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Wind power with hydrogen production, storage, and reconversion as flexible baseload
in the Nordic energy system
QUINN SARAH HANITIO
MARÍA ZAS BUSTINGORRI
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract
This thesis aims to investigate the techno-economical feasibility of an offshore wind
farm, combined with hydrogen production, storage, and reconversion as a Green
Flexible Baseload in southern Sweden in 2030. In the future, it is expected that the
share of variable renewable energies (VRE) will increase considerably in Europe,
including Sweden and thus, there is a need for balancing technologies in such an
energy system with high penetration of VREs. To investigate a concept including
hydrogen production, storage, and reconversion in order to balance the inherent
variations from wind power, a linear optimization model was developed to find the
optimal design of the plant which maximizes the profit by considering the investment
and operation of the plant. The work is focused on maximizing the profit made by
such a power plant. The hourly operation of the different components is evaluated
for a five-year period with real weather data and predicted electricity prices. An
inter-year comparison of the designs is then carried out to analyze the effects of wind
variations on installed capacity suggestions.

The results show that there are multiple profitable design options for the power
plant with different designs of the reconversion technology capacity. One of the
main drivers for the overall profitability of the green flexible baseload is the price of
hydrogen supplied directly to an assumed industrial demand.

Two final designs are suggested according to the obtained profitability and oper-
ational quality results. The proposed designs correspond to the combinations of
minimum baseload of 10% in summer to 20% in winter (variable baseload) and min-
imum baseload of 15% in summer to 15% in winter (constant baseload), both with
a grid connection of 72% of the total wind farm capacity.

Keywords: green flexible baseload, wind power, variation management strategies,
variability, baseload, techno-economical analysis.
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CCGT Combined Cycle Gas Turbine
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LCOE Levelized Cost of Electricity
LRC Lined Rock Cavern
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

p Indices for technological component

t Index for time step

Sets

T Set of time steps

P Set of components of the system

Parameters

WPt Normalized wind production

priceel
t Price of electricity

ηp Efficiency of components

ICp Investment cost of components

V Cp,t Variable O&M cost of components

FCp Fixed O&M cost of components

ap Annuity of components

CS Capacity subsidy

CR Cost reduction
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costfuel Price of biofuel

priceindustry Price of hydrogen sold to industry

DH2 H2 demand

BLmin, BLmax Base Load minimum and maximum

rinj, rwithd Injection and withdrawal rate of H2 storage

H2,cycles Rock cavern cycles

Variables

TP Total Profit

cp Capacity of components

eindustry
t Hydrogen to industry at each timestep

eH2
t Hydrogen to gas turbine at each timestep

efuel
t Fuel to gas turbine at each timestep

scharge
t , sdischarge

t Charge and discharge of storage at each timestep
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1
Introduction

The Sustainable Development Goals (SDG) have set a path to address the challenges
faced by the world with set objectives for 2030. Among many others, Goal 7: access
to affordable, reliable, sustainable, and modern energy for all, is expected to play a
major role in the near future [1]. The global trend points towards continuous growth
and development of the population, which translates into a predicted increase in
global electricity demand ranging from 5900 TWh to 7000 TWh by 2030 according
to different studied scenarios [2]. On the other hand, in complying with the Paris
Agreement, a reduction of CO2 emissions, the primary driver for global climate
change, is necessary in order to maintain global temperature rise below 2°C [3].
Following this development, the European Commission’s Green Deal has set a goal
of reducing net greenhouse gas emissions by 55% by 2030 [4].

According to the IPCC (2014), the major source of CO2 emissions is the electricity
sector, which contributed around 25% of the overall emissions [5]. Therefore, de-
carbonizing the electricity sector will play a major role in the fight against climate
change. To do so, a transition is necessary from the current energy system based
on fossil fuels to a system based on renewable sources, such as wind or solar power,
that do not run out or emit polluting gases.

1.1 Variable Renewable Energy
Renewable energy has experienced a rise in electricity production share in the past
decades [6], and in order to fulfill the mentioned goals, it is expected to further
increase (from 28,7% share in 2021 to 60,9% globally in 2030 in a Net Zero Scenario,
which aims for no emissions in the year 2050 [7]). Due to the variable nature of
renewable technologies, caused by weather dependencies, the expected future elec-
tricity production will be irregular. Historically, energy supply is characterized by
three types of loads: base load, which is a constant supply of electricity throughout
the whole year; mid load, which is supplied intermittently throughout long periods
of time; and peak load, which occurs during short periods of time and covers oc-
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1. Introduction

currences of high peaks of demand. With an increasing share of variable renewable
energy (VRE) in the system, there will be periods where electricity production ex-
ceeds the demand. This scenario takes over and suppresses the role of the baseload,
as this constant electricity production will be interrupted due to the VRE supply
which has lower operational costs [8]. These effects are already noticeable and are
likely to become more frequent in a future electricity system with a higher share
of VRE. An example of this scenario can be observed in Figure 1.1, which shows
the German electricity system in 2012 (left image) compared with 2020 with higher
VRE penetration (right image). In the 2020 scenario, there is no room for a baseload
technology, such as nuclear, to produce energy constantly due to the high share of
VRE.

Figure 1.1: Comparison of electricity production in Germany over a week in 2012
and 2020. With a higher share of renewables (right image) there is no space for
baseload. Volker Quaschning, HTW Berlin

Baseload generation technologies are characterized by their inflexible operation ca-
pabilities along with high costs to change their load, and low operational costs once
they are running. An example of such technology is nuclear power plants. The high
costs and ramp-up and ramp-down times associated with the turning on and off of
these plants make it infeasible to shut them down repeatedly in short timeframes
when VRE technologies are generating sufficient electricity to fully cover the de-
mand. Nowadays, in such a situation, the VRE technologies will set the marginal
cost of electricity and since their operational costs are very low, other baseload
technologies such as nuclear will be running at a loss in these hours. In a future
system with larger shares of VRE in electricity production, this loss will be un-
sustainable. Therefore, multiple solutions are being sought to allow for a reliable
and sustainable energy supply, that complies with SDG Goal 7. These solutions,
also known as variation management strategies (VMS), exist on both the supply
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1. Introduction

and demand side. Some of the options available were in the fields of demand-side
management (DSM), supply-side management, energy storage, grid infrastructure,
electricity market management, sector coupling, and grid ancillary services as dis-
cussed by Lund et. al. [9].

1.2 Electricity sector in Sweden

Increase in VRE shares is happening globally, including also Sweden, which is the
focus in this work. The future Swedish electricity system is divided into four price
bidding areas, designated SE1 in the north to SE4 in the south (Figure 1.2), and
has connections with neighboring countries in the Nordics and the Baltic Sea region
[10]. The areas were divided according to the location of bottlenecks in the transmis-
sion capacity. Price differences between bidding areas occur when the transmission
capacity between the areas is fully utilized. In southern Sweden (SE3 and SE4),
electricity prices tend to be higher than in northern Sweden (SE1 and SE2) since
most of the consumption is in the southern part of the country whereas most of
the electricity generation is located in the northern part. Thus, the southern price
areas are exposed to a greater extent to the electricity prices of mainland Europe
via import and export, where the prices are generally higher than average Swedish
electricity prices.

Figure 1.2: Division of the electricity areas in Sweden. Source: Svenska kraftnät
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1. Introduction

As per 2022, almost half of Sweden’s electricity production came from hydropower,
with the second largest technology being nuclear. Solar and wind power as VREs
made up around 20% of the electricity production, with conventional thermal-based
power plants fulfilling the rest [11]. In 2040, Sweden has a target of having 100% of
its energy production from renewable sources, and nuclear power [12]. The potential
for hydropower expansion in Sweden is limited. Due to its nature, hydropower plants
can only be built at certain locations with suitable geographical and hydrological
features. In addition, the dam and reservoir required for most forms of hydropower
production also have an significant impact on the environment, including those of
the landscape and local ecosystem, and even potential social impacts. Therefore, in
order to meet the 2040 goal, other generation technologies must be developed, and
therefore, successful management of VRE and exploring the options to enable the
use of VREs as a baseload is crucial.

Figure 1.3: Evolution of energy generating technologies in Sweden. Source: En-
ergimyndigheten [13]

Wind power as one of the VREs, comprised 19% of the electricity produced in
Sweden in 2022 [11] and has increased its share significantly during the past decade
(See Figure 1.3). Wind power generation is the renewable energy technology with
the highest growth, with a 17% increase in generation capacity in 2021 compared
to 2020. Due to the nature of the wind itself, wind power is characterized by
high variability and as such, its utilization to provide electricity to consumers is
commonly complemented by other energy sources alongside methods to help manage
the variability.

There are 2 types of wind power: onshore and offshore. Lately, in Sweden, a country
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1. Introduction

with large share of wind power, further expansion of onshore wind has been met with
some resistance due to its impact on the landscape, and therefore offshore wind is
an option being explored for the future. There are several applications for offshore
wind farm projects from several companies all around Sweden’s coast, amounting to
a theoretical potential of 350 TWh per year if all of those applications are realized
[14]. This number in reality will likely be lower due to limitations in permits and
electricity demand, but it shows the significant potential of Sweden for offshore wind
power-generation. In the present day, Swedish Wind Energy Association projected
that in 2040, annual offshore wind power production will reach around 45 TWh [15].
With the added load from the current trend in industry electrification, offshore wind
can contribute significantly to support future demands of electricity.

There have also been some problems with the electricity grid in recent years which
have manifested themselves in the form of electricity price spikes. This was caused
by increasing electricity consumption driven by, among others, the electrification of
various sectors such as transport and industry [16]. In the future, when more VREs
are introduced into the system, there need to be certain safeguards and initiatives
to keep and increase the reliability of the electricity system.

In recent years there has been a push to decarbonize industries to reach climate
goals. A number of these industries such as steel and cement are switching to di-
rect electrification-based processes and/or hydrogen-based processes, with the goal
being to decarbonize the industry through the availability of low-carbon electric-
ity sources and green hydrogen. Eventually, this will result in a significant impact
on the electricity system with the increasing number of production facilities that
switch to new processes. Due to its low-carbon and low-cost electricity, Sweden
has become a region of interest for these industries to be built. This would further
increase the demand of electricity in the country, which could grow to twice as much
as in the current day by 2050, reaching as much as 300 TWh per year (150 TWh
more than in the present) [17]. In addition, a significant part of these new demand
is expected to be located in northern Sweden and this would mean a decrease in
electricity transmission from the north to the southern regions. Since the electric-
ity generation sector is almost fully decarbonized in Sweden (See Figure 1.3), this
increase in demand will imply a need for the expansion of the current system into
larger generation capacities, especially in the south. Several studies such as those
conducted by Walter et. al. [18] and Toktarova et. al. [19] show that these de-
mands can be satisfied through VRE such as wind and solar power. Furthermore,
supplementations in energy storage systems to VRE have been shown to improve the
cost-efficiency of the processes and help manage the inherent intermittency of the
VRE. The aim for the future is to solve the reliability problem, perhaps through a
combination of variation management strategies, namely demand-side management
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1. Introduction

(DSM), supply-side management, and energy storage [20].

1.3 Project description and objectives
To offer a possible solution to meet the needs of the Swedish electricity system in
the future including the possibilities of managing VRE variability, a concept for an
offshore wind-based Green Flexible Baseload (GFB) proposed by Njordr Offshore
Wind is evaluated. The main goal of this project is to analyze the techno-economic
feasibility of the proposed GFB concept, with the aim of helping to manage the
variations in a VRE-penetrated energy system. In addition, the GFB will be able
to supply green hydrogen to industries. During this project answers will be sought
to the following questions:

• What are the factors that affect the economic feasibility of a GFB power plant
concept?

• How should the GFB power plant be designed in terms of component sizing
with an objective to maximize the power plant revenue?

• How would the chosen power plant designs operate?

1.4 Scope
This project is carried out at the Division of Energy Technology, Department of
Space, Earth, and Environment at Chalmers University of Technology using site
specific data and a proposed plant concept provided by Njordr Offshore Wind AB.
The data provided spans around 18 years from 2002 to 2020, and the proposed
concept includes Njordr’s preliminary estimations of the plant’s component sizes
and costs.

This thesis consists of a techno-economic analysis of the proposed concept of an
offshore wind farm coupled with hydrogen production, storage, and reconversion as
a green flexible baseload power plant and does not include real-world commissioning
and operation of the plant. Optimization of the sizes for the power plant components
is carried out using a linear optimization model in GAMS.
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2
Green Flexible Baseload

The concept suggested by Njordr is a supply-side management and energy storage
VMS strategy that can contribute to manage variations in a future electricity system
with high wind penetration. The idea behind this project is to develop a power plant
consisting of a wind farm, an electrolyzer, hydrogen storage, and a reconversion
technology such as a H2-fueled gas turbine. Figure 2.1 represents a schematic view
of the suggested plant and its different components.

The purpose of the concept is to mitigate variations of wind power within the power
plant. This is done by producing hydrogen during high-wind periods when the
electricity price is low and reconverting the hydrogen to electricity during low-wind
periods with high electricity prices. Besides the advantages that this idea could bring
to the system, such as reducing the variations from wind power electricity, this idea
brings an additional benefit through a diversified revenue stream. By supplying elec-
tricity with the GFB during high electricity price periods, the power plant will make
revenue when otherwise wind would not be available to sell electricity. Additionally,
the connection to the grid could be reduced, which means an increased utilization
rate of the remaining grid connection, and reduced investment costs. Lastly, the
revenue stream from selling hydrogen to the industry can also result in significant
profit for the power plant.

This concept is named green flexible baseload since the goal is to continuously supply
electricity to the grid (baseload) from renewable energy technologies (green) with
flexibility in its operation to produce either hydrogen or electricity (flexible). The
suggested idea is displayed in Figure 2.2, where it can be seen that the variable
nature of wind power (grey line) is managed into a more constant electricity supply
(green line).
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Figure 2.1: Green Flexible Baseload schematic representation of plant design and
its different components.

Figure 2.2: Green Flexible Baseload concept, wind production in grey vs electricity
supplied to the grid in green.

2.1 Offshore Wind Farm
This thesis is focused on managing the variations of an offshore wind farm. Offshore
wind has some advantages compared to onshore wind. Offshore wind farms are
located off the coast, where wind speeds tend to be higher and more continuous
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as there are no obstructions at sea. This allows for higher electricity generation
potential. It also poses less visual impact on the landscape and does not compete
with other purposes in terms of land use, unlike onshore wind. For this reason,
offshore wind turbines can be built taller and with a larger rotor, allowing them
to sweep through a larger area and capture more wind even at lower speeds. [21].
This combination of higher and more consistent wind speeds with a larger rotor
thus result in a higher production capacity, also known as the capacity factor. In
the long run, offshore wind has more potential for development as there are no
restrictions regarding its size and it does not share the social and environmental
complications normally associated with onshore wind farms. On the other side,
naturally, given its location, the construction and maintenance of offshore wind
farm infrastructure is more complicated than onshore wind and dictates a higher
cost [22]. Nevertheless, costs are expected to go down over time as the technology
matures and more countries incorporate offshore wind as part of their efforts in
increasing renewable power generation.

As with any other VRE, offshore wind has variations in its electricity generation.
These variations are characterized by high periods of production, and low ones,
taking place on a multi-day or weekly basis. As seen in Figure 2.3, the electricity
generation varies drastically on an hourly basis throughout the whole year.

Figure 2.3: Variations in offshore wind power production, year 2018. Data from
Njordr.

Another characteristic of wind power variations is the significant differences that
occur between years. Figure 2.4 displays the load duration curves of wind power
production for five different years, all at the same site. As shown in the figure, the
inter-annual variations in wind power generation are quite significant. Clearly, the
years 2015 and 2019 have a higher amount of full load hours than the year 2010,
which is the year with the lowest full load hours. These characteristics dictate that
the integration of wind power into the electricity system requires VMS, which is the
purpose of the concept being developed.

9



2. Green Flexible Baseload

Figure 2.4: Load duration curve of offshore wind power production for 5 different
years in the same location. Data from Njordr.

2.2 Electrolyzer
Hydrogen can be produced by splitting water into oxygen and hydrogen with elec-
tricity in a process called electrolysis, a reaction that takes place in an electrolyzer.
This technology can be scaled up or down according to its intended use, and different
types have been developed and are already available. Electrolyzers are composed
of an anode and a cathode separated by an electrolyte. The different types of elec-
trolyte material and the ionic species it conducts determine the types of electrolyzers
and their operation [23]. For the GFB two main types of electrolyzers were studied
and compared to evaluate their suitability for the power plant.

Alkaline electrolyzers are the more mature technology. Within them, a reaction
takes place between two electrodes, separated by a porous membrane, in a liquid
electrolyte. On the other hand, proton exchange membrane (PEM) electrolyzers use
a solid polymer electrolyte membrane and an electric current to separate hydrogen
and oxygen from water [24]. The fundamentals of how PEM electrolyzers function
is shown in Figure 2.6.

When selecting the most appropriate technology for the proposed power plant, the
relevant characteristics, as well as their predicted development must be considered.
Alkaline electrolyzers are currently cheaper and more developed. On the other
hand, PEM electrolyzers are better in dynamic power generation [26], smaller in
size, and can reach fast dynamic response, but they are more expensive [27]. When
considering wind power-generated electricity, PEM electrolyzers become the most
suitable technology since they have high efficiencies, short start-up times, and an
extensive range of production range variations [28]. These qualities are suitable for
the variable nature of wind power generation, allowing for an intermittent production
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Figure 2.5: Fundamentals of PEM electrolysis. Taken from [25].

of hydrogen, when the price and wind conditions are appropriate.

2.3 Hydrogen Storage
The produced hydrogen from the electrolyzer can be stored to be withdrawn when
required. There are multiple types of storage technologies that can be used: tanks,
lined rock caverns (LRC), and salt caverns.

Storing compressed hydrogen in tanks is the most commonly used method of storage
[29]. Hydrogen is stalled in cylindrical vessels made of a lightweight and low-cost
material that can hold the high pressure required for the hydrogen; additionally,
it must be able to withstand the diffusion of the compressed gas and the possible
embrittlement caused [29].

Although tank storage is the most widespread storage technology, when considering
the future predicted scale of hydrogen production, underground storage is considered
the most economical and safe option [30],[31]. Underground storage is naturally, due
to its overlying geological layers, better protected from external influences such as
fire, military or terrorist attacks [30]. Within the underground hydrogen storage of
hydrogen, salt caverns and LRC are highlighted.

Salt caverns are underground cavities within salt domes or salt layers done artifi-
cially, and they provide great gas tightness and inertness [30]. The gas is purified
and compressed before being injected to the caverns [32]. One of the best advan-
tages of these caverns are the unique physicochemical properties of rock salt: lack of
water, low porosity and permeability (great sealing capacity), and chemical intertia
towards hydrogen, which prevents the contamination of the stored hydrogen [30],
[31]. Furthermore, salt caverns occur in thick layers which have great conditions for
heat conduction [30]. Moreover, another advantage of salt caverns are their flexible

11



2. Green Flexible Baseload

operation with high injection rates and withdrawal cycles [31]. On the down side,
the availability of such storage depends greatly on its geographical availability, as
salt caverns are not present all throughout the world.

Another underground, large-scale hydrogen storage are lined rock caverns (LRC),
which share some similarities with salt caverns. LRC storage systems are composed
of two main facilities, the above-ground facility where the hydrogen is compressed
and the operation of the technology controlled, and the underground storage caverns,
connected via tunnels.[33]

Rock caverns require a main element in order to contain the hydrogen, the lining.
Three main components constitute the lining in LRC storage: a sealing layer that
holds the gas within, a pressure-distributing section that distributes the load from
the pressurized gas to the rock, and the mass of rock where the caverns are dug,
which absorbs the load from the gas pressure [33]. The interaction between these
structural components is crucial for the correct functioning of the storage facility,
and to prevent leakage.

For the purpose of this project, a lined rock cavern (LRC) hydrogen storage was
chosen, as research and current practice show that this technology is the aptest for
Swedish conditions.This is due to the lack of salt cavern availability in the Swedish
territory [31] and the high costs associated with large-scale hydrogen storage in
tanks.

2.4 Hydrogen Reconversion
The last component of the GFB concept suggested in this project is the reconversion
of hydrogen back to electricity to be supplied to the grid. There are two technologies
that can be used for this purpose: fuel cells and hydrogen-fueled gas turbines. For
the development of this thesis, hydrogen-fueled gas turbines were selected over the
use of fuel cells. This was done due to the higher costs associated with the use of
fuel cells, as well as their lower electrical efficiency (See Table 2.1 for comparison).
Additionally, fuel cells that run on mixed fuel are unconventional and thermody-
namically unstable [34], while hydrogen-fueled gas turbines can run on mixed fuels,
enabling the option of a complementary fuel source other than hydrogen [35].

Gas turbines are a common technology used for power generation in the current
energy system, and they are most often run on natural gas. For the purpose of the
proposed GFB power plant, it is necessary to have a hydrogen-fueled gas turbine.
Currently, most gas turbines can operate with at least 30% vol. hydrogen as their
fuel without any necessary changes. Higher volumes of hydrogen to fuel the gas
turbine result require changes in the burner and combustion chamber design [37].
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Table 2.1: Fuel cell and hydrogen-fueled gas turbine CAPEX and efficiency com-
parison [36] [35].

Technology CAPEX[M€/GW ] η[%]
Fuel Cell 1100 50
Combined-cycle gas turbine (CCGT) 954 61
Open-cycle gas turbine (OCGT) 805 40

Currently, 100% hydrogen-fueled gas turbines are still being developed by several
manufacturers [38]. Considering the time scope of this project, it is assumed that
this technology will be already available in the future, and the costs are assumed to
be higher than those predicted for regular gas turbines.

Gas turbines have three main components: the compressor, the combustion system,
and the turbine. The compressor gathers the input air into the engine and then after
pressurizing it, it feeds it into the combustion chamber. There, the fuel is mixed
in, where it is burned at high temperatures, creating a stream of hot gas at high
pressures, which is then expanded in the turbine. The latter is composed by a series
of blades that rotate with the incoming gas flux, making a generator shaft rotate
and thus generating electricity [39].

There are two types of gas turbines, open-cycle gas turbines (OCGT), or combined-
cycle gas turbines (CCGT). OCGT operates by intaking air and combusting it to
then run the turbine, as mentioned above. CCGT starts with an OCGT, then the
excess heat from the gas turbine is used to generate steam that expands through a
steam turbine, generating additional electricity [40]. This added complexity trans-
lates into higher efficiency but also higher costs for the CCGT. The choice between
OCGT and CCGT is left to be decided throughout the simulation and modeling of
the power plant.

Figure 2.6: The schematic diagram for a simple gas turbine. Taken from [41].
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3
Method

In this thesis, a techno-economical analysis was done of the proposed GFB power
plant presented in the former chapters. This was carried out in two steps: a model
optimization, where the sizing of the different GFB components was determined,
and an LCOE evaluation of the multiple proposed designs. The mathematical linear
optimization model of the power plant was implemented in GAMS, an optimization
tool that allows finding the most optimal configurations of the power plant under
different scenarios. This chapter provides a mathematical description of the model,
Section 3.1, as well as the assumptions made, Section 3.2, and the different studied
scenarios, Section 3.3. The economical comparison of the modeled results was done
using the levelized cost of electricity as described in Section 3.4.

Figure 3.1: Schematic representation of GFB model simulated in GAMS, including
flexible fuel mixing in the gas turbine.
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3.1 Model Description
This section displays the mathematical representation of the GFB concept described
in the previous chapter. The main goal of this optimization is to determine the design
of the different components of the GFB, i.e. the capacities of the electrolyzer, the
hydrogen storage and the gas turbine. The most economically feasible design is to
be developed, as well as the most optimal operation of the components in order to
maximize the total profit made by the power plant.

3.1.1 Sets
Sets in linear programming models are considered as the group of data that are of
similar type. The sets considered in this linear program are the following:

• Time: all hours in five years - T

• Components of the system: wind farm (WF), electrolyzer (ELY), hydrogen
storage (storage), and gas turbine (GT) both OCGT and CCGT. - P

The time set (t) for this project was defined as a combination of five different years
of weather data. This was done since the inter annual variations are considerable
(see Figure 2.4), and thus by combining the years the investments will be made
such that more weather events can be handeled by the installed capacities. The
chosen years were: 2010, 2015, 2016, 2018, and 2019. This set was divided into
two subsets, summer time and winter time. Summer time was determined to be the
period corresponding to the months of April to September for every year, whereas
winter was defined corresponding to the period between October and March of each
year. Therefore, for each year within the five year period: tsummer = 2161 − 6552
and twinter = 0001 − 2160, 6553 − 8760.

3.1.2 Parameters
Parameters are fixed values used in the optimization program, they are defined in
this section. The dependency on each of the sets described previously is noted with
the corresponding subscript, t or p.

The year dependent data used in this project was the following:

• Normalized wind production at any hour (for a five year period) [GWh/G-
Winstalled hour] - W Pt

• Price of electricity at any time t [€/MWh]- priceel
t

The technical parameters for each component considered in the model are the fol-
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lowing:

• Efficiency for every system components p [%]- ηp

• Investment cost for every system components p [M€/GW]- ICp

• Fixed O&M cost for every system components p [M€/GW]- F Cp

• Variable O&M cost for every system components p at any time t [M€/GWh]-
V Cp,t

Since the analysis carried out is done yearly, the costs must be annualized for each
of the components. Therefore, the annuity is another parameter used in this linear
model.

• Annuity of each component p - ap

The annuity is calculated according to Equation 3.1, where i stands for the interest
rate (7%), and yearp is the lifetime of each component.

ap = i

1 − (1 + i)−yearp
(3.1)

A reduction in yearly costs is considered for reduced transmission line connections.
This concept will be further explained in future sections of this report. This param-
eter was included in the model:

• Wind farm investment cost reduction for reduced grid connection, per five year
period [M€] - CR

Next, the corresponding prices at which the different fuels are sold were determined
also as parameters:

• Cost of biomethane used in the gas turbine [€/GWh]- costfuel

• Price at which H2 is sold to the industry [€/GWh]- priceindustry

Additionally, a yearly demand of hydrogen from the industry was considered as an
additional parameter:

• Demand for H2 in the industry [GWh/year]- DH2

The GFB is characterized by its ability to supply electricity to the grid within certain
boundaries. These upper and lower limits were defined as Base Load (BL) minimum
and maximum, and they represent a percentage of the installed wind capacity.

• Minimum electricity supply to the grid [%]- BLmin

17



3. Method

• Maximum electricity supply to the grid [%] - BLmax

Lastly, the injection and withdrawal rate of hydrogen into the rock cavern was
also defined as a parameter in the linear model. These parameters represent the
limitations of the hydrogen storage to charge and discharge hydrogen. Additionally,
the maximum yearly cycles for hydrogen storage were included in the model:

• Rate of injection and withdrawal to the rock cavern [fraction of installed
capacity]- rinj , rwithd

• Maximum yearly cycles for rock caverns [cycles] - H2,cycles

3.1.3 Variables

The variables of a linear optimization are those values which are meant to be op-
timized in order to reach a certain goal. In the present case, the main objective of
this simulation is to maximize the total profit of the power plant during a five year
period. Therefore, the total profit is the free variable that is to be optimized.

• Total profit for a five year period [M€]- T P

The rest of the variables used in this model are then calculated by the model, where
the most optimal combination of them (according to profit maximization) will be
chosen:

• Generation of each component p at any time t (storage generation means
storage level) [GWh/hour]- gp,t

• Capacity of each component p [GW]- cp

• Hydrogen sold to the industry at time t [GWh/hour]- eindustry
t

• Energy from H2 used in the gas turbine at time t [GWh/hour]- eH2
t

• Energy from biofuel used in the gas turbine at time t [GWh/hour] - efuel
t

• Hourly charge and discharge of the hydrogen storage [GWh/hour] - scharge
t , sdischarge

t

The electricity being supplied to the grid in this model is defined as the electricity
generated by the wind farm that goes directly to the grid, i.e. accounting for the
electricity being supplied to the electrolyzer (gW F,t − gELY,t); and the electricity
generated by the gas turbine (gGT,t).
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3.1.4 Objective Function
The objective function is the main equation in an optimization model. In this model,
the main goal is to maximize the total profit (TP ) during five years (represented as
y) considering all the relevant costs and income. The costs of this model include: the
investment costs of each component of the plant (ICp), their fixed and variable O&M
costs (FCp and V Cp), which account for the five year period (y = 5), and the cost of
injecting biofuel into the gas turbine (efuel

t ·costfuel). The revenue made by the plant
is comprised of the electricity sold to the grid ((gW F,t + gGT,t − gELY,t) · priceel

t ), the
income made from selling hydrogen to the industry (eindustry

t · priceindustry), and the
cost reductions from reduced transmission connections (CR).

TP =
∑
t ϵ T

(gW F,t + gGT,t − gELY,t) · priceel
t +

∑
t ϵ T

eindustry
t · priceindustry

−
∑
p ϵ P

ICp ·ap ·cp ·y−
∑
p ϵ P

FCp ·cp ·y−
∑
p ϵ P

∑
t ϵ T

V Cp ·gp,t−
∑
t ϵ T

efuel
t ·costfuel+CR·agrid ·y

(3.2)

3.1.5 Constraints
The following equations determine the constraints of the optimization model and
take into account the different characteristics of each component as well as the time
limitations.

Considering the definition of GFB, upper and lower limits on the supplied electricity
to the grid are set (BLmin and BLmax). The electricity supplied to the grid is that
generated from the gas turbine (gGT,t), along with the electricity produced by the
wind farm (gW F,t), without the portion of the wind farm-produced electricity that
is being used for the electrolyzer (gELY,t). This supplied electricity is bounded as
follows:

BLmin ≤ gW F,t + gGT,t − gELY,t ≤ BLmax ∀ t ϵ T (3.3)

The total wind production at any time t (gW F,t) should be smaller than or equal to
the wind farm capacity (cW F ) times the available wind at that time t (WPt):

gW F,t ≤ WPt · cW F ∀ t ϵ T (3.4)

The generation of the components (gp,t) cannot exceed their capacity (cp), this is a
redundant constraint for the wind farm:
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gp,t ≤ cp ∀ t ϵ T, p ϵ P (3.5)

A balancing equation is required to determine the storage status, where the storage
at any time t (gstorage,t+1) is equal to the available storage before (gstorage,t) plus the
net charge of the electrolyzer, defined by: scharge

t − sdischarge
t

gstorage,t+1 = gstorage,t + scharge
t − sdischarge

t ∀ t ϵ T (3.6)

A storage usage constraint must be determined to limit the rate at which the hy-
drogen is injected (rinj) and withdrawn (rwithd) from the caverns.

scharge
t

rinj
+ sdischarge

t

rwithd
≤ cstorage ∀ t ϵ T (3.7)

Another limitation characteristic of hydrogen storage is the number of cycles (H2,cycles)
of charges that can be experienced per year:

∑
t ϵ T

ηstorage · scharge
t ≤ cstorage · H2,cycles · y ∀ t ϵ T (3.8)

Where ηstorage is the storage efficiency, cstorage its capacity, and sstorage
t is charging

rate. The factor 5 is used to account for the five year period being considered.

The charge (scharge
t ) and discharge (sdischarge

t ) rates of the hydrogen storage can never
exceed its capacity (cstorage):

scharge
t , sdischarge

t ≤ cstorage ∀ t ϵ T (3.9)

Another constraint of the system is defined by the amount of hydrogen being sold
to the industry (eindustry

t ), which each year throughout the five year period cannot
exceed the total yearly hydrogen demand of the industry (DH2).

∑
t ϵ year

eindustry
t ≤ DH2 ∀ t ϵ T (3.10)

Similarly, the hydrogen sold to the industry at any time t (eindustry
t ) has an upper

and lower limitation according to the yearly demand (DH2). This constraint is
established to represent a flexible demand from the industry side, the upper and
lower limits being named H2,max and H2,min, respectively.
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DH2

8760 · H2,min ≤ eindustry
t ≤ DH2

8760 · H2,max ∀ t ϵ T (3.11)

In addition, the model must ensure that the hydrogen produced in the electrolyzer
(gELY,t · ηELY ) is greater than the net charge of the storage (scharge

t − sdischarge
t ) and

the hydrogen being used at any time t either for the gas turbine (eH2
t ) or sold to the

industry (eindustry
t ).

gELY,t · ηELY ≥ scharge
t − sdischarge

t + eindustry
t + eH2

t ∀ t ϵ T (3.12)

The amount of fuel required by the gas turbine (gGT,t/ηGT ) is defined by the energy
being supplied in the form of hydrogen from the storage (eH2

t ) plus the energy from
the bio fuel being injected into the gas turbine (efuel

t ):

gGT,t

ηGT

≤ eH2
t + efuel

t ∀ t ϵ T (3.13)

A limitation on the amount of biomethane (efuel
t ) used in the gas turbine was set to

be 10% of the total fuel requirement during the five year period (gGT,t/ηGT ):

∑
t ϵ T

efuel
t ≤ 0.1 ·

∑
t ϵ T

gGT,t ∀ t ϵ T (3.14)

3.2 Assumptions & Input data
This section presents the relevant assumptions made throughout the development
of the model. Additionally, relevant input data used during the simulations is also
introduced.

Since the main goal of the optimization model is to maximize profit, the revenue
streams of the power plant play a major role. One of the main revenues from the
GFB components is the supply of hydrogen to industry. Determining the price at
which hydrogen will be sold in the future is uncertain, as most studies focus on the
production costs. Additionally, it is likely that the price will vary throughout the
year and even hourly. Therefore, to simplify the scenarios, it was assumed that the
price of hydrogen (priceindustry) remains constant throughout the year. Considering
that the projected retail price of hydrogen to industry in a near future ranges from
5-7€/kg in 2030 [42], the chosen values were selected to be below these predictions
to account for the possibility of prices being on the lower end of the estimations.
The scenarios were evaluated considered three hydrogen prices: 2.4, 3, and 4€/kg.
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It was assumed that there would be an existing demand of hydrogen from the indus-
try, therefore this creates an additional revenue stream for the GFB. This demand
was set to 60 000 tons of hydrogen yearly, and the supply was assumed to be flex-
ible. Assuming high flexibility is possible for the supply of hydrogen to industry,
the maximum and minimum hydrogen supply limits to industry were set to be
H2,max = 150% and H2,min = 45% of the constant annual demand [43]. A simple
representation of these limits is shown in Figure 3.2, where the upper and lower
boundaries are shown.

Figure 3.2: Flexibility in H2 supply to industry, bounded area between upper and
lower limit (150% and 45%, respectively).

As stated in the model description, the main goal is to maximize the total profit
from the power plant. Therefore, considering the revenue streams is crucial for
the analysis. The wind farm investment costs (See Table 3.1) include the costs for
connecting to the electricity grid. The largest transformer for grid connection is
1.4 GW [44], and it corresponds to an investment cost of 300 M€. Since the wind
farm investment costs include the connection costs, assuming 100% grid connection
is installed, there exists a potential value on a reduced grid connection for the power
plant. Figure 3.3 displays these associated cost reductions, where blocks of 1.4 GW
are subtracted from the grid connection capacity, with the benefit of a lower capital
cost for the wind farm. For the presented model, these costs are discounted from
the reference wind farm investment costs as the cost reductions CR in the objective
function. During the modeling, the connection to the grid is translated into the
upper limit for the base load (BLmax).

Considering the stepwise cost of connection to the grid, the values for BLmax were
determined accordingly. BLmax is a percentage of the installed wind farm capacity
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and the maximum supply of electricity to the grid (i.e., the connection capacity to
grid). Assuming that if an investment into a connection step is made, the maximum
capacity of that step will be used, then the possible values for the upper electricity
supply limit become: BLmax = 44%, 72%, 100%.

Figure 3.3: Step-function of investment costs associated with the capacity of grid
connection as of today.

Lastly, another important cost to be taken into account is the one associated to the
additional fuel used in the gas turbines to reconvert hydrogen to electricity. For the
purpose of this thesis, it was considered that the additional fuel used for combustion
is biomethane, at a constant cost of costfuel =0,06M€/GWh [35].

3.2.1 Time-dependent data
When presenting the assumptions, it must be clarified that the model was developed
for a five year period as a mean to include the impact of inter-annual variations in
the results. As discussed in previous chapters, wind variations are too significant
from year to year to generalize with a single one. When evaluating a single year the
individual component capacities are designed in perfect accordance with the occur-
rences of the year. Therefore the results are too precise and specific to the particular
year being identified. To avoid possible significant design differences between years,
the multi-year time set was chosen.

The yearly data is part of the most relevant input of the present model. During the
simulation, an hourly wind profile, WPt, was used to determine the hourly wind farm
electricity production during five years. The available wind profile was provided by
Njordr for a specific off-shore location in Southern Sweden. This data was available
for 20 years, between 2000 and 2020.
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The electricity prices, priceel
t , used in this model are taken from predictions simu-

lated for the year 2040. These predictions were obtained with Simon Öberg’s model,
which uses specific weather data to derive and approximation of the future marginal
cost profile for electricity in the near future (2040) with the assumed evolution of
the electricity system. The data used represents the costs per unit of electricity
generated, but in this model, these costs were assumed to be the electricity prices
at which the generated electricity is to be sold. Predicted costs from 2040 were used
since, considering the time frame and expected project development, the studied
GFB plant should be in operation around that time frame.

As the electricity prices used are predictions of future costs and therefore quite
theoretical, real-life market limitations are not considered. Currently, there is a
maximum price cap on electricity, which prevents prices from exceeding too large
values, and therefore electricity generators can at any hour charge as maximum that
set price. This cap has changed throughout the years and is set according to the
current market and electricity situation. Considering historical data and estimations
on future electricity caps [45], [46], the electricity prices were limited to a maximum
of 300€/MWh at any time.

Since large amounts of data were available, the considered data was reduced to a
five year period. The data for years 2010, 2015, 2016, 2018, and 2019 was chosen for
most of the analysis carried out. These years data was used for both the wind profile
and the predicted electricity prices (which depend on the specific year weather data).
The yearly distribution of the wind power production (gW F,t) and electricity prices
for 2018 are displayed in Figure 3.4. It can be observed that there are periods of low
wind power generation and high electricity prices, providing a convenient scenario
for the GFB to operate.

Figure 3.4: Yearly wind power production and electricity price for the year 2018.
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3.2.2 Component’s data
As previously stated, one of the main components of the power plant is the wind
farm, and all other aspects of the plant being designed accordingly. Therefore, in
line with the estimations made by Njordr, the wind farm capacity in this project
was fixed to cW F = 5GW .

The technical data used for each component is displayed in Table 3.1. Considering
that the costs will go down as the technology evolves in the future, the predicted
costs for the year 2040 were used in this project. Technical data for the wind
farm, electrolyzer, hydrogen storage, open-cycle gas turbine, and combined-cycle
gas turbine were obtained from the Danish Energy Agency Technology Catalogues
([36], [47],[48]). In addition, to better adjust to the project estimates, the efficiency
of the open-cycle gas turbine was taken from the initial project estimates from
Njordr [49] and corroborated by the data used by Öberg [37]. The efficiency of the
hydrogen storage is also calculated to account for the energy requirement from the
compression (not included in the model).

To adjust for the difference between the current gas turbine fuel mix capability and
the ones considered in this project, the cost data for the gas turbines was increased
by 115%, considering that the gas turbines are assumed to have 100% hydrogen
mixing ratio capability. This means that the fuel input can be anywhere between
0% hydrogen mix or 100%. The estimated additional costs for the turbines were
obtained from Öberg’s work [35], which assumes that the cost of such turbines will
be 115% of the current costs.

Table 3.1: Efficiency, normalized investment, fixed O&M and variable O&M costs
of the multiple components of the power plant.

Component ηp ICp V Cp FCp Lifetime
[%] [M€/GW] [M€/GWh] [M€/GW] [years]

Wind Farm 0,95 1645 39 0,004 30
Electrolyzer 0,65 650 45,5 0 25
H2 Storage 0.88 2 0 0 100
OCGT 0,40 805 18,6 0,002 25
CCGT 0,61 954 27,8 0,004 25

As stated in Section 3.1, some assumptions about the hydrogen storage were done.
First, the hydrogen storage cycles, Hs,storage, were set to 20, according to the work
done by Öberg [35]. Additionally, the injection and withdrawal rates were assumed
to be rinj = 1

40 and rwithd = 1
20 of the installed hydrogen storage capacity respectively.
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3.3 Scenarios
As mentioned before, the model carried out was developed to maximize the overall
profit. Since the GFB section is seen as an addition to the planned 5GW wind farm,
when analyzing the profitability, only the profit of the GFB and the associated
costs of its components are considered. Since there was no full knowledge about the
electricity market behaviour and the effect of this power plant on the system, it was
decided to disregard the direct costs of the wind farm (investment costs, variable and
fixed Operation and Maintenance costs) in the model part of the method, allowing
for a more in-depth analysis of the GFB concept.

When performing the analysis of the model, different scenarios were taken into
account. Initially, the suggested input (See Table 3.2) was used in the model. As
will be seen in the following chapter, this particular design is not economically
feasible. Therefore, different scenarios and a sensitivity analysis were created to
better study the proposed power plant.

Table 3.2: Initial input for the proposed power plant.

Parameter Input data
Wind Farm 5 GW
BLmin 20%
BLmax 72%
H2 price 2,4€/kg
H2 demand 60 000 tons

The chosen parameters for the sensitivity analysis of the model included the upper
and lower limits of electricity supply (BLmin, BLmax) and the hydrogen price which
the industry will pay for the hydrogen inflow (priceindustry). Since these values are
main design drivers for the model, and the hydrogen price will play a major role in
the profitability of the concept, and is a rather unpredictable value for the future
years. Taking this into consideration, the different scenarios were chosen for further
evaluation.

Scenario 1: No baseload minimum

As a first analysis of the model presented, the model was given complete freedom
to invest in different capacities of the aforementioned technologies which together
constitute the GFB power plant. In this first analysis, the minimum supply of
electricity to grid was suppressed, i.e. BLmin = 0%. The evaluation of the model
was focused on the profitability and design characteristics of this model, when there
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is no minimum supply imposed.

The design differences are directly related to the other parameters. Therefore,
BLmax was chosen to be 44, 72, and 100% of the installed wind farm capacity,
while the price of hydrogen to industry was altered between 2,4, 3, and 4 €/kg.

Scenario 2: Baseload minimum requirement

The next analysis performed was a sensitivity analysis that included all the param-
eters mentioned in this section. In contrast with the previous case, this evaluation
included a requirement for a minimum supply of electricity to the grid (BLmin).
Additionally, some flexibility in this minimum was assumed; allowing for a lower
supply during the summer months (BLmin,summer ≤ BLmin,winter). This was done
since the overall demand for electricity during the summer is lower than that during
winter, wind profiles are also lower during the summer, and maintaining a constant
baseload minimum is more expensive to fulfill. The different values implemented
during the sensitivity analysis are displayed in Table 3.3.

Table 3.3: Values assigned to the input parameters of the sensitivity analysis.

Parameter Values for sensitivity analysis
BLmin,summer- BLmin,winter 10-10, 10-15, 10-20, 15-15, 15-20, 20-20 %
BLmax 44, 72, 100 %
priceindustry 2.4, 3, 4 €/kg

The combination of these different values results in a total of 54 possible sub-
scenarios for Scenario 2 (6 × 3 × 3). Since the different BLmin,summer-BLmin,winter

combinations are evaluated for every BLmax and every priceindustry.

Similar as in the previous scenario, the main objective of this analysis is to evaluate
the design and its profitability. Additionally, for the non-profitable scenario, an
analysis on the required subsidy for installed capacity (CS) in a capacity market
was performed. In other words, the necessary subsidies were determined to make
the non-profitable models economically feasible.

3.4 LCOE Analysis
The Levelized Cost of Electricity (LCOE) is used as a measurement of the average
net present cost of electricity generation for a particular generation technology. It
is normally used to compare different generation technologies. It represents the
average cost of a unit of electricity generated. The LCOE of a 5 GW offshore wind
power plant is used as a comparison with the newly computed LCOE for the overall
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concept, including WF and GFB, and split into the wind farm and GFB sections.
Since the model developed has a five-year resolution, and thus results are for this
period of time, the LCOE calculated throughout this thesis is done for five years
instead of during the lifetime of the power plant. Therefore the simplified version of
the LCOE formula used is:

LCOE = Total Costs
Total electricity supplied (3.15)

When calculating the LCOE of the proposed power plant, the different elements of
the plant had to be taken into account. Therefore three main sections of the power
plant were identified, as illustrated in Figure 3.5: the whole plant (red box), the WF
(blue box), and the additional GFB section (green box). In the figure, the generated
electricity from the WF supplied to the grid is denoted WFel, while the electricity
generated from the GFB to the grid is named GFBel. On the bottom part, REVH2

refers to the total revenue made from H2, and COSTbiofuel indicates the total cost
from purchasing the additional biofuel to run the GT.

Figure 3.5: Schematic Power Plant representation with the identification of the
main three sections considered.

Another aspect to consider during this analysis is the incoming revenue from hydro-
gen being sold to the industry. Two approaches were proposed for how to manage
this revenue flow in the analysis: firstly, subtracting the profit made from selling
hydrogen from the costs, thus the LCOE is the average price to cover the remaining
costs. On the other hand, LCOE was also calculated by considering hydrogen as a
byproduct of the system and therefore not accounting for it during the calculations.
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The former approach is indicated with a H2 subscript: LCOEH2 ; whereas the latter
is indicated with a 0 as subscript: LCOE0.

When computing the LCOE of the whole power plant, considering hydrogen as
a revenue stream (LCOEplant,H2), Equation 3.16 was used. The cost reductions
associated to the grid connection capacity were deducted from the total costs (CR ·
aW F ).

LCOEplant,H2 =
∑ Total cost of components − REVH2 + COSTbiofuel − CR · aW F · y

WFel + GFBel

(3.16)

Similarly, if the LCOE of the whole power plant is computed when hydrogen is
considered as a byproduct (LCOEplant,0), the formula used becomes:

LCOEplant,0 =
∑ Total cost of components + COSTbiofuel − CR · aW F · y

WFel + GFBel

(3.17)

When analyzing the WF section on its own, only the costs of the WF and the
electricity supplied directly from it to the grid (WFel) are considered, as well as the
cost reductions due to limitations in grid connection. Since the revenue from selling
hydrogen does not affect this section of the power plant, it is not accounted for.

LCOEW F =
∑ Total cost of WF − CR · aW F · y

WFel

(3.18)

Lastly, when computing the LCOE of the GFB, the costs of the WF, the electricity
directly supplied from the WF to the grid, and the cost reductions associated with
the capacity of connection to the grid are not accounted for. When considering
hydrogen revenue in the analysis, LCOEGF B,H2 , the used formula is:

LCOEGF B,H2 =
∑ Total cost of GFB − REVH2 + COSTbiofuel

GFBel

(3.19)

While, if hydrogen is considered as a byproduct the used formula becomes Equation
3.20.

LCOEGF B,0 =
∑ Total cost of GFB + COSTbiofuel

GFBel

(3.20)
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4
Results

This chapter presents the results obtained throughout the analysis of this model
in two scenarios: with no minimum baseload requirement set and with an enforced
minimum baseload.

When evaluating the results of the model, the main objective was to determine the
most techno-economically feasible design of the GFB to maximize the overall profit,
as this is an additional extension that is assumed to be added to an already-planned
wind farm (thus the fixed wind farm capacity). Therefore, the main focus was set
on determining the profitability, design characteristics, and operation of only the
GFB section of the power plant (See Figure 3.5).

4.1 Scenario 1: No minimum baseload

An analysis was carried out for the first scenario, where no baseload minimum was
imposed on the system. The description of the different parameters used during
the analysis is presented in Section 3.3, namely the different values for the grid
connection (BLmax) and the hydrogen prices (priceindustry). Taking into account
that the hydrogen price might be fluctuating in the future, and that this has been
selected according to predictions, the initial focus was set on the most economically
optimal grid connection for the system.

The model was given the freedom to invest in the most profitable capacities of each
of the components of the GFB (refer to Appendix A for further detail), but as
seen in Figure 4.1, the model decides not to invest in the reconversion technology
whatsoever, regardless of the hydrogen price. This takes place for all prices of
hydrogen being sold to industry, which translates into the supply of hydrogen having
a higher economic value for the power plant than the supply of electricity when wind
production is insufficient and electricity prices are high. In this case, the wind farm
is behaving as a hydrogen producer rather than a GFB supply.

31



4. Results

Figure 4.1: Capacity mix of the power plant at different amounts of grid connection
(BLmax) and hydrogen prices

Figure 4.1 shows the capacity mixes of the power plant for different grid connection
capacities (BLmax) and hydrogen prices. It can be seen that the capacity mix is not
affected by the variations in hydrogen prices and is only affected by the amount of
grid connection (BLmax). In the case of 44% BLmax, the storage size required is
higher than in scenarios with higher BLmax, since the limited capability to supply
electricity to the grid means that the model wants to sell as much electricity as
possible every hour (since reconverting the electricity in the GT is not profitable
enough). Therefore, hydrogen production in the electrolyzer is stopped in periods
of high electricity prices so the plant can make the most profit, since the supply to
industry must be met, larger storage is needed if the electrolyzer is going to operate
less hours. The capacity mix also only slightly differs between the 72% and 100%
BLmax.

The profitability of the power plant for all the studied scenarios is displayed in Figure
4.2. As observed from the trend of the results in Figure 4.2, the most economically
feasible cases for this scenario, regardless of the price of hydrogen, correspond to a
grid connection of BLmax = 100%, although it is notable that the profit made is
higher by a small margin compared to the case with BLmax = 72%. This is likely
caused by the fact that even though the high electricity prices are not sufficiently
large to justify the investment into a reconversion technology (Figure 4.1), they
are large enough to compete against the cost reductions from connectivity. This
means that there are sufficient high electricity price hours in which there is enough

32



4. Results

electricity being generated by the wind farm to use the remaining 28% connection
to the grid.

Figure 4.2: Distribution of the power plant profit in scenario 1 (no minimum
baseload) for a five-year period.

Lastly, an analysis of the LCOE was performed for this scenario. As a basis for
comparison, LCOE for a 5 GW offshore wind farm was first calculated using the
wind profile of the site provided by Njordr. This is done to establish a baseline
and assess how the LCOE changes with every addition made to the power plant.
When calculating the LCOE of the standalone wind farm (meaning that there is
no hydrogen demand from industry) and assuming all produced electricity is being
sold to the grid, it was found that the LCOE for the data used in this project is:
LCOEref = 44.6€/MWh. This calculation was done according to Equation 3.18.

For Scenario 1, there is no GFB electricity generation, therefore only LCOEW F ,
LCOEP P,H2, and LCOEP P,0 were calculated in this scenario. Since it was deter-
mined that the most economically feasible connection to the grid for this scenario
is BLmax = 100%, all results for BLmax = 44% and BLmax = 72% were disregarded
for this analysis.

Table 4.1 displays the obtained results for the LCOE analysis of Scenario 1. The
first observation that can be made from these results is that the LCOEW F is higher
compared to the LCOEref when there is only a 5 GW wind farm. This is due to
the imposed demand from industry, which forces the model to supply less electricity
directly from the wind farm to the grid and instead supply it to the electrolyzer,
thus resulting in a smaller denominator in Equation 3.18 and results in overall higher
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LCOEW F than the original LCOE. When evaluating the power plant as a whole,
the need to supply hydrogen to industry forces the model to invest in electrolyzer
and storage; expensive components that increase the total costs of the power plant
and thus the LCOEP P,0. The last column, LCOEP P,H2, includes the revenue of
the hydrogen sold to the industry, which has a significant impact on the LCOE.
As expected and observed in the table below, the higher the revenue of hydrogen,
corresponding to a higher price, results in a lower LCOE. It is interesting to note
from the last column, that the obtained LCOEP P,H2 is smaller than the wind-only
case. This takes place since the revenue made from selling hydrogen is so much
larger than the costs of the GFB that said profit compensates for some of the wind
farm costs, thus the numerator of Equation 3.16 becomes smaller than for the wind-
only case. The cost per unit of electricity generated is smaller than the wind-only
case since the profit made from selling hydrogen is so significant.

Table 4.1: LCOE analysis of Scenario 1 at different hydrogen prices, for BLmax =
100%.

Hydrogen LCOEW F LCOEP P,0 LCOEP P,H2

Price [€/MWh] [€/MWh] [€/MWh]
2.4 €/kg 51.37 53.89 46.01
3 €/kg 51.36 53.88 44.03
4 €/kg] 51.36 53.88 40.75

4.2 Scenario 2: Enforced minimum baseload
Scenario 2 was the enforced minimum baseload scenario, where different combi-
nations of BLmin,summer and BLmin,winter were imposed on the model to ensure a
minimum supply of electricity to the grid at every hour of the year, hence fulfilling
the function of a baseload. Figure 4.3 displays the profit made by the power plant
in the different studied cases. For this particular scenario, it can be seen that the
most profitable cases are those with a grid connection of 72%. This is because by
imposing a minimum supply to the grid at every hour, the power plant is forced to
diverge some of the produced electricity from the wind farm to the electrolyzer to
generate enough hydrogen for both the industry and the reconversion technology.
Therefore, having a higher capacity of connection but not having enough electric-
ity from the wind farm (since it is being used in the electrolyzer) implies investing
in a grid connection capacity that is not going to be used, thus BLmax = 100%
is less profitable. On the other hand, having a grid connection corresponding to
BLmax = 44%, although it reduces the CAPEX of the wind farm by 600M€, is not
economically beneficial for the power plant. This connection is too small for the size
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of the wind farm being installed, and the costs of the GFB section are too large to
justify a deviation of the electricity from being supplied to the grid directly from
the wind farm into the electrolyzer.

Figure 4.3: Distribution of the power plant profit in scenario 2 with different
minimum baseload scenarios for a five-year period.

It is important to note that in this analysis only the profitability of the GFB com-
ponent is evaluated without taking into account the costs and revenue of the wind
farm. This is done in order to evaluate the economic feasibility of the GFB con-
cept on its own. Economic comparison with the wind farm included will be further
discussed in the LCOE analysis in Section 4.2.1.

In this scenario, it is interesting to see the variability of profitability between each
particular case according to the different studied parameters. Since it was deter-
mined that for this scenario, a BLmax = 72% is most economically beneficial, the
following results will only represent those particular cases. Figure 4.4 displays the
profitability of the GFB section of the power plant for each case at different studied
hydrogen prices.

35



4. Results

Figure 4.4: Scenarios in which the GFB component of the power plant is profitable

From Figure 4.4, it can be observed that there are some profitable scenarios based
on the minimum baseload and hydrogen prices. The profitability is displayed as a
percentage that shows the ratio between the obtained revenue of the GFB section
(i.e., the electricity sold from the gas turbine and the sold hydrogen to industry),
and the total costs of the GFB section (its different components and the costs of
purchased fuel). The break-even line is indicated in red, where the GFB obtained
enough revenue to fully recover all its costs. When considering these results, is
important to emphasize that since all calculations include an interest rate of 7%,
the profitability calculations include a risk factor which translates into actual higher
revenue; therefore even at the break-even point, profit is being made.

As seen in Figure 4.4 there are some designs that are profitable on their own, while
others do not break even. The lack of revenue from the latter is highlighted in Figure
4.5, where the needed amount to break even is shown as a percentage of the total
investment costs of the GT. In a future scenario, this gap to break-even could be
covered by some sort of subsidy, or be partially covered by a capacity market in which
electricity suppliers are compensated for the available capacity installed to generate
electricity when the system requires it. The needed revenue varies depending on the
BLmin combinations and hydrogen prices, ranging from 23,6% to 172,2% of the gas
turbines’ CAPEX in the evaluated cases. Furthermore, the profit needed for break-
even is calculated on a five-year basis, which implies that in higher BLmin cases
(when the subsidy represents a large percentage of the CAPEX of the reconversion
technology), the profit required is not sustainable in the long term, as most likely
no government or investor would be willing to pay such large amounts to cover the
gap to break-even.
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Figure 4.5: Revenue required in order to make the GFB reach a break-even point,
as a percentage of the investment cost of the GT

Figures 4.3, 4.4, and 4.5 also show that lower BLmin combinations are preferable
economically. To further investigate the reason for the different amounts of prof-
itability and hence the capacity subsidies, a breakdown of the installed capacity
mix determined by the model was mapped. Figures 4.6, 4.7, and 4.8 displays the
different installed capacities for each of the studied cases of Scenario 2 at hydrogen
prices of 2.4, 3, and 4 €/kg and a constant BLmax = 72%.

Figure 4.6: Capacity mix of the power plant at different minimum baseload
(BLmin) scenarios and a hydrogen price of 2.4 €/kg
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Figure 4.7: Capacity mix of the power plant at different minimum baseload
(BLmin) scenarios and a hydrogen price of 3 €/kg

Figure 4.8: Capacity mix of the power plant at different minimum baseload
(BLmin) scenarios and a hydrogen price of 4 €/kg

The wind farm capacity is fixed at 5 GW due to the project requirements (and
therefore not displayed in the charts) and in the GFB parts, variations can be seen
with similar trends observed based on the increasing BLmin scenarios regardless
of the hydrogen price. In scenarios with constant baseload such as BLmin 10/10%,
15/15%, and 20/20%, no investment is done for the OCGT while in flexible baseload
scenarios (meaning there is a difference between summer and winter), a relatively
small investment in OCGT is seen. This indicates that for most of the year, the
minimum baseload requirement is fulfilled by the CCGT and there are only a few
hours per year where an additional generation capacity that can be fulfilled by a
peak technology such as OCGT is required. Furthermore, in scenarios where the
model invests in reconversion technologies, the sum of the capacities is always equal
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to the maximum BLmin requirement since the power plant must ensure the supply of
that amount of electricity at all times, including on hours with zero wind generation,
i.e. fulfilling the role of a baseload supplier.

As mentioned previously, hydrogen price and BLmin requirements dictate the size
of the electrolyzer, storage, and reconversion technologies. As seen in Figures 4.6,
4.7, and 4.8, higher hydrogen prices for the same BLmin cases see a higher capacity
investment in the electrolyzer but lower in storage while the size of the CCGT
and OCGT stays the same between hydrogen prices. The reconversion technology
remains the same since the value of selling electricity from the GFB section to the
grid has a lower economical value than selling hydrogen to industry, and in order to
maximize profit the model prefers not to invest in more capacity than the required to
satisfy BLmin,winter. The storage size and electrolyzer size variations are related to
the operation of said components. With higher price of hydrogen, the model invests
in less storage since the value of reconverting hydrogen to electricity during high
electricity price hours does not add significant profit considering the revenue made
by selling hydrogen to industry, therefore the GT will operate to cover the minimum
baseload and during some few extra hours. The electrolyzer capacity increases with
hydrogen price since its costs are covered by the increased revenue, and although
the yearly demand is fixed, the hourly demand is not, and the model optimizes the
generation of hydrogen at each timestep.

In addition, increasing BLmin requirements means increasing the sizes of all the
GFB components. This means that the primary driving factor in determining the
size of the GFB components is the BLmin requirements. The maximum BLmin,
i.e. the BLmin,winter determines the sizes of the reconversion technologies, which in
turn affects the additional storage capacity to fuel the reconversion on top of the
prevailing industry hydrogen demand, and lastly the electrolyzer needed to provide
the hydrogen. Therefore, the reason for decreasing profitability for higher BLmin

cases is due to the fact that it requires an increased amount of investment in the GFB
components (electrolyzer, storage and reconversion technology) as seen in Figures
4.6, 4.7, and 4.8. Since profit is defined as revenue minus the annualized investment
cost and the sum of both fixed and variable operation and maintenance costs of
the GFB components, designs with higher maximum BLmin tend to have lower
profitability due to the cost element.

When studying the design for each of these cases, it is important to consider that
these designs have been optimized for a five-year period since individual years have
different wind productions, and thus, yielding different results. When running the
model for individual years, the results are different, both between each other and
with the five-year period. To further clarify this, one of the cases was chosen:
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BLmin,summer = 10% and BLmin,winter = 20% and priceindustry = 4€/kg and BLmax

of 72%. Figure 4.9 displays an example of different designs obtained when running
the chosen case for individual years.

All of the cases have a fixed wind farm capacity of 5 GW and therefore the WF capac-
ity is not included in the chart in Figure 4.9. From the figure, it can be seen that un-
der different wind profiles and electricity price years, the capacity mixes determined
by the model are different. Moreover, the distribution of CCGT and OCGT capacity
investment varies depending on the year being simulated even though the total in-
stalled capacity of the gas turbines remained constant according to the BLmin,winter,
i.e. 1 GW. This is because, in some years, the amount of high-price hours is not
enough to justify the additional investment in CCGT capacity, and therefore an
investment in OCGT that can be ramped up as needed is preferred in those cases.

Figure 4.9: Capacity mix of the GFB components with BLmin 10/20% at 5 dif-
ferent year scenarios and a hydrogen price of 4 €/kg. (a. Electrolyzer, CCGT, and
OCGT capacities. b. Storage capacity)
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As seen from Figure 4.9, the variations in storage investment are quite significant,
with a difference of almost 125 GWh between the years 2010 and 2019. According
to Figure 2.4, 2010 is a year of very low wind in comparison with the others, which
explains the larger investment in storage, since a minimum supply of electricity must
be guaranteed throughout the whole year.

4.2.1 LCOE analysis of Scenario 2

The effects of the various BLmin combinations on the LCOE in this scenario were
calculated to find out how the addition of reconversion technologies caused by the
enforced minimum baseload impacts the LCOE and the results are displayed in
Tables 4.2, 4.3, and 4.4. Each of the tables shows the LCOE of the wind farm com-
ponent (LCOEW F ), the GFB part with the revenue of hydrogen both included and
not included (LCOEGF B,H2 and LCOEGF B,0, respectively), and the entire power
plant with the revenue of hydrogen to the industry included (LCOEP P,H2) and not
included (LCOEP P,0).

Table 4.2: LCOE analysis of different BLmin combinations in Scenario 2 at a
hydrogen price of 2.4 €/kg, for BLmax = 72%.

Hydrogen price LCOEW F LCOEGF B,0 LCOEGF B,H2 LCOEP P,0 LCOEP P,H2

2.4 €/kg [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]
BLmin 10/10% 54,98 231,37 186,30 62,07 60,26
BLmin 10/15% 55,93 220,63 173,47 64,76 62,23
BLmin 10/20% 58,00 215,42 167,57 69,13 65,75
BLmin 15/15% 57,60 186,78 143,13 67,24 63,98
BLmin 15/20% 59,11 183,39 138,53 70,41 66,33
BLmin 20/20% 63,19 175,38 132,50 76,83 71,62

Table 4.3: LCOE analysis of Scenario 2 at a hydrogen price of 3 €/kg, for BLmax =
72%.

Hydrogen price LCOEW F LCOEGF B,0 LCOEGF B,H2 LCOEP P,0 LCOEP P,H2

3 €/kg [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]
BLmin 10% to 10% 55,03 236,58 191,49 62,35 60,54
BLmin 10/15% 56,06 225,28 178,05 65,17 62,63
BLmin 10/20% 57,58 216,75 168,61 68,79 65,40
BLmin 15/15% 57,86 187,41 143,71 67,58 64,30
BLmin 15/20% 59,67 185,56 140,81 71,22 67,11
BLmin 20/20% 63,53 177,46 134,72 77,38 72,18
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Table 4.4: LCOE analysis of Scenario 2 at a hydrogen price of 4 €/kg, for BLmax =
72%.

Hydrogen price LCOEW F LCOEGF B,0 LCOEGF B,H2 LCOEP P,0 LCOEP P,H2

4 €/kg [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]
BLmin 10/10% 55,04 236,58 191,49 62,37 60,55
BLmin 10/15% 56,18 227,15 179,85 65,43 62,87
BLmin 10/20% 57,85 219,76 171,51 69,32 65,90
BLmin 15/15% 58,04 188,73 145,26 67,85 64,59
BLmin 15/20% 60,18 189,03 144,16 72,11 67,96
BLmin 20/20% 64,22 178,64 135,87 78,37 73,09

When compared to each other, Tables 4.2, 4.3, and 4.4 show that the LCOE varies
slightly with the difference in hydrogen prices, with a higher LCOE for higher hydro-
gen prices. This is due to the fact that the price of hydrogen impacts the capacity
mix from the model (and therefore the investment and O&M costs). In turn, it af-
fects how the components operate throughout the year and subsquently the LCOE
of the different parts of the WF, GFB, and the entire power plant (PP).

Another trend that can be observed from the LCOE calculations is that higher
BLmin scenarios increase the LCOE of the WF and PP, but decreases the LCOE of
the entire GFB. This result comes from the fact that in higher BLmin scenarios, there
is more electricity supplied by the GFB component due to the enforced minimum
baseload throughout the year. As LCOE is defined by the cost of the components
related to electricity production divided by the amount of electricity produced and
sold, this naturally lowers along with a higher amount of electricity produced as the
denominator.

4.2.2 Operation of designs
In this section, a description of the operation of the power plant as a whole will
be provided to better understand the role of each component and the added value
of the GFB to the system. For this analysis, the case of BLmin,summer = 10% and
BLmin,winter = 20% is chosen for the explanation of these results.

Figure 4.10 displays the wind profile load duration curve for the five-year period
being studied. It can be seen that the wind electricity supplied to grid is significantly
smaller than the total produced electricity, meaning that it is either being curtailed
or used in the electrolyzer. When there is insufficient wind (rightmost side of the
figure), the gas turbine is ramped up to supply the minimum baseload required.

It is of interest to note that there are some hours where, regardless of wind pro-
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duction being sufficient to cover the minimum baseload, the gas turbine supplies
electricity to the grid anyways (see middle section of the figure). This is due to
high electricity prices being present at these hours, giving a large economic value
to the electricity sold and thus the gas turbine is ramped up. Another observation
that can be withdrawn from Figure 4.10 is the energy loss throughout the hydrogen
production and reconversion process. The area below the wind production curve
(red line), indicates electricity produced by the wind farm. The blue area represents
the actual electricity being supplied to the grid from the wind farm. Therefore, the
empty area between the red line and the blue area represents electricity generated
by the wind farm which is either being fed to the electrolyzer or curtailed. The
green area represents the electricity generated by the gas turbine. Due to hydrogen
demand from the industry, this area is significantly smaller than the white space
under the red line (electricity generated by the wind farm but not being supplied to
the grid), since some of the wind-generated electricity is used in the electrolyzer to
fulfill the demand from the industry. To a lesser extent, part of this reduction in area
is also related to the efficiency losses associated with the production of hydrogen,
its storage, and the later reconversion.

Figure 4.10: 5-year period load duration curve of the power plant operation with
BLmin 10/20%, BLmax = 72% and hydrogen price of 4 €/kg.

As observed in Figure 4.11, there are two plateaus in the minimum supply to elec-
tricity, at 10% (0.5GW) and 20% (1GW). These correspond to 22.4% and 17.8%
of the total five-year period, respectively. In this flexible baseload case, the gas
turbine supplies the full minimum baseload requirement during 3.4% of the time
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BLmin = 10% is required, and 2.4% of the time BLmin = 20% is needed. For this
combination of BLmin, it is interesting to highlight the utilization of the maximum
grid capacity, BLmax = 72% or 3.6GW. In this case, the maximum grid capacity is
used during 5.1% of the time. Additionally, 90% of this maximum connection (i.e.
3.24GW) is used during 28.2% of the hours. This indicates that the maximum grid
connection is being used for quite a significant period of time, but that the most
optimal BLmax should be investigated further, as there can exist a most optimal
capacity of grid connection.

For this combination of BLmin, it is interesting to highlight the utilization of the
maximum grid capacity, BLmax = 72% or 3.6GW. In this case, the maximum grid
capacity is used during 5.1% of the time. Regardless, 90% of this maximum con-
nection (i.e. 3.24GW) is used during 28.2% of the hours. This indicates that the
maximum grid connection is being used for quite a significant period of time, but
that the most optimal BLmax should be investigated further, as there can exist a
more optimal capacity of grid connection.

Figure 4.11: 5 year period load duration curve of the power plant operation with
BLmin 10/20%, BLmax = 72% and hydrogen price of 4 €/kg.

In order to better understand the hourly operation of the different components of
the power plant, a yearly analysis of the results is provided (Figure 4.12.). The
chosen year for this analysis is 2016, which corresponds to the middle point in the
selected five-year period, and it is the year that happens to lie between the most
and least windy profiles used in this simulation, according to Figure 2.4.
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Figure 4.12: Yearly electricity supply of the power plant for 2016 with BLmin
10/20%, BLmax = 72% and hydrogen price of 4 €/kg.

From the figure above, the variability of wind production can be appreciated, as
well as the peaks in electricity prices that are experienced mainly during the win-
ter periods. It also clearly shows the role of the gas turbine as a complementary
technology in the system in order to provide the minimum selected baseload. The
figure also clearly highlights the difference in electricity prices between summer and
winter, where in the middle section (summer), the prices are more constant and
generally lower, whereas the high peaks in prices are experienced throughout the
winter months.

In order to better understand the hourly operation of these plants, a summer month
and a winter month were selected: July and January, respectively. Figure 4.13 shows
the electricity supply of the power plant in July 2016. The multi-day variability of
wind generation is visible in Figure 4.13, with larger wind production at the begin-
ning of the month than at the end. The prices this month are quite low (around 40
€/MWh being the maximum), therefore the economic value of reconverting hydro-
gen into electricity is not as high as that of selling hydrogen. Thus, only the enforced
minimum baseload is being supplied when the wind farm does not generate suffi-
cient electricity. Some differences can be appreciated from the figures. Around the
third period of high wind (i.e., the third cluster of tall blue columns), it can be seen
that for this constant baseload case, there is a lower supply of electricity from the
wind farm to the grid. This means that this electricity is instead being used in the
electrolyzer, as in this constant baseload case, the minimum supply is higher (15%)
than for the flexible case (10%) and therefore requires a larger hydrogen production
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in the studied month.

The behavior of the power plant is different throughout the winter, therefore the
electricity supply during January 2016 is displayed in Figure 4.14.

Figure 4.13: Electricity supply of the power plant for July 2016 with BLmin
10/20%, BLmax = 72% and hydrogen price of 4 €/kg.

Figure 4.14: Electricity supply of the power plant for January 2016 with BLmin
10% to 20%, BLmax = 72% and hydrogen price of 4 €/kg.

One of the most important observations that can be made from Figures 4.13 and 4.14
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is the supply of electricity from the gas turbine. Both cases display multiple hours
at which there is sufficient wind-generated electricity to supply to the grid, but since
the price reaches high values (even the maximum of 300 €/MWh), the gas turbine
generates electricity also above the BLmin. This means that the added economic
value of reconverting hydrogen to electricity is sufficiently large to compensate for
the costs and therefore additional electricity is generated in the gas turbine.

Another observation that can be made is how the wind also varies throughout the
winter in multiple-day periods, but how overall the amount of wind is larger than
that during the summer. This also explains why the gas turbines are running even
if the minimum baseload is met because the hydrogen production is large enough to
be supplied to the industry and to fuel the turbines.

The GFB section of the power plant is the one managing internally its variations and
therefore an evaluation into the operation of its single components was carried out.
Figures 4.15 and 4.16 display the hourly storage level and hydrogen production, and
the hydrogen usage, respectively. These figures can be compared also with Figure
4.14 to better understand how the wind production affects the GFB section.

From comparing Figures 4.15 and 4.16, it can be seen that at no point do the gas
turbine and the electrolyzer operate at the same time, i.e. hydrogen cannot be used
as a fuel at the same time as it is being produced. In high electricity-price hours, the
production of hydrogen is stopped, and the supply to industry lowered so that the
hydrogen can instead be used to produce electricity in the gas turbine (see middle
part of Figure 4.16). It can also be observed that when the electricity prices are
lower, the hydrogen supply to industry is increased, since there is less incentive to
sell to grid and the main goal is to maximize the profit of the plant.

Figures 4.15 and 4.16 show how the hydrogen production, storage, and utilization
operate. In this instance, the minimum baseload for the winter is 20%, thus de-
manding more hydrogen than the during the summer months. This can be observed
in the smaller supply of hydrogen to the industry (4.16), where the it is seen that the
supply of hydrogen to industry during this month is mostly in the lower limit of the
hourly flexible supply, since it has to be used to ensure the supply of the minimum
baseload (1GW). The right-hand side of Figures 4.15 and 4.16 corresponds to a high
wind period, and therefore the GT does not have to operate to cover the minimum
baseload. During this period, the electrolyzer is run at full capacity to fill up the
storage, to ensure there is enough hydrogen to cover the next instances of low wind.
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Figure 4.15: Hydrogen storage level, hydrogen production in the electrolyzer and
electricity prices for January 2016 with BLmin 10/20%, BLmax = 72% and hydrogen
price of 4 €/kg.

Figure 4.16: Hydrogen utilization in the gas turbines and supply to industry for
January 2016 with BLmin 10/20%, BLmax = 72% and hydrogen price of 4 €/kg.

4.2.3 Robustness analysis of designs
After running the model with multi-year data and obtaining the optimal capacity
mix for different minimum baseload scenarios, two final designs were chosen for
further analysis. The designs chosen are BLmin 10% to 20% and BLmin 15% to
15%. For this analysis, the chosen BLmin combinations were selected to stay closer
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to the original proposal (constant minimum supply), and to be able to supply the
highest BLmin analyzed (BLmin = 20%). The goal of this analysis was to verify the
designs selected by the model for a five-year period for separate years, with the aim
of analyzing the robustness and profitability of the chosen capacities.

In this analysis, the simulations are based on 72% grid connection (BLmax) and a
hydrogen price of 4 €/kg. The capacity mixes for the chosen cases (BLmin 10% to
20% and BLmin 15% to 15%) was used as input for the model to run for the years
2010, 2016, and 2018. The results were sorted and plotted to form a load duration
curve shown in Figures 4.17 and 4.18.

Figure 4.17: Load duration curve of the power plant operation with BLmin 10/20%
with 3 different year scenarios and a hydrogen price of 4 €/kg

Figures 4.17 and 4.18 show that overall, the yearly load duration curves are similar
to each other for the same BLmin cases with a difference in the number of hours
they are operating at a certain capacity. The gas turbines operate more hours and
with a higher capacity to compensate during the year with lower amounts of wind
(2010) compared to years with more wind (2016 and 2018) (refer to Figure 2.4 for
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the different wind profile load duration curves). Between the different minimum
baseload cases, there is also a visible difference in how the gas turbine operates
where in Figure 4.17, there are 2 plateaus in the load duration curve of the electricity
supplied to the grid by the gas turbine corresponding to the two different levels of
BLmin whereas there is only one for the constant minimum baseload case.

Figure 4.18: Load duration curve of the power plant operation with BLmin 15/15%
with 3 different year scenarios and a hydrogen price of 4 €/kg

Table 4.5 shows the profit of the power plant and parts of the profit that come
from the GFB part of the power plant in the 3 simulated years. This analysis
was done to show that the operation of the power plant and the profits can vary
between each year in operation depending on the weather and the electricity prices,
which will be further discussed in the next chapter. As seen from the table, the
designs are profitable almost every year, with the lowest profit made on year 1,
which corresponds to a low wind year, 2010, as seen from Figure 2.4. This is
expected, since having a forced BLmin during a low wind year means that part of
the electricity that could be sold from the wind farm to the grid must be diverted
to the electrolyzer to generate enough hydrogen to be able to fulfill this constraint.
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Table 4.5: Yearly profit breakdown of the power plant with BLmin 10% to 20%
and BLmin 15% to 15% cases.

Profit GFB [M€] 2010 2016 2018
BLmin = 10% to 20% -25,06 65,28 39,67
BLmin = 15% to 15% 48,41 88,09 54,04

This analysis shows the fact that the chosen capacities for the five-year simulation
has varying levels of profitability when seen on a yearly basis with some years oper-
ating on losses and others being profitable. Nevertheless, it results in overall profit
in the long run (i.e. five years in the case of this project).
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This chapter aims to discuss the results displayed in Chapter 4 - how the results have
been affected by the different methodological assumptions carried out and what are
the consequences of the obtained results. Also, an answer to the posed questions of
Section 1.3 will be sought.

The analysis performed in Chapter 4 allowed for a better understanding of how
the feasibility of the GFB plant is affected. Three main factors can be highlighted
from the results: the hydrogen price to the industry, the maximum grid connection
capacity BLmax, and the imposed minimum baseload requirement BLmin. Firstly,
the hydrogen price plays a major role, since hydrogen to industry is the largest
revenue inflow of the GFB. This implies, that for profit maximization, the sale of
hydrogen has the most significant contribution. This can be clearly observed from
the results in Section 4.1, where when given full freedom to invest or not in GT
(BLmin = 0%) the model chooses to behave solely as a hydrogen producer.

According to the assumptions made in Section 3.2, the hydrogen price was chosen to
be within the conservative side of the predicted prices in the future. It is important to
consider that if hydrogen prices are higher in the future, it will benefit the economic
feasibility of the GFB, as a larger profit would be made from it. But it is also
important to account for the fact that prices will most likely fluctuate, and therefore
so will the revenue stream of the GFB. Another factor affecting the revenue from
hydrogen is the demand of the industry, which in the present analysis was set to be
constant each year, but with a flexible hourly supply (refer to Section 3.2). This
assumption depends on the future behaviour of the industry, and the flexibility which
an industry is willing to accept in the supply. These aspects were not investigated
further in the model since they were out of the scope, but these could largely affect
the profitability of the power plant.

Besides the price of hydrogen being a main determinant in the economic feasibility
of the power plant, it was also seen that the connection capacity to grid plays a
major role (as observed in Figures 4.2 and 4.3). The costs reductions available from
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a reduced grid connection affect the overall profitability of the power plant as the
wind farm costs are lowered. When imposing a baseload minimum it was seen that
the profit made from selling electricity at larger than 72% connection to grid is not
large enough to compensate the cost.

Lastly, it was determined that the imposed baseload minimum plays a major role
in the profitability of the GFB, as seen from the results evaluated in Figure 4.4. As
mentioned before, if no BLmin is enforced, the model simply behaves as a hydro-
gen producer as it is the most profitable design. Therefore, imposing a minimum
baseload decreases the profitability of the plant. Since BLmin,winter is the deter-
mining factor for the investments made in reconversion technologies, which in turn
determine the needed capacity from the electrolyzer and storage, the larger the
BLmin,winter the lower the profitability of the power plant (as seen in Figure 4.4).

An important goal of this project was to determine the design of the GFB power
plant for it to be profitable under the many design constraints imposed. During
Section 4, multiple designs have been proposed for the five-year period analyzed.
After evaluating the results obtained and the profitability of these designs, it can
be discussed that multiple options exist which make the power plant profitable.
Although the LCOE of the plants analyzed in Scenario 2 is higher than the case
for the wind only scenario, it was decided that the value of supplying a baseload to
the grid behaving as a VMS, gives the power plant a value that is not economical
in nature. The chosen suggested as a result of this project is BLmin,summer = 10%,
BLmin,winter = 20% and BLmax = 72%. This was decided since the plant is profitable
and the minimum baseload supplied is quite large (1 GW) in the winter.

When analyzing the chosen design, it is important to consider that the model be-
haves reacting to a total overview of the five-year period. In reality, there is no
knowledge of the future hourly wind power profiles and electricity prices, and there-
fore the design chosen will behave differently than the results obtained. It was
believed that by implementing a larger BLmin,winter extra operational flexibility is
available for the design. The installed capacity of the reconversion technology is 1
GW, so in the event that the future prices and wind profiles behave differently from
what was assumed in this project, the plant has more flexibility and can operate at
a wider range of capacity than if the imposed minimum baseload was lower.

Another goal of the project was to determine the operation of the chosen designs. As
hypothesised, part of the electricity generated by the wind farm during high wind
periods of time and low electricity prices is supplied to the electrolyzer to generate
hydrogen to sell to industry or reconvert to electricity accordingly. The hydrogen is
reconverted to electricity to fulfill the minimum baseload enforced, but gas turbines
are also ramped up during periods of electricity prices spikes (as shown in Section
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4.2.2). The analysis on the behaviour of the power plant could be further expanded if
the effects of the power plant on the electricity system itself were taken into account.
As the model is design currently, the electricity prices are fixed and the power plant
reacts accordingly to maximize the profit made. In reality, due to the large size of
the wind farm being installed, it could be discussed that it will have an effect on
the electricity system and most importantly in the electricity prices. This two-way
interaction of the power plant with the system would most likely affect the obtained
design results and their operation.

It can also be argued that the results obtained throughout this project are also af-
fected by the data used and the demands specified. For example, the chosen time
period was five years in order to account for the inter-year variability of wind. In
order to obtain a more generalized design that can operate with different wind pro-
files, it would be beneficial to run the model for longer periods of time. Additionally,
there are several uncertainties that cannot be captured and modeled perfectly such
as the effects of climate change on future weather which might have an effect on
how the wind profile looks in the future and in turn, the operation of the wind farm
itself.

All in all, when considering the model developed and the obtained results, it can be
determined that the proposed project of a GFB power plant has a potential value in
the system, from the VMS perspective, and can also become a profitable investment.
The chosen design of BLmin,summer = 10%, BLmin,winter = 20% and BLmax = 72%
can be a viable option in the near future, managing wind power variations while
maximizing its profit. It can be discussed that such a power plant could become
competitive against other baseload suppliers such as nuclear, since when comparing
the latter’s LCOE (LCOE = 81€/MWh [50]) to the LCOE of the chosen design,
LCOEP P = 65.9€/Mwh, it is significantly larger.

5.1 Future work
After carrying out the modeling and evaluation of the GFB power plant, it was
determined that the work carried out could be further improved and so some future
work is suggested to continue this project.

First, as mentioned previously in this chapter, it would be of great interest to evalu-
ate the effect of such a power plant on the electricity system. Instead of letting the
model accept given electricity prices, it would be most interesting to connect it to a
more complete model of the system and the effect that this plant has on the prices
be evaluated. It is expected that this would result in different chosen design for the
different components and different operation of the latter.
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Additionally, the scope of this project was reduced to the Swedish electricity sys-
tem. Since the presence of hydro power in the electricity mix is so large, and this
technology is quite flexible in its operation, the electricity prices are largely affected
by the operation of hydro power. It would be interesting to analyze the behavior of
this power plant in a different electricity system where hydro power does not play
such an important role (i.e. UK).

Furthermore, the analysis performed throughout this thesis only included five spe-
cific weather years and corresponding electricity prices. In order to further generalize
the results and evaluate the operation and profitability of the GFB power plant in
other scenarios, a larger range of years is suggested for the analysis.

Lastly, the analysis on the optimal BLmax was reduced to only three different grid
connections (BLmax= 44, 72, and 100%). It is expected that there is a most optimal
connection point and thus a sensitivity analysis is recommended to determining
which grid connection is the most beneficial economically for the GFB power plant.
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This thesis discusses the techno-economical analysis of an offshore wind farm com-
bined with hydrogen production, storage, and reconversion as a Green Flexible
Baseload (GFB) concept, to be operated in southern Sweden in 2030. The anal-
ysis performed was focused on the maximization of profit made by the wind power
plant when acting as an electricity generator and hydrogen supplier. Assumptions of
future electricity and hydrogen prices, and components’ and fuels’ costs were made
for the future time-frame considered in this thesis. Weather data from the south of
Sweden was used to determine wind power production and predict future electricity
prices.

It was determined that the factors which affect the economical feasibility of the power
plant are the hydrogen price to industry, the maximum grid connection, and the
minimum baseload requirement. The larger the hydrogen prices the larger the profit
made by the power plant. A most optimal grid connection capacity was determined
for the different scenarios studied, being 100% when no BLmin is imposed, and 72%
for the cases with a set BLmin. Lastly, as explained in Chapters 4 and 5, BLmin,winter

is the main determinant of the capacities of the GFB section, and thus the larger it
is, the higher the investments, and the lower the profit.

It was concluded that there are multiple design combinations that result in profit
without the requirement of subsidies. Two designs are suggested as profitable options
in a scenario where hydrogen price is 4€/kg: a constant BLmin = 15% design
with BLmax = 72%; and a flexible minimum baseload BLmin,summer = 10% and
BLmin,winter = 20% with BLmax = 72% are propoxsed. The capacity of the different
components can be found in Table B.3 in Appendix B.

The wind power variations can be managed within the power plant when the GFB
section is added to it, which could significantly benefit a future electricity system
highly penetrated by VRE. The effect of such a power plant on the electricity mix and
prices is suggested as future work to better understand the role of such technology
as a VMS.
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A
Details of capacity mix Scenario 1

Table A.1: Details of the capacity mixes in Scenario 1: no minimum baseload with
a maximum grid connection of 42%

WF ELY Storage CCGT OCGT
Hydrogen price 2.4€/kg 5 0,61 14,41
Hydrogen price 3€/kg 5 0,61 14,41
Hydrogen price 4€/kg 5 0,61 14,41

Table A.2: Details of the capacity mixes in Scenario 1: no minimum baseload with
a maximum grid connection of 72%

WF ELY Storage CCGT OCGT
Hydrogen price 2.4€/kg 5 0,51 9,32
Hydrogen price 3€/kg 5 0,51 9,32
Hydrogen price 4€/kg 5 0,51 9,32

Table A.3: Details of the capacity mixes in Scenario 1: no minimum baseload with
a maximum grid connection of 100%

WF ELY Storage CCGT OCGT
Hydrogen price 2.4€/kg 5 0,43 9,24
Hydrogen price 3€/kg 5 0,44 9,24
Hydrogen price 4€/kg 5 0,44 9,24
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A. Details of capacity mix Scenario 1
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B
Details of capacity mix Scenario 2

Table B.1: Details of the capacity mixes in Scenario 2: Enforced minimum baseload
with a hydrogen price of 2,4 €/kg and BLmax = 72% and BLmax = 72%

WF ELY Storage CCGT OCGT
BLmin 10% to 10% 5 0,83 70,52 0,50
BLmin 10% to 15% 5 0,92 102,47 0,68 0,07
BLmin 10% to 20% 5 1,05 162,50 0,96 0,04
BLmin 15% to 15% 5 1,09 173,45 0,75
BLmin 15% to 20% 5 1,17 206,45 0,95 0,05
BLmin 20% to 20% 5 1,54 348,83 1,00

Table B.2: Details of the capacity mixes in Scenario 2: Enforced minimum baseload
with a hydrogen price of 3 €/kg and BLmax = 72%

WF ELY Storage CCGT OCGT
BLmin 10% to 10% 5 0,87 69,10 0,50
BLmin 10% to 15% 5 0,97 98,45 0,68 0,07
BLmin 10% to 20% 5 1,07 158,62 0,96 0,04
BLmin 15% to 15% 5 1,11 163,21 0,75
BLmin 15% to 20% 5 1,23 188,38 0,95 0,05
BLmin 20% to 20% 5 1,60 322,44 1,00

III



B. Details of capacity mix Scenario 2

Table B.3: Details of the capacity mixes in Scenario 2: Enforced minimum baseload
with a hydrogen price of 4 €/kg and BLmax = 72%

WF ELY Storage CCGT OCGT
BLmin 10% to 10% 5 0,87 69,10 0,50
BLmin 10% to 15% 5 0,99 98,24 0,68 0,07
BLmin 10% to 20% 5 1,12 152,61 0,96 0,04
BLmin 15% to 15% 5 1,13 159,14 0,75
BLmin 15% to 20% 5 1,29 187,43 0,95 0,05
BLmin 20% to 20% 5 1,70 287,04 1,00

IV
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