
 

 

 University of Groningen

Value of Power-to-Gas as a Flexibility Option in Integrated Electricity and Hydrogen Markets
Li, Xinyu; Mulder, Machiel

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Final author's version (accepted by publisher, after peer review)

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Li, X., & Mulder, M. (2021). Value of Power-to-Gas as a Flexibility Option in Integrated Electricity and
Hydrogen Markets. (SOM Research Reports; Vol. 2021004-EEF). University of Groningen, SOM research
school.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/ec125913-4e7a-4122-8da8-edc9d1c148e3


 
 
 

 
 
 
 
 

1 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

2021004-EEF 
 
Value of Power-to-Gas as a Flexibility Option 
in Integrated Electricity and Hydrogen 
Markets 
 
March 2021 
 

Xinyu Li 
Machiel Mulder 
 
 
  
  



 
 
 

 
 
 
 
 

2 

SOM is the research institute of the Faculty of Economics & Business at  
the University of Groningen. SOM has six programmes:  
-  Economics, Econometrics and Finance 
-  Global Economics & Management 
-  Innovation & Organization 
-  Marketing 
-  Operations Management & Operations Research 
-  Organizational Behaviour 
 

Research Institute SOM 
Faculty of Economics & Business 
University of Groningen 
 
Visiting address: 
Nettelbosje 2 
9747 AE  Groningen 
The Netherlands 
 
Postal address: 
P.O. Box 800 
9700 AV   Groningen 
The Netherlands 
 
T +31 50 363 9090/7068/3815 
 
www.rug.nl/feb/research 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
 
 
 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Value of Power-to-Gas as a Flexibility Option in 
Integrated Electricity and Hydrogen Markets 
 
 
 
Xinyu Li 
University of Groningen, Faculty of Economics and Business, Department of Economics, 
Econometrics and Finance 
xinyu.li@rug.nl 
 
Machiel Mulder 
University of Groningen, Faculty of Economics and Business, Department of Economics, 
Econometrics and Finance 
 
 
 
 
 
 
 
 
 
 
 

mailto:xinyu.li@rug.nl


Value of Power-to-Gas as a Flexibility Option in
Integrated Electricity and Hydrogen Markets∗

Xinyu Li† Machiel Mulder‡

March 19, 2021

Abstract

This paper analyzes the economic potential of Power-to-Gas (PtG) as a source of

flexibility in electricity markets with high shares of renewables and the presence

of high external demand for hydrogen. This analysis is conducted by developing

and applying a short-term partial equilibrium model of integrated electricity and

hydrogen markets, which is calibrated on the Dutch energy system. We find that

strongly increasing the share of renewable electricity makes electricity prices much

more volatile while the presence of PtG reduces the volatility of electricity prices.

However, a large demand for hydrogen from outside the electricity sector reduces the

impact of PtG on the volatility of the electricity prices. Nevertheless, a high hydrogen

demand can deliver positive welfare effects for some groups as PtG is able to provide

hydrogen at lower costs than Steam Methane Reforming (SMR) during hours when

electricity prices are low. These positive welfare effects, however, are outweighed by

the fixed costs of PtG assets plus the costs of replacing a less expensive energy carrier
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(natural gas) by a more expensive one (hydrogen). The reduction in carbon emission

needs to be valued at at least 150-750 euro/ton in order to make investments in PtG

profitable from a welfare perspective. Options to reduce this break-even price are

decreasing the costs of PtG installations and raising the conversion efficiencies of

electrolysers.

Keywords: Power-to-gas, Electricity markets, Hydrogen markets, Sector coupling,

Climate Policy, Welfare
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1 Introduction

In order to reduce the carbon emissions resulting from electricity systems, governments

are promoting the share of Variable Renewable Energy sources (VREs). This transition

in these systems makes grid balancing more challenging, and, as a result, increases both

the long-term and short-term demand for flexibility. Flexibility in electricity systems can

come from various types of supply- and demand-side options, including flexible conventional

power plants, integration with neighboring markets through more cross-border transport

capacity, curtailment of renewable production, storage, and more flexible loads. Many

governments, including the EU, give a prominent role to hydrogen as a provider of flexibility

(EU hydrogen strategy, (Commission et al., 2020)). After all, Power-to-Gas (PtG) plants,

which produce hydrogen via electrolysis, can offer flexibility in three ways (van Leeuwen

and Mulder, 2018). First, hydrogen can be stored for a shorter or longer period which

enables producers of hydrogen to adapt the timing of electricity use to the situation in the

electricity market, while the produced hydrogen does not need to be immediately supplied

to users. This type of flexibility is called the time flexibility. Second, hydrogen can transfer

renewable energy to other sectors that need energy in a liquid or gaseous form instead of

electricity, which is called the end-use flexibility. This type of flexibility enhances the

sector coupling between electricity and gas/hydrogen markets, as not only gas is used to

generate electricity, but electricity is also used to produce a gas that can be used in, for

instance, heating, transport or industrial sectors. Third, hydrogen can be used to transfer

renewable energy to regions where the electricity grid transmission is less developed, which

is the locational flexibility. Hence, technically speaking, PtG has a wide potential to offer

flexibility to the power system.

There is a growing body of literature that recognizes the important role of PtG in

providing flexibility in energy sectors. The role of PtG as a provider of flexibility has
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been investigated and compared to other alternatives such as pumped hydro, battery, and

compressed air (Blanco and Faaij, 2018). They find that PtG can store enough energy

in reasonably sized facilities compared to alternatives, however, it has a relatively low

efficiency and high cost. Because of these high costs, it is generally not seen as an econom-

ically feasible storage option (Budny et al., 2015; Grueger et al., 2017). Recent studies,

however, focus on the role of PtG in coupling electricity and gas sectors (Jentsch et al.,

2014; Vandewalle et al., 2015; Clegg and Mancarella, 2016; Roach and Meeus, 2020). In

these studies, PtG consumes electricity, converts it into hydrogen, and subsequently blends

it into the gas network. In this way, PtG can play an important price-setting role in the

electricity market when the level of VREs penetration is high.

In studies regarding the business feasibility of PtG, authors often assume an energy-

hub concept where electrolysers use low-priced electricity to produce hydrogen, while the

produced hydrogen is stored in order to be used by fuel cells to generate electricity when

the electricity price is high. In this way, PtG offers flexibility to the electricity market (Ban

et al., 2017; Grueger et al., 2017). The problem is that there is a significant energy loss

of about 60% (Sterner, 2009). Besides, storage of hydrogen is economically less attractive

since it is difficult to compress (Budny et al., 2015). Hence, PtG’s potential is not fully

exploited if it is only used to provide flexibility to the electricity sector. In fact, most of the

large-scale PtG demonstration projects are producing hydrogen for use by other sectors

(Gahleitner, 2013; Thema et al., 2019). Because of hydrogen’s potential in transport, in

heating of premises, as well as in industry sectors, it is expected that hydrogen markets

will become mature in the coming decades.

From the above follows that in order to determine the potential role of PtG in flexibility

provision, we need to include the potential contribution of PtG as a provider of hydrogen

to other sectors as well. Hence, we have to assess the costs and benefits of the provision of

flexibility in combination with providing hydrogen to end-users. The costs of investing in
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PtG are relatively easy to estimate, however, estimating the benefits is more complicated

because they depend on how electricity, gas, and hydrogen markets interact. Currently,

electricity, gas, and hydrogen sectors are weakly linked by gas-fired power plants as well

as by hydrogen plants based on steam reforming of gas. PtG could intensify the sector

coupling in two different intensities: one-way and two-way. One-way sector coupling occurs

when PtG uses electricity to produce hydrogen while the produced hydrogen is supplied

to the industry, where this hydrogen replaces either natural-gas-based hydrogen or just

natural gas. Two-way sector coupling occurs when the hydrogen produced via PtG is also

used to generate electricity and, as a result, PtG is able to offer not only demand-side, but

also supply-side flexibility to the electricity market.

Hence, to assess the market value of PtG as a flexibility option, we have to study

electricity and hydrogen markets in an integrated way, looking more closely at the role of

PtG. When this interaction is not taken into account the estimates of the value of PtG as a

flexibility provider may be biased. In order to overcome this bias, we develop and apply a

stylized model of an integrated energy system where PtG bridges electricity and hydrogen

markets and provides flexibility to the electricity market as well hydrogen to end-users,

taking into account exogenous values for the prices of gas and carbon. The integrated

welfare-economic analysis of these two markets is the novelty of our study.

We measure the value of flexibility provided by PtG in two ways: the reduction of

electricity price volatility measured through the shape of the price-duration curve, and the

change in social welfare. The impact on the price-duration curve is used to see how PtG

affects the price formation in the electricity market, while the impact on social welfare is

used to determine to what extent adding PtG to an energy system has a positive overall

effect on social welfare. Using our model, which is calibrated to reflect the Dutch energy

system, we find that PtG indeed makes the electricity price-duration curve flatter, but

it is not a valuable flexibility option under current market conditions, because its overall
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welfare effect is negative. PtG can be a valuable flexibility option if its fixed costs reduce

significantly and/or carbon price becomes much higher. The break-even price of CO2 to

give PtG an overall positive welfare effect is in the range of 150-750 euro/ton depending

on the magnitude of the installed PtG capacity and the magnitude of external hydrogen

demand.

The paper is organized as follows. Section 2 reviews the related literature. Section 3

provides the economic theory that guides our analysis. Methodology is presented in Sec-

tion 4. Results are shown in Section 5. We conclude the paper with Section 6.

2 Literature review

Much of the literature on PtG pays in particular attention to its role in energy storage.

A comprehensive review of PtG’s role of storage can be found in Blanco and Faaij (2018).

Jentsch et al. (2014) use a unit-commitment model to determine an optimal PtG capacity

in an 85% renewable energy scenario for Germany. In that energy system, PtG is modeled

as a storage concept linking power and gas networks by converting power into gas. The

produced gas is stored in the natural-gas infrastructure and later used for reconversion

to electricity or other purposes such as heating. Power-to-Heat and typical short-term

electricity storage systems are competing with PtG to provide flexibility to the electricity

sector. PtG’s benefits are defined as the reduction of the overall cost of the modeled energy

system. They find that the overall reduction of the system costs and CO2 emissions is at

its maximum when PtG and Power-to-Heat are both included in the system as balancing

options. By comparing the benefits and costs of PtG for different capacities, they find the

optimal PtG capacity is within a range of 6 to 12 GW. Clegg and Mancarella (2016) treat

PtG as a seasonal storage option in an integrated gas and electricity transmission network

model. They assess the technical feasibility and benefits of PtG over a daily time frame

with a direct current optimal power flow model. They find that PtG can absorb more

6



renewable generation and reduce the cost of natural gas use by 4%.

Various studies have assessed the business model of PtG, a common finding of which

is that PtG is not profitable under current market conditions. de Boer et al. (2014) per-

form a scenario analysis using the Dutch system as an example to investigate the economic

and environmental consequences of the large-scale storage of PtG, pumped hydro, and

compressed air energy in an electricity market at different wind penetrations. They find

PtG is the least economically feasible option. Budny et al. (2015) investigate the eco-

nomic feasibility of PtG systems based on a net present value model in which prices for

electricity and gas are stochastic. They study three investment cases: a Base Case where

the produced gas is directly sold in the market, a Storage and Arbitrage Case where the

gas is stored for temporal arbitrage between the electricity and the gas market, and a

Storage and Balancing Case where PtG is used for balancing. They find that PtG cannot

be economically profitable in the Storage and Balancing Case as well as the Storage and

Arbitrage Case, while directly selling the gas is a more favorable option. Guandalini et al.

(2015) investigate the potential of an integrated balancing system based on different com-

binations of gas-turbine power plants and PtG plants. By comparing a wind park with

a balancing system consisting of a gas-fired plant and a PtG plant with a baseline case

where no balancing system is installed, they find that the current economic conditions are

not favorable to PtG concept. However, if the price of hydrogen goes up and the carbon

emission price becomes higher, PtG could be profitable.

Mukherjee et al. (2016) study the value of a PtG system that produces hydrogen for a

hydrogen-fueling station while it also provides ancillary services to the grid. Based on a

PtG project in Toronto, they first determine the optimal size of hydrogen compression and

storage systems, then they derive the optimal operation of the PtG plant. Their analysis

shows that the PtG project could be financially successful if the price of hydrogen and the

value of carbon-emission reduction both go up.
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Grueger et al. (2017) investigate the economic potential of an energy hub with both

power-to-hydrogen and fuel cell as a flexibility option for a wind farm. In their model, the

wind farm participates in a day-ahead market based on forecasts and uses the energy hub

to correct its forecast errors. Based on data for Germany over the year 2013, their study

shows that the energy hub could correct the forecast errors a lot, but operating the hub

only for correcting the wind farm’s forecast errors is not economically sensible. However,

if a fuel cell is used to reduce forecast errors and PtG is used to provide a negative balance

in the secondary control reserve market, the operating hub could make sense.

van Leeuwen and Mulder (2018) evaluate a PtG plant’s willingness to pay for electricity

given its cost and revenue estimations. By comparing the PtG plant’s willingness to pay

with electricity prices, based on the break-even price for hydrogen, they find that PtG is

unprofitable under current market conditions. PtG may, however, become economically

feasible when the investment costs of PtG are reduced in combination with an increase in

both the electrolyser efficiency and the price of hydrogen.

A number of studies have examined the role of PtG in sector coupling. Vandewalle et al.

(2015) develop an operational model of an energy system comprised of gas, electricity, and

CO2 markets to analyze the impact of PtG on the demand for flexibility, import profile,

seasonal storage in gas sector, the marginal electricity cost in the electricity sector, and the

demand for CO2 allowances. In this energy system, the gas-fired power plants are equipped

with CO2 capture devices, hence they supply electricity and CO2. PtG consumes electricity

and captured CO2 to produce methane that is injected in the gas network, which is how

PtG links the gas, electricity, and carbon sectors. By minimizing the total operational

costs of the energy system with 100% renewable electricity and gas-fired power plants as

backup, they find that PtG lowers the curtailment in the electricity sector. This may also

increase the gas-system capacity and flexibility related costs, while it creates a downward

pressure on prices in the gas sector as well as on the need for long-term CO2 storage.
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Ban et al. (2017) model an energy hub with both a power-to-hydrogen and a gas-

to-power facility to assess the impact of PtG on the energy system. With a security-

constrained unit-commitment model, they compare the case without the proposed energy

hub with the case with the energy hub to show PtG’s impact on wind-power curtailments

and hydrogen production. They find that PtG reduces wind curtailments more if the pro-

duced hydrogen could be directly supplied to other industry sectors. Roach and Meeus

(2020) uses a stylized model to simulate the long-term equilibrium of an integrated electric-

ity and gas market coupled via PtG. In this system, PtG consumes electricity to produce

hydrogen that is blended and injected into the gas market. PtG is modeled as an electricity

consumer and a gas supplier. By maximizing each producer’s profit and consumer’s utility

subject to market clearing constraints, they find that PtG may not be profitable unless

its installed capacity is limited such that it does not absorb all spillage and its revenues

from arbitrage in zero electricity price periods are higher than its costs. In addition, the

welfare-optimal PtG capacity could lead to a loss for the PtG investor, which implies that

a subsidy to PtG may be a welfare-improving policy.

With a few exceptions, the previously cited studies on the role of PtG in sector coupling

assume that the electricity demand is exogenously given, which downplays the electricity

sector’s need for flexibility, hence underestimates the value of PtG as a flexibility option.

In contrast, we assess the value of PtG as a flexibility option in a model with hourly

fluctuating load and generation by renewable sources which both also respond to market

prices, leading to a more accurate estimate.

3 Economic model

3.1 Micro-economic theory

In markets, demand and supply are cleared through equilibrium prices. Given the price

elasticity of supply and demand, if the supply curve or the demand curve shifts upwards,
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the equilibrium price will rise; and the other way around: if the supply curve or the demand

curve shifts downwards, the equilibrium price will fall. Consequently, if demand and supply

change over time, we can observe a series of equilibrium prices over time. Ordering the

equilibrium prices from the highest to the lowest and displaying them over time, we get

the so-called price-duration curve.

The steepness of these curves depends on the presence of flexibility in a market. Flex-

ibility refers to the ability to increase or decrease supply and demand over various time

scales (so, it can be expressed as energy per time unit, such as MWh/h). Economically,

this flexibility can be measured through the price elasticity of the demand and supply over

various periods. More flexibility in a market implies that demand and/or supply are more

sensitive to prices, which means, in other words, higher price elasticities of the demand

and/or supply. As a result, for the same amount of supply or demand change over a

given period, the equilibrium price decreases or increases less than before, which reduces

the volatility of the series of equilibrium prices, leading to a flatter price-duration curve.

Hence, the steepness of the price-duration curve is a measure for the flexibility within an

energy system.

The economic value of a change in the price-duration curve is the change in social

welfare caused by adding a unit of flexibility, where the social welfare is measured by

the sum of consumer and producer surplus. Hence, the marginal value of flexibility is

the change in social welfare as a result of introducing one additional unit of flexibility to

the electricity market. Only if this value of flexibility is positive, it is worth extending

the capacity of the flexible source from a societal (welfare-economic) point of view. The

optimal level of that capacity is found where the marginal change in social welfare is zero.

In the application of the model to the Dutch energy system, we will not search for the

optimal size of PtG investment, but we will determine the CO2 price which is needed to

find a zero social welfare effect of an investment in PtG which is related to the Dutch policy
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objectives. This price is called the break-even CO2 price of that PtG policy.

3.2 Theory applied to PtG

To provide flexibility to an electricity market, PtG plants have to be combined with hydro-

gen storage and hydrogen-fired power plants. When electricity prices are low, PtG plants

use electricity to produce hydrogen which is stored afterwards. When electricity prices are

high, the produced and stored hydrogen can be used by hydrogen-fired power plants to

generate electricity. To evaluate the value of PtG as a flexibility option, we need to see

how the supply and demand curves in the electricity market change after a PtG plant in

combination with storage and a hydrogen-fired power plant are introduced. A PtG plant

as an electricity consumer directly influences the electricity demand curve through load

shifting or shedding, while a hydrogen-fired power plant as an electricity producer directly

influences the electricity-supply curve. When the electricity price is lower than the level

at which an existing PtG plant breaks even, the PtG plant uses electricity in order to

produce hydrogen and, hence, the total electricity demand is higher than before. When

the electricity price is higher than the level at which an existing hydrogen-fired power plant

breaks even, the hydrogen-fired plant produces electricity and, hence, the total electricity

supply is higher than before. These changes in electricity demand and supply for electric-

ity make the total demand and supply for electricity more elastic, which is reflected by

Figure 1. The upward movement of the demand curve and the shift of the supply curve to

the right result in, respectively, higher and lower electricity prices, which implies that the

price-duration curve becomes flatter.

3.3 Setup of the model

We develop a stylized model to simulate the equilibria in an hourly wholesale electric-

ity market, where hydrogen as an energy carrier is able to shift electricity from low-price
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Figure 1: The impact of PtG on electricity demand and supply

periods to high-price periods via PtG, hydrogen storage, and hydrogen-to-power(Hydrogen-

fired producers). In this case, the hydrogen produced by PtG is stored for later use by

hydrogen-fired producers. In order to analyze the interaction with external hydrogen de-

mand on the role of PtG as provider of flexibility to the electricity market, we add a

hydrogen market to the model. In this market, the supply of hydrogen comes from two

sources: SMR and PtG. The demand for hydrogen comes from both external users, reflect-

ing demand from industry or transport, and demand from hydrogen-fired power plants.

In this way, PtG and hydrogen-fired power plants connect electricity and hydrogen mar-

kets. Hence, the electricity and the hydrogen markets are both modelled, with endogenous

hourly equilibrium quantities and prices. The gas and carbon prices are treated as exoge-

nous variables, as both are based on international markets which do not much depend on

the circumstances in one market (i.e. our market of analysis). We assume, therefore, a

series of daily gas and carbon prices, based on actual data and scenarios regarding the gas

market and international climate policy. In addition, the model also includes markets for

green-electricity certificates and green-hydrogen certificates in order to model the demand

for green electricity and green hydrogen. Table 1 gives an overview of markets included in

the model and the participants in each market.
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Market Supply Demand

Electricity market

Renewable producer PtG producer
Gas-fired producers Other consumers
Hydrogen-fired producers
International traders

Hydrogen market
SMR hydrogen producers Hydrogen-fired producers
PtG producers Hydrogen storage operators
Hydrogen storage operator Other consumers

Green-electricity certificates Renewable producers Consumers

Green-hydrogen certificates PtG producers Consumers

Table 1: Market participants in the model

We assume that the electricity spot market is a competitive market where no player

is able to raise profits by behaving strategically. Production and consumption respond to

prices, but are also affected by volatile exogenous factors such as weather circumstances.

Electricity producers utilize a number of generation techniques, each with a constraint

on available generation capacity: renewable power producers with a small variable cost;

conventional gas-fired plants with variable costs related to the gas price; hydrogen-fired

power plants with variable costs related to the hydrogen price. In addition, we assume

that the market is connected to neighbouring markets, which results in a potential (net)

import supply. This supply is modelled as a net import which is a function of the spread

between the (endogenous) domestic hourly electricity price and the (exogenous) foreign

hourly electricity price. Renewable power production is a function of weather circumstances

with a small marginal cost, which means that its production stops when the market price

is very low. Consumers of electricity include a PtG producer and an aggregate demand

from other consumers which is a function of the electricity price. In addition, the intercept

of the demand function depends on time of the day and exogenous information on weather

circumstances. The model is deterministic, but we include a time pattern of wind speed/sun
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shine based on historical data, which implies that both actual renewable production and

load change from hour to hour.

We include climate policy measures by assuming an external carbon price (added as

a time-varying exogenous value to the marginal costs of the electricity producers) and an

energy/carbon tax on energy use (added as an exogenous constant to the price in the

demand function).

The hydrogen market is also assumed to be a competitive spot market where no player

is able to raise profits by behaving strategically. Producers are distinguished in two types

of producers: PtG producer and SMR producer. There is one aggregated demand for

hydrogen.

We also include two certificate markets: one for green electricity and the other for green

hydrogen. In the electricity certificates market, the supplier is the renewable producer. In

the hydrogen certificates market, the supplier is the PtG producer. In both markets, the

demand for certificates is represented by an aggregated demand function. The certificate

prices are added to the marginal revenues of their suppliers.

In all markets, each producer maximizes its profit by choosing an optimal production

(quantity) given the price and its capacity constraint. Each consumer maximizes its util-

ity by choosing an optimal consumption if its demand is price elastic; otherwise, it just

consumes what it needs based on the fluctuation in external information (reflected by

fluctuations in the intercept) with the constraint being that supply equals demand. See

Appendix A how the demand curves have been estimated.

In each market, prices balance the demand and supply. The interaction between differ-

ent markets is illustrated in Figure 2.
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Figure 2: Interactions between different markets.

4 Methodology

4.1 Mathematical model

Since the power market is generally operated on an hourly basis, we model an energy

system that has 8760 hours, which is a year time. Hence, the market clearing prices and

quantities are solved at an hourly resolution. As the model is on an hourly basis, it is

a short-term model, in which fixed costs of investments do not play any role. We do,

however, take these costs into account when we compare the short-term welfare effects

resulting from the model with the annualized values of the fixed cost (see Section 4.5). In

the following, we denote a day of the year by d ∈ {1, 2, ...365} and an hour of each day by

h ∈ {1, 2, 3, ...24}.
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4.1.1 Electricity market

4.1.1.1 Renewable producer. The decision variable of the renewable producer is its

hourly generation qE,Rdh . Its optimization problem is defined as

max
∑

(pEdh + pGC
dh − cR) · qE,Rdh (1)

subject to

0 ≤ qE,Rdh ≤ KR · Adh (2)

where pEdh is the electricity price; pGC
dh is the green-certificate price per unit of electricity;

cR is the variable cost of the renewable producer, assumed to be a constant; KR is the

available installed capacity of the renewable, assumed to be a constant; Adh is the capacity

factor between 0 and 1, which depends on weather circumstances and follows an exogenous

hourly pattern.

4.1.1.2 Gas-fired producer. The decision variable of the gas-fired producer is its

hourly generation qE,Gdh . Its optimization problem is defined as

max
∑

(pEdh −
pGd + γC · cGd

γG
) · qE,Gdh (3)

subject to

0 ≤ qE,Gdh ≤ KG (4)

where pGd is the gas price, which results from an international gas market and is treated

as an exogenous variable in our model; cGd is the carbon price for each ton of emission

in a given day, treated as an exogenous variable; γC measures how many tons of carbon

emission is generated by burning each unit of gas (in MWh), which is a constant; γG is the

conversion efficiency from gas to electricity, assumed to be a constant; KG is the available

installed capacity of the producer, assumed to be a constant.
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4.1.1.3 Hydrogen-fired producer. The decision variable of the hydrogen-fired pro-

ducer is its hourly generation qE,Hdh . Its optimization problem is defined as

max
∑

(pEdh −
pHdh
γH

) · qE,Hdh (5)

subject to

0 ≤ qE,Hdh ≤ KH (6)

where pHdh is the hydrogen price; γH is the conversion efficiency from hydrogen to electricity,

assumed to be a constant; KH is the available installed capacity of the producer, assumed

to be a constant.

4.1.1.4 International trader. We model the international trader as a net importer.

The decision variable of the trader is its hourly net import qE,Idh . Its optimization problem

is defined as

max
∑

(pEdh − p
F,E
dh ) · qE,Idh (7)

subject to

−KI ≤ qE,Idh ≤ KI (8)

where pF,Edh is the electricity price in the neighbouring country and this foreign price is the

variable cost of the importer, which is treated as an exogenous variable implying that we

do not model the international market; KI is the available transmission capacity of the

importer, assumed to be a constant.

4.1.1.5 Electricity demand from PtG producer. The decision variable of the PtG

producer is its hourly hydrogen production qH,PtGdh . Its optimization problem is defined as

max
∑

(pHdh + pGH
dh −

pEdh + pGC
dh

γPtG
) · qH,PtGdh (9)
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subject to

0 ≤ qH,PtGdh ≤ KPtG (10)

where pHdh is the hydrogen price; pGH
dh is the price for green-hydrogen certificates; pGC

dh is the

price for green-electricity certificates; γPtG is the conversion efficiency from electricity to

hydrogen (from MWh of electricity to MWh of hydrogen), assumed to be a constant; KPtG

is the available installed PtG capacity, assumed to be a constant. Given the conversion

efficiency from electricity to hydrogen, we know the PtG producer’s electricity consumption

lE,PtGdh =
qH,PtG
dh

γPtG .

4.1.1.6 Electricity demand from other consumers. We assume the electricity de-

mand from other consumers is represented by the following linear demand function

lE,Odh = αE,Odh − β
E,O
dh · (p

E
dh + tE,O) (11)

where lE,Odh is the consumption; tE,O is the electricity tax for consumers. The intercept αE,Odh

and the slope βE,Odh both are positive. The intercept and the slope change over periods and

follow an exogenous hourly pattern.

4.1.1.7 Electricity market-clearing constraint. Given the derived total supply and

total demand for each period, the price pEdh clears the electricity market by meeting the

following condition.

qE,Rdh + qE,Gdh + qE,Hdh + qE,Idh = lE,PtGdh + lE,Odh (12)

4.1.2 Green-certificates market for electricity

A green certificate, also called a renewable-energy certificate, is a tradable asset that proves

energy has been produced from a renewable energy source. In a green-certificates market,

renewable producers receive certificates for each megawatt-hour (MWh) of produced energy

18



and the certificates can be sold to consumers/retailers, which may result in extra income for

the renewable producers depending on the price of the certificates. In our model, the supply

of the green-electricity certificates equals the production by the renewable producer. PtG

producers demand green-certificates of electricity when it supplies green hydrogen to the

hydrogen market and the other demand for green-certificates of electricity is represented

by the following linear demand function

lGC
dh = αGC

dh − βGC · pGC
dh (13)

where the intercept αGC
dh and the slope βGC both are positive and the intercept αGC

dh is

less than the total electricity demand. The certificate price pGC
dh clears the green certificate

market by meeting the following condition.

qE,Rdh = lGC
dh +

qH,PtGdh

γPtG
(14)

4.1.3 Hydrogen market

4.1.3.1 SMR hydrogen producer. The decision variable of the SMR hydrogen pro-

ducer is its hourly hydrogen production qH,SMR
dh . Its optimization problem is defined as

max
∑

(pHdh −
pGd + γC · (λ · cGd + (1− λ) · cCCS)

γSMR
) · qH,SMR

dh (15)

subject to

0 ≤ qH,SMR
dh ≤ KSMR (16)

where γSMR is the conversion efficiency from gas to hydrogen, assumed to be a constant; as

defined before, γC measures how many tons of carbon are generated by reforming a unit of

gas and cGd is the carbon price; cCCS is the cost of carbon capture and storage for each ton

of carbon, assumed to be a constant; λ is the fraction of carbon being emitted and 1 − λ

is the fraction being captured; KSMR is the available installed SMR capacity, assumed to

be a constant.
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4.1.3.2 PtG producer. The PtG producer’s optimization has been discussed in the

electricity market. Its hourly hydrogen production is qH,PtGdh , which is a function of the

electricity price pEdh and the hydrogen price pHdh. In this way, the electricity sector and the

hydrogen sector are coupled via the PtG producer.

4.1.3.3 Hydrogen-fired producer. The hydrogen-fired producer’s optimization has

been discussed in the electricity market. Its hourly hydrogen demand lH,Hdh =
qE,H
dh

γH
, which is

a function of the electricity price pEdh and the hydrogen price pHdh. In this way, the electricity

sector and the hydrogen sector are coupled via the hydrogen-fired producer.

4.1.3.4 Demand from other consumers. We assume that the hourly hydrogen de-

mand from other consumers is represented by the following linear demand function

lH,Odh = αH,Odh − β
H,O · pHdh (17)

where lH,Odh is the consumption; the intercept αH,Odh and the slope βH,O both are positive.

4.1.3.5 Hydrogen storage operator. The storage operator behaves like an arbitrager

in the hydrogen market. For simplicity, we assume the operator buys hydrogen when the

price is lower than
¯
pH and sells hydrogen when the price is higher than p̄H (>

¯
pH) given

its available storage capacity and storage level. The margin between buying and selling

is meant to cover the costs of the storage operator. Here, we assume this margin is an

exogenous constant. The decision variable of the storage operator is its hourly net storage

lH,Sdh subject to

−uSdh−1 ≤ lH,Sdh ≤ KS − uSdh−1 (18)

where KS is the storage capacity and uSdh−1 is the storage level at the previous period h−1.

We assume the initial storage level uS10 = 0. The storage level is updated according to the
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following formula.

uSdh = uSdh−1 + lH,Sdh (19)

4.1.3.6 Hydrogen market clearing constraint. Given the derived total supply and

total demand for each period, the price pHdh clears the hydrogen market by meeting the

following condition.

qH,SMR
dh + qH,PtGdh = lH,Hdh + lH,Odh + lH,Sdh (20)

4.1.4 Green-certificates market for hydrogen

Similar to the green certificate for renewable electricity, we assume that there is a green-

certificates market for green hydrogen. A green-hydrogen certificate is a tradable asset

that proves hydrogen has been produced from a renewable energy source. In a green-

hydrogen certificate market, green hydrogen producers such as PtG receive certificates

for each megawatt-hour (MWh) of produced hydrogen and the certificates can be sold to

consumers/retailers, which may result in extra income for the green hydrogen producers

depending on the price of the certificates. In our model, the supply of the green-hydrogen

certificates equals the production of the PtG, while the demand is represented by the

following linear demand function

lGH
dh = αGH

dh − βGH · pGH
dh (21)

where the intercept αGH
dh and the slope βGH both are positive and the intercept αGH

dh is

less than the total hydrogen demand. The certificate price pGH
dh clears the green-hydrogen

certificate market by meeting the following condition.

qH,PtGdh = lGH
dh (22)
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4.2 Equilibria

From the above, we derive the supply and demand functions of electricity, green certificate

for electricity, hydrogen, and green certificate for hydrogen. Letting the supply equal the

demand in a market, we get the equilibrium price in the market. Since the equilibrium price

in one market may depend on the equilibrium price in the other markets, we get the joint

equilibrium prices by solving a system of four equations with four unknown variables: the

prices of electricity, green-electricity certificates, hydrogen, and green-hydrogen certificates.

Solving this equation system gives us the market equilibrium prices.

4.3 Model calibration

In order to be able to make reasonable simulations, we calibrate the model on the Dutch

energy system. Appendix A provides our assumptions regarding the technology param-

eters, the electricity and the hydrogen market, and other costs and tax variables. Using

these parameter and variable values, we are able to run the model and calculate the equi-

librium prices and quantities. Figure 3 shows the duration curve for the electricity price

resulting from the model in comparison to the curve based on the actual Dutch day-ahead

electricity prices in 2019. Comparing both price-duration curves, we can see that our model

represents the Dutch electricity day-ahead market fairly well. Only at both ends of the

distribution, the actual values are more extreme than the model results (i.e. a few hours

with relatively high prices as well as a few hours with relatively low prices).

The set of assumptions which are made to get the model result which more or less

resembles the current Dutch electricity system is called the departure scenario. In this

scenario, we assume that the installed capacity of renewable electricity is 10,000 MW, re-

sulting in a share of renewable electricity in annual production of about 22%, which was
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Figure 3: Price-duration curves of electricity in baseline model scenario and the Dutch
market in 2019

more or less in line with the actual situation in the Netherlands1. We call this departure

scenario the ’Low Renewable’ scenario. The Dutch government, like many other govern-

ments, is committed to increase the share of renewable energy strongly. Therefore, we

also consider a ’High Renewable’ scenario with an installed capacity of renewable electric-

ity of 60,000 MW resulting in a share of renewable electricity in the annual production

of 69%. This level is related to the 2050 objectives of the Dutch government (National

Climate Agreement of the Netherlands, 2019). In this scenario, we assume that the level

of gas-fired capacity is lower than in the baseline scenario, but not to the same extent as

the increase in renewable production, as investments in flexible gas-fired power plants are

profitable when there are more hours with high prices. For further motivation regarding

the assumed composition of the electricity mix, see Appendix B. Figure 4 shows the change

1Source: Statistics Netherlands(CBS). https://www.cbs.nl/en-gb/news/2021/09/electricity-
production-hits-record-level-in-2020

23

https://www.cbs.nl/en-gb/news/2021/09/electricity-production-hits-record-level-in-2020
https://www.cbs.nl/en-gb/news/2021/09/electricity-production-hits-record-level-in-2020


in the electricity price-duration curve when we change the electricity mix with way more

installed renewable capacity.

Figure 4: Price-duration curve of electricity in scenario with low and scenario with high
level of renewables

This figure clearly shows that an increase in the share of renewable generation results

in a higher price volatility, even controlling for a relatively higher share of gas-fired power

plants, as the price-duration curve becomes much steeper. There are more hours with

higher prices, while there also more hours with much lower prices. As a result, the average

electricity price is reduced. This ’High Renewable’ scenario is the starting point for our

analysis of the value of PtG.

4.4 Use of model: variants and scenarios

We use the results of the above ‘High Renewable’ scenario for the analysis of the welfare

effects of adding PtG to the electricity system. The value of PtG as a flexibility option

depends on how strongly the market needs flexibility. As shown in the above section, when
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the share of renewable electricity is high, the electricity price becomes more volatile, as a

result, more flexibility is needed. Hence, to demonstrate the potential value of PtG as a

flexibility option, we focus on the case that the share of renewable electricity is high.

To assess the impact of PtG, we introduce three policy variants regarding the capacity

of PtG: no PtG, low PtG and high PtG (see Table 2). The variant no PtG provides a

baseline for assessing the impact of PtG on the electricity and hydrogen markets. In the

variant with low PtG, the capacity of PtG is 6% of the total available capacity of electricity

generation. While high PtG refers to the case that the capacity of PtG is about 30% of the

total available capacity of electricity generation. Since PtG can only offer flexibility to the

electricity market when it is combined with storage and hydrogen-fired power plants, we

also have to make assumptions regarding their size. We assume that the installed capacity

of hydrogen-fired power plants is half of the installed capacity of PtG, while regarding the

storage capacity we assume that 20 hours of full PtG production can be stored.

Variant Motivation
Low PtG High PtG

Electrolysers 1,580 7,900 6 and 30 percent of generation capacity, resp.
Hydrogen-fired power plants 790 3,950 half of installed electrolyser capacity
Hydrogen storage 31,600 158,000 20 hours of full electrolyser output

Table 2: Capacity of PtG installations, per variant (in MW)

The welfare effects of PtG will also depend on the demand for hydrogen outside the

electricity sector. Therefore, we define three scenarios regarding industrial hydrogen de-

mand. When there is no industrial hydrogen demand, PtG produces hydrogen only to

be used by hydrogen-fired power plants to produce electricity. Hence, in this scenario,

PtG only offers flexibility to the electricity market. When there is an industrial hydrogen

demand, PtG has two options for its supply: both as input for electricity generation and

as fuel or feedstock in the industry. Hence, in these scenarios, PtG bridges the electricity

and hydrogen markets as a sector coupling channel. Table 3 summarizes the combination
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of variants and scenarios.

Scenarios Policy variants
regarding industrial hydrogen demand regarding PtG capacity

no PtG Low PtG and High PtG
Zero H-demand Baseline PtG only supplies to electricity sector

Low H-demand Hydrogen only PtG integrates electricity and
and supplied by SMR hydrogen market

High H-demand

Table 3: Role of PtG analysed by combining various policy variants and scenarios

The Baseline case is the reference case for analysing the effects of PtG on prices and

social welfare. We are having two situations in which PtG only supplies hydrogen to the

electricity market, notably when the industrial hydrogen demand is zero and PtG capacity

is low or high. There are also two situations in which hydrogen is only supplied to the

industry by SMR, notably when there is no PtG capacity. These two situations are not

further analyzed in this paper. In the other four situations, both PtG and SMR produce

hydrogen. Comparing the benefits with the cost of PtG, we can see whether PtG is an

economically feasible flexibility option in each of these situations in comparison with the

Baseline. As said above, this analysis is done for the situation in which the share of

renewables is high, but as a sensitivity analysis, we also show the value of PtG in the case

that the share of renewable electricity is low (see Appendix B).

4.5 Costs of PtG

Although bringing PtG to the market may have benefits for both electricity and hydrogen

markets, whether PtG is an economically feasible option to provide flexibility depends on

how costly it is. Therefore, we compare the short-term welfare effects resulting from the

model, with exogenous information on the costs of investing in PtG assets. Regarding the

capital cost of PtG, a wide range of estimates has been reported. Table 4 lists the cost

range of PtG, its sources, and our assumptions as well.
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PtG installation Investment Lifetime Source Our assumption
(million Euro/MW) (years)

Electrolysers 0.7 ∼ 1.4 20 ∼ 30 Le Duigou et al. (2017) Cost: 1 mln. Euro/MW
Schmidt et al. (2017) Lifetime: 25 years

Hydrogen-fired 0.7 ∼ 1.4 20 ∼ 30 Cost: 1 mln Euro/MW
power plants Life time: 25 years
Hydrogen storage (6.75 ∼ 30.75 )× 10−6 50 Le Duigou et al. (2017) Cost: 18.75× 10−6 mln. Euro/MW

Schmidt et al. (2017) Life time: 50 years
Lord et al. (2014)
Parks et al. (2014)

Table 4: Assumptions regarding investments and lifetime of PtG installations

For convenience of comparison, we calculate the yearly cost of PtG as follows. We first

determine the total investments for each type of installation. Then we calculate the capital

recovery factor (CRF) for each type of investment by the following formula

CRF =
i(1 + i)n

(1 + i)n − 1

where i is a discount rate and n is the expected lifetime of the investment in years. Mul-

tiplying the investment with its CRF, we get the yearly capital cost for each type of

installation. Summing the yearly capital costs of three types of investments, we get the

yearly capital cost of PtG. Table 5 lists the yearly capital cost of PtG with two different

discount rates for both Low and High PtG. In the following cost and benefit comparisons,

we assume a discount rate 5%.

Discount rate (i) Low PtG High PtG
2.5% 129 643
5% 168 841

Table 5: Annual capital cost of PtG installations (in million Euro).

5 Results

5.1 PtG used only for providing flexibility to electricity market

First, we analyze the contribution of PtG as a provider of flexibility to the electricity market

by assuming that hydrogen produced through electrolysis can only be used as a fuel for
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generating electricity, which is the scenario of zero industrial hydrogen demand. Hence,

in this analysis, hydrogen as an energy carrier shifts electricity from low-price periods to

high-price periods. Below, we present the effects on the price-duration curve as well as on

social welfare.

5.1.1 Price impact of PtG

When PtG is present in a market with a high amount of renewables, it changes the price-

duration curve. From Figure 5, we can see that PtG decreases the electricity prices when

they are high and increases the electricity prices when they are low, which makes the price-

duration curve of electricity flatter than before. Hence, PtG indeed offers flexibility to the

electricity market. The impact of PtG increases in its capacity. Hence, we see a higher

impact when more PtG is installed.

Figure 5: Impact of PtG on electricity price-duration curve in the scenario of zero industrial
hydrogen demand

To understand the impact of PtG on the electricity price in details, we list the average
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price weighted by hours as well as the average price weighted by domestic consumption

in Table 6. Overall, PtG reduces the average price of electricity. The explanation for the

decrease of the average electricity price can be found by looking at which type of supplier is

the price setter in the market. Figure 6 shows the percentage that each type of electricity

supplier sets the price. PtG decreases the average price of electricity because hydrogen-

fired power plants are motivated to increase the supply of electricity when the price is very

high. Hence, these generators become more often the marginal electricity supplier.

Figure 6: Share of various types of marginal (price-setting) electricity supplier in the
scenario of zero industrial hydrogen demand

To understand the impact of PtG on the price-duration curve of electricity, we can

also look at how the capacity of PtG is used. Table 6 shows the number of hours during

which electrolysers and hydrogen-fired power plants are producing, as well as their capacity

factors that measure the ratio between the used capacity and the installed capacity. We

can see that the capacity of PtG is used at a very low rate when PtG only offers flexibility
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to the electricity market.

No PtG Low PtG High PtG
Annual number of operating hours
- electrolysers 798 772
- hydrogen-fired power plans 862 1197
Annual capacity factor (percent)
- electrolysers 8 6
- hydrogen-fired power plans 8 6
Average price of electricity (Euro/MWh)
- by hour 35.88 35.47 34.59
- by consumption 32.97 32.85 32.55
Average price of green-electricity certificates (Euro/MWh)
- by hour 3.98 3.97 3.97
- by consumption 1.63 1.62 1.61

Table 6: Annual operating hours and price impacts of PtG in the scenario of zero industrial
hydrogen demand.

The introduction of PtG also changes the price of green-electricity certificates because

it induces extra supply of green certificates. Figure 7 shows the impact of PtG on the price-

duration curve of the certificates. We see that PtG decreases the price of green certificates

to a very small extent, which is confirmed by Table 6.

In relation to the changes of electricity prices and green-electricity certificate prices, the

composition of electricity production also changes. Figure 8 shows the share of each type

of electricity production in different situations. We see that gas-fired electricity generation

is to some extent replaced by hydrogen-fired electricity generation because of the presence

of PtG.

5.1.2 Welfare impact of PtG

The introduction of PtG affects electricity prices, which leads to changes in consumer

surplus, producer surplus, and government tax. Figure 9 shows the welfare change due to

PtG, paying attention to the effects for different groups of participants.

Renewable-electricity producers benefit from PtG because they benefit from the lower

number of hours with low electricity prices, while hydrogen-fired power producers benefit
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Figure 7: Impact of PtG on price-duration curve of green-electricity certificates in the
scenario of zero industrial hydrogen demand

from the production during hours with high prices. Gas-fired electricity producers and

electricity importers suffer, however, because they can less benefit from high prices. The

benefit of PtG for renewable electricity producers comes from the fact that only renewable

power plants are producing when the electricity prices are low and that just these prices

are raised when PtG is introduced. Hence, the extra electricity demand from PtG in these

hours increases the profits of renewable electricity producers. In contrast, hydrogen-fired

power plants only produce when electricity prices are very high. For these periods, it

is often the case that gas-fired power plants are producing. The extra electricity supply

from hydrogen-fired power plants may decrease the electricity price, which reduces the

profit of gas-fired power producers. Since the introduction of PtG reduces the volatility of

the electricity price, electricity importers have a smaller room for price arbitrage between

markets, which decreases the profits of importers.
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Figure 8: Share of types of supply of electricity in the scenario of zero industrial hydrogen
demand.

For hydrogen producers, it comes as no surprise that PtG producers and hydrogen

storage operators benefit from the introduction of PtG.

For consumers, green-certificate consumers benefit from PtG because PtG induces re-

newable electricity producers to produce more electricity raising the supply of certificates,

which reduces the certificate price. PtG increases consumers’ surplus because overall PtG

brings electricity prices down.

Although the benefits for various groups seem to exceed the costs for others, the overall

welfare effects are negative due to the (annual) fixed costs related to the investments in

the PtG assets. Hence, PtG appears to have a negative impact on social welfare when it

is only used for providing flexibility to the electricity market.
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Figure 9: Annual welfare effect of PtG for various groups of participant in the scenario of
zero industrial hydrogen demand.

5.2 PtG supplies both flexibility to electricity sector and hydro-
gen to hydrogen market

In the previous section, it was assumed that PtG could only supply flexibility to the

electricity sector, but is likely that PtG will also be used to provide hydrogen for users in

industry or transport. Hence, in such a situation, the demand for hydrogen may compete

with the demand for flexibility in the electricity market, which may affect the value of

the latter. Below, we will first present the effects of PtG on the price-duration curves of

electricity and hydrogen as well as on social welfare for a number of scenarios and variants.

Then, we will relate these short-term welfare effects to the fixed costs in order to determine

the overall welfare effects.

33



5.2.1 Price impact of PtG

As we have seen in the previous section, the introduction of PtG (i.e., electrolysers, hydro-

gen storage, plus hydrogen-fired power plants) is able to make the price-duration curve of

electricity flatter. As shown in Figure 10, in the scenario of low industrial hydrogen demand

the impact of PtG on the price-duration curve is similar to the previous situation without

any sector coupling. When the hydrogen demand is high, however, PtG mainly drives the

low electricity prices up, but it does not bring high prices down too much. This is due to

the fact that there is less hydrogen available to be used during hours of high electricity

prices. When the industrial hydrogen demand is high, hydrogen prices are more likely to be

high as well, which incentivizes PtG plants to produce and supply more hydrogen and, as

a result, hydrogen-fired power plants will produce less electricity. Consequently, the high

electricity prices are not reduced by extra electricity production based on hydrogen. This

also results in a higher on average electricity price, both weighted by hours and weighted

by domestic consumption (see Table 7).

Figure 10: Impact of PtG on the price-duration curve of electricity with sector coupling

To understand the impact of PtG on the price-duration curve of electricity, we can also

look at how intensive the capacity of PtG is used. Table 7 shows the number of hours during

which electrolysers and hydrogen-fired power plants are producing, as well as their capacity
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factors that measure the ratio between the used capacity and the installed capacity. We

can see that the capacity factor of electrolysers increases with hydrogen demand while the

capacity factor of hydrogen-fired power plants slightly decreases with hydrogen demand,

which pushes the electricity price up with the increase of hydrogen demand.

To further understand the mechanism behind the impact of PtG on the electricity price,

we have to look at the price-setting power plants. Figure 11 shows the percentage that

each type of supplier sets the market price of electricity. In the scenario of low industrial

hydrogen demand, hydrogen-fired power plants are more often the marginal, price-setting

power plant than in the scenario with a high industrial demand for hydrogen.

Figure 11: Share of various types of marginal (price-setting) electricity supplier with sector
coupling

When hydrogen produced by PtG can be used in industry or transport, there may also

be a higher demand for green hydrogen. In order to be able to supply green hydrogen,

electrolysers need to buy green-electricity certificates. As a result, the price of these cer-

tificates will go up. Fig 12 shows how the price of green-electricity certificates changes

due to the introduction of PtG. From Table 7 we can see that the annual average price

of green-electricity certificates increases when there is a higher demand for hydrogen from

the industry.
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No PtG Low PtG High PtG
Annual operation hours
- Electrolysers
- - Low hydrogen demand 3785 3673
- - High hydrogen demand 4190 3925
- Hydrogen-fired power plans
- - Low hydrogen demand 978 1266
- - High hydrogen demand 637 843
Annual capacity factor of plants
- Electrolysers
- - Low hydrogen demand 0.18 0.09
- - High hydrogen demand 0.39 0.22
- Hydrogen-fired power plans
- - Low hydrogen demand 0.06 0.05
- - High hydrogen demand 0.06 0.03
Average price of electricity (Euro/MWh)
- by hour
- - Low hydrogen demand 35.88 35.75 34.94
- - High hydrogen demand 35.88 36.20 36.43
- by consumption
- - Low hydrogen demand 32.97 33.07 32.87
- - High hydrogen demand 32.97 33.62 34.26
Average price of green certificate of electricity (Euro/MWh)
- by hour
- - Low hydrogen demand 3.98 3.99 3.99
- - High hydrogen demand 3.98 4.04 4.04
- by consumption
- - Low hydrogen demand 1.63 1.64 1.64
- - High hydrogen demand 1.63 1.72 1.70
Average price of hydrogen (Euro/MWh)
- by hour
- - Low hydrogen demand 37.58 28.84 27.00
- - High hydrogen demand 37.58 37.58 30.97
- by consumption
- - Low hydrogen demand 37.22 28.20 26.47
- - High hydrogen demand 37.22 37.22 30.43
Average price of green certificate of hydrogen (Euro/MWh)
- by hour
- - Low hydrogen demand 0 12.88 13.00
- - High hydrogen demand 0 15.11 13.18
- by consumption
- - Low hydrogen demand 0 0.98 0.88
- - High hydrogen demand 0 8.29 1.50

Table 7: Annual operation and price impacts of PtG with sector coupling.

In combination with the change in the electricity prices, the mix of electricity pro-

duction also changes. Figure 13 shows the share of each type of electricity production in

different situations. The share of gas-fired electricity generation decreases with the intro-
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Figure 12: Impact of PtG on the price-duration curve of green certificate of electricity with
sector coupling

duction of PtG, which is due to the fact that PtG replaces gas to some extent as supplier of

electricity during hours of high prices. Moreover, the share of renewable electricity genera-

tion increases with a high capacity of PtG as this results in a higher demand for electricity,

reducing the number of hours with too low prices.

Figure 13: Generation mix in case of sector coupling.

The supply of hydrogen by PtG also affects the price of hydrogen. As shown in Fig-

ure 14, this impact varies from scenario to scenario. PtG decreases hydrogen prices much

more when the industrial hydrogen demand is low than when it is high. When the indus-

trial hydrogen demand is low, PtG can supply hydrogen to meet the whole market demand.
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Figure 14: Impact of PtG on the price-duration curve of hydrogen with sector coupling

Due to its low marginal cost, PtG drives high-cost SMR out of the market, which brings

hydrogen prices down. When the industrial hydrogen demand is high, however, PtG can-

not supply the whole market demand. As a result, the high-cost SMR producer remains

the price-setter, which makes that hydrogen prices are close to the Baseline level most

time. When we increase the capacity of PtG from low to high, however, hydrogen prices

can decrease strongly as now more often PtG becomes the price-setting supplier. From

Table 7, we can see that PtG reduces the average annual hydrogen price significantly.

Figure 15: Impact of PtG on the price-duration curve of green-hydrogen certificates with
sector coupling

When PtG offers hydrogen to the industry, a supply of green hydrogen emerges. When
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the electrolysers buy green-electricity certificates in combination with their electricity, they

are able to supply both hydrogen and green-hydrogen certificates. Hence, in the scenario

of no PtG, the market for green certificates of hydrogen does not exist, but in the scenario

with PtG, the market for green-hydrogen certificates is created. When there is no supply

of green-hydrogen certificates, the price of green certificate of hydrogen is 20 Euro/MWh,

which is the (assumed) maximum willingness to pay for it. When there is over-supply, the

price drops to 0. The price of green-hydrogen certificates decreases with the supply (see

Figure 15). As a result, PtG reduces the average certificates prices (see Table 7).

In combination with the change prices, the mix of hydrogen production also changes.

Figure 16 shows that SMR hydrogen generation is replaced by PtG and this replacement

effect is stronger in the scenario of low industrial hydrogen demand. Hence, when the

industrial demand is relatively small, while the capacity of PtG is large, the supply of

hydrogen by SMR can almost be fully replaced by hydrogen produced through electrolysis.

Figure 16: Share of types of supply of hydrogen in case of sector coupling.

5.2.2 Welfare impact of PtG

As the introduction of PtG affects both electricity and hydrogen markets, it also has an

impact on welfare. The short-term welfare effects consist of changes in consumer surplus
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and producer surplus. The introduction of PtG has a positive short-term welfare effect,

but this positive effect is outweighed by the annualized costs of the investments in PtG

assets. Overall, the welfare effect is negative (see Figure 17).

This welfare effect results, however, from different effects for the various groups of

participants. In the model, we have defined the following groups: electricity producers,

hydrogen producers, electricity consumers and hydrogen consumers.

Among the group of electricity producers, those using renewable resources or hydrogen

benefit, while those who use natural gas suffer. Importers suffer from PtG. The mechanism

is the same as described in Section 5.1.2.

Among the group of hydrogen producers, PtG producers and hydrogen storage opera-

tors benefit from PtG, which is the same as in Section 5.1.2. The welfare effects for SMR

producers result from a mixture of factors. In the baseline without PtG, SMR producer

is the price-setter in the market, where the hydrogen price equals to the marginal cost of

SMR. This leads to a zero profit for SMR producers. When PtG is introduced, generally,

SMR produces less hydrogen due to the competition from PtG, and, consequently, the

hydrogen price decreases. However, when electricity prices are very high, hydrogen-fired

power producers could drive hydrogen prices up. When the hydrogen prices exceed the

marginal costs of SMR, these producers realize a profit.

Among the group of consumers, hydrogen consumers benefit from PtG because PtG

decreases the hydrogen price on average. In the scenario of low industrial hydrogen demand,

electricity consumers benefit from PtG because PtG flattens the price-duration curve. In

this case, they consume more electricity, and, as a result, the tax revenue from electricity

also increases. In the scenario of high industrial hydrogen demand, electricity consumers

suffer because PtG mainly drives the electricity price up. In this case, they consume less

electricity, and, as a result, the tax revenue from electricity decreases. The consumers of

green-hydrogen certificates benefit from PtG because only through PtG these certificates
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Figure 17: Annual welfare effect of PtG with sector coupling.

are offered. In contrast, the consumers of green-electricity electricity suffer because PtG

raises the demand for the green-electricity certificates resulting in higher prices.
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After taking the annualized costs of the PtG assets into consideration, we find that PtG

only has a tiny positive welfare effect in case of a low installed PtG capacity combined with

a high hydrogen demand. In all other situations, the overall welfare effect is negative.

5.2.3 Costs of demand substitution to hydrogen

In the above analysis, we implicitly assumed that the extra demand for hydrogen from

the industry occurred without any costs. In reality, however, this is not the case. As long

as natural gas is less expensive than hydrogen, industries will continue to use gas. Since

gas is more competitive in cost than hydrogen under current market conditions, the shift

of energy consumption from gas to hydrogen leads to a welfare loss. Hence, one should

account for the fact that the extra demand for hydrogen can only be created with policies

boosting hydrogen demand such as a tax on gas consumption or a subsidy on hydrogen

consumption. After all, the hydrogen demand is not just an extra demand, but it replaces

the demand for gas. The costs of this substitution depend on the spread between the costs

of consuming natural gas (based on the price of gas and the price of carbon), and the price

of hydrogen, as well as on the amount of the gas consumption that is replaced by hydrogen.

Using the above model results, we find that the welfare loss is 49 million Euro per year

in the scenario of low industrial hydrogen demand and 493 million Euro per year in the

scenario of high industrial hydrogen demand. When we take this welfare loss into account,

PtG has a negative welfare effect in all circumstances.

5.2.4 Break-even CO2 price

The above welfare effects are based on exogenous values for CO2 emissions. These values

are based on the actual daily carbon prices in 2019. The higher the carbon price, the

lower the costs of the substitution from gas to hydrogen consumption. The costs of this

substitution may even become negative when reducing carbon emissions is highly valued,

which may also have as a result that the overall welfare effect of PtG turns positive. In
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order to fully assess the welfare effects of PtG, we calculate the break-even CO2 price, which

is the price resulting in zero overall welfare effect. Since PtG has the largest welfare effect

in the case of high industrial hydrogen demand, we focus on the case with high industrial

hydrogen demand to find the break-even price of CO2 for PtG. Figure 18 reports the net

welfare of PtG with different carbon prices. We can see that a CO2 price between 650 and

700 euro/ton will make a high PtG capacity break even in a situation with high amount

of renewables and high hydrogen demand.

Figure 18: Net welfare of PtG with different CO2 prices in the scenario of high renewables
and high industrial hydrogen demand

The break-even carbon price is related to the assumptions regarding in particular the

investment costs and the conversion efficiencies. The break-even CO2 price will be lower if

the costs of PtG decrease or the efficiency of electrolysers increases. Table 8 lists the break-

even CO2 price for different levels of cost reduction and efficiency enhancement. When the

annualized costs of PtG reduce with 10 percent, the break-even price reduces with about
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150 euro/ton. When also the efficiency of electrolysers is increased with 10 percent points,

then the break-even price reduce further with about 100 euro/ton. The break-even price is

reduced to about 100 euro/ton when the annualized costs of PtG is reduced by 50 percent.

Efficiency of electrolysers Cost of PtG reduced by
0%(current level) 10% 20% 30% 40% 50%

0.7(current level) 650-700 500-550 300-350 200-250 150-200 100-150
0.8 550-600 400-450 200-250 150-200 150-200 100-150

Table 8: Break even CO2 price (Euro/ton) for high installation PtG with different levels
of cost reduction and efficiency in the scenario of high renewables and high industrial
hydrogen demand

6 Conclusion

In order to reduce carbon emissions, governments are strongly promoting renewable energy.

The increasing shares of renewable electricity generation will result in higher volatility in

electricity supply due to the weather dependency of the generation by in particular wind

turbines and solar PV. This higher volatile supply of electricity calls for more flexible

options to manage the balance of the electricity grid. This need for more flexibility can be

met by a variety of technologies, including Power to Gas (PtG). Therefore, it is expected

that PtG will become more important in future electricity markets which are characterised

by higher shares of renewable generation. In such markets, PtG can make use of electricity

during hours of low prices in order to produce hydrogen, store this hydrogen in order to

use this to generate electricity when prices are much higher. At the same time, hydrogen

produced through PtG is increasingly seen as key energy carrier to reduce the carbon

emissions outside the electricity sector, such as in industry and transport. The question

now is how this external demand for hydrogen affects the economic value of flexibility in

the electricity market provided by PtG.

In this paper, we have analysed the economic potential of PtG by developing and

applying a short-term partial equilibrium model of integrated electricity and hydrogen
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markets. Our approach differs from most other studies on the feasibility of PtG (Ban

et al., 2017; Grueger et al., 2017; Vandewalle et al., 2015), as we model welfare effects by

simulating the interaction between market participants in these markets. Our model has

been calibrated to reflect the main characteristics of the Dutch electricity system, just to

have reference to a real market. We used this model to analyse the welfare effects of PtG

as both provider of flexibility to the electricity market and provider of hydrogen to other

industries outside the electricity market.

We find that strongly increasing the share of renewable electricity from the current 10

GW to 60 GW installed capacity (which is consistent with the Dutch policy target for

2050), makes the electricity prices indeed much more volatile, even if we control for an

increase in the share of flexible CCGT power plants. When we add PtG to this energy

system, the price volatility is reduced, indicated by a less steep price-duration curve. In

such a situation, there are less hours with very high power prices and also less hours

with very low prices. These effects depend, as can be expected, on the magnitude of the

installed PtG capacity. However, even when the PtG capacity is set at about 8 GW (which

is way above the current Dutch ambitions), the impact on prices is fairly modest. Hence,

although PtG is technically a potential supplier of flexibility, the business case will not be

sufficient which is due to its too small impact on the price-duration curve. Because of this

relatively small impact, even when the size of PtG is fairly large, the overall welfare effects

are negative.

As usual, there are winners and losers. To the group of winners belong the producers

of renewable electricity (as they have less hours with low electricity prices), the consumers

of electricity (as they have less hours of very high prices) as well as those consumers who

consumer renewable electricity (as they have lower prices for the green certificates which

is due to the higher supply of renewable electricity). The group of losers are formed by the

producers of gas-fired power plants (because they enjoy less hours of high prices) as well
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as the international traders (because there are less international price differences). Hence,

while the overall welfare effect of PtG as a flexibility provider are negative, for some groups

it may be beneficial giving them an incentive to promote this.

The above conclusions hold when we ignore any relationship with an external demand

for hydrogen. As known, governments are also promoting the use of hydrogen in industrial

process (as feedstock and for heating) and transport (see EU hydrogen strategy, 2020). We

have also analysed how this external demand affects the economic value of PtG as provider

of flexibility in electricity markets.

We find that when there is a large demand for hydrogen from outside the electricity

sector, the impact of PtG on the price-duration curve is reduced. When an industrial sector

is demanding large amounts of hydrogen, as is expected to happen in many countries, then

the PtG producers are more likely to supply hydrogen to these producers instead of storing

the hydrogen and to use it for electricity generation in hours of high prices, because they

can realize higher prices. In such a scenario, the hydrogen price is determined by the more

expensive supply from SMR producers, and as a result, the hydrogen-power producers

cannot compete with gas-fired power plants (as the costs of hydrogen are then always

higher than the costs of gas). As a result, when there is a high industrial hydrogen demand,

hydrogen will not be used to generate electricity. However, in such a scenario there will be

more demand for electricity when prices are low, which means that there will be less hours

with low electricity prices, resulting in a bit less steep price-duration curve.

Nevertheless, a high hydrogen demand by an industrial or transport sector has some

positive welfare effects. This is due to the fact that PtG is able to provide less expensive

hydrogen than SMR during hours when electricity prices are low. This is generally the

argument used by governments to pursue this policy ( EU hydrogen strategy, 2020). Also

in this situation, there are winners and losers. The winners are, again, the producers

of renewable electricity (because they experience less hours of low prices), the producers
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of PtG producers (because they can realize higher volumes and higher prices) as well as

hydrogen consumers (because they have to pay lower prices compared to situation without

PtG). One of the major losers consists of the (other) electricity consumers (because they

have less hours of low prices). This also implies that in such a scenario, industrial users

benefit at the expense of other electricity users.

The overall welfare effect, however, is negative when we take the annualized costs of

the PtG assets into account. This negative effect becomes even larger when we control for

the costs of creating the hydrogen demand. When industrial energy users are stimulated,

for instance, through fossil-energy taxes, to switch from natural gas to hydrogen, then one

should also take into account the costs and benefits of this substitution. After all, the

industries are replacing a less expensive by a more expensive energy carrier. When we

include these costs, then the conclusion is that the overall welfare effects of introducing

PtG are negative. The required carbon price to neutralize this negative effect for a low level

of PtG is about 150 euro/ton carbon and for a high level of PtG about 700 euro/ton, which

is much higher than many other options for carbon reduction. These break-even values of

the carbon price will be lower when the required investment costs of PtG are significantly

lower than the current values or when the conversion efficiencies of electrolysers are much

higher.

From this analysis, we conclude that although PtG installations are technically able to

provide flexibility which is required by electricity systems characterised by large amounts

of renewables, its economic value appears to be negative. This value is negatively affected

by the presence of hydrogen demand from outside the electricity sector, which makes that

hydrogen is less used to generate electricity during hours of scarcity. This is due to the fact

that hydrogen demand from outside the electricity sector reduces the value of hydrogen

as provider of flexibility in the electricity market. The economic value of PtG can be

turned positive by significantly reducing the fixed costs of the PtG installations, raising
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the conversion efficiencies and/or assuming much higher monetary values for the reduction

in carbon emissions.
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on the price elasticity of energy demand,” Energy policy, 102, 549–568.

Le Duigou, A., A. G. Bader, J. C. Lanoix, and L. Nadau (2017): “Relevance and

costs of large scale underground hydrogen storage in France,” International Journal of

Hydrogen Energy, 42, 22987–23003.

Lord, A. S., P. H. Kobos, and D. J. Borns (2014): “Geologic storage of hydrogen:

Scaling up to meet city transportation demands,” International Journal of Hydrogen

Energy, 39, 15570–15582.

Mukherjee, U., S. Walker, A. Maroufmashat, M. Fowler, and A. Elkamel

(2016): “Power-to-gas to meet transportation demand while providing ancillary services

to the electrical grid,” 2016 4th IEEE International Conference on Smart Energy Grid

Engineering, SEGE 2016, 221–225.

50



Parks, G., R. Boyd, J. Cornish, and R. Remick (2014): “Hydrogen Station Com-

pression, Storage, and Dispensing Technical Status and Costs: Systems Integration,”

Related Information: Independent review published for the U.S. Department of Energy

Hydrogen and Fuel Cells Program, Medium: ED; Size: 74 pp.

Roach, M. and L. Meeus (2020): “The welfare and price effects of sector coupling with

power-to-gas,” Energy Economics, 86, 104708.

Schmidt, O., A. Gambhir, I. Staffell, A. Hawkes, J. Nelson, and S. Few

(2017): “Future cost and performance of water electrolysis: An expert elicitation study,”

International Journal of Hydrogen Energy, 42, 30470–30492.

Sterner, M. (2009): Bioenergy and renewable power methane in integrated 100% renew-

able energy systems. Limiting global warming by transforming energy systems, vol. 14,

kassel university press GmbH.

Tennet (2020): “Annual Market Update 2019,” https://www.tennet.eu/company/

publications/technical-publications/.

Thema, M., F. Bauer, and M. Sterner (2019): “Power-to-Gas: Electrolysis and

methanation status review,” Renewable and Sustainable Energy Reviews, 112, 775–787.

van Leeuwen, C. and M. Mulder (2018): “Power-to-gas in electricity markets domi-

nated by renewables,” Applied Energy, 232, 258–272.

Vandewalle, J., K. Bruninx, and W. D’Haeseleer (2015): “Effects of large-scale

power to gas conversion on the power, gas and carbon sectors and their interactions,”

Energy Conversion and Management, 94, 28–39.

Weeda, M. and R. Segers (2020): “The Dutch hydrogen balance, and the

51

https://www.tennet.eu/company/publications/technical-publications/
https://www.tennet.eu/company/publications/technical-publications/


current and future representation of hydrogen in the energy statistics,” http://

resolver.tudelft.nl/uuid:77b361fb-0598-40aa-8be2-97e1f6e73ce5.

52

http://resolver.tudelft.nl/uuid:77b361fb-0598-40aa-8be2-97e1f6e73ce5
http://resolver.tudelft.nl/uuid:77b361fb-0598-40aa-8be2-97e1f6e73ce5


Appendices

A Assumptions on parameter and variable values

Technology parameters. Table A.1 lists the values of technology parameters in our

model.

Parameter Value
Carbon emission of burned gas γC 0.2 (ton/MWh)
Conversion efficiency from gas to electricity γG 0.5
Conversion efficiency from hydrogen to electricity γH 0.5
Conversion efficiency from gas to hydrogen γSMR 0.6
Conversion efficiency from electricity to hydrogen γPtG 0.7
Fraction of carbon being emitted in SMR λ 0.2

Table A.1: Technology parameters.

Electricity generation capacities. Table A.2 lists the assumed electricity-generation

capacities per type of technology and scenario. In the low renewable scenario, the assumed

capacities reflect the current situation in the Netherlands, while in the high renewable

scenario, the assumed capacity of renewable electricity is related to the policy objective

of the Dutch government. The assumed capacity of gas-fired power plants is motivated

in Appendix B. It is assumed that this capacity is permanently available. The available

capacity of renewable electricity is based on both the installed capacity and the hourly

fluctuations in wind speed. This capacity factor, Adh, fluctuates between 0 and 1 with an

average of 0.28, which is based on the observed wind power volatility in the Netherlands.

Figure A.1 shows its duration curve.

Electricity demand. The electricity demand by other consumers is modelled as a

decreasing function of the price users have to pay. This price is related to the electricity

price and taxes imposed by the government:lE,Odh = αE,Odh −β
E,O
dh ·(pEdh+tE,O). We constructed

the electricity demand function for each hour as follows. First, we use hourly data on load

to construct the hourly load profile factor, which is the ratio between the load of an hour
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Figure A.1: Duration curve of the capacity factor of renewable electricity, based on actual
Dutch wind-speed data

Variable Value (MW) in scenarios
Low Renewable High Renewable

Installed capacity of renewable electricity KR 10,000 60,000
Installed capacity of the gas-fired producer KG 10,000 6,000
Installed transmission capacity cross boards KI 3,000 3,000

Table A.2: Assumed values for installed electricity-generation capacities, in two scenarios

and the average hourly load in the Netherlands (see Figure A.2). Second, we derive the

hourly electricity load lE,Odh by multiplying the profile factor of this hour by the average

hourly electricity load, where the average hourly electricity load is 13,700 MWh in the

Netherlands. Third, we derive the slope of the demand curve by using βE,Odh = −eEp ·
lE,O
dh

pEdh
,

where we assume that the price elasticity eEp is -0.3 and the electricity price pEdh is 41

Euro/MWh (both numbers reflect the Dutch power market, see e.g Labandeira et al.

(2017) and Tennet (2020)). Finally, we calculate the intercept of the electricity demand

curve by using αE,Odh = lE,Odh + βE,Odh · pEdh. Since the slope and the intercept of electricity
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demand are known, we have the hourly electricity demand, which is a function of electricity

price and tax.

Figure A.2: Normalized duration curve of electricity load in the Netherlands. Source
(ACM).

Demand for green-electricity certificates. The green-electricity certificate demand

is formulated as a decreasing function of price: lGC
dh = αGC

dh − βGC · pGC
dh . We construct

the demand function as follows. First, we assume that 50% of electricity consumption

needs green certificates (which refers to the current Dutch market, see CertIQ (2020)).

From this follows that the demand for green-electricity certificate lGC
dh is on average 6,850

MWh per hour. Second, we assume that the average price of green certificates pGC
dh is 10

Euro/MWh and its price elasticity eGC
p is -1. Using these assumptions, we are able to

determine the slope of the demand βGC = −eGC
p · l

GC
dh

pGC
dh

= 1, 370 and the intercept of the

demand αGC
dh = lGC

dh + βGC · pGC
dh = 13, 700.

Hydrogen market. We have two scenarios regarding hydrogen demand. The demand
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for hydrogen and green-hydrogen certificates were constructed in the similar way as the

demand curves for the electricity market. For the hydrogen demand, we assume that the

price elasticity eHp is -0.5 while the price of hydrogen pHdh is 45 Euro/MWh. For the demand

of green-hydrogen certificates, we assume that 50% of hydrogen consumption needs green

certificates, the price elasticity eGH
p is -1, and the price of hydrogen pGH

dh is 10 Euro/MWh.

In the scenario of low hydrogen demand, we assume that the hydrogen consumption lH,Odh

is 250 MWh per hour, hence, the consumption of green-hydrogen certificates lGH
dh is 125

MWh per hour. In the scenario of high hydrogen demand, we assume that the hydrogen

consumption lH,Odh is 2,500 MWh per hour, hence, the consumption of green-hydrogen cer-

tificates lGH
dh is 1,250 MWh per hour. The capacity of SMR is twice as high as the assumed

hydrogen consumption, which ensures that the capacity of hydrogen production never con-

strains hydrogen consumption. Table A.3 summarizes the assumed values regarding the

hydrogen market for the different scenarios.

Variable Value in scenario
Low hydrogen demand High hydrogen demand

Installed capacity of SMR KSMR (MW) 500 5,000

Intercept of hydrogen demand αH,Odh (MWh) 375.1 3,751

Slope of hydrogen demand βH,Odh 2.78 27.8
Intercept of green-hydrogen certificate demand αGH

dh (MWh) 250 2,500
Slope of green-hydrogen certificate demand βGH 12.5 125

Table A.3: Assumed values for supply and demand in hydrogen market

Economic variables. Table A.4 lists the assumed values for the economic variables,

which reflects the current economic conditions in the Dutch energy markets. Under the

current market conditions, in particular the price of natural gas, a SMR hydrogen producer

cannot produce hydrogen with a cost below about 28 Euro/MWh. Since there is no need

to store hydrogen produced by SMR, we assume that the hydrogen-storage operator buys

hydrogen at a price no more than 28 Euro/MWh to ensure that the stored hydrogen will

mainly come from electrolysis. In addition, we assume that the operator just needs 1 Euro

margin between the selling and the buying price to cover its operational costs.
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Variable Value
Variable cost of renewable cR (Euro/MWh) 10
Cost of carbon capture and storage cCCS (Euro/ton) 50
Maximum hydrogen price for the buy decision of storage operator

¯
pH (Euro/MWh) 28

Minimum hydrogen price for the sell decision of storage operator p̄H(Euro/MWh) 29
Electricity tax for consumers tE,O (Euro/MWh) 10

Table A.4: Assumed values for cost and tax variables

B Gas-fired generation capacity in various scenarios

In the scenario of low renewable electricity, the available electricity capacity is about 15,800

MW, which resembles the current Dutch centralized generation capacity. If we want to keep

the available electricity capacity (after controlling for capacity factors related to weather

circumstances) unchanged when we increase the capacity of renewable electricity, we must

reduce the capacity of gas-fired electricity producers. Such a symmetric change in the

composition of the electricity generation has, however, strong effects on the electricity

price. To illustrate how the change of capacity composition affects the electricity price,

we show a price-duration curve in which the installed capacity of renewable electricity

producers is increased from 10,000 MW to 35,000 MW and the installed capacity of gas-

fired electricity producers is decreased from 10,000 MW to 3,000 MW. Figure B.1 shows

how this change in the generation mix affects the price-duration curve.

We can see that in the new situation, the electricity price is much higher than before

most of the time which is due to capacity scarcity. After all, when the renewable capacity

is not able to generate because lack of wind, much smaller amounts of gas-fired plants

and import become responsible for the full supply. The scarcity in such situations re-

sults in so-called scarcity prices, which gives gas-fired producers incentives to expand their

capacity. Hence, from a dynamic perspective, it is not reasonable that the gas-fired gener-

ation capacity will be reduced to the same extent as the renewable capacity will increase.

Economically, the electricity firms have an incentive to invest relatively more in gas-fired
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power plants. So, when we increase the capacity of renewable electricity dramatically, the

capacity of gas-fired electricity may still remain at a high level. For this reason, in the

scenario of high renewable electricity, we choose 60,000 MW as the capacity of renewable

electricity (which is related to the Dutch policy target for 2050) combined with 6,000 MW

as the capacity of gas-fired electricity. This results in a price-duration curve with much

less hours with high prices.

Figure B.1: Price-duration curve of electricity with low renewable (baseline) and more
renewable plus a similar decrease in gas-fired plant capacity (i.e. equal total amount of
generation capacity)

C Scenario of low renewable energy

In the current Dutch energy market, the production of renewable energy and in particular

the production and use of hydrogen are fairly low (Weeda and Segers, 2020). Hence, our

scenario of low renewable energy is more or less in line with the current situation. As

shown in this paper, PtG brings more welfare when it is used with sector coupling than
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without, because users outside the electricity sector benefit from lower-priced hydrogen. In

the paper, it is also shown that the scenario with high level of renewables is more beneficial

for PtG than a scenario with low levels of renewables. Just to illustrate this, the figures

below show the impact of PtG on the prices of electricity and hydrogen as well as the

welfare effects in a scenario with low renewables and low hydrogen demand. It appears

that the price-duration curves of both electricity and hydrogen are hardly affected by the

introduction of PtG, which implies that the overall welfare effects are strongly negative

in such a scenario. Hence, without strongly volatile electricity prices or high hydrogen

demand from outside the electricity sector, investments in PtG hardly generate benefits.

Figure C.1: Impact of PtG on the price-duration curve of electricity in the scenario of low
renewable and low industrial hydrogen demand
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Figure C.2: Impact of PtG on the price-duration curve of hydrogen in the scenario of low
renewable and low industrial hydrogen demand with sector coupling.
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Figure C.3: Annual welfare effect of PtG in the scenario of low renewable and low industrial
hydrogen demand with sector coupling.
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