
assessment of investment in 
electrolysers under various 
circumstances

Policy Papers  |  No. 13  | February 2023

Centre for Energy Economics Research (CEER)
www.rug.nl/ceer

Arjen Veenstra and Machiel Mulder

E
con

om
ics of h

yd
rogen

 p
rod

u
cition

 |   A
rjen

 V
een

stra an
d

 M
ach

iel M
u

ld
er

Economics of 
hydrogen production
assessment of investment in 
electrolysers under various 
circumstances

Hydrogen is increasingly seen as a key energy carrier to realize the 
transformation from fossil-energy based systems to zero-carbon energy systems. 
The economics of hydrogen supply is, however, still subject to debate. The costs 
of this supply are relatively high compared to the market prices of hydrogen, 
making that investments in electrolysers still need financial support in order to 
become profitable. The question, however, is to what extent such support remains 
required in the future when the economic circumstances have changed. 

The analysis of all the various factors affecting the business case of hydrogen 
production in an integrated manner is the topic of this policy paper. The 
objective of this analysis is to provide more insight in the conditions behind 
the profitability of investments in electrolysis plants. This insight is given by 
determining the required subsidies needed to make such investments break 
even. This analysis is conducted by constructing and using a computer model of 
integrated electricity and hydrogen markets for various scenarios regarding the 
future development in renewables, installed hydrogen capacity and demand for 
hydrogen.

Arjen Veenstra is student-assistant at the Centre for Energy 
Economics Research and MSc student Econometrics and Operations 
Research at the Faculty of Economics and Business of the University of 
Groningen

Machiel Mulder is professor of Energy Economics and director of the 
Centre for Energy Economics Research at the Faculty of Economics 
and Business of the University of Groningen



,

Economics of hydrogen

production

assessment of investment in electrolysers under
various circumstances

Arjen Veenstra and Machiel Mulder

CEER - Policy Papers | no. 13 | February 2023



Arjen Veenstra and Machiel Mulder

Economics of hydrogen production - assessment of investment in electrolysers under

various circumstances

Centre for Energy Economics Research, CEER Policy Papers 13 – University of Groningen,

The Netherlands - 2023

Keywords:

Electrolyser investments, Hydrogen markets, Electricity markets, Required subsidy

The research for this policy paper was conducted on request of and with financial support

of the HyDelta project of the New Energy Coalition. The full responsibility for the content

of this policy paper lies solely with the authors.

@Veenstra and Mulder

ISBN: 978-94-034-3011-9 (print)

ISBN: 978-94-034-3012-6 (pdf)

Centre for Energy Economics Research; http://www.rug.nl/ceer/ Department of Eco-

nomics and Business, University of Groningen; http://www.rug.nl/feb/ Nettelbosje 2,

9747 AE Groningen



Contents

1 Introduction

2 Method of Research

2.1 Introduction

2.2 Framework of model of internationally integrated electricity- and hydro-

gen markets

2.3 Calibration of model on electricity prices

2.4 Method of assessing investments in electrolysis capacity

2.5 Definition of scenarios

2.6 Electrolyser capacity variants

3 Results

3.1 Introduction

3.2 Modest investment in electrolyser of 100 MW

3.3 Ambitious investment in electrolyser of 1000 - 8000 MW

3.4 Sensitivity analysis

3.5 Policy variants

4 Conclusions

Appendices

A Mathematical model

A.1 Electricity market, production and demand

A.2 Hydrogen market, production and demand

A.3 Green certificate markets

A.4 Market-clearing constraints

B Hydrogen demand and SMR capacity

C Data and parameter assumptions

D Acknowledgements



1 Introduction
Hydrogen is increasingly seen as a key energy carrier to realize the transformation from

fossil-energy based systems to zero-carbon energy systems. The economics of hydrogen

supply is, however, still subject to debate. The costs of this supply are relatively high

compared to the market prices of hydrogen, making that investments in electrolysers still

need financial support in order to become profitable. The question, however, is to what

extent such support remains required in the future when the economic circumstances

have changed. In this policy paper, we answer this question.

In this respect, it is essential to realize that hydrogen can only be used to carry energy,

but that is not an energy source itself. As a consequence, hydrogen needs to be produced

from other energy carriers, being natural gas in the case of techniques like Steam Methane

Reforming (SMR) or being electricity in the case of electrolysis. For the economics of

hydrogen production, this implies that the operational costs of the production of hydrogen

depend on both the conversion efficiency of transforming another energy carrier into

hydrogen and the price of the other energy carrier. Technological innovation may raise the

conversion efficiency to some extent, but the input prices remain fully exogenous to the

business of hydrogen producers. High prices of natural gas or electricity, for instance, as

we are currently experiencing, raise the operational costs of making hydrogen dramatically.

In order to make a positive operational profit, the price of hydrogen needs to be high as

well as it needs to exceed the operational unit costs of hydrogen production. In the case

of SMR, these unit costs are not only related to the price of natural gas, but also the price

of carbon. From this follows, that the operational profit of hydrogen production depends

on various commodity prices: natural gas, carbon, electricity and hydrogen. An economic

analysis of hydrogen supply, therefore, needs to make realistic and internally consistent

assumptions regarding these prices. This can be done by modelling the markets where

these prices are jointly determined.

The business case of an investment in an electrolysis plant does not only depend

on the prices of electricity and hydrogen, but also on the utilisation rate of the installed

capacity and the investment costs of that capacity. While the prices of the energy carriers

affect the profitability for every unit of production, the utilisation rate and investments

costs are relevant for the life-time profitability. After all, the (discounted value of the)

operational profits over the lifetime of an electrolyser plant should be sufficient to recoup

the investment costs. These over the lifetime aggregated operational profits are related

to the intensity of using the installed capacity. This intensity in turn depends on the

position of an electrolyser plant in the hydrogen market in relation to the demand for

hydrogen. Hence, the business case of an investment in an electrolyser also depends on

its competitive position compared to the other methods of producing hydrogen. Hence,

the business case of hydrogen production can only be assessed by taking into account the
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interactions with the electricity and hydrogen markets.

The analysis of all the various factors affecting the business case of hydrogen pro-

duction in an integrated manner is the topic of this policy paper. The objective of this

analysis is to provide more insight in the conditions behind the profitability of investments

in electrolysis plants. This insight is given by determining the required subsidies needed

to make such investments break even. This analysis is conducted by constructing and

using a computer model of integrated electricity and hydrogen markets of seven countries,

which is calibrated for the current situation.

We find that in the current market circumstances, an investment in a 100 MW

electrolyser plant needs almost 100 percent of its investment costs subsidized in order

to become break even. This very high percentage is due to the very low utilisation rate

of such an plant, which is related to the low number of hours with low electricity prices.

In a scenario reflecting market circumstances of 2030, where the supply of renewable

electricity increases strongly while the demand for electricity also increases, the required

subsidy of 4000 MW electrolyser capacity declines to about 70 percent. In a scenario

with a even higher growth in renewable electricity, resulting in a large number of hours

with low electricity prices, electrolysers do not need any subsidy. In addition, in scenarios

with much higher carbon or gas prices, the required subsidies decline strongly as these

higher prices result in higher hydrogen prices. Hence, in order to make an investment in

electrolysis profitable with lower subsidy requirement, the amount of renewable electricity

generation needs to grow significantly or the carbon prices need to be much higher.

The outline of this policy paper is as follows. Chapter 2 describes the method of

research. This description refers to the analytical framework of the model, the calibration

to the situation in the Netherlands, the methods of assessing investments in electrolyser

capacity, and the definition of scenarios and variants regarding electrolyser capacity.

Chapter 3 presents the results for the various magnitudes of investments in electrolyser

capacity in various scenarios. Chapter 4, finally, concludes.
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2 Method of Research

2.1 Introduction

In order to assess the economic value of hydrogen production with electrolysers, we

proceed as follows. First, we construct a short-term partial equilibrium model that

mimics the mechanics of internationally integrated electricity- and hydrogen markets. We

calibrate our model on electricity prices of seven different countries, which are included

in our model. Then, we assess the profitability of investments in electrolysers. We do this

for the year 2021 and for 2030, for which we consider different scenarios.

In this chapter, we elaborate on our method of research. First, we describe the

framework that is used to model the energy market of interest. Then, we discuss the

countries that are considered in our model and show the results of calibrating the model

on the electricity markets in these countries. Next, we describe our method to assess

investments in generation capacity. Finally, we define our scenarios.

2.2 Framework of model of internationally integrated
electricity- and hydrogen markets

We model an international energy system containing electricity-, hydrogen markets and

green-certificates markets. Each country that is modeled has its own electricity- and

hydrogen markets. However, the countries can trade via international transmission

capacities. The markets for the green certificates are on an international basis as transport

restrictions are not relevant here. A schematic overview of the energy system we consider

is given in Figure 2.1.
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Figure 2.1 Schematic overview of interactions between electricity-,
hydrogen- and green certificates market
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The model contains electricity- and hydrogen markets of seven countries. Besides the

Netherlands, we consider countries that are connected to the Netherlands via electricity

transmission cables. These countries are Norway, Denmark, Germany, Belgium and the

United Kingdom. Finally, we consider France, which is part of the North-West European

electricity market. An overview of the considered countries is given in Figure 2.2.

At all markets, clearing prices and quantities are solved every hour for a period of

one year. In the following, we briefly describe our modelling approach. The mathematical

formulation, use of data and relevant parameters, which are based on the work of Li and

Mulder (2021), can be found in Appendix A.
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Figure 2.2 Overview considered countries international model
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For the supply side of each of the national electricity markets, we look at different

producers. We include gas-fired producers, nuclear-fired producers, solar PV, wind energy,

hydro power and hydrogen-fired producers, assuming that every producer only operates

one type of technology. For the national hydrogen markets, we consider the production

of Steam Methane Reformers (SMR) and electrolysers. Moreover, hydrogen storage

can offer flexibility to the hydrogen markets. For a given hour, each electricity- and

hydrogen producer optimizes its profit by determining its production. The profit depends

on electricity- and/or hydrogen prices, which are determined endogenously in the model,

and the variable costs of production, which differ per producer. Moreover, constraints

based on the installed capacity and the availability of this installed capacity must be

taken into account. The installed capacities are treated as exogenous parameters and

are based on actual data or government targets. The availability factors are also treated

as exogenous parameters. The availability factor of gas-fired producers, nuclear-fired
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producers, hydrogen-fired power plants, electrolysers and SMR-producers is equal to

one. This implies that the installed capacity of these producers is permanently available,

while the actual level of usage depends on market circumstances only. For the nuclear-

fired producers, we consider a must-run share of the installed capacity, below which the

production is not allowed to go due to technological constraints. The availability factor

of hydropower capacity in each country is assumed to be equal to the capacity factor.

The availability factors of solar PV and wind energy depend on external information

on national weather conditions (i.e. solar- and wind energy). We assume that the

availability factors are the ratios between their actual electricity production and their

installed capacities, adjusted by capacity factors.

Each country is assumed to have its own electricity- and hydrogen market. How-

ever, these markets are connected via electricity- and hydrogen traders making use of

cross-border transport capacities. These traders make use of price differences between

the markets. Their decision regarding the amount of electricity or hydrogen to trade,

depends on the price difference between countries, the installed international transmission

capacities and the cost of transporting electricity or hydrogen.

For the demand of electricity and hydrogen, we assume a representative consumer

per country, whose demand responds to price changes. For the demand of electricity, we

use historical data to construct a linear demand function in which an electricity tax is

included. The slope of this demand function remains the same over time. However, the

intercept changes over hours, reflecting the demand variation over time. There is less

information available regarding the demand for hydrogen. We therefore assume that both

the slope and intercept remain the same over time. These parameters are determined in a

similar way as the slope- and intercept coefficients of the demand for electricity.

Given the total supply and total demand, for each hour the electricity- and hydrogen

prices are such that demand equals supply.

Besides national electricity- and hydrogen markets, the model also includes two

markets for green electricity- and green hydrogen certificates. A green certificate proves

that electricity or hydrogen has been produced from a renewable source. On the electricity

market, the production of each MWh with solar PV, wind energy or hydro power comes

with a green electricity certificate. These certificates are tradable and can thus bring

extra revenues for renewable producers. Demand for these green certificates comes from

consumers and depends on the consumption of electricity. Moreover, electrolysers might

buy green electricity certificates. The hydrogen that is produced can then be considered

green, such that a green hydrogen certificate is gained. These green certificates can

be sold, which leads to extra revenues for the owner of the electrolyser. The demand

for green certificates comes from consumers and depends on the size of the demand of

electricity and hydrogen. Similar to the electricity- and hydrogen prices, the certificate
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prices are such that total demand equals total supply.

From the model, we find for every country for every hour the electricity price, the

hydrogen price and the prices of the green certificates. Moreover, the model returns for

every producer the hourly production. With this information, we can calculate yearly

annual operational profits, which we will use in our assessment of the profitability of

investments in electrolyser capacity.

2.3 Calibration of model on electricity prices

We calibrate our model on the electricity markets of the considered countries in 2021. In

Figure 2.3 we compare the electricity price duration curves resulting from our model with

the price-duration curves of the day-ahead electricity market in 2021 (ENTSOE, 2022a).

We observe that our model represents the day-ahead electricity markets fairly well.

For most countries, the highest prices are underestimated by the model. This reflects that

our model overestimates the flexibility in the scarcity hours. However, we note that this

applies to only a few hours per year.
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Figure 2.3 Electricity price duration curves in the model and the
national electricity markets in 2021
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2.4 Method of assessing investments in electrolysis
capacity

The short-term partial equilibirum model described above is helpful to analyse the utili-

sation and revenues of electrolysers. However, in order to properly assess the economic

value of electrolysers in the Dutch energy system, we also need to take into account

long-term aspects of these plants. Similar to the study of Veenstra et al. (2022) we do this

by looking at the Net Present Value (NPV) of the investments in electrolysers. In order

to calculate the NPV of an investment, we need to know its cash outflows (costs) and

cash inflows (benefits). Moreover, we need to make assumptions regarding technological

parameters such as the lifetime, the construction duration and the discount rate (WACC).

The cash outflows of electrolysers consist of fixed and variable costs. The variable

costs are only made when hydrogen is produced, while the fixed costs are paid anyhow. An

electrolyser converts electricity into hydrogen. Therefore, the variable cost of production

in a given hour is equal to the electricity price in that hour, corrected by the conversion

efficiency of electricity to hydrogen. Moreover, if green certificates are considered, the

(conversion corrected) price of a green certificate for electricity in that hour is added to

the variable cost of production. For the fixed costs, we use external data on the installation

costs of electrolysers.

For the cash inflows of electrolysers, we include the revenues from selling the products.

Just as the other hydrogen producers, electrolysers generate revenues by selling hydrogen

on the hydrogen market. If green certificates are considered, the revenue of selling green

certificates for hydrogen is added to the revenues.

Table 2.1 lists our assumptions regarding the fixed costs and technological parameters

of electrolysers.

Table 2.1 Assumed values regarding construction costs, life-
time, discount factor (WACC) and conversion effi-
ciency of electrolyser

Parameter Unit Value Reference

Construction cost C/kW installed 1000 Li and Mulder (2021)
WACC % 7 Veenstra et al. (2022)
Lifetime Years 25 Li and Mulder (2021)

Conversion efficiency % 70 Li and Mulder (2021)
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2.5 Definition of scenarios

In this report we assess the economic value of electrolysers in the Dutch electricity-

and hydrogen market. As future market conditions are unknown, we consider different

scenarios. These scenarios differ in, for example, the installed capacities of the different

electricity- and hydrogen producers, the demand for electricity and hydrogen or other

exogenous factors such as the gas- and carbon prices. The model that we consider contains

seven countries. However, as the focus of this study is on the Netherlands, we pay most

attention to the Dutch electricity- and hydrogen market conditions. All scenarios are

based on actual data or government targets. In the following, we give a description of the

scenarios that we consider.

The set of assumptions that are used for the model calibration in 2021 is our departure

scenario. In the remaining of this report, we refer to this scenario as the 2021-scenario.

For the electricity market, we collect data on installed capacities, demand and prices.

For the hydrogen market, less information is available. We therefore make the following

assumptions. First of all, we assume that all hydrogen that is produced in the Nether-

lands is consumed in the Netherlands (Detz et al., 2020). As such, we do not consider

international trade. Secondly, we do not consider the presence of green certificates for

hydrogen.

Next, we consider a scenario which we refer to as the 2030, base-scenario. This

scenario, represents a possible energy system in 2030. Compared to the 2021-scenario,

the installed capacities of solar PV and wind energy have increased substantially, following

the goals set by the governments of the considered countries. On the other hand, demand

for electricity has also increased. This also holds for the demand for hydrogen, for which

we mainly focus on the Dutch market. We do however allow for trade between the

different countries. Moreover, we consider the green certificates for hydrogen.

In Tables 2.2 and 2.3 we show the installed capacities and yearly demand of the

electricity and hydrogen market in the two described scenarios.

Table 2.2 Installed capacities per technology (MW) and yearly de-
mand (TWh) in Dutch electricity market, 2021- and 2030,
base scenario

Scenario Technology Demand

Solar Wind Hydro Nuclear Gas-fired Hydrogen

20211 7900 6857 38 485 18500 0 114.7
20302 25000 18800 47 490 9300 2000 120.0

Notes:
1: Installed capacities and demand based on 2021 levels ENTSOE (2022c)
2: Installed capacities and demand based on 2030 target ENTSOE (2022d)
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Table 2.3 Installed capacities per technology (MW) and yearly de-
mand (TWh) in Dutch hydrogen market, 2021- and 2030,
base scenario

Scenario Technology Demand

SMR

20211 3125 20
20302 3125 50

Notes:
1: Installed capacities and demand based
on 2019 levels TNO (2022), adjusted for
high gas prices in 2021
2: Installed capacities based on own
assumptions, demand based on Climate
Agreement.

The other scenarios that we consider are all variants of the 2030, base-scenario.

With these scenarios, we investigate the effect of different changes in exogenous market

conditions on the economic value of electrolysers. An overview of the scenarios is given

in Table 2.4.

Table 2.4 Overview of considered scenarios in 2030 and reference
in 2030, base- scenario

Values in scenario

Scenario Parameter 2030- scenarios 2030, base

More hydrogen de-
mand, more

Annual hydrogen de-
mand

40 TWh, 50 TWh, 60
TWh

50 TWh

SMR capacity1 Installed SMR capacity 3125 MW, 4690 MW,
6250 MW

3125 MW

Higher gas price2 Average gas price 37.9 Euro/MWh 19.0 Euro/MWh

Higher carbon price2 Average carbon price 124.3 Euro/ton 74.6 Euro/ton

More renewables Installed capacity 42100 MW, 25000 MW
solar PV, wind energy 30700 MW 18800 MW

More electricity de-
mand

Annual electricity de-
mand

125.3 TWh 120.0 TWh

Notes:
1: We consider all nine combinations of hydrogen demand and SMR capacity. In the main text, we
only present the results of the following scenarios: High hydrogen demand- Low SMR (60 TWh- 3125
MW); Medium hydrogen demand - High SMR (50 TWh- 4690 MW), and High hydrogen demand -
High SMR (60 TWh- 6250 MW). In Appendix B, the results of all scenarios are presented.
2: We scale the gas- and carbon prices of 2019.

First of all, we look at the effect of the demand for hydrogen and the installed capacity

of SMR producers. In the Base, 2030 scenario, the assumed annual hydrogen demand

comes from the Dutch Climate Agreement and is equal to 50 TWh. However, the Dutch
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Climate Agreement provides an expected range for the demand for hydrogen in 2030.

Therefore, we also consider the lower- and upperbound of this range, which are equal to

40 TWh and 60 TWh, respectively. Besides the demand for hydrogen, it is also unknown

what will happen to the supply of SMR producers, which compete with electrolysers on

the hydrogen market. In the base scenario, we assume that the installed capacity of SMR

producers remains the same. However, as the demand for hydrogen grows substantially,

we also consider scenarios where the installed capacity increases towards 4690 and 6250

MW. In total, we have three different levels for the demand of hydrogen and three levels

for the installed capacity of SMR producers. We consider all possible combinations, such

that we have 9 different scenarios (of which the 2030, base- scenario is one).

Next, we investigate the effect of other exogenous model parameters. We consider

the effect of higher gas prices, higher carbon prices, more demand for electricity, and

higher production of renewable electricity producers.

In the 2030, base-scenario, we assume that the average gas- and carbon price are

equal to 20 Euro/MWh and 62 Euro/ton, respectively, following the ‘Klimaat- en Energiev-

erkenning 2021’ (Hammingh et al., 2021a). To get these gas prices- and carbon prices,

we scale the prices of 2019. For the gas prices, this implies that we multiply the gas prices

of 2019 by a factor 1.4, the carbon prices of 2019 are multiplied by a factor 3. In order to

investigate the effect of higher gas- and carbon prices, we take the highest estimates given

in the ‘Klimaat- en Energieverkenning 2022’ (Hammingh et al., 2021b). In the High gas

prices- scenario, we therefore multiply the gas prices of 2019 by a factor 5. In the High

carbon prices- scenario, the carbon prices of 2019 are multiplied by a factor 6.

Compared to the 2021-scenario, the 2030, base- scenario contains more solar PV and

wind energy. To see the effect of an even larger increase of these renewable technologies,

we consider a More renewables-scenario. In this scenario, the relative increase of solar PV

and wind energy from 2021 to 2030 is doubled. Similarly, we consider a More demand

electricity-scenario, in which the expected increase of the demand for electricity from 2021

to 2030 is doubled.

2.6 Electrolyser capacity variants

In order to assess the economics of electrolysers, we look at the role of such an electrolyser

in the integrated electricity- and hydrogen markets.

Currently, the first electrolysers are installed in the Netherlands. In the 2021-scenario,

we therefore first consider the installation of an electrolyser with a capacity of 100 MW.

We call this the modest investment variant. In this variant, the electrolyser buys electricity

on the Dutch electricity market. This electricity is converted to hydrogen, which is sold at

the hydrogen market.

In the other (2030-) scenarios, we add an electrolyser with a capacity of 4000 MW to
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the Dutch electricity- and hydrogen market. This is in line with the Dutch target set in the

Climate Agreement. We call this the Ambitious investment variant. In these scenarios, the

electrolyser buys both electricity and green electricity certificates at the corresponding

markets. The electricity is converted to hydrogen, which is sold at the hydrogen market.

Moreover, green certificates for hydrogen are sold.

To further assess the effect of the size of the electrolyser, we also consider two variants.

That is, for the 2030, base-scenario, we also analyse the economics of electrolysers when

the installed capacity of the electrolyser is 1000 or 8000 MW.
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3 Results

3.1 Introduction

In this section, we discuss the results of our analysis regarding the economics of electroly-

sers. We start with a discussion of the 2021-scenario. Then, we focus on the scenarios in

the year 2030. First, we compare the 2030, base-scenario with the scenarios that consider

different hydrogen market circumstances. Then, we consider the different scenarios that

analyse the effects of higher gas prices, higher carbon prices, more renewables or a higher

demand for electricity. Lastly, we show the effect of the size of the electrolyser.

3.2 Modest investment in electrolyser of 100 MW

Table 3.1 summarizes some key performance indicators of the 100 MW electrolyser in the

2021-scenario. The capacity factor, calculated as the actual production divided by the

theoretical maximum production, indicates how often the electrolyser is utilized in this

scenario. Then, we show the average buying price of electricity, the average price of selling

hydrogen and the average profit per MWh hydrogen produced. With the information on

the production and profit of the electrolyser, we calculate the NPV of an investmentment

in electrolysers. If this NPV is negative, such an investment is not interesting for investors;

subsidy is required. In Table 3.1 we show the subsidy that is required to make investing

in electrolysers break even. We express the required subsidy in thousands euro/MW

installed, as percentage of the investment costs and per MWh of hydrogen produced.

Table 3.1 Key performance indicators of 100 MW electrolyser, 2021-
scenario

Metric Value

Production Capacity factor (%) 3.4

Average price
Electricity bought (euro/MWh) 89.20
Hydrogen sold (euro/MWh) 148.92
Profit per MWh production (euro/MWh) 21.49

Required subsidy
per MW installed (thousand euro/MWh) 998.2
per MW installed (% investment costs) 99.8
per MWh hydrogen produced 269.39

In the electricity market, the gas-fired producer is often the marginal producer1. In

the hours where this is the case, the electricity price depends on the gas- and carbon

1The producer with the highest marginal cost that is required to satisfy demand.

17



price, which determine the marginal costs of gas-fired power plants. Only when the

production of renewable techniques (and nuclear power plants) is high enough to satisfy

demand, electricity prices decrease. In the hydrogen market, the price is often set by

SMR-producers, which also use natural gas to produce hydrogen. Therefor, the hydrogen

price also depends often on the gas- and carbon price. As a consequence, the electricity-

and hydrogen price are often related, such that relatively low (high) electricity prices

appear in hours at which the hydrogen price is also relatively low (high).

In the 2021-scenario, the electrolyser buys electricity from the electricity market. This

electricity is converted into hydrogen, which is sold at the hydrogen market. In order to

maximize profits, an electrolyser will operate only when its (variable) costs of production

are smaller than the revenues. In every period, the costs of production are equal to the

electricity price, corrected by the conversion efficiency. With a conversion efficiency of

70%, this implies that the hydrogen prices should be at least 1.42 as large as the electricity

price, before the electrolyser will produce hydrogen. In the 2021-scenario this is the case

for a limited number of hours, such that only 3.4% of the potential production capacity is

used.

From Table 3.1 we observe that the average price for which electricity is bought

is lower than the average price for which hydrogen is sold. After correcting for the

conversion efficiency, this is still the case, such that the average operational profit per

MWh of hydrogen production is positive.

Despite the fact that the average profit of hydrogen production is positive, the low

level of production implies that the overall profits are not sufficient to cover for the

investments costs. Per MW installed capacity, the subsidy is equal to 0.998 million Euro,

which is almost 100% of the investment costs. Per MWh of hydrogen produced by the

electrolyser, the required subsidy is equal to almost 270 Euro/MWh. This is more than

two times as large as the average electricity and hydrogen price.

3.3 Ambitious investment in electrolyser of 1000 - 8000
MW

Next, we look at the 2030-scenarios, where we consider the economics of an electrolyser

with a capacity of 4000 MW.

In Figure 3.1 we show again the permance indicators of the electrolyser. We compare

the 2030, base-scenario (red), with three scenarios that differ in the level of hydrogen

demand and the installed capacities of SMR. In the 2030, base-scenario, the (Dutch)

demand for hydrogen is equal to 50 TWh, while the installed capacity of SMR is equal to

3125 MW. In the High demand- Low SMR-scenario, the demand for hydrogen is equal to

60 TWh, while the installed SMR capacity is 3125 MW as well. In the Medium demand-
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High SMR-scenario, the installed capacity of SMR is doubled compared to the 2030,

base-scenario. In the High demand- High SMR-scenario, the installed capacity of SMR

is also doubled. Moreover, the demand for hydrogen in this scenario is higher than in

the 2030, base-scenario. A complete overview of all scenarios considering the effect of

hydrogen demand and SMR capacity can be found in Appendix B.

In the top left, we show the capacity factor of the electrolyser per scenario. In the

top right, the average price for which electricity is bought and hydrogen is sold are given,

together with the average profit per MWh of hydrogen production. The two figures at

the bottom give the required subsidy per MW installed capacity (left) and per MWh of

hydrogen produced (right).

When we look at the capacity factor in the 2030, base-scenario, we see that the

electrolyser operates more often than in the 2021-scenario. This has multiple reasons.

First of all, the 2030-scenarios are characterized by a relatively high demand for hydrogen,

which increases hydrogen prices. Secondly, the installed capacities of renewable producers

are higher in the 2030, base-scenario compared to the 2021-scenario. This leads to lower

electricity prices (in hours at which there is much solar- and wind energy available).

Consequently, there are more hours at which the hydrogen price exceeds the electricity

price (corrected by the conversion efficiency), such that the electrolyser is used more

often. In the High Demand- Low SMR-scenario, the demand for hydrogen is higher than in

the 2030, base-scenario. As a consequence, hydrogen prices are higher, which results in a

higher capacity factor. In the other scenarios, the installed capacity of SMR producers is

increased. The increased supply lowers hydrogen prices, such that the capacity factor of

electrolysers decreases. When the demand for hydrogen further increases (High demand-

High SMR), this effect is weakened.

When the installed capacity of SMR producers increases, the hydrogen prices decrease.

This comes back in the top-right of Figure 3.1, where we see that the average price for

which hydrogen is sold is highest in the Base- and High demand- Low SMR-scenarios. As

the electrolyser only operates when electricity prices are sufficiently low, we also see

that the average selling price of electricity is lower for the scenarios where the installed

capacity of SMR is relatively high.
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Figure 3.1 Key performance indicators of 4000 MW electrolyser,
2030, base-scenario and other scenarios on hydrogen
demand and installed SMR capacity
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Notes:
Capacity factor: actual production as percentage of theoretical maximum production.
Buy-sell price / margin: average price for which electricity is bought (E), average price for which
hydrogen is sold (H), average profit per MWh of hydrogen production (M).
Required subsidy, left: absolute value and in numbers above bars in % of capital expenditures.
Required subsidy, right: required subsidy per unit of hydrogen produced.

As an increase of installed SMR capacity leads to lower hydrogen prices, one might

expect that installing more SMR capacity leads to lower profits for electrolysers. However,

when we look at the average profit per MWh of hydrogen produced, we see that the

lowest average profit per MWh is observed in the High demand- Low SMR-scenario. To

explain this, we look at the hours at which the electrolyser is operating the different

scenarios. In Figure 3.2 we show the number of hours in which the electrolyser produces

hydrogen, per scenario. We distinguish two cases: in green we show the hours at which

the combined hydrogen- and green certificate for hydrogen price exceed the costs of

producing hydrogen. In these hours, a positive profit is made. In orange, we show the
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hours at which no profit is made, as the costs and benefits of producing hydrogen via

electrolysis are equal.

Figure 3.2 Share of operational hours during which the marginal
profit of electrolysers is zero or positive in different
scenarios
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Similar to the capacity factor shown in Figure 3.1, we see that the electrolyser is

operating relatively often in the 2030, base-scenario compared to the scenarios where

more SMR is installed. When the demand for hydrogen increases, the electrolyser operates

almost all year. However, when we look at the profit in these hours, we see that the

number of hours at which profit is made are similar in the different scenarios. This can be

explained by the fact that electricity- and hydrogen prices are determined endogenously

in our model. In hours where the sum of the hydrogen price and the green certificate price

for hydrogen exceed the costs of producing hydrogen from electricity, the electrolyser

produces hydrogen. However, by adding extra supply, the production of the electrolyser

lowers hydrogen prices. Moreover, the demand for electricity increases, such that the

21



electricity price increases. These processes continue, until either the full production

capacity of the electrolyser is reached, or the revenues of producing one extra unit of

hydrogen are zero. If the former happens, the electrolyser makes a profit. However, if

the marginal revenues are zero, the electrolyser produces hydrogen without making any

profit. In the 2030, base- and High demand- Low SMR-scenarios, hydrogen prices are

relatively high. However, due the endogenous effect on prices, the marginal profits are

often equal to zero. Only when electricity prices are really low, for example when there is

a lot of solar- and wind energy available, the electrolyser can make a profit. In the other

scenarios, the lower hydrogen prices make that the electrolyser is less active. However,

the number of hours with really low electricity prices do not depend (directly) on the

demand for hydrogen, such that the number of hours at which hydrogen is produced with

profit remains similar. As a consequence, the average profit is similar across the different

scenarios. And as the electrolyser produces more hydrogen in the 2030, base- and High

demand- Low SMR-scenarios, the average profit per MWh of production is lowest in these

scenarios.

Consequently, when we look at the required subsidy per MW installed, we see that

the required subsidy is lower than in 2021. But, between the different scenarios the

differences are small. Only when we look at the required subsidy per MWh of hydrogen

produced, we see that least subsidies are required in the 2030, base- and High demand-

Low SMR-scenarios, due the relative high amount of hydrogen that is produced by the

electrolyser in these scenarios. The required subsidy per MWh is highest in the Medium

Demand- High SMR- scenario. In this scenario, relatively little hydrogen is produced by

the electrolyser. When the demand for hydrogen increases, more hydrogen is produced.

Moreover, the average profit per MWh of hydrogen produced slightly increases due to

higher prices. As a consequence, the required subsidy per MWh of hydrogen produced is

lower in the High Demand- High SMR-scenario. However, the amount of subsidy is still

higher than in the 2030, base-scenario.

3.4 Sensitivity analysis

Next, we look at the effect of higher gas prices, higher carbon prices, more solar PV and

wind energy and more demand for electricity on the production, prices and subsidies

of electrolysers. Figure 3.3 is structured in a similar way as Figure 3.1 for the different

scenarios.
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Figure 3.3 Key performance indicators of 4000 MW electrolyser,
2030, base-scenario and other scenarios on installed
capacity renewables, electricity demand, carbon prices
and gas prices
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Notes:
Capacity factor: actual production as percentage of theoretical maximum produc-
tion.
Buy-sell price / margin: average price for which electricity is bought (E), average
price for which hydrogen is sold (H), average profit per MWh of hydrogen produc-
tion (M).
Required subsidy, left: absolute value and in numbers above bars in % of capital
expenditures.
Required subsidy, right: required subsidy per unit of hydrogen produced.

When the installed capacities of solar PV and wind energy increases, electricity prices

and prices of green certificates for electricity decrease. As a consequence, the costs of

producing hydrogen from electricity decrease. On the other hand, the prices of hydrogen

and green certificates of hydrogen are not (directly) affected. Therefore, there are more

hours at which the electrolyser can generate profits by generating hydrogen. When we

look at Figure 3.3, we see that, compared to the 2030, base-scenario, both the capacity

factor and the average profit per MWh of hydrogen produced increase when the installed

capacity of solar PV and wind energy increases. Under these circumstances, electrolysers
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can make enough profit such that no subsidy is required to compensate for the investment

costs.

An increased demand for electricity has the opposite effect. The increased demand

leads to higher electricity prices, such that producing hydrogen from electricity becomes

more expensive. Compared to the 2030, base-scenario, both the capacity factor as the

average profit per MWh of hydrogen produced decrease. As a consequence, more subsidy

is required.

The gas- and carbon prices affect both electricity- and hydrogen prices. On the

electricity market, the marginal costs of gas-fired producers depend on the level of the

gas- and carbon prices. On the hydrogen market, the same applies to SMR producers.

In hours when these producers set prices, both electricity- and hydrogen prices follow

fluctuations in the gas- and carbon prices. On the electricity market, prices are however

not always set by gas-fired producers. In hours when there is enough solar- and/or wind

energy available, or when the nuclear power plant is the marginal producer, prices do not

depend on gas- and carbon prices. In these hours, an increase in the gas- and/or carbon

price does not lead to an increase in the electricity price. On the hydrogen market, prices

are set by SMR producers, electrolysers, or scarcity (when total demand exceeds supply).

Therefor, the hydrogen price is in general more related to gas- and carbon prices than the

electricity price.

This comes back in Figure 3.3, where we see that higher gas- and carbon prices lead

to a higher capacity factor, a higher average profit per MWh of hydrogen produced and

thus lower required subsidies. In Figure 3.3, the effect of gas prices is larger than the

effect of carbon prices. However, it should be noted that we do not consider the same

increase for both prices.

3.5 Policy variants

Lastly, we look at the effect of the size of the installed capacity of electrolysers. The results

are shown in Figure 3.4, which is structured in a similar way as Figures 3.1 and 3.3.

In Section 3.3, we saw how production of the electrolyser affects electricity- and

hydrogen prices, which in turn affect the profits of the electrolyser. In Figure 3.4 we see

that this effect is larger, the larger the installed capacity of electrolysers. As argued before,

the electrolyser will generate hydrogen as long as the costs of producing hydrogen are

smaller than the revenues. However, by buying electricity and selling hydrogen, prices

are affected. When the installed capacity of electrolysers is smaller (than the 4000 MW

we considered), the potential effect of the electrolyser on electricity- and hydrogen prices

is smaller.
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Figure 3.4 Key performance indicators of 4000 MW electrolyser,
1000 MW electrolyser and 8000 MW electrolyser in 2030,
base-scenario
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Notes:
Capacity factor: actual production as percentage of theoretical maximum produc-
tion.
Buy-sell price / margin: average price for which electricity is bought (E), average
price for which hydrogen is sold (H), average profit per MWh of hydrogen produc-
tion (M).
Required subsidy, left: absolute value and in numbers above bars in % of capital
expenditures.
Required subsidy, right: required subsidy per unit of hydrogen produced.

As a consequence, the capacity factor of the electrolyser increases when the installed

capacity is smaller, while the average profit per MWh of hydrogen produced increases.

As the profits of the electrolyser (relative to the installed capacity) increase, less subsidy

is required. On the other hand, if the installed capacity of electrolysers increases, the

potential effect on electricity- and hydrogen prices increases. This results in a lower

capacity factor, a lower average profit per MWh of hydrogen production, and thus in

higher required subsidies.
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4 Conclusions
1. In order to realize the transition towards a zero-carbon economy, significant

investments have to be done in alternative energy technologies. Electrolysers

for making green hydrogen are one of these technologies, but they still require

significant amounts of subsidies in order to become break even. In this policy

paper, we have analyzed how this subsidy requirement may change under various

market circumstances.

2. The business case of an investment in an electrolyser basically depends on four

factors: a) the plant characteristics, including its construction costs, conversion

efficiency and lifetime b) the degree of utilisation (which is called the capacity

factor), c) the price of electricity and green-electricity certificates, and d) the price

of hydrogen and green-hydrogen certificates. While the first factor can be seen

as an exogenous factor, the second and fourth factor are strongly related to the

characteristics and functioning of the hydrogen market, and the third factor to the

characteristics and functioning of the electricity market. This implies that for the

assessment of such an investment also other supply and demand factors on both

markets have to be taken into account.

3. Using a partial equilibrium model of a system of (international) integrated electricity-

and hydrogen markets, we have analysed the profitability of investments in elec-

trolysers in the Netherlands. We have done this for various magnitudes of this

investment and for various scenarios regarding the overall demand for electric-

ity, the installed capacity of Steam Methane Reforming capacity, the amount of

renewable-electricity capacity, and the prices of natural gas and carbon allowances.

4. We find that in the current market circumstances, an investment in a 100 MW

electrolyser plant needs almost 100 percent of its investment costs subsidized in

order to become break even. This very high percentage is due to the very low

utilisation rate of such an plant, which is related to the low number of hours

with low electricity prices. This low number is caused by the fact that currently,

gas-fired power plants are the price-setting plants in electricity markets most of

the time. As a result, electrolyser plants cannot compete with SMR plants.

5. The required subsidy declines when the supply of renewable electricity increases

strongly. However, when this happens while the demand for electricity also

increases, the subsidy requirement is still about 70 percent of the investment costs.

Because of the increase in the electricity demand, due to electrification of transport

or heating, the gas-fired power plants remain frequently price setting.
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6. In a scenario with a strong growth in renewable electricity, resulting in a large

number of hours with low electricity prices, electrolysers do not need any subsidy.

In addition, in scenarios with much higher carbon or gas prices, the required

subsidies decline strongly as these higher prices result in higher hydrogen prices.

Hence, in order to make an investment in electrolysis profitable with lower sub-

sidy requirement, the amount of renewable electricity generation needs to grow

significantly or the carbon prices need to be much higher.

7. The required subsidy for an electrolyser also declines when the magnitude of this

plant is relatively small compared to the size of demand. As a result, the utilisation

rate of this plant is relatively high which can compensates for low operational

profits per unit of hydrogen.

8. Hence, in order to make massive investments in electrolysers profitable with

significantly lower subsidy requirements, the amount of renewable electricity

generation needs to grow strongly and the carbon prices should be higher, while

the demand for electricity should not increase accordingly.
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Appendices

A Mathematical model
The mathematical formulation of our model of an energy system is based on Li and

Mulder (2021). We denote an hour of the year by h ∈ {1, 2, ..., 8760} and a country

i, i′ ∈ {Norway, Denmark, the Netherlands, Germany, United Kingdom, Belgium, France}.

A.1 Electricity market, production and demand

Participants in the electricity market are modelled as follows:

Renewable producer. For every hour, a renewable producer R ∈ {solar, wind, hydro}

decides how much electricity to sell. The hourly generation is bound by the installed

capacity and the availability factor. The corresponding optimization problem is given by

max
q

E,R
h,i

8760∑
h=1

(pE
h,i + pGCE

h − cR) · qE,R
h,i

,

subject to

0 ≤ qE,R
h,i

≤ KR
i · AR

h,i.

In this optimization problem, qE,R
h,i

is the generation of a renewable producer, pE
h,i is the

electricity price per unit of electricity in country i; pGCE
h is the green-certificate price per

unit of electricity and AR
h,i is the availability factor between 0 and 1, which depends on

country-specific weather circumstances and follows an exogenous hourly pattern. The

marginal cost of the renewable producer cR and the installed capacity of the renewable

producer KR
i are assumed to be constant.

Gas-fired producer. For every hour, the gas-fired producer decides how much elec-

tricity to sell. The hourly generation is bound by the installed capacity. The corresponding

optimization problem is given by

max
q

E,G
h,i

8760∑
h=1

(pE
h,i −

pG
h + γC · cC

h

γG
) · qE,G

h,i
,

subject to

0 ≤ qE,G
h,i

≤ KG
i .

In this optimization problem, qE,G
h,i

is the generation of the gas-fired producer, pG
h is
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the gas price, resulting from an international gas market and cC
h is the carbon price for

each ton of emission. Both are treated as exogenous variables. The conversion efficiency

from gas to electricity γg , the emissions of burning one unit of gas (in MWh) γC and the

available installed capacity of the gas-fired producer KG
i are assumed to be constant.

Nuclear producer. For every hour, the nuclear-fired producer decides how much

electricity to sell. The hourly generation is bound by the installed capacity and a minimum-

and maximum output rate. The corresponding optimization problem is given by

max
q

E,N
h,i

8760∑
h=1

(pE
h,i − cN ) · qE,N

h,i
,

subject to

KN
i · MN

h,i ≤ qE,N
h,i

≤ KN
i · AN

h,i.

In this optimization problem, qE,N
h,i

is the generation of the nuclear-fired power plant.

The variable cost of the nuclear producer cN , installed capacity of the nuclear producer

KN
i , availability factor AN

h,i and must-run share MN
h,i are assumed to be constant.

Hydrogen-fired producer. For every hour, the hydrogen-fired producer decides how

much electricity to sell. The hourly generation is bound by the installed capacity. The

corresponding optimization problem is given by

max
q

E,GtP
h,i

8760∑
h=1

(pE
h,i −

pH
h,i

γGtP
) · qE,GtP

h,i
,

subject to

0 ≤ qE,GtP
h,i

≤ KH
i .

In this optimization problem, qE,GtP
h,i

is the generation of the hydrogen-fired producer

(in units electricity) and pH
h,i is the hydrogen price, which is determined endogenously.

The conversion efficiency from hydrogen to electricity γGtP and the available installed

capacity of the hydrogen-fired producer KH
i are assumed to be constant.

International traders. We model the international traders as net exporters. For every

hour, the traders decide how much electricity to export. The net export is bounded by the

available transmission capacity. The corresponding optimization problem is given by

max
q

E,I

h,ii′

8760∑
h=1

∑
i′

(pE
h,i′ − pE

h,i) · qE,I
h,ii′ ,
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subject to

0 ≤ qE,I
h,ii′ ≤ KE

ii′ .

In this optimization problem, qE,I
h,ii′ is the electricity export, from country i to country

i′. Both pE
h,i and pE

h,i, denoting the electricity price in period h in countries i and i′,

respectively, are determined endogenously. The available transmission capacity KE
ii′ from

country i to country i′ is assumed to be constant.

Electricity demand. We assume that the demand for electricity in country i is

represented by the following linear demand function

lEh,i = αE
h,i − βE

h,i · pE
h,i.

In this function, lEh,i is the electricity consumption. The intercept αE
h,i and the slope βE

h,i

are both positive. The intercept changes over periods and follow an exogenous hourly

pattern, but the slope is the same for all hours.

A.2 Hydrogen market, production and demand

Participants in the hydrogen market are modelled as follows:

SMR producer. For every hour, the SMR producer decides how much hydrogen to sell.

The hourly generation is bound by the installed capacity. The corresponding optimization

problem is given by

max
q

H,SMR
h,i

8760∑
h=1

(pH
h,i −

pG
h + γC · cC

h

γSMR
) · qH,SMR

h,i
,

subject to

0 ≤ qH,SMR
h,i

≤ KSMR
i .

In this optimization problem, qH,SMR
h,i

is the generation of the SMR producer. The

conversion efficiency from gas to hydrogen γSMR and the available installed capacity of

the SMR producer KSMR
i are assumed to be constant.

Electrolyser. For every hour, the electrolyser decides how much hydrogen to sell.

The hourly generation is bound by the installed capacity. The corresponding optimization

problem is given by

max
q

H,P tG
h,i

8760∑
h=1

(pH
h,i + pGCH

h −
pE

h,i + pGCE
h

γP tG
) · qH,P tG

h,i
,
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subject to

0 ≤ qH,P tG
h,i

≤ KP tG
i ,

if green certificates are considered. Alternatively, the optimization problem is given by

max
q

H,P tG
h,i

8760∑
h=1

(pH
h,i −

pE
h,i

γP tG
) · qH,P tG

h,i
,

subject to

0 ≤ qH,P tG
h,i

≤ KP tG
i ,

In these optimization problems, qH,P tG
h,i

is the generation of the electrolyser and pGCH
h

is the green-certificate price per unit of hydrogen. We note that the electricity price

(pE
h,i), hydrogen price (pH

h,i) and the prices of the green certificates (pGCE
h , pGCH

h ) are

all determined endogenously in the model. The conversion efficiency from electricity to

hydrogen γP tG and the available installed capacity of the electrolyser KP tG
i are assumed

to be constant.

International traders. We model the international traders as net exporters. For every

hour, the traders decide how much hydrogen to export. The net export is bounded by the

available transmission capacity. The corresponding optimization problem is given by

max
q

H,I

h,ii′

8760∑
h=1

∑
i′

(pH
h,i′ − pH

h,i − cH
h,ii′ ) · qH,I

h,ii′ ,

subject to

0 ≤ qH,I
h,ii′ ≤ KH

ii′ .

In this optimization problem, qH,I
h,ii′ is the electricity export from country i to country

i′. Both pH
h,i and pH

h,i, denoting the hydrogen price in period h in countries i and i′,

respectively, are determined endogenously. The transportation cost of hydrogen between

from country i to i′, cH
h,ii′ and available transmission capacity KE

ii′ from country i to

country i′ are assumed to be constant.

Hydrogen storage operator. Hydrogen storage operators buy and sell hydrogen to

make use of price differences. We assume a simple rule for the storage operators, where

hydrogen is bought when the hydrogen price is lower then pH
i

and hydrogen is sold when

the hydrogen price exceeds p̄H
i . The decisions of the storage operator are constrained

by the available storage capacity, storage level and transmission capacity. For every hour,

the storage operator decides how much hydrogen to store. The hourly net storage lH,S
i,h

is
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subject to

−uH,S
i,h−1 ≤ lH,S

i,h
≤ SH

i − uH,S
i,h−1,

−KH,S
i ≤ lH,S

i,h
≤ KH,S

i .

In these constraints, uH,S
i,h

is the storage level at period h − 1. The hydrogen storage

capacity SH
i and the hydrogen transmission capacity KH,S

i are assumed to be constant.

Hydrogen demand. We assume the demand for hydrogen is represented by the

following linear demand function

lHh,i = αH
h,i − βH

h,i · pH
h,i.

In this function, lHh,i is the hydrogen consumption. The intercept αH
h,i and the slope βH

h,i

are both positive.

A.3 Green certificate markets

Green certificates of electricity. For each MWh of produced electricity, renewable

producers receive a green certificate. These green certificates can be traded in the

(international) certificate market. The supply of green certificates of electricity is equal to

the total production of all renewable electricity producers (in all countries). The demand

from consumers lGCE
h is given by

lGCE
h = αGCE − βGCE · pGCE

h ,

where the intercept and slope αGCE and βGCE are both positive. If green certificates are

taken into account for electrolysers, the production of these hydrogen producers generates

extra demand for green certificates of electricity.

Green certificates of hydrogen. We assume that there is market for green certificates

of hydrogen. If electrolysers buy green certificates of electricity, a green certificate of

hydrogen for each MWh of hydrogen produced is received. The certificate can be traded

in the green certificate market for hydrogen. In our model, the supply of the green

certificates of hydrogen is equal to the total production of the electrolysers. The demand

lGCH
t is given by

lGCH
h = αGCH − βGCH · pGCH

h ,

where the intercept and slope αGCH and βGCH are both positive. The intercept and
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slope are based on the hydrogen demand in countries with installed electrolysers.

A.4 Market-clearing constraints

Electricity market-clearing constraint. The electricity price pE
h,i clears the electricity

market in country i and period h by meeting the following condition:∑
R

qE,R
h,i

+ qE,G
h,i

+ qE,N
h,i

+ qE,GtP
h,i

+
∑

i′

(qE,I
h,i′i

− qE,I
h,ii′ ) = lEh,i + qH,P tG

h,i
/γP tG.

Hydrogen market-clearing constraint. The hydrogen price pH
h,i clears the hydrogen

market in country i and period h by meeting the following condition:

qH,SMR
h,i

+ qH,P tG
h,i

+
∑

i′

(qH,I
h,i′i

− qH,I
h,ii′ ) = lHh,i + qE,GtP

h,i
/γGtP + lH,S

i,h
.

Green certificate of electricity market-clearing constraint The price of a green

certificate for electricity pGCE
h clears the market in period h by meeting the following

condition: ∑
i

∑
R

qE.R
h,i = lGCE

h +
∑

i

qH,P tG
h,i

/γP tG.

Green certificate of hydrogen market-clearing constraint The price of a green

certificate for hydrogen pGCE
h clears the market in period h by meeting the following

condition: ∑
i

qH,P tG
h,i

= lGCH
h .
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B Hydrogen demand and SMR capacity
In Table B.1 we show some key performance indicators of the 4000 MW electrolyser in

different scenarios. The scenarios differ in the amount of SMR capacity that is installed

and the yearly demand for hydrogen (in the Netherlands). We note that the 2030,

base-scenario is found in the second row of Table B.1.

Table B.1 Key performance indicators of 4000 MW electrolyser for
different scenarios on hydrogen demand and installed
SMR capacity

CF Buy-sell price / margin Required subsidy

SMR Demand (%) E H M MW % MWh

3125 40 21.41 37.49 62.76 9.20 798.79 79.88 36.54
3125 50 36.16 51.12 79.79 6.76 750.50 75.05 20.33
3125 60 58.75 60.03 91.03 5.27 683.97 68.40 11.41
4690 40 19.92 35.46 60.55 9.89 798.79 79.88 39.28
4690 50 27.27 41.28 69.32 10.35 711.80 71.18 25.57
4690 60 31.17 47.25 76.21 8.71 722.74 72.27 22.71
6250 40 19.91 35.44 60.53 9.90 798.79 79.88 39.31
6250 50 20.98 36.26 63.17 11.37 756.47 75.65 35.31
6250 60 22.16 37.28 65.42 12.16 724.90 72.49 32.04

Notes:
SMR: Dutch installed capacity SMR producers (MW)
Demand: annual Dutch hydrogen demand (TWh) CF (capacity factor): actual production as
percentage of theoretical maximum production.
Buy-sell price / margin: average price for which electricity is bought (E, euro/MWh), average
price for which hydrogen is sold (H, euro/MWh), average profit per MWh of hydrogen production
(M, euro/MWh).
Required subsidy: per MW installed capacity (MW, x1000 euro), as percentage of investment
costs (%), per MWh of hydrogen produced (MWh, euro/MWh)
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C Data and parameter assumptions
Electricity and hydrogen generation capacities. Table C.1 lists the as-

sumed electricity and hydrogen generation capacities in the 2021- and 2030, base scenario.

Table C.1 Electricity generation capacity per country (MW) in 2021-
and 2030, base scenario

Electricity Hydrogen

Scenario Country Solar PV Wind Hydro Nuclear Gas SMR

2021

NO 0 5105 33360 0 639 -
DK 1300 6181 7 0 1654 -
NL 7900 6857 38 485 18500 3125
DE 53302 62273 14534 8114 31942 -
UK 13470 26092 6228 8256 41371 -
BE 4788 4883 1484 5943 7282 -
FR 8188 13610 24257 63130 11952 -

2030

NO 800 7200 36000 0 270 900
DK 2300 9800 7 0 950 300
NL 25000 18800 47 490 9300 3125
DE 91000 99000 15000 0 22000 6600
UK 17000 43000 6000 9300 39000 3200
BE 10000 8600 1500 0 8700 1000
FR 39000 40900 26000 58000 7400 3600

Notes:
Source: ENTSOE (2022c) (2021 scenario), ENTSOE (2022d) (2030, base scenario)
Norway (NO), Denmark (DK), Netherlands (NL), Germany (DE), United Kingdom (UK),
Belgium (BE), France (FR).
In the 2030, base scenario we consider 2000 MW of hydrogen-fired capacity in the
Netherlands

In the 2030-scenarios, we consider a storage operator operating in the Dutch hydrogen

market. The storage operator is assumed to have a storage capacity equal to 200 GWh. In

every hour, at most 780 MWh can be added to or substracted from the storage facility. For

the price thresholds, we first run the model without a storage operator and collect the

hydrogen prices. We then set pH and p̄H equal to the 25th- and 75th percentile of the

hydrogen price.
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Must-run shares and availability factors The production by solar PV, wind

energy, hydro power and nuclear power plants is constrained by must-run shares and/or

availability factors.

The availability factors of the installed solar and wind capacities fluctuate with the

available solar energy and wind energy, respectively. We construct these availability

factors using the hourly electricity generation and the installed capacity of solar and

wind power in each country in 2021 from ENTSOE (2022b). The availability factor of

hydropower capacity in each country is assumed to be equal to the corresponding capacity

factor. The same holds for the availability of nuclear power plants, for which we also

consider a must-run share of 0.5.

The average availability factors of solar PV, wind energy, hydro and nuclear power

plants per country are given in Table C.2.

Table C.2 Availability factor of installed electric-
ity capacity

Technique

Country Solar PV Wind Hydro Nuclear

Norway 0.092 0.270 0.511 0
Denmark 0.095 0.306 0.222 0
Netherlands 0.087 0.287 0.188 0.801
Germany 0.106 0.217 0.269 0.807
United Kingdom 0.103 0.288 0.218 0.858
Belgium 0.104 0.265 0.112 0.815
France 0.127 0.209 0.245 0.72

Notes:
We use the same availability factors for all scenarios.

Cross-border transportation capacities Table C.3 lists the assumed electricity

transmission capacities in the 2021- and 2030, base scenario.

In the 2030-scenario, the international transmission capacities of hydrogen are

assumed to be equal to 300 MW between all countries Li and Mulder (2021). We assume

that the cost of hydrogen transport is 3 Euro/MWh/1000KM Perey and Mulder (2023).

Taking the distance between countries into account, we calculate the transportation costs

of hydrogen from country to country, which are listed in Table C.4.
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Table C.3 Electricity transportation capacity between
countries (MW) in 2021- and 2030 scenarios

To
Scenario From NO DK NL DE UK BE FR

2021

NO 0 2372 700 1000 1400 0 0
DK 0 700 2265 0 0 0
Nl 0 4250 1000 1700 0
DE 0 0 1000 2000
UK 0 1000 3000
BE 0 2000
FR 0

2030

NO 0 2372 700 2400 3200 0 0
DK 0 700 4600 1400 0 0
NL 0 5150 1000 4700 0
DE 0 1400 2000 3800
UK 0 1000 4000
BE 0 3500
FR 0

Norway (NO), Denmark (DK), Netherlands (NL), Germany (DE),
United Kingdom (UK), Belgium (BE), France (FR).
Capacity from country i to j equals capacity from country j to country
i

Table C.4 Hydrogen transportation cost between countries
(Euro/MWh)

To
From NO DK NL DE UK BE FR

2021

NO 0 2.643 4.128 4.290 4.491 4.656 6.024
DK 2.643 0 1.572 1.683 2.454 2.088 3.465
Nl 4.128 1.572 0 1.098 1.401 0.528 1.902
DE 4.290 1.683 1.098 0 2.493 1.221 2.280
UK 4.491 2.454 1.401 2.493 0 1.431 2.109
BE 4.656 2.088 0.528 1.221 1.431 0 1.380
FR 6.024 3.465 1.902 2.280 2.109 1.380 0

Notes:
Norway (NO), Denmark (DK), Netherlands (NL), Germany (DE), United
Kingdom (UK), Belgium (BE), France (FR).
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Technology parameter Table C.5 lists the values of the technology parameters in

our model.

Table C.5 Assumptions technology parameters
Parameter (unit) Value

Carbon emission of burned gas (ton/MWh) 0.2
Conversion efficiency gas to electricity 0.5
Conversion efficiency from gas to hydrogen 0.6
Conversion efficiency from electricity to hydrogen 0.7
Conversion efficiency from hydrogen to electricity 0.5

Variable cost of solar electricity (Euro/MWh) 2
Variable cost of wind electricity (Euro/MWh) 5
Variable cost of hydro electricity (Euro/MWh) 2
Variable cost of nuclear electricity (Euro/MWh) 10

Notes:
All values come from Li and Mulder (2021).

Demand for electricity, hydrogen and green certificates To model

the demand for electricity, we collect data on day-ahead electricity prices and scheduled

generation in 2021 from ENTSOE (2022a). We assume that the slope coefficients βE
h,i do

not change over time. We calculate it, using the definition of the price elasticity as:

βE
h,i =

−p̄i

Ep × q̄i
,

where Ep is the price-elasticity of demand, p̄i is the average day-ahead electricity price of

country i and q̄ is the average level of scheduled generation in 2021 in country i. The

intercept coefficient αE
h,i is then calculated accordingly.

To construct the electricity demand functions for the year 2030 scenario, we keep

the slope parameter βE
h,i unchanged and change the intercept according to the predicted

growth rate of electricity consumption in country i.

The hydrogen demand function, the demand for green electricity certificates and

the demand for green hydrogen certificates are generated in a similar way. However, we

assume that the demand for these commodities is stable throughout the year.

Table C.6 describes the annual electricity and hydrogen demand per country for the

2021- and 2030, base-scenario. In the 2021- and 2030, base-scenario, we assume that

the average hydrogen price is equal to 110 Euro/MWh and 63 Euro/MWh, respectively,

following the average gas price in the scenarios.
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Table C.6 Electricity demand (TWh/year) in 2021-
and 2030, base scenario, per country

Electricity Hydrogen

Country 2021 2030, base 2021 2030, base

Norway 125.2 150 - 7.5
Denmark 33.3 46 - 2.4
Netherlands 114.8 120 25.3 50
Germany 535.6 550 - 52.8
United Kingdom 303.9 320 - 25.9
Belgium 84.7 91 - 8.3
France 449.5 490 - 28.5

Notes:
Electricity demand in 2021-scenario and 2030, base-scenario are
based on data from ENTSOE (2022b) and ENTSOE (2022d),
respectively.
In the 2021-scenario it is assumed that all hydrogen produced in
the Netherlands is consumed in the Netherlands.
In the 2030-scenario we only consider an increase in the demand
for hydrogen in the Netherlands. For the other countries, we take
the level of 2021.

We assume that the average demand for green certificates is equal to 50% of average

electricity (hydrogen) demand, the average price for a green certificate is equal to 10

Euro/MWh, and the price elasticity is -1 Li and Mulder (2021).
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Hydrogen is increasingly seen as a key energy carrier to realize the 
transformation from fossil-energy based systems to zero-carbon energy systems. 
The economics of hydrogen supply is, however, still subject to debate. The costs 
of this supply are relatively high compared to the market prices of hydrogen, 
making that investments in electrolysers still need financial support in order to 
become profitable. The question, however, is to what extent such support remains 
required in the future when the economic circumstances have changed. 

The analysis of all the various factors affecting the business case of hydrogen 
production in an integrated manner is the topic of this policy paper. The 
objective of this analysis is to provide more insight in the conditions behind 
the profitability of investments in electrolysis plants. This insight is given by 
determining the required subsidies needed to make such investments break 
even. This analysis is conducted by constructing and using a computer model of 
integrated electricity and hydrogen markets for various scenarios regarding the 
future development in renewables, installed hydrogen capacity and demand for 
hydrogen.

Arjen Veenstra is student-assistant at the Centre for Energy 
Economics Research and MSc student Econometrics and Operations 
Research at the Faculty of Economics and Business of the University of 
Groningen

Machiel Mulder is professor of Energy Economics and director of the 
Centre for Energy Economics Research at the Faculty of Economics 
and Business of the University of Groningen


