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Abstract: The paper provides an economic model for the assessment of hydrogen production at the
site of an existing thermal power plant, which is then integrated into the existing gas grid. The model
uses projections of electricity prices, natural gas prices, and CO, prices, as well as estimates of the cost
of building a power-to-gas system for a 25-year period. The objective of this research is to calculate
the yellow hydrogen production price for each lifetime year of the Power-to-gas system to evaluate
yellow hydrogen competitiveness compared to the fossil alternatives. We test if an incentive scheme
is needed to make this technology economically viable. The research also provides several sensitivity
scenarios of electricity, natural gas, and CO, price changes. Our research results clearly prove that
yellow hydrogen is not yet competitive with fossil alternatives and needs incentive mechanisms for
the time being. At given natural gas and CO; prices, the incentive for hydrogen production needs
to be 52.90 EUR/MWh in 2025 and 36.18 EUR/MWh in 2050. However, the role of hydrogen in the
green transition could be very important as it provides ancillary services and balances energy sources
in the power system.

Keywords: hydrogen production viability; gas-fired power plant; ancillary services; green transition

1. Introduction

As a part of the energy transition to carbon neutrality, a continuous reduction in
natural gas consumption is expected to decarbonize the energy sector and increase energy
efficiency, especially the use of gas infrastructure and alternative fuels such as hydrogen.
The decline in natural gas consumption combined with the additional supply constraint
and decline in domestic production, as well as the increase of CO, emission prices, have
positioned hydrogen as an alternative to natural gas.

Due to current circumstances, investments in existing production capacities or in the
new research to increase the use of hydrogen are being considered in Europe to increase
the security of supply and to enable a more effective transition of the economy from fossil-
based to RES-based (Renewable energy sources). The topic of hydrogen production and its
economics in different scenarios has only been intensively researched in the last few years,
although hydrogen production technology by electrolyzers has been known for a long time.
The decarbonization of the energy system manifests itself in low-carbon power generation
and the use of batteries and Power-to-gas systems.

In view of the above, the authors believe that an analysis of the possibility of replacing
natural gas with yellow hydrogen using the existing electricity and gas infrastructure is
required, along with an economically justified investment in the Power-to-gas system.

The Power-to-gas system plays an important role, enabling long-term and seasonal
storage of electricity and hydrogen production as a substitute for natural gas through water
electrolysis [1]. Although there are four types of water electrolysis processes, alkaline
water electrolysis (ALK), solid oxide electrolysis (SOE), microbial cell electrolysis (MEC),
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and proton exchange membrane (PEM) electrolysis [2], two processes are predominantly
used for water electrolysis in Power-to-gas systems, called ALK and PEM electrolyzers.
In studies, the PEM electrolyzer is more commonly used due to its high output pressure,
operational flexibility, and fast start-up time, which is important in intermittent power
generation, high efficiency, and lower projected cost [1,3]. Alkaline electrolyzers have more
mature operational technology and lower initial investment cost [4]. Compared to alkaline
electrolyzers, the PEM electrolyzer has higher efficiency, shorter start-up and ramp-up
times measured in minutes or even seconds, and a wider range of hydrogen production
rates [5]. One of the most important features of electrolyzers is their ability to operate at
a variable load, which makes them suitable for use in systems with a high percentage of
renewable energy sources [6]. PEM electrolyzers showed excellent dynamic characteristics
and stable independent hydrogen production [7] and better integration with fluctuating
and intermittent power generation [8]. Due to better performance, PEM electrolyzers
justify higher initial capital costs than alkaline electrolyzers. Considering the expected price
decrease of PEM electrolyzers due to technological innovations and larger implementation,
i.e., economies of scale, authors [9] performed a techno-economic evaluation of different
Power-to-gas system configurations, confirming that systems with alkaline electrolyzers
have significantly higher production costs than PEM electrolyzers [9]. The authors [10]
conducted an analysis of electrolyzers performing water electrolysis technology at low
or high temperatures. Alkaline and PEM electrolyzers performing water electrolysis at
low temperatures are able to produce hydrogen with high output pressure, while SOE
electrolyzers operating at high temperatures are not yet able to do so. In one of the hydrogen
utilization options analyzed in the above work, hydrogen with an output pressure of
20 bar from the electrolyzer is directly compressed to a pressure of 75 bar and injected into
the gas grid without intermediate storage [10].

The overview of research results relevant to the topic of this paper is presented
in the following table. The first group of works investigates the possibilities of hydro-
gen production using different countries and scenarios as examples. Another group
of papers relevant to this research relates to the potential of the gas grid to absorb the
produced hydrogen.

Blending hydrogen into the existing gas infrastructure is a promising option for
transporting renewable energy sources from the production site to the end users using the
existing gas grid, thus avoiding congestion in the power grid but also the construction of
new energy infrastructure. Existing gas infrastructure can be repurposed for hydrogen
technologies, which would significantly reduce infrastructure investment costs [11] and
accelerate the development of the hydrogen economy [12]. Blending hydrogen into the
existing gas infrastructure at a certain percentage is the key factor enabling hydrogen
production in the initial phase of the energy transition.

Within this first group of papers, research related to the methodology is distinguished.
Considering the fact that the price of electricity is the largest part of the price of hydrogen,
the calculation of the production price of yellow hydrogen in the model applied in this
paper is based on the projected hourly electricity prices for the period from 2025 to 2050. In
such a way that the given amount of hydrogen for each individual year is produced in the
hours when the price of electricity on the market is low, according to the descending order,
i.e., the so-called merit order model, which affects the profitability of yellow hydrogen
production. Numerous other authors have used a similar methodology, such that the
electrolyzer operates when the price in the electricity market is low, i.e., below the marginal
profitability price, in order to maximize hydrogen production and reduce operating costs.
It means that the electrolyzer does not operate when the price of electricity in the market is
high. In their study, authors [13] set a limit equal to the production cost of green hydrogen
at a fixed cost of electricity. If the selling price of hydrogen were higher than the production
price, assuming the price of electricity does not change, it would be profitable to produce
hydrogen, while otherwise, it would be profitable to sell electricity in the market [14].
Another method is to determine the price-duration curve using several historical years



Energies 2023, 16, 3737

30f20

of electricity prices from the spot market to determine different possible future electricity
prices and flexibility in electrolysis operation [15]. The author [16] uses the mentioned
methods in his study and uses them to determine the minimum market value of RES. In
the mentioned study, the merit order model and the price-duration curve were applied to
electricity production from renewable sources, i.e., each renewable source is included in
the order of its marginal cost [16].

While in this paper, this method is applied to hours with cheaper electricity prices
in the market for the optimal number of operating hours of the electrolyzer in the year it
produces yellow hydrogen.

Low-carbon hydrogen includes green, blue, turquoise, and yellow hydrogen [17]. The
color of hydrogen depends on the method of hydrogen production, so green hydrogen is
renewable hydrogen that is obtained from electricity produced exclusively from renewable
energy sources such as wind, water, or sun. Grey hydrogen is the most common form
of hydrogen production, which is produced from natural gas, or methane, using steam
methane reforming, but without capturing the CO, emissions produced in the process.
Yellow hydrogen is obtained from electricity taken from the power grid [18], which has a
certain share of electricity obtained from a nuclear power plant.

The color of the hydrogen also depends on the time dynamics and structure of the
energy sector transformation. In addition, the amount of CO, emissions released during
hydrogen production depends on the sources connected to the power grid [18]. Namely, as
the share of renewable energy sources increases, the hydrogen produced will move from
the “yellow” to the “green” category. Hydrogen blending into the existing gas grid is a
technology that allows hydrogen to replace fossil fuels without additional investment costs
in the gas infrastructure. In addition, hydrogen blending represents an extraordinary ad-
vantage compared to the other energy transition options. The main challenges of hydrogen
blending into the gas infrastructure are:

e  For the same energy demand, the amount of needed hydrogen is three times larger
than the amount of natural gas needed.

e Natural gas infrastructure needs to be changed (reconstructed) to be used for the
transport of a higher share of hydrogen.

The objective of this research is to calculate the yellow hydrogen production price for
each lifetime year of the Power-to-gas system to evaluate yellow hydrogen competitiveness
compared to the fossil alternatives.

Therefore, the paper provides an economic framework for the assessment of the most
efficient technology for hydrogen production, which is then integrated into the existing
gas grid. The research tests the influence of the optimal number of operating hours of
the electrolyzer with its activation as ancillary services provider in the power system on
the viability of yellow hydrogen production at the existing gas-fired power plant site and
attempts to answer the following research questions:

1. How can the infrastructure of existing gas-fired power plants be used for the energy
transition until 2050?

2. At what electricity market wholesale prices can yellow hydrogen production be
competitive to the price of natural gas increased by CO, costs?

3. What is the impact of ancillary service income on the final production price of
yellow hydrogen?

The contribution of this study is multiple. First, this paper considers not only electric-
ity generated from RES but the entire energy mix of the power system. The configuration
of the Power-to-gas system, which is located within the existing gas-fired power plant and
uses electricity from the power system for hydrogen production, is a new contribution of
this research and is a novelty compared to existing research from Table 1. Second, this
approach differs from the previous research that analyzes the impact of replacing natural
gas in volume fraction. This approach is based on the calculation of the impact of natural
gas replacement on the energy fraction, which we believe is a better approach. At smaller
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volume fractions, hydrogen has a lower density and no real impact on the total energy in the
gas system, and for the aforementioned reason, the energy fraction can have a real impact
on the blending of hydrogen into the gas system. Third, existing papers do not consider
the integration of energy systems and the dependence of the production price of yellow
hydrogen on the prices of fossil alternatives, and the use of existing gas infrastructure
for the production and blending of hydrogen to the desired energy share. Fourth, not a
single paper that has addressed the viability of hydrogen production has considered the
benefits of providing ancillary services to the power system, considering the limits of scale
and activation, which significantly affects the competitiveness of hydrogen production.
This paper fills this gap and proposes a calculation model for analysis of the profitabil-
ity of yellow hydrogen production and blending into the existing gas grid in a certain
energy fraction.
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Table 1. Summary of published analyzes of hydrogen production and blending into the gas grid.

Study

Location

Electrolyzer Technologies,
Capacity and Efficiency

Hydrogen End-Use

Color of Hydrogen and
Hydrogen Production Price

Jovan et al. (2021) [13]

Slovenian hydropower plant (HPP)

1 MW PEM Electrolyzer with
efficiency around 80%

Storage of surplus electricity,
feedstock in industries, fuel in the
heating and transport sectors

Green hydrogen production price range
from 1.36-3.86 EUR /kg with electricity
prices ranging from
0.00-50.00 EUR/MWh

Jovan and Dolanc (2020) [14]

Slovenian hydropower plant (HPP)

1 MW PEM Electrolyzer with
efficiency around 80%

In industry as a feedstock, for heat
generation, transport, and mobility

Green hydrogen production price range
from 3.11-7.36 EUR /kg with electricity
prices ranging from
35.00-120.00 EUR/MWh

Kopteva et al. (2021) [19]

Russian hydropower plant (HPP)

ALK electrolyzer with efficiency
63-80%; PEM electrolyzer with
efficiency 56-74%; SOEC
electrolyzer with efficiency 74-90%

For the export of hydrogen through
the use of large vessels

Green hydrogen production
price range from
3.00-13.99 USD/kg

Lahnaoui et al. (2021) [3]

Wind electricity generation, in
France and Germany

PEM electrolyzer
with an efficiency of 70%

Hydrogen transport and storage
infrastructure using the
road network

Green hydrogen production price range
from 2.32-6.87 EUR/kg with an
electricity price of 55.00 EUR/MWh

Luo et al. (2020) [20]

Production by natural gas, coal, and
water electrolysis in China

ALK electrolyzer with efficiency of
65-75%; PEM electrolyzer with
efficiency 70-90%

Hydrogen used in fuel cells in the
transportation field

Brown/Black hydrogen production
price 1.51 USD/kg; Grey hydrogen
production price 1.78 USD/kg;
Green/ Yellow hydrogen production
price 4.97 USD/kg

Ali Khan et al. (2021) [15]

Wind and solar
generation in Australia

10 MW ALK electrolyzer with
efficiency 85%; PEM electrolyzer
with efficiency 83%;

In industry as a feedstock

Green hydrogen production price
2.00 AUD/kg with
electricity price <30.00 AUD/MWh

Ruhnau (2022) [16]

Wind and solar
generation in Germany

ALK/PEM electrolyzers with
efficiency 67-74%

For electricity gas heating,
cooling, transport and
Industry systems

Green hydrogen production
price range from
1.50-2.50 EUR/kg

Pellegrini et al. (2020) [4]

Renewable electricity,
solar and wind
generation in Italy

77.5 MW electrolyzer
capacity with an efficiency of 58%

Directly injected into the natural gas
grid at a low percentage (10%) for
both storage and transportation

Green hydrogen; no information about
hydrogen production price
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Table 1. Cont.

Study

Location

Electrolyzer Technologies,
Capacity and Efficiency

Hydrogen End-Use

Color of Hydrogen and
Hydrogen Production Price

Ekhtiari et al. (2020) [6]

Renewable electricity in Ireland

PEM electrolyzer
with an efficiency of 65%

Directly injected into
the natural gas grid at 15.8%

Green hydrogen; no information about
hydrogen production price

IRENA (2018) [10]

Renewable electricity in Denmark

ALK/PEM electrolyzers with
efficiency 57-68%

Transportation and heavy industry,
in transmission natural gas grid
at 30%

Green hydrogen production price range
from 5.00-6.00 USD/kg

FCH 2 JU (2017) [11]

Renewable electricity in France,
Germany, Great Britain,
Denmark, Sardinia

20 MW ALK with
efficiency 77-80% and
6 MW PEM electrolyzers
with an efficiency of 65-74%

Mobility and industry, refineries
and cooking oil production,
gas grid injection of 0.1% in the UK,
9.9% in DE, 6% in FR

Green hydrogen production price of
6.00 EUR/kg with an electricity price of
45.00 EUR/MWh for mobility;
hydrogen production price range from
2.60-5.00 EUR/kg with an electricity
price range from
26.00-47.00 EUR/MWh

Haeseldonckx and
D’haeseleer (2007) [21]

All hydrogen
technologies included

Hydrogen being directly
injected into the natural gas
grid at 17%

All types of hydrogen color without
information about price

Kanellopoulos et al. (2022) [22]

Renewable electricity in Europe

Approximately 2.00-6.00 GW
electrolyzer capacity, efficiency 78%

Hydrogen being directly
injected into the natural gas
grid at 20%

Green hydrogen production price range
from 3.00-5.00 EUR/kg

Romeo et al. (2022) [23]

Renewable electricity surplus to
power electrolyzer

300 kW electrolyzer
capacity with an efficiency of 65%

Hydrogen being directly
injected into the natural
gas grid at 14.2%

Green hydrogen; no information about
hydrogen production price

Mikovitz et al. (2021) [24]

Wind power
generation in Sweden

PEM electrolyzers with
efficiency 72%

Long-term storage of hydrogen or
backup hydrogen sources

Green hydrogen; no information about
hydrogen production price

Note: ALK = alkaline electrolysis. PEM = polymer electrolyte membrane electrolysis.
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Projected CO,
emissions
market price

Projected
natural gas
market price

Projected
electricity
market price
(hourly prices
according to 3
charasteristic
years)

Desired
proportion of
hydrogen in the
gas grid (by

energy content)

Electrolyzer
technology
(price and
efficiency)

2. Materials and Methods

The idea of this paper is therefore to investigate the viability of investing in a Power-
to-gas system and propose a model that could be applicable in any country with similar
existing sites and energy mix.

It is necessary to emphasize the two basic assumptions that form the basis of the model.
Power-to-gas system located inside the existing gas-fired power plant uses electricity from
the power grid and splits water molecules into oxygen and hydrogen in the electrolyzer
through a chemical reaction. Resulting in so-called yellow hydrogen blended directly into
the existing gas grid at an energy content of hydrogen of 10% by using available electricity
and gas infrastructure.

The model includes all parameters required to calculate the production price of yellow
hydrogen, as well as projections of electricity, natural gas, and CO; prices for the analyzed
period. Since variables fluctuate strongly and their fluctuations are very hard to project,
sensitivity analysis is applied.

Figure 1 shows a data flow chart of input data and assumptions, optimization, and
economic analysis used in the model. The following diagram provides a graphical overview
of the interdependence of the model parameters.

Input parameters and assumptions

]
]
1
]
]
I Optimization
: M-~ - T T T T T T T s s s e e 1
T ] ]
1 1 ) 1
: ! Numbe:r of Electrolyzer Anal.lary :
operating . services
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1 1 1
! ] ]
: ! Fixed Variable Ancillary ! Hydrogen
I q:—b production » production »  sercices : production
: ] costs costs income ] price
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Figure 1. Data flow chart.

The total consumption of natural gas in Croatia is taken from the annual energy report
of the Energy Institute Hrvoje Pozar, [25]. In 2015, total natural gas consumption in the
Republic of Croatia was 23.4 TWh of which 9.8 TWh was imported, respectively in 2017,
consumption was 28.0 TWh of which 16.8 TWH was imported. In 2019, total natural gas
consumption was 27.0 TWh, of which 18.6 TWh was imported [25], which indicates that
domestic production is declining and, accordingly, dependence on imports is increasing,
threatening the security of supply. Data from the energy sector of the Republic of Croatia
were used to investigate the viability of yellow hydrogen production at the site of the
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existing gas-fired power plant, but the model is fully applicable to other countries and
regions by simply changing the input parameters.

The model covers the period from 2025 to 2050, and the assumptions for the standard
calculation are as follows:

1.  The observed period of 25 years coincides with the lifetime of the Power-to-gas system;

2. The desired percentage of replacement of natural gas with hydrogen is determined in
the model based on the natural gas consumption system in Croatia in 2019;

3. According to the system with annual natural gas consumption of 27.0 TWh, the
percentage is based on the energy share (10%) of hydrogen injected into the existing
gas grid, the amount of 2.7 TWh of replacement of natural gas with hydrogen;

4. Three specific observed years with realized electricity prices were chosen, which were
distributed to all years of the model period using Monte Carlo simulation to obtain a
more realistic projection of hourly electricity prices;

5. Yellow hydrogen production is carried out with an electrolyzer efficiency of 74% [26];

6.  Providing ancillary services of tertiary regulation for the power system.

Data for the capital (CAPEX) and operating (OPEX) costs of the Power-to-gas system
were taken from the literature reviewed and the annual reports of the Croatian national
energy institutions to determine the price of yellow hydrogen produced for each year of
the model period. The specific values of CAPEX and OPEX Power-to-gas systems from
the collected data in the literature vary widely [2,8,11,20,26-30], and Table 2 shows the
selected values used for the input parameters in the economic viability model of yellow
hydrogen production.

Table 2. CAPEX and OPEX of the Power-to-Gas system.

Parameter Unit Price
Canital costs Electrolyzer 1300.00 EUR/KkW
P Compressor 400.00 EUR/KW
Electricity cost EUR/MWh
Operating costs Network usage fee (EUR/MWh) 11.01 EUR/MWh
P J Cost of chemical water preparation 0.54 EUR/MWh
Electrolyzer maintenance (2% of capital costs) 0.38 EUR/MWh

As our model includes the income from the provision of ancillary services to the
power system, it needs to be explained in more detail. Ancillary services are necessary
for the operation of the power system. Their most important function is to balance the
time difference between power generation and consumption, thus ensuring the safe and
stable operation of the power system. Ancillary services of power and frequency regulation
(P/f) are organized as a hierarchical structure on three-time levels consisting of primary
(FCR), secondary (aFRR), and tertiary (mFRR) regulation. For every 100 MW of newly
installed variable renewable energy sources, 4-10 MW of reserve power is needed in
the ancillary services mechanism to ensure the normal and stable operation of the power
system [13]. Electrolyzers included in the ancillary services mechanism can lower electricity
consumption by decreasing the production when there is a shortage of electricity in the
system, and they provide additional electricity consumption by increasing the production
and if needed use storage of hydrogen when there is a surplus of electricity in the system.
By including the power plant in the system of secondary regulation of ancillary services to
the power system, the potential additional revenue from the power plant can be realized,
which affects the return on investment in the Power-to-gas system, i.e., lower production
costs for hydrogen.

Data on the cost of network charges and the cost of providing ancillary services of
tertiary regulation (mFRR) were taken from the Croatian Transmission System Operator
report [31]. The data according to which the income from tertiary regulation is calculated
in the model are shown in Table 3.
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Table 3. Input data used in the calculation of the tertiary regulation income.

Input Data
Transmission system operator’s request for mFRR [MW /h] 120.0
Share of the electrolyzer in meeting total system mFRR+ needs 20%
Share of the electrolyzer in meeting total system mFRR- needs 10%
Power system reserve price in the positive direction for 2021 (mFRR+) EUR 7.41
Power system reserve price in the negative direction for 2021 (mFRR-) EUR 7.41
Share of activated positive energy in the total offered power reserve in the 1%
positive direction mFRR+
Share of activated negative energy in the total offered power reserve in the 1%
negative direction mFRR-
Coefficient for positive energy mFRR+ 1.3
Coefficient for negative energy mFRR- 0.7

The formula for the calculation of the income from the tertiary regulation provision is
as follows:

Income from tertiary regulation = income from tertiary power reserve + income from activated energy (1)

In this case, income from the tertiary reserve is calculated from reserve price in positive
and negative directions as well as a share of electrolyzer in meeting tertiary power reserve
as shown in Table 3. Income from the activated energy is calculated with hourly electricity
prices corrected with the coefficient for energy and share of activated energy in total tertiary
power reserve taking into account that negative energy activation carries negative income
and lowers total income from tertiary regulation.

The total demand for tertiary regulation in the Croatian transmission system is set to
120.0 MW /h. The model predicts that the electrolyzer will provide 20% of the volume in the
positive direction and 10% of the volume in the negative direction. The maximum power
of 24.0 MW of the electrolyzer will be used in case of the need to include it in the tertiary
regulation. It is also expected that activation will occur in both directions at a rate of 1%
per year and that the price will remain the same for the entire model period corresponding
to the base year 2021.

The values in Table 4 refer to 2028 when the investment is expected to be completed
and the electrolyzer is installed at full capacity. Electrolyzer will be built in stages during the
first three years, so it will operate with reduced capacity, while in the remaining years of the
model period, it will operate at the full required installed capacity. The production efficiency
of the electrolyzer is taken from the study by [26]. The fixed costs of the electrolyzer are
taken from several different sources as it consists of several separate parts [2,8,11,20,26-30].
The input parameters of the model, which are the same for each year of the period, are
listed in Table 4. They refer to the number of operating hours of the PEM electrolyzer, its
efficiency, and installed power, the desired share and amount of replacement of natural gas
with hydrogen relative to the total consumption of natural gas, and the constant hydrogen
production cost.

Table 4. Input parameters of the model.

Input Parameters Value
Number of operating hours of the electrolyzer per year 3542
Share of hydrogen in the gas grid (%) 10
Electrolyzer efficiency (%) 74
Fixed costs of hydrogen production (EUR/MWh) 20.12
Total annual consumption of natural gas (TWh) 27.0
Required annual hydrogen production (TWh) 2.7

Required installed power of the electrolyzer (MW) 762.3
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EUR/MWH

EUR/MWH

366

731
1096
1461
1826
2191
2556

ANNUAL HOURLY
ELECTRICITY PRICE - 2018.

The hourly projection of the electricity prices is the most sensitive parameter of the
input variables in the model, to which special attention was paid. For each individual
year of the observed period, the movement of the electricity price at the hourly level was
projected in such a way that the realized electricity price on the Croatian electricity market
was taken at the hourly level for the years 2018-2020. For each of the three selected years, the
realized hourly electricity price was divided by the average annual realized electricity price
to obtain coefficients for the difference between the annual and hourly prices. Using Monte
Carlo simulation, three specific years are each selected in a specific ratio and distributed
over all years of the future period, while the coefficients of the selected year are multiplied
by the projected annual electricity price for each hour of each annual model period. The
coefficients are calculated according to the following formula:

Hourly electricity price/Average annual realized electricity price = Coefficients  (2)

The electricity market price is included in the model because it reflects the movement
of supply and demand, and such a price provides a better and more realistic result in the
scenarios. To calculate the coefficients for projecting electricity prices for the selected period
of the model, three specific base years of realized electricity market prices at the hourly
level were used. Therefore, the fluctuations in electricity prices can be seen, i.e., in this
way, the relationship between higher and lower hourly electricity prices can be seen most
clearly in a year when climatic conditions (especially hydrology) are better, such as in 2019,
then worse, such as in 2018, or in a year when a specific event such as a pandemic occurs,
such as in 2020. If the average of three years were used for such a calculation, the larger
differences between higher and lower hourly prices would even out, and price fluctuations
would not occur as they do in one or three separately observed years. In this way, a more
realistic hourly projection of electricity prices was obtained for all model years. The plot
of electricity price fluctuations between the three separately observed years is shown in
Figure 2.

ANNUAL HOURLY
ELECTRICITY PRICE - 2019.

EUR/MWH

ANNUAL HOURLY
ELECTRICITY PRICE - 2020.

2921
3286

3651
4016
4381
4746
5111
5476
5841
6206
6571
6936
7301
7666
8031
8396

Figure 2. Hourly electricity prices for three characteristic years.

According to the results of the Monte Carlo simulations, the model period is dis-
tributed in such a way that a 40% share of the years is allocated to the base year 2018, then
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a 52% share is allocated to the years of the base year 2019, and an 8% share is allocated to
the years of the base year 2020. In the Monte Carlo simulation, the year 2020 was limited
to a maximum repeatability of 10%, because the authors believe that a given year, like a
pandemic, cannot repeat more than three times in the projection of a 25-year period. In this
way, the parameter of the input variable of the model, the hourly projection of the electricity
price, was determined, reflecting a more realistic approach to the projection according to
the specifics of individual years rather than their average.

The projection of electricity prices is a very important parameter for the water elec-
trolysis process, which requires large amounts of electricity. The amount of electricity
needed to produce 1 kg of hydrogen depends on the efficiency of the electrolyzer used
in the Power-to-gas system. The efficiency of the electrolyzer is defined as the hydrogen
production expressed by the lower heating value divided by the electricity consumption of
the electrolyzer. For the different electrolyzer efficiency, a different amount of electricity is
used to produce 1 kg of hydrogen. For example, with an electrolyzer efficiency of 65%, it
takes 60.6 kWh of electricity to produce 1 kg of hydrogen [32], and with an efficiency of
60%, it takes 55.0 kWh of electricity [33]. In addition, some authors use electricity prices for
industry from the Statistical Office of the European Communities, EUROSTAT, as the basis
for calculating the hydrogen production price [34].

In the model, the projection of electricity prices at the hourly level is based on coef-
ficients determined using the realized electricity prices of the Croatian Power Exchange.
The realized annual electricity price in the Republic of Croatia was 51.00 EUR/MWh in
2018, 49.55 EUR/MWh in 2019, and 38.30 EUR/MWHh in 2020. The obtained coefficients
for each hour of the selected year are multiplied by the projected annual electricity price
resulting from the Monte Carlo simulation, where the selected years are distributed over
the entire model period. The formula for the projection of electricity prices at the hourly
level is given as follows:

Coefficients x Projected annual electricity price = Projection of electricity prices at the hourly level (©)]

Data according to the TYNDP under the ENTSO-E and ENTSO-G [5] baseline scenario
were used to project electricity, natural gas, and CO; prices in the model. The data includes
price projections from 2025 to 2050 for every fifth year, which authors distributed to each
year and hour of the period using the linear method according to the previously mentioned
coefficients and Monte Carlo simulation. Table 5 shows the projected electricity market
price, natural gas price, and CO, emission price for the selected observed years.

Table 5. Projected prices of electricity, natural gas, and CO,.

Price Projection 2025 2030 2035 2040 2045 2050
Price of electricity (EUR/MWh) 55.57 70.17 66.00 63.50 58.17 52.13
Price of natural gas (EUR/MWh) 22.79 25.16 26.50 27.84 29.18 26.25

Price of CO, emissions (EUR/ton) 40.00 70.00 80.00 90.00  100.00 148.41

The largest contributor to the production price of yellow hydrogen is the electricity cost,
followed by the characteristics of the PEM electrolyzer and the constant and variable costs
of the Power-to-gas system production. Prices for electricity, natural gas, and CO, are taken
from the European Ten-Year Plan for the Development of Electricity and Gas Networks
(TYNDP), according to the baseline scenario of the European Network of Transmission
System Operators for Electricity (ENTSOE), and the European Network of Transmission
System Operators for Gas (ENTSO-G) [5]. The formula for the calculation of the yellow
hydrogen production price is given as follows:

PCVp = CAPEX + OPEX — UPPU 4)

In this case, CAPEX refers to the fixed production costs of yellow hydrogen, which
include the price of the electrolyzer and the compressor. OPEX refers to the variable price of
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electricity and the fees for grid usage, then the cost of chemical water preparation and the
cost of maintaining the system. UPPU refers to the total revenues from ancillary services.

Our research results show that incentives for hydrogen production are necessary.
The premium incentive system for the development of renewable energies and hydrogen
production technology is part of the investment cycle of the energy transition, and such
projects are implemented exclusively on a market basis. The amount of the premium for
yellow hydrogen production is calculated according to the following formula:

S =PCVp — (CPP + (CCO2/5)) EUR/MWh )

Therefore, the premium is a variable part of the system and depends on the market
price: the higher the market price for natural gas and CO; emissions, the lower the premium
for hydrogen production. If the market price for natural gas and CO, emissions is higher
than the cost of hydrogen production, then the premium is no longer needed, which is the
goal of the energy transition.

3. Results

The results of this analysis are applicable to European countries within the same
regulatory framework and with a similar energy mix, but for the sake of a more realistic
approach in this model, a part of the empirical data is taken from the Croatian electricity
and natural gas system and market.

The optimal number of electrolyzer operating hours is an extremely important perfor-
mance parameter that determines the size (power) of the electrolyzer required to produce
a given amount of hydrogen (10%). Therefore, an important part of the electrolyzer size
analysis is based on the optimal number of operating hours, which depends on the capital
and operating costs, i.e., the unit price of the electrolyzer and the variability of projected
electricity prices in the market. The merit order model determines the number of operating
hours of the electrolyzer separately for each year of the model based on the ordered forecast
electricity prices in the hours when the electrolyzer operates. Then, the optimal number of
operating hours of the electrolyzer was determined for the entire period of the model, as
shown in Figure 3.
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Figure 3. Optimal number of operating hours of the electrolyzer.

The calculation of the yellow hydrogen production price considers the time required
to build the Power-to-gas system and install the electrolyzer at the gas-fired power plant, as
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well as to reach the specified percentage of hydrogen in the gas grid. Therefore, in 2028, the
model expects to achieve the specified percentage and amount of replacement of natural
gas with hydrogen, as well as the total installed capacity of electrolyzers.

The projected data of hourly electricity prices for a period of 25 years reflect the
coefficients of the ratio between the realized annual and hourly electricity prices for the
three selected years 20192021, taken from the Croatian national electricity market. The
natural gas and CO; prices are taken from the literature [25] and are projected in the model
on an annual basis. The optimization part of the model refers to the selection of the size
of the electrolyzer in such a way that the number of operating hours and the projection
of electricity prices are used to select the optimal number of operating hours so that the
capacity of the electrolyzer is optimally used. The economic part of the model refers
to the fixed and variable production costs and ancillary services income that affect the
yellow hydrogen production price. The economic part of the model calculates the return
on investment and competitiveness with fossil alternatives.

The obtained research results related to electricity are presented in Table 6. The table
shows data for the selected six model years.

Table 6. Model output data related to electricity.

Output Data 2025 2030 2035 2040 2045 2050
Electricity
Consumption * (MWHh) 364,762 3,645,558 3,647,619 3,647,619 3,645,558 3,647,619
Annual electricity 13919986 158450339 165334778 159,072,097 131,351,944 133,603,861
cost (EUR)
Annual network 4016028 40,137,597 40,160,280  40,160280 40,137,597 40,160,280
usage fee (EUR)
* Electricity consumption for the operation of the electrolyzer, per year.

Assuming that the optimal number of operating hours is chosen and thus the installed
capacity of the electrolyzer is the same for the entire analyzed period, the fixed costs are the
same in all years, while the operating costs change depending on the forecasted electricity
market price.

The amount of 2.7 TWh of produced hydrogen, which is replaced by the natural gas in
the existing gas network, also reduces CO, emissions by 540,000 tons per year. To further
reduce the production price of yellow hydrogen, revenue from ancillary services provided
by the electrolyzer to the power grid is included in the model. The amount of hydrogen
produced, and the unit price of yellow hydrogen produced, expressed in two units of
measure (per MWh and per kg), are shown in Table 7.

Table 7. Price and quantity of produced yellow hydrogen.

Output Data 2025 2030 2035 2040 2045 2050

Produced amount of
hydrogen (MWh) 269,924 2,697,713 2,699,238 2,699,238 2,697,713 2,699,238

Production price of

hydrogen (EUR/MWh) 83.68 93.24 95.75 93.43 83.20 84.00
Production price of

hydrogen (EUR/kg) 2.81 3.13 3.22 3.14 2.80 2.82

The main aim of this paper is to compare the calculated production cost of yellow
hydrogen with the natural gas price increased by the CO; cost and to determine the prof-
itability of hydrogen production in the observed scenarios. Figure 4 shows a comparison of
the yellow hydrogen production price shown in Table 7 with the natural gas market price
shown in Table 5, increased by the cost of CO;.
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Figure 4. Comparison of yellow hydrogen prices with market prices of natural gas and CO, emissions.

Although the price of CO, emissions is projected to be higher than the price of yel-
low hydrogen production after 2040, Figure 4 shows that the price of yellow hydrogen
production is far higher than the projected natural gas market price, which is increased
by the cost of CO; emissions. The reason is the increase in the price of natural gas by 1/5
of the price of CO, emissions. It is clear that the hydrogen price in the given timeframe
and scenarios is too high to be a viable substitution for natural gas. Clearly, incentives for
hydrogen production are necessary to justify this investment.

Accordingly, with the projected natural gas prices and CO, premium, the incentive for
hydrogen production should be 52.90 EUR/MWh in 2025 and 36.18 EUR/MWh in 2050.

The sensitivity analysis was performed for the input parameters of the model for two
cases: 20% higher and 20% lower electricity price than the reference value. Although the
electricity market price affects the natural gas market price, the sensitivity analysis was
performed only for the electricity price, while the other parameters remained unchanged.
Figure 5 shows the results of the sensitivity analysis.

Electricity price increased by 20% Electricity price reduced by 20%

110.00

Y e e BT
90.00 m

70.00
50.00
30.00

J\ 70.00

— 00 ___/ —_—
00—
2025 2027 2029 2031 2033 2035 2037 2039 2041 2043 2045 2047 2049 2025 2027 2029 2031 2033 2035 2037 2039 2041 2043 2045 2047 2049
e Price of electricity EUR/MWh ====Price of electricity EUR/MWh
=== Production price of hydrogen EUR/MWh ===Production price of hydrogen EUR/MWh
===Natural gas price increased by the cost of CO» =Natural gas price increased by the cost of CO,

Figure 5. Sensitivity analysis related to changes in the electricity price.

According to Figure 5, the yellow hydrogen price is higher when the electricity market
price is higher, and vice versa. With the same natural gas market price and CO, emission
price, the yellow hydrogen production price is still not competitive with the fossil alterna-
tive natural gas in both cases of the sensitivity analysis, and the application of a premium
incentive system is necessary. In this case, the lack of competitiveness of yellow hydrogen
production is reflected in the low projected natural gas market prices.

The results are relevant for the hydrogen production technology by water electrolysis
with PEM electrolyzers. The results refer to the hydrogen production at the site of an
existing power plant that has connections to the electricity and gas networks in order to
minimize investment costs. Although the results are based on Croatian data, they are
applicable to all countries of the Mediterranean region, given that the energy mixes are
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similar. The input data can also be easily replaced with data from other countries in order
to obtain results for a specific country.

4. Discussion

The EU Hydrogen Strategy highlights hydrogen as an important lever for a successful
energy transition, especially with regard to the use of existing gas infrastructure. A proposal
for a hydrogen and decarbonized gas package, i.e., measures included in the existing
regulatory framework for natural gas [35], calls on the Member States to allow hydrogen
blending in their national gas systems. The blending threshold is set up to 5% hydrogen
content in the gas streams at interconnection points, in order to harmonize the cross-
border flow of natural gas from 1 October 2025 onwards. The percentage of 10% for the
replacement of natural gas with hydrogen, which reflects the energy share of hydrogen
in the gas network, was used in this research assuming that the existing gas network can
accommodate this without construction changes of the existing gas infrastructure.

The Power-to-gas system is located at the site of an existing, low-potential gas-fired
power plant. The repurposing of existing energy infrastructure as part of the decarboniza-
tion of the energy sector also affects the fact that investment in repurposing is less intensive
than investment in new infrastructure. For the existing gas-fired power plant that is con-
sidered economically unviable to operate, i.e., a gas-fired power plant that is no longer
competitive due to its traditional power generation, significant investment would be re-
quired to decommission the plant. It makes repurposing the gas-fired power plant a
better option than complete decommissioning and appropriate management of the in-
frastructure, i.e., returning to the previous state. The authors believe that the existing
gas-fired power plant, with an expected low commitment in the future, is an ideal site
to be converted to as it has all the necessary electricity and gas infrastructure. It means
that the initial investment costs for conversion are much lower compared to building com-
pletely new infrastructure, especially under the conditions of growing spatial planning and
environmental requirements.

After the water electrolysis process in the Power-to-gas system, the extracted oxygen
and hydrogen are widely used. The oxygen can be compressed into bottles and used as an
end product in hospitals, in the chemical industry, or in space missions. In this way, the
additional revenue of the Power-to-gas system can be realized. However, in this paper, it is
omitted and not considered because this revenue does not directly affect the price of the
produced hydrogen, but rather the profit of the Power-to-gas system.

On the other hand, hydrogen can be used in the gas system, in transport, and in
industry, it can be stored or re-generated. Considering that each of the possibilities of using
hydrogen requires additional and more extensive research, the authors have chosen the
possibility of using hydrogen in the gas system to take advantage of the existing energy
infrastructure. Natural gas infrastructure can transport large amounts of energy over long
distances, provide large seasonal storage capacities, and have larger cross-border capacities
compared to electricity infrastructure [36].

It should also be noted that hydrogen can be used in the gas system directly as a
mixture with natural gas, or synthetic natural gas can be obtained through the methanation
process and used as such in the gas system. In this analysis, only the direct blending of
hydrogen into the existing gas system at a given energy content of 10% is processed. In this
way, hydrogen is considered solely as an energy source that is blended into the gas grid
to replace natural gas. The existing gas infrastructure can be decarbonized by blending
hydrogen, replacing natural gas with biogas, or converting the gas grid to hydrogen [11].
The comparison with biogas and the repurposing of the gas grid is not part of this analysis,
as the purpose of the paper is the economic viability of replacing the natural gas component
with hydrogen while using the existing gas infrastructure.

This paper assumes that the existing gas grid can accept hydrogen blending at the
specified ratio at any time. Flexibility in PEM electrolyzer operation is important in this
analysis to include the electrolyzer in providing ancillary services to the system to influence
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the final price of yellow hydrogen with additional income from ancillary services. The
efficiency and expected price drop of PEM electrolyzers from the perspective of hydrogen
production economics is certainly an important feature that makes the PEM electrolyzer
suitable for use in this model compared to others.

The authors are aware of the uncertainties of future electricity price projections and
other parameters, especially over a long period of time. Therefore, higher and lower
electricity prices were analyzed using a sensitivity analysis. Different prices affect the
hydrogen production price in the model, as well as natural gas and CO, market prices.
However, this reflects current or historical data for electricity prices against which the
current competitiveness of hydrogen in the market is measured, whereas in this analysis
the authors are interested in projecting electricity prices, i.e., the future competitiveness
of hydrogen in the market. The paper presents subsidies for the first and last year of
the project, but in the model, it is calculated for each year of the project. The greatest
weakness of the research is the input data on the electricity price, natural gas, and CO,
emissions price.

It should be pointed out that this methodology can be applied in a number of other
regions where a similar situation exists with existing gas-fired power plants. The challenge
in the energy transition is precisely to use the existing gas infrastructure to replace natural
gas with hydrogen, the combustion of which does not release CO; and does not harm the
environment while meeting decarbonization and climate goals so that the economy will be
carbon-neutral by 2050.

The Croatian energy sector is a paradigm for European countries that has a certain
share of gas-fired thermal plants and well-developed power systems. The model can be
used for other European countries or regions to evaluate future interactions between the
hydrogen market, electricity, natural gas, and CO;. It can also form the basis for future
analyses of the use of existing energy infrastructure in the context of decarbonizing the
energy sector. The model can be used in practice to assess the profitability of this or
similar projects.

5. Conclusions

The main conclusion of this paper is that the production of yellow hydrogen with an
electrolyzer located inside the existing gas-fired power plant cannot be economically viable
and competitive in the observed scenarios and under assumed assumptions. According
to the studies in Table 1 [13,14], the green hydrogen production price from a hydropower
plant is 3.86 EUR/kg at an electricity price of 50.00 EUR/MWh. In our model at the same
electricity price, the yellow hydrogen production price is 3.43 EUR/kg. In the study from
Table 1 [3], the green hydrogen production price from a wind farm is 2.32 EUR/kg with an
electricity price of 55.00 EUR/MWHh. At the same electricity price, in our model, the yellow
hydrogen production price is 3.66 EUR/kg.

The number of operating hours of the electrolyzer is optimized here for the whole
observed timeframe of 25 years. The amount of hydrogen is given, and due to the installed
power of the electrolyzer, it is necessary to have the same number of operating hours for
each year. By using the solver, it was calculated that the optimal number of operating hours
yearly is 3542. Income from ancillary services reduces the hydrogen production price. From
the moment when the electrolyzer operates at full installed capacity, income from ancillary
services reduces the hydrogen production price by around 0.5 EUR/MWh.

The competitiveness of hydrogen against natural gas depends on the ratio of the
electricity price and natural gas price increased by the CO;, emission cost. Therefore, it
cannot be viewed only through the electricity price without considering the natural gas and
CO; emission price. It is important to note that the calculations are based on the electricity
market prices from the respective ENTSO development plans [5], which are several times
lower than the current market prices in Europe during 2023. At current electricity prices,
the unviability of yellow hydrogen production is even higher.



Energies 2023, 16, 3737

17 of 20

The natural gas price should be higher or equal to the hydrogen production price in
order to avoid subsidies. In the whole model observed timeframe, the yellow hydrogen
production price is not lower than the natural gas price increased by the CO, emissions
cost. In the first year of the model, the yellow hydrogen price is 83.68 EUR/MWh, and
the natural gas price increased by the CO, emissions cost is 30.79 EUR/MWh. In the last
year of the model, the yellow hydrogen price is 84.00 EUR/MWh, and the natural gas price
increased by the CO, emissions cost is 47.82 EUR/MWh. There is a strong correlation
between the market prices of natural gas and electricity. Hydrogen production from water
electrolysis with electricity from the power grid is more expensive than natural gas price
increased by the CO, emission cost. Because of that, for these cases, it is necessary to create
an adequate yellow hydrogen incentive mechanism. The premium incentive system for
the development of hydrogen production technology is a part of the investment cycle of
the energy transition. Therefore, the premium is a variable part of the incentive scheme
and depends on the market price: the higher the market price for natural gas and CO,
emissions, the lower the premium for hydrogen production. If the market price for natural
gas and CO, emissions is higher than the hydrogen production cost, the premium is no
longer needed, which is the goal of the energy transition.

At the assumed natural gas and CO, emission prices, the incentives for hydrogen
production need to be 52.90 EUR/MWh in 2025 and 36.18 EUR/MWh in 2050. However,
without an appropriate package of incentive measures from European and national energy
policies, hydrogen production will not be viable even in a location that does not require
large infrastructure investments.

The results of this research clearly show the unviability of such investment, considering
that the yellow hydrogen production price is several times higher than the natural gas price
increased by the CO; emission cost. In the long term timeframe, a solution could be to
considerably increase the share of renewable energy sources in the electricity mix to reduce
the correlation between electricity and natural gas prices.

Our research on yellow hydrogen production in an existing gas-fired power plant
site shows that this is not yet feasible without financial incentives, but in energy terms,
it could contribute to decarbonizing the energy system and meeting climate goals, while
promoting the sustainability of existing gas infrastructure. Investing in hydrogen produc-
tion would help reduce dependence on natural gas while decarbonizing the gas sector and
leveraging existing gas infrastructure. By avoiding investments in energy infrastructure,
i.e., connections to the electricity and gas system and the chemical water preparation,
the difference between the hydrogen production price and natural gas market price is
significantly reduced.

To date, synthetic gas or hydrogen is not recognized as a green gas eligible for a green
gas feed-in tariff. Furthermore, the question of the maximum hydrogen concentration in
the hydrogen-natural gas blend is still open. The permissible concentrations for the direct
injection of hydrogen into the natural gas grid vary greatly in the individual EU countries,
as the possibility of transporting hydrogen through the gas grids was not considered when
the existing gas regulations were introduced. It is therefore crucial to remove the legal
barriers to blending hydrogen with natural gas by harmonizing blending concentrations
and setting limits based on physical constraints. Even if favorable economic conditions
exist, Power-to-Hydrogen pathways will only develop if appropriate regulations make this
possible. The attention of policymakers should be drawn to this issue. Investigating the
incentives and regulatory barriers for the deployment of hydrogen systems is an important
policy task to achieve the goals of the EU Green Deal.

The authors are aware of uncertainties in future electricity and CO, emission price
projections. Still, this is the first attempt to evaluate the viability of hydrogen production
at the site of the existing gas-fired power plant, considering the existing infrastructure,
the supply of electricity from the power grid, and the inclusion of the power plant in the
ancillary service mechanism. Electricity and natural gas price projections are very unclear
at the moment due to the energy market crisis, leading to a higher level of uncertainty in
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any future energy sector scenario analysis. However, the model is developed and tested
on the Croatian empirical data and it can be further used to simulate different market
conditions and projections. Further research could expand this approach and address
the cost-benefit model of hydrogen production at renewable energy plant sites and the
integration of hydrogen into the existing natural gas grid.
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Nomenclature

CEE Price of electricity [EUR/MWh]

CPP Price of natural gas [EUR/MWHh]

CCO2 Price of CO, emissions [EUR/t]

ZUVP Desired proportion of hydrogen in the gas network [%]

PPV Required annual hydrogen production [TWh]

FCR Frequency Containment Reserve, primary control reserve
aFRR Automatic Frequency Restoration Reserve, secondary reserve
mFRR Manual Frequency Restoration Reserve, tertiary reserve
ZHPU Transmission system operator’s request for mFRR [MW /h]

UVmFRR+  Share of the electrolyzer in meeting total system mFRR+ needs [%]
UVmFRR-  Share of the electrolyzer in meeting total system mFRR- needs [%]

CRPS Power system reserve price in the positive direction for 2021 (mFRR+) [EUR/MW]

CRNS Power system reserve price in the negative direction for 2021 (mFRR-) [EUR/MW]

UAPE Share of activated positive energy in the total offered power reserve in the positive
direction mFRR+ [%]

UANE Share of activated negative energy in the total offered power reserve in the negative
direction mFRR- [%]

KPE Coefficient for positive energy mFRR+

KNE Coefficient for negative energy mFRR-

Gh Number of operating hours per year [h]

urv Hydrogen production efficiency [%]

ISE Installed power of the electrolyzer [MWh]

BEPe Break-even price for electricity [EUR]

TH Transmission system operator cost [EUR/MWh]

STP Fixed cost of hydrogen production [EUR]

UEE Electricity consumption for the operation of the electrolyzer, per year [MWh]

TEE Annual electricity cost [EUR]

PV Annual hydrogen production [MWh]

PCVb Production price of hydrogen without ancillary services [EUR/MWh]

PCVp Production price of hydrogen with ancillary services [EUR/MWh]

PmFRR+ Planned scope of mFRR+ [MW]

PmFRR- Planned extent of mFRR- [MW]

PRS Income from power reserve [EUR]
AmFRR+ Activated positive energy mFRR+ [MWh]
AmFRR- Activated negative energy mFRR- [MWh]
PAE Income from activated energy [EUR]
UPPU Total income from ancillary services [EUR]
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