costs for factory for electrolyzer manufacturer k
»; Investment threshold of power producer i Ir Investment costs of renewable
Ag; Change in investment threshold for power producer i ir Specific investment cost renewable
@; Investment threshold of hydrogen producer j Ng Number of electrolyzers
Pj0 Investment threshold of hydrogen producer j at initialization Ngp Number of electrolyzer manufacturers
Ag; Change in investment threshold for hydrogen producer j Nr Number of factories for electrolyzer manufacturing
Pr Investment threshold of electrolyzer manufacturer k Nup Number of hydrogen producers
Dro Investment threshold of electrolyzer manufacturer k at initalization =~ Ny Number of renewables
Ag; Change in investment threshold for electrolyzer manufacturer k Ngy Number of sales of electrolyzers of electrolyzer manufacturer k
APy Maximum change in investment threshold for power producer i NPV Net present value
APmaxj Maximum change in investment threshold for hydrogen producer j NPVg Net present value of electrolyzer
APmaxk Maximum change in investment threshold for electrolyzer NPV, Net present value of electrolyzer of hydrogen producer j
manufacturer k
NPV5x Net present value of electrolyzer manufacturer k
Ag Capacity of electrolyzer NPVg; Net present value of renewable of power producer i
Ago Capacity of electrolyzers in year zero DE Price electrolyzers
Ag cum Cumulative electrolyzers capacity produced Pr Total production electrolyzers
Agp Maximum demand for electrolyzers PEjk Price for electrolyzer for sale between hydrogen producer j and electrolyzer
manufacturer k
AAgk Difference in capacity for electrolyzer manufacturer k DEs Price of electrolyzer in sale s
AE max Maximum capacity for electrolyzer Peic Electricity price
AAE max Maximum difference in capacity Pgas Natural gas price
Agn Capacity of electrolyzer n P, Hydrogen price
Ags Maximum supply of electrolyzers Pran Current maximum output of renewables
Ags Capacity of electrolyzer in sale s PR allmax Current maximum output of renewables
AE target Political target for cumulative electrolyzer capacity r Discount rate
Af Capacity of electrolyzer manufacturing factory ROL; Return of investment of power producer i
AF max Maximum capacity for electrolyzer manufacturing factory ROJ; Return of investment of hydrogen producer j
Agp Capacity of factory for electrolyzer manufacturing p ROl Return of investment for electrolyzer manufacturer k
AR Capacity of renewable ROLiarget i Target return of investment of power producer i
Arm Capacity of renewable m ROlgrget Target return of investment of hydrogen producer j
AR max Maximum capacity for renewable ROiarget k Target return of investment of electrolyzer manufacturer k
Bgp Benefits of electrolyzer n Tg Minimal lifetime electrolyzer
B; Benefits of power producer i Tr Minimal lifetime of electrolyzer manufacturing factory
Brm Benefits of renewable m Tr Minimal lifetime renewable
cco, CO, price ug Utilization of electrolyzers

(continued on next page)
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Tab. A 1 (continued)

Symbol  Meaning Symbol Meaning
CE Production costs of electrolyzer Ug Utilization of renewables
CEO Production costs of electrolyzer in year zero WE Willingness to pay for electrolyzers
CEj Production costs for electrolyzer i Wgj Willingness to pay for electrolyzer by hydrogen producer j
CEk Production costs for electrolyzer manufacturer k Welc Willingness to pay for electricity
CEmax Maximum production costs for electrolyzer Ye Cashflow for electrolyzer
Cen Expenditure of electrolyzer n Yen Cashflow or electrolyzer n
CEs Production costs of electrolyzer in sale s Y; Cashflow of renewable of power producer i
Cgas Costs natural gas Yi Specific cashflow of renewable
cfr Capacity factor renewables Y; Cashflow of hydrogen producer j
Clgas Carbon intensity natural gas Yi Cashflow of electrolyzer manufacturer k
CRFg Capital recovery factor for electrolyzer Yk Specific cashflow of electrolyzer manufacturing factory
CRFp Capital recovery factor for electrolyzer manufacturing factory Yrm Cashflow of renewable m
Model logic

The model works on two timescales: daily and yearly. We first describe all actions done on a daily scale.

Daily actions
First, we determine the maximum possible production by all renewables Pg gji max:

Ng
Praiimax = ¢fr Z Arm Eq. 15

m=0

Where cfr is the weather dependent capacity factors for renewables, Ag , the capacity of Renewable m, and Ny is the number of installed renewables.
Next, we calculate the actual production by renewables P 4;:

Ng
Prai=up Y Arm Eq. 16

m=0

Where uy is the utilization of renewables:

Ng
Ugp = CfR for PR.all,ma.x < DG + ZAEn
n=0
Ng Eq. 17
Dg + > Aga Ng
Ur = — =0 for Praitmax > Dg + ZAEYI
P R,all max =0

Where Dy is the non-electrolytic electricity demand, Ag » is the capacity of electrolyzer n, and Ng is the number of installed electrolyzers. Similarly, we
can also determine the utilization of the electrolyzers:

u; =0 for PR,all.max < Dg
Ng
up — w for Dg < Praitmax < Dg + ZAE‘"
o > Eq. 18
n=0
Ng
up =1 for Pgaimex > Dg + ZAE"”
n=0

In addition, we can determine the price of electricity p.., which is also dependent on the production by renewables Pr o max-

DPelc = pg_a.s for PR,all.mux < DG
GT
N
Deic = Weic for DG < PR,all.max < DG + ZOAEn Eq 19
n=
Ng
Delc = 0 for PR.all,ma.x > DG + ZAEH
n=0

Where 1 is the efficiency of gas turbines and py; is the price for gas, which depends on the CO»-price cco,, the carbon intensity of natural gas cigs, and
the costs for natural gas cgqs:

Dgas = Cgas + ClgasCco, Eq. 20
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Furthermore, w, is the willingness to pay for electricity by hydrogen producers, which is based on the efficiency of the electrolyzers 5, and the
price for green hydrogen py,.
Welc = PH, Mg Eq 21

The price for green hydrogen is determined with the help of Fig. 3 and the total green hydrogen production Pg from the previous year t — 1:

365 N
Py(t—1)=" up(d) D Apa Eq. 22
d=0 n=0

Where ug(d) is the electrolyzer utilization on day d, Ng is the number of electrolyzers and Ag, is the capacity of electrolyzer n.

Yearly actions - Power producer
We start describing the yearly actions for the power producers. We calculate the return on investment ROI; for power producer i:

Nrj

Z BR.m

ROI =" Eq. 23

> Ir
m=0

Where Bg , is the benefits earned by renewable m of power producers i, I , are the investment costs of renewable, and Ny is the number of renewables
of power producer i.
With the return of investment ROI; we can calculate the change in the investment threshold Ag; for the power producer i:

ROI;
e Eq. 24
@; Pmax;” AN (n(ROImrger.i>> |

Where Ag,,,,; is the maximum change possible for power producer i, and ROy, is the target return of investment for power producer i at which the
power producer achieves profitability. We can calculate this by setting the net present value NPV ; of a renewable asset of power producer i equal zero
and then solving for the necessary return on investment:

NPVg;=0 Eq. 25
The net present value NPVy; can be calculated as follows for a constant cashflow Y; of power producer i:
NPVgi— — Iy + -1 Eq. 26
Ri = R CRFx q.

Where Iy is the investment costs for a renewable and the capital recovery factor CRFy for a renewable asset. The cashflow Y; is equal to the benefits B;
for renewables since they have no fuel costs:

Y;=B; Eq. 27

We can calculate the capital recover factor CRFy for a renewable asset with the internal discount rate r, and Ty the lifetime of a renewable asset.

r

CRFg=—— Eq. 28
i aen ™ q
With Eq. (26) and Eq. (28) we can solve Eq. (25) to solve for the target return on investment ROLigrge :
Y, |

—Ig + ——= Eq. 2

® R, e 29

Y;

Ir= Eq. 30
K~ CRFz q
Y:
— =CRF; Eq. 31
Ir
ROl4rgeri = CRFg Eq. 32
Finally, we can update the investment threshold ¢;(t) of power producer i for year t:
() =¢(t—1) + Ag, Eq. 33
Where the power producer’s individual investment threshold can never fall below zero:
¢ =20 Eq. 34

The power producer then makes an investment decision based on the expected net present value NPVy; of a new renewable, investment costs Iz and
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the updated investment threshold ¢;(t):

NPV,
Ir

@i(t) < Eq. 35

The net present value NPVy; of the new renewable is based on the specific investment costs for renewables iz, the capital recovery factor for
renewables CRFy, the capacity of the new renewable asset Ar and the specific cashflow y;, which is assumed to be constant:

. YiAr
NPVg¢; = —irA Eq. 36
Ri 1RAR + CRF, q
The assumed specific cashflow y; is equal to the specific average cashflow of the existing assets of power producer i:
Nr,i
>~ Yrm(t)
yi= m;:[_ Eq 37
z AR,m
m=0

Where Ng; is the number of renewable assets of power producer i, Yz m(t) is the cashflow of renewable asset m earned in the current year t, and Ag p, is
the capacity of renewable asset m.
If a positive investment decision was made in one year, the capacity for the next renewable asset Ay is increased as follows:

Ag(t+1)=Ag(t) + AAg for Ag(t) < Armax Eq. 38

Where Ag max is the maximum capacity of renewable assets and is the AAg increase in capacity for renewables.

Yearly actions — Hydrogen producers
Similar to the power producers, we start out by calculating return on investment for the hydrogen producers:

Ng;

Z YE.n
ROL =22 Eq. 39

Ngj

Z IE,n
n=0

Where Ng; is the number of electrolyzers of hydrogen producer j, Ig, is the investment costs of electrolyzers n, and Yz, is the earned cashflow of
electrolyzer n in the current year. The earned cashflow Yg, of electrolyzer n is the difference between benefits from selling hydrogen Bg, and
electricity costs Cgn:

YE,n :BE.n - CE,n Eq 40

Where the benefits By, are:

365

Bgn= ZPH2 uE(d)'?EAE.n Eq. 41
d=1

Where py, is the current hydrogen price, ug(d) is the utilization of electrolyzers for day d, 7y, is the efficiency of electrolyzers, and Ag , is the capacity of
electrolyzer n. We can calculate the electricity costs by:

365

Cen=Y_ pac(d)up(d)Agn Eq. 42

d=1

Where pg;c(d) is the electricity price for day d. With the return on investment ROJ; of hydrogen producer j. Now we can calculate the change in the
investment threshold Ag; for the hydrogen producer j:

ROJ;
Ap;= = Apge;*tanh ( In{ - ——— )
®j Pmaxj tan (TI(ROImrgetJ)) .

Where Ag,,q,; is the maximum change possible for hydrogen producer j, and ROl is the target return of investment for hydrogen producer j, at
which the hydrogen producer achieves profitability. We can calculate this by setting the net present value NPVg; of an electrolyzer of hydrogen
producer j equal zero and then solving for the necessary return on investment:

NPVy;=0 Eq. 44
We can calculate the net present value NPVg; as follows for a constant cashflow Y; of hydrogen producer j:

Y;

NPV = — I + o

Eq. 45
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Where I; is the investment costs for an electrolyzer and the capital recovery factor CRFg for an electrolyzer. We can calculate the capital recover factor
CRF;, for an electrolyzer with the internal discount rate r, and T the lifetime of an electrolyzer.

r

CRFp=— Eq. 46
F1oa+n ™ q
With Eq. (45) and Eq. (46), we can solve Eq. (44) for the target return on investment ROlIigrge:
Y

—1I J_—0 Eq. 47

1 CRE, q

Y.

Ip=—-2 Eq. 48
¥~ CRFy q
Y,
— — CRFg Eq. 49
Iy
ROl,yger; = CRF Eq. 50

The investment threshold ¢;(t) of hydrogen producer j for year t can then be updated by:
@) =g;(t—1) + Ag; Eq. 51

However, the hydrogen producer’s individual investment threshold has a lower limit representing the maximum appetite for strategic investment
of the hydrogen producer:

AE.cum >
ity > @io| 1 ——— Eq. 52
¢]( ) - (/}]'0< ajAE.target q

Here, ¢;, is the investment threshold at initialization of hydrogen producer j, Agcun is the cumulative electrolyzer capacity, A wrge: is the political
target for cumulative electrolyzer capacity and a; represents the individual risk tolerance of hydrogen producer j.

Since there is no guarantee that hydrogen producers can buy an electrolyzer, we need to calculate the willingness to pay for electrolyzers. We can
calculate the willingness to pay for an electrolyzer by setting the ratio of net present value of a new electrolyzer NPVg; and its investment cost I; equal
to the current investment threshold ¢;(t) of hydrogen producer j:

@;(t)= J Eq. 53

For the net present value of the new electrolyzer NPVg; a constant cashflow Y; is assumed:

LY

CRFg

The constant cashflow Y; is equal to the capacity of the new electrolyzer A times the specific average cashflow y; of the hydrogen producer j in the
current year.

Y, =yAx Eq. 55

Where the specific average cashflow is based on the benefits Bz ,(t), electricity costs Cg,(t) in the current year t and capacities Ag, of all electrolyzers
of hydrogen producer j:

Ngj
2 Ben(t) = Cea(t)
n—
e Eq. 56
Z Agn
n=0

We can calculate the benefits according to Eq. (41) and the electricity costs to Eq. (42). The investment costs I; for the new electrolyzer can be
expressed as the specific willingness to pay wg; of hydrogen producer j times the capacity of the new electrolyzer Ag:
Izj =wgjAg Eq. 57
Using Eq. (54), Eq. (55) and Eq. (57), we can solve Eq. (53) for the specific willingness to pay for a new electrolyzer wg; by hydrogen producers j:
_ NPV

(t Eq. 58
@;(t) T q
@ (OIgy= —Ip; + WJFE Eq. 59
y;
(1+o;(t))Ig; = CRE, Eq. 60
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YA Eq. 61
CRFg(1 + (1))
Y

VeI CRE (1 + ¢, (1)

Eq. 62

The hydrogen producer can then try to buy electrolyzers in order of their specific willingness to pay in descending order. The hydrogen producer
will choose the electrolyzer manufacturer who can fulfill their demand in the best way. For this the hydrogen producer selects the electrolyzer
manufacturer with the lowest production costs and difference between the asked and provided capacity:

AA
min (wcjﬂ+w,” Ek > for k=0...Ngp Eq. 63
CE max AAI:'.ma.x

Where Ngp is the number of electrolyzer manufacturers, cg is the specific production costs of electrolyzer manufacturer k, cgmax is the maximum of
specific production costs of all electrolyzer manufacturers:

CEmae =max(cpx) fork=0...Ngp Eq. 64

AAg is the difference between the capacity asked by the hydrogen producer and the maximum capacity that the electrolyzer manufacturer can
produce, if they cannot produce the asked capacity. AAgmax is the maximum of this value of all electrolyzer manufacturers:

AAgmex =max(AAgy) for k=0...Ngp Eq. 65

o.;j and w,; are the weights at which hydrogen producer j values these factors:
Wej+wa; =1 Eq. 66

After finding the electrolyzer manufacturer k which fits best the demand of the hydrogen producer j, we can calculate the actual specific price pg j
at which the electrolyzer is sold:

Pk =Cex + B(Wej—Cek) Eq. 67

Where $ is the bargaining factor, that is based on the ratio of maximum demand for electrolyzers Agp and the maximum supply of electrolyzers Ags:

1 AE.D AE.D
=— for — <1
b 2 Aggs Aps —
1A A Eq. 68
=1--2E55 for R 5
ﬂ 2 AE.D AE,S
We define the maximum demand for electrolyzers Agp as:
Nup
Asp=>_ Ag; Eq. 69
j=0

Where Ngp is the number of hydrogen producers, and Ag; is the capacity for a new electrolyzer by hydrogen producer j. We can calculate the maximum
supply for electrolyzers Ags by:

Nr
Aps= ZAF.p Eq. 70
p=0

Where Nr is the number of factories for electrolyzer production and A, is the manufacturing capacity of factory p.
If a positive investment decision is made in one year and an electrolyzer could be bought, we can calculate the capacity for electrolyzer Ag in the
next year as follows:

Agp(t+1)=1.25*Ag(t) for Ag(t) < Apmax Eq. 71

Where Ag max is the maximum capacity of electrolyzers.

Yearly actions — Electrolyzer manufacturer
Finaly, we can calculate the return of investment ROI} for the electrolyzer manufacturer k:
Yy

Nrx

Z Ir P
p=0

ROl =

Eq. 72

Where Ny is the number of factories for electrolyzer production of electrolyzer manufacturer k, Ir, is the investment costs of factory for electrolyzer
production p, and Yy is the earned cashflow of electrolyzer manufacturer k in the current year. We can calculate the earned cashflow Yy of electrolyzer
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manufacturer k as the difference between the price and production costs times the electrolyzer capacity for each sale of electrolyzer:

Nk

Y= Z (pEs - CE.s)AE,s Eq 73
s=0

Where Ny is the total number of sales of electrolyzer manufacturer k in the current year, pg s is the specific price of the electrolyzer for sale s, cg is the
specific production costs of the electrolyzer for sale s, and Ag; is the capacity of the electrolyzer for sale s.
With the return of investment ROI; we can calculate the change in the investment threshold Ag, for the electrolyzer manufacturer k:

ROI; >>
Ap,= — A *tanh| In| ———— Eq. 74
Px q)max.k ( (ROItarget_k q

Where A@,,.x is the maximum change possible for electrolyzer manufacturer k, and ROl is the target return of investment for electrolyzer
manufacturer k at which the power producer achieves profitability. We can determine this by setting the net present value NPVg of a factory for
electrolyzer production of electrolyzer manufacturer k equal zero and then solving for the necessary return on investment:

NPV =0 Eq. 75

We can calculate the net present value NPVy as follows for a constant cashflow Y, for power producer k:

Yy
NPV = —Ip +—— Eq. 76
Fk F+ CRF, q

Where Ir is the investment costs for a factory for electrolyzer production and the capital recovery factor CRFr. for a factory for electrolyzer production.
We can calculate this with the internal discount rate r, and T the lifetime of a factory for electrolyzer production.

r
CRFfp=————— Eq. 77
1-a+n ™ q

We can use Eq. (76) and Eq. (77) to solve Eq. (75) for the target return on investment ROl arget k:
Yk !

—Ir + =0 Eq. 78

" CRFy !

Yy

Ir= Eq. 79
" CRF; q
Y =CRFr Eq. 80
Ir
ROItarget.k = CRFF Eq 81

We can then update the investment threshold ¢, (t) of electrolyzer manufacturer k for year t:
o) =@ (t—1) + Agy Eq. 82

Similar to the hydrogen producers, the electrolyzer manufacturer’s individual investment threshold has a lower limit representing the maximum
appetite for strategic investment of the electrolyzers producer:

AE cum )
t) > 1———— Eq. 83
wk( ) - Q”k,o( akAE.twge[ q

Here, ¢y, is the investment threshold at initialization of electrolyzer manufacturer k, Agm is the cumulative electrolyzer capacity, Ag qrg: is the
political target for cumulative electrolyzer capacity and o, represents the individual risk tolerance of electrolyzers producer k.

The electrolyzer manufacturer then makes an investment decision based on the expected net present value NPV of a new factory for electrolyzer
production, investment costs Ir and the updated investment threshold ¢, (t):

NPV,
Pe(t) < —%
Iy

Eq. 84

The net present value NPVy of the new factory is based on the specific investment costs for factories for electrolyzer production ir, the capital
recovery factor for factories for electrolyzer production CRFy, the capacity of the new factory Ar and the specific cashflow y, which is assumed to be
constant:

YiAr

NPVpp = —iFA Eq. 85
Fk lpAF + CRF, q
We assume that the specific cashflow yj is equal to the specific average cashflow of the existing assets of electrolyzer manufacturer k:
Yi
Ye=rm Eq. 86
Z AF-p
p=0

20



B.-J. Jesse et al. International Journal of Hydrogen Energy 198 (2026) 152695
Where N is the number of factories of electrolyzer manufacturer k, Yy is the cashflow of electrolyzer manufacturer k earned in the current year t, and

Apy is the capacity of factory p.
If a positive investment decision is made in one year, we can calculate the increase in capacity for the next factory Ar as follows:

Ap(t+1)=1.25%Ax(t) for Ap(t) < Apmax Eq. 87

Where Ag mq, is the maximum capacity of factories for electrolyzer production.

B. Appendix B.

Y

- {2} Updste and
Initiste model (1} Daily actions investment for power

parameters

producers
(3} Update and
) = e Write outdats
hydrogen producers

Fig. B 1. Flow chart of an overview for the model.

Produce renewsble

electricity

Enough forsll
electrolyzers?

Set electricity price

¥

Sell electricity to general
demand

Sell electricity to hydrogen
producers

7

Produce hydrogen I

¥

Sell hydrogen
¥

I Write out daily data kf

Fig. B 2. Flow chart for overview of daily actions.

21



B.-J. Jesse et al. International Journal of Hydrogen Energy 198 (2026) 152695

4)| Updste profitsbility of PP I
Y

Updste investment threshold
of PP

Calculste NPV of new
renewable

NPV =
Investment
threshold?

Yes

Creste new renewsble I

All power
producers have
invested?

Yes

I Creste new power producer I

Y

Creste new renewsble I

Fig. B 3. Flow chart for investment decisions power sector.

—)I Updste profitability of HP I

I Update investment threshold

of HP

Calculste willingness to pay
fornew electrolyzer

Find EP with
production costs

= willingness to
pey?

Last hydrogen
producer?

All hydrogen

prodiicas Fava Calculste willingness to pay

invested? fornew hydrogen producer
Find EF with
Create new hydrogen production costs
producer = willingness to
Creste new No
«

Fig. B 4. Flow chart for investment decisions hydrogen sector.

22



B.-J. Jesse et al. International Journal of Hydrogen Energy 198 (2026) 152695

Fig. B 5. Flow chart for investment decisions electrolyzer manufacturing sector.
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C. Appendix C.
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Fig. C 1. Installed capacities for the “grey hydrogen” scenario until 2100 showing the collapse of the green hydrogen industry.
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D. Appendix D.
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E. Appendix E.
For validation, we simulated the power sector for the period from 2000 to 2024. In our model, we set the initial installed capacity for renewable
energy to 6.2 GW, corresponding to the historical value in 2000 [111]. Additionally, we reduced the initial number of power producers to reflect the

fewer operators at that time [112]. We also limited the initial size of renewable energy projects to 300 MW and reduced the growth rate of projects, as
renewable energy projects were generally smaller in the past [113,114]. We compared the development of installed renewable capacity, renewable
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electricity production, and their share in total electricity production. Our results have a mean absolute percentage error of 16.2 % for the installed
renewable capacity, 15.7 % for the share of renewables in electricity production, and 10.6 % for renewable electricity production compared to the
historical data.
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Fig. E 1. Installed renewables capacities of our model (solid) and historical data (dashed) [111].
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