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ABSTRACT 

 

To meet the energy targets and improve the lack of power and higher prices in southern 

Sweden, the amount of electricity must increase, and alternative fuel sources be 

introduced. This thesis examines the techno-economic feasibility of offshore wind-

hydrogen production in southern Sweden, depending on whether an onshore- or offshore 

hydrogen system is used, and how grid connection subsidies would affect this. New 

research and development regarding the subjects were analyzed and reviewed. A project 

that has currently applied for a permit in southern Sweden, Skåne Offshore Wind Park, 

was used as a case study where the information from the review and data from similar 

parks were used to determine the cost and production for the two different systems. The 

costs were then adjusted according to the three different subsidy scenarios: current with 

no subsidies, partial with sea cable and transformer costs removed, or a full subsidy 

scenario where only the internal grid cost remained to achieve feasible levelized costs for 

electricity and hydrogen based on a discount rate of 6% and a lifetime of 25 years. Finally, 

a sensitivity analysis was performed. 

 

The results showed that market competitive electricity prices are only achieved with an 

onshore hydrogen system- and only if a full subsidy is introduced or if a best-case scenario 

is applied. In a worst-case scenario, no competitive electricity prices were achieved. For 

the offshore hydrogen system, the extra fuel system is too inefficient for electricity 

production. For hydrogen, prices were achieved within a reasonable price range of green 

hydrogen for all scenarios, where the onshore hydrogen system was 4% more 

advantageous. In a best-case scenario, competitive values even against blue hydrogen 

were achieved for the offshore hydrogen systems and for the full subsidy onshore 

hydrogen system. For hydrogen, the offshore hydrogen system's hydrogen prices were 

competitive regardless of subsidies, however this system had the highest CAPEX and 

OPEX costs. 
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The results of the study underline the need for fixed conditions but also the necessity of 

introducing a full subsidy for the grid connection cost - or best-case scenario conditions - 

to encourage further offshore wind power development.  

 

Keywords: Wind Power; Hydrogen; Onshore; Offshore; Electrolysis; South Sweden; 

System; LCOE; LCOH; Subsidies; Grid connection; Case study; Techno-economic; 

Feasibility 

 

 



 

 

3 

ACKNOWLEDGEMENTS 

 

I would like to thank my supervisor, Heracles Polatidis, for valuable input and 

encouragement during this Thesis’ and earlier courses. Further on, I would like to thank 

Siemens Gamesa, for giving me the opportunity to work with something I love. Finally, I 

would like to thank everyone that has believed in and supported me through my journey 

of achieving a late degree- that includes me.   



 

 

4 

NOMENCLATURE 

 

CAPEX Capital expenditure 

EU European Union 

GHG Greenhouse gas emissions 

GW Gigawatt 

GWh Gigawatt-hour 

H Hydrogen 

H2 Hydrogen gas 

H2O Water 

kV Kilovolt 

kW Kilowatt 

kWh Kilowatt-hour 

LCOE Levelized cost of energy 

LCOH Levelized cost of hydrogen 

LNG Liquified natural gas 

MWh Megawatt-hour 

MW Megawatt 

OPEX Operational expenditure 

O&M Operations & Maintenance 

PEM  Proton exchange membrane or polymer electrolyte membrane 

PPA  Power purchase agreements 

RES Renewable Energy Sources 

SOEC Solid oxide electrolysis cell 

SVK Svenska kraftnät, Swedish grid owner 

TW Terawatt 

TWh Terawatt-hour 

WT Wind turbine  

€ Euro 
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CHAPTER 1. INTRODUCTION  

 

1.1. INTRODUCTION  

 

With current and future energy targets aimed at reducing the use of fossil fuel sources and 

emissions of carbon dioxide and greenhouse gases, electricity is seen as a key solution. 

Therefore, the amount of electricity in the Swedish energy system must increase. 

However, the current future scenarios for the Swedish energy system are strongly 

dependent on nuclear power and hydropower, which have other environmental and safety 

problems. In addition, the transport and industrial sectors are seen as the biggest 

challenges and are the sectors that are the most difficult to electrify, which increases the 

need for additional alternatives for renewable fuels and sources, especially as some of the 

fuels proposed by the Swedish Energy Agency (2021a) are free of carbon dioxide 

emissions, but not from greenhouse gases (Pavlenko et al., 2020). 

 

Wind and solar power are seen as the solutions to this but given the natural limitation of 

space on land and the fact that offshore wind farms have greater production, offshore 

solutions must be considered. Offshore wind power has historically been too expensive 

for development in Sweden, given expensive grid connection costs. But offshore wind 

power production also varies with the weather and cannot be considered as a base energy 

source or as a fuel. The EU includes hydrogen as an important complementary secondary 

source in the future, made from RES sources as wind power. However, the Swedish 

Energy Agency has assessed hydrogen as the least feasible technology and has not taken 

hydrogen into account in the current strategies going forward (Swedish Energy Agency, 

2021a). 

 

However, given that southern Sweden has also suffered from a lack of production, the 

government has disregarded the Swedish Energy Agency and, as of 2021, has announced 

subsidies for the cost of the offshore grid connection, either in full or in part, which will 
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be investigated and presented in 2022. Newer research also indicates technological 

development for hydrogen which enables lower costs for the systems. Furthermore, the 

use of hydrogen pipes that can have lower installation costs and transmission losses than 

HVDC / HVAC cables can also be a promising alternative (Calado & Castro, 2021). This 

provides an opportunity for a review of a potential offshore wind-hydrogen production in 

Sweden. 

 

This study aims to investigate the technical and economic feasibility of hydrogen 

production on an announced offshore wind project off the south coast of Sweden, Skåne 

Offshore Wind Park, and the potential equalized cost of electricity and hydrogen (LCOE 

& LCOH) from two different systems and three different subsidy scenarios. 

 

1.2. RESEARCH QUESTIONS 

 

•  Could competitive electricity and hydrogen prices be achieved by Skåne Offshore 

Wind Park by adding hydrogen production? 

• Are electrolysis systems on land or at sea more advantageous? 

• How much does the current Swedish grid connection cost model (where the wind 

producer bears all costs) or the proposed alternatives; a partial subsidy (with sea 

cable and transformer cost removed) - or a full subsidy (all costs removed except 

internal grid) affect this? 

 

1.3. SCOPE  

 

The scope for the techno-economic feasibility study is to conduct a study on two different 

system configurations from three different scenarios to find LCOE and LCOH and to 

perform a sensitivity analysis of the results. The scope of the thesis is limited to the 

possible production and cost of the possible system configurations and does not include 

speculation or calculations on actual demand or current gas pipelines or electricity grid 
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planning. The experiment in the dissertation is therefore limited to the grid or gas pipeline 

connection and does not include balancing, storage, or different areas of use, even if they 

are  described. 

 

1.4. STRUCTURE  

 

Chapter 2 presents the background to the various topics related to the dissertation and a 

literature review related to the research, including the Swedish energy system, offshore 

wind power and hydrogen. Chapter 3 presents the experiment, the methodology and the 

mathematical modeling applied to answer the dissertation's research questions. The 

results are given in Chapter 4.Chapter 5 discusses and analyzes the results. Finally, a 

conclusion is drawn from the dissertation in Chapter 6, where further research is also 

proposed. 
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CHAPTER 2. LITERATURE REVIEW 

 

2.1. INTRODUCTION 

 

In Chapter 2, the related literature to this Thesis is reviewed and presented in the sections 

2.2-2.5 by analyzing earlier research and future projections for 2030 for the Swedish 

energy system, offshore wind power in Sweden, hydrogen, and offshore wind-hydrogen 

systems.  

 

The current Swedish energy system and its potential challenges are analyzed in section 

2.2. The current and future conditions for offshore wind power in Sweden and its system 

and costs are reviewed in section 2.3. Hydrogen and its potential are described in a section 

together with an extensive presentation of system components in 2.4. Section 2.5 gives a 

brief presentation of offshore wind-hydrogen systems. Research directly related to the 

topic of this Thesis is presented in section 2.6. The insights are presented in a conclusion 

in section 2.7.  

 

2.2. SWEDISH ENERGY SYSTEM 

 

This section describes the current Swedish energy system and presents its future targets 

and challenges related to the topic of this thesis. 

2.2.1 CURRENT ENERGY SYSTEM AND TARGETS 

In 2019, the Swedish energy system supplied and consumed 548 TWh, a quantity that has 

been roughly the same since the mid-1980s (Swedish Energy Agency, 2021b). In the 

following figure the flows for the whole Swedish Energy System are displayed as of 2019.  

For final use, 369 TWh remains after export and bunkering, of which 138 TWh was 

consumed in the form of electricity in 2019 (Swedish Energy Agency, 2021b).  
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Figure 1: Swedish energy system flow as of 2019 (Swedish Energy Agency, 2021b).  

 

In general Sweden has large production, in fact so large that during 2020 we exported 

electricity to other countries all days except 3, an amount of approximately 25 TWh 

(Department of Infrastructure & Department of Energy, 2021).  

 

Sweden has adopted the EU's energy targets and set up its own energy targets policy. The 

EU's energy goals for 2020 and 2030 are partly met except when it comes to effectivization 

of energy use and various future goals, such as net zero emissions in 2045 and 100% 

renewable electricity in 2040 (Swedish Energy Agency, 2021b). In 2018, RES sources 

made up approximately 58 % of the whole system (ibid). The Swedish Energy Agency 

(2021a) predicts that energy consumption will, in all scenarios except one with higher 

degree of electrification, either decrease or be in line with current levels in 2050 with 
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effectivization and electrification in large parts of the system. The exception is the 

industrial sector that will increase its consumption as large parts of fossil sources are 

phased out in all scenarios.  

 

2.2.2 SWEDISH ENERGY SYSTEM CHALLENGES ONWARDS 

 

However, the scenarios for 2030 and onward to 2050 continues to rely on electricity 

provided by the stabile base-load sources of nuclear and hydropower production (bid), 

which raises concerns. Nuclear power, although having small emissions, isn’t a renewable 

energy source, it impacts the landscape while mining uranium, and strategies for waste 

storage aren’t sustainable (Swedenergy, 2021). Second, it’s considered to have large safety 

risks and has in fact earlier been subject for referendum by the Swedish citizens and voted 

to be phased out over time in favor of RES, a decision that in 2010 was ruled out by  

politicians. This lead to new investments in current existing plants that wasn’t continued, 

which are expected to continue production until the 2040s (ibid.). Hydropower on the 

other hand, although considered an RES, is raising environmental concerns and hence is 

not expanded in the future scenarios and the production is expected to decrease because 

of regulations (Swedish Energy Agency, 2021b).  

Further on, in a reference EU scenario for only the transport sector, with more 

electrification from 2 TWh to 21 TWh, and the use of biofuels, fossil fuels would still 

make up over 20 TWh in the year of 2050 for domestic use as can be seen in the following 

figure.  
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Figure 2: Domestic energy use of the transport sector in Sweden 2010-2050, EU reference scenario 

(Swedish Energy Agency, 2021a).  

 

The use of biofuels is also worrying as this source faces the risk of EU restrictions and 

limitations on potential nitrogen oxide emissions and it is relied on in future energy use 

scenarios for the industrial sector (approximately 55 TWh) (ibid.). This in combination 

with the factor for an increased demand for electricity with electrification, regardless of 

consumption scenario, together with the fact that the transport and industrial sectors are 

judged to be the most difficult challenge to reduced emitted carbon dioxide and to make 

renewable (ibid) creates a need for alternative fuels and more sources of electricity for 

balancing purposes. 

 

Solar- and wind power are being considered to play a big role in this conversion, both by 

the EU and the Swedish Energy Agency (2021a), but it is well known that production 

varies and can’t be controlled which raises the need for hybrid systems or other sources.  
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2.3. OFFSHORE WIND POWER IN SWEDEN 

 

This section presents offshore wind power and the current and future conditions for it in 

Sweden by examining the technical potential and announced possible subsidies. The 

electrical system is briefly presented, and current and future costs reviewed.   

 

2.3.1. OFFSHORE WIND POWER 

 

Onshore space is limited, and offshore locations can offer not only more space but higher 

available energy cause of the lack of obstacles and hence lower roughness interference 

(Wizelius, 2015). To compare, an offshore wind turbine has roughly 50 % more full 

capacity hours (hours run at full production) than a turbine onshore (Department of 

Infrastructure & Department of Energy, 2021). 

 

However, integration of large amounts of offshore wind power doesn’t come without 

challenges. Since the wind resource  varies grid balance can be endangered if not enough 

balancing power exists (Singlitico et al., 2021).  Second, the current grids in the world 

need massive investments regarding connections to these offshore wind farms (ibid.). 

Third, electricity will struggle infiltrating the areas of transport and heavy industries 

(ibid.).  Offshore wind power also has larger uncertainties, risks and thus costs than 

onshore wind power (Swedish Government, 2017). These factors can all be related to the 

fact that it’s located offshore, meaning that construction and operation will not only cost 

more but also take more time. Environmental conditions will also be rougher which in its 

turn leads to a risk of more costs for damages and insurance (ibid.).  

 

2.3.2. CURRENT CONDITIONS IN SWEDEN 

 

Sweden has seen a large expansion of land-based wind power in its north and this is 

expected to increase (Swedish Energy Agency, 2021a), but the southern parts of the 
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country are more densely populated. This sets a natural limit for the development of not 

only onshore wind farms but also for solar parks, which is problematic since the area 

already today experiences a lack of power (Ministry of Infrastructure and Energy, 2021). 

 

In Sweden, there is a technical potential for 50 TWh of offshore wind power, while there 

have been intentions for 25 TWh, of which 11 TWh have permits (Swedish Government, 

2017). Production cost reduction is crucial for more offshore wind power development, 

even if Baltic Sea expansions may result in lower construction costs than projects in the 

Nordic Sea (ibid). Since it is an inland sea, tides or extreme waves or winds occur less 

(Ministry of Energy & Department of Infrastructure, 2021), but available wind resources 

- and thus income - will be lower (Swedish Government, 2017). The fact that Sweden 

historically also has very low electricity prices (Energimyndigheten, 2017) also reduces 

the income further. This in combination with a Swedish non-subsidized grid connection 

model has resulted in a low development of offshore wind farms in Sweden, with only 

five built parks as of 2017 (Swedish Energy Agency, 2017). 

 

In the Swedish non subsided grid model, the cost for all grid reinforcements and 

connections are paid by the wind producer, as depicted in the following figure, although 

the grid owner Svenska kraftnät, SVK, performs the construction of the backbone network 

(Swedish Energy Agency, 2018a). 

 

 

Figure 3. Swedish offshore wind power grid connection cost model (Swedish Energy Agency, 2018a).  
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From a Swedish political perspective, offshore wind power has been considered too 

uncertain and expensive for earlier subsidies compared to other RES. In reports made by 

the Swedish Energy Agency (2017) for the Swedish Government, specific support for 

offshore wind power has been heavily opposed and not deemed necessary before the year 

of 2030. One other main argument was the fact that with resulting decreasing electricity 

prices, no further economic benefit would be added to the system or to the producers with 

an increased amount of offshore wind power.  The Swedish Energy Agency (2017) instead 

believed this would just add additional costs for the Swedish energy system and a need to 

curtail energy. 

 

2.3.3. PROPOSED SWEDISH SUBSIDIES 

 

However, the combination of the south of Sweden suffering from an increasing lack of 

power and the current gas prices in Europe has also led to an increasing cost for electricity 

for the end users, such as for industries (which have had the lowest prices in Sweden 

before) and for households (Department of Energy & Department of Infrastructure, 2021).  

 

This has led to that on a press release the 14th of October 2021, the Swedish Department 

of Energy and Department of Infrastructure announced that the Swedish grid owner, 

Svenska kraftnät, will be given the mission to examine and prepare for a development of 

the transmission grid offshore which shall be presented to the Swedish Government on the 

15th of June 2022 at the latest (ibid.). They state that a decrease in connection cost and a 

further development of the transmission grids, making offshore wind power more 

competitive and equivalent with onshore wind power, will result in a significantly higher 

electricity production in the south of Sweden (ibid.). The Department of Energy and the 

Department Infrastructure (2021) also believe it is important to further raise the amount 

of renewable energy when some future scenarios expect a doubling in demand for 

electricity with further electrification, and to further lessen the Swedish contribution to 

climate changes.  
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This development of the transmission system has been interpreted by the Swedish Energy 

Agency (2018a) as two main scenarios, where in the first the grid owner Svenska Kraftnät 

(SVK) will take the whole cost for enforcement and connection to the grid all the way out 

to the internal grid of the offshore wind parks, a so-called full subsidy of the grid 

connection cost, as seen in the following figure.  

 

 

Figure 4. Full subsidy grid connection cost model scenario (Swedish Energy Agency, 2018a).  

 

This cost would be financed through increased fee from SVK to the power consumers and 

is estimated to be between 75-94 million euro TWh (Swedish Energy Agency, 2018a). 

 

 

Figure 5. Partial subsidy grid connection cost model scenario. (Swedish Energy Agency, 2018a).  
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In the second scenario suggested by the Swedish Energy Agency (2018a), the wind power 

producer would receive a subsidy for only the cable at sea and the transformer station, as 

depicted in the figure above. 

 

The potential cost is highly dependent on chosen technology, distance to shore and number 

of turbines. In a scenario made by Swedish Energy Agency (2018b) with an expected 

additional 33 GW ofoffshore wind power in the Nordic system 2030 as result from these 

subsidies, an annual curtailment of  1.7 % could be expected (Nycander et al., 2020). An 

expected annual average price of electricity of 50 €/MWh for the affected area S4 in 2030, 

could also decrease by 4.3 % (Swedish Energy Agency, 2018b).  

 

2.3.4. OFFSHORE WIND POWER SYSTEM 

 

Offshore wind turbines need offshore substations to collect and transmit electricity 

through cables to shore, but also to stabilize and maximize power voltage for power loss 

reduction (Froese, 2016). Depending on if HVAC (high voltage alternate current) which 

is suitable for lower capacities and distances, or HVDC (high voltage direct current) that 

is suitable for large capacity and longer distances, is used losses will be between 1-5% for 

the former and 2-4% for the latter in a scenario of a park 50 km from shore (Calado & 

Castro, 2021). A 2007 example of a Swedish offshore wind power park using a HVAC 

grid system, Lillgrund, can be seen in the following figure.  
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Figure 6: Layout of the electrical and grid system at Lillgrund. This information was obtained from 

the Lillgrund Wind Farm, owned, and operated by Vattenfall (Jeppson et al., 2016).  

 

As can be seen in the Figure above, the turbines’ internal feeders are connected to a 33 kV 

switchgear placed on the offshore substation. This substation converts the electricity to 

the desired 130 kV and sends the output to an offshore three phase cable before connecting 

to onshore single-phase cables before reaching the onshore substation that has a main 

circuit breaker (Jeppson et al. 2016).  

 

For HVDC, a more recently built wind farm, Hornsea 2 in the North Sea (with an area and 

capacity of 462 km2 and 1 386 MW, respectively) (PowerTechnology, 2021), used six 

HVAC transformer stations connected to two HVAC/HVDC converter stations with one 

HVDC cable each to land where it’s connected to a large HVAC converter transformer 

(ibid). 

 

 

2.3.5. OFFSHORE WIND POWER COSTS 

 

Until 2016, the production costs (LCOE) for offshore wind power were around 100 EUR 

per MWh, while the Swedish Energy Agency (2017) estimated a reduction of cost to 59-

86 € per MWh by the year 2020, and further reductions to between 49-76 € per MWh in 

the year 2035. These calculations were based on a 6 % discount rate, and an expected 
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lifetime span of 22.5 years, although many turbines now have an expected technical 

lifetime of 25 years (ibid.). A potential technical cost reduction of between 6-16 % is also 

expected depending on the development (SWECO, 2017).  

 

However, in 2013, Vattenfall won the construction of the Krieger’s Flak wind power 

project in the Baltic Sea with a record low tender of 50 €/MWh (ibid.) which was 

commissioned and in operation 2021. The tender didn’t include a grid connection, which 

The Swedish Energy Agency (2017) estimated would add 10 €/MWh and thus a total 60 

€/MWh with grid connection included (Swedish Energy Agency, 2017). The tender was 

also based on a discount rate of 5% instead of 6% and on a technical lifetime of 25 years 

(Vattenfall, 2008). Of these costs, approximately 95% is so called CAPEX (capital 

expenditures) and 5 % OPEX (operational expenditures) (Buljan, 2021). In 2017, the 

CAPEX share was estimated to 4 million €/MW (SWECO, 2017), and the OPEX 90 000 

€/MW yearly (Energinet, 2018) for offshore wind. For above mentioned Krieger’s Flak, 

the CAPEX was 1.6 million €/MW (Vattenfall, 2007) without the grid connection. The 

OPEX for Krieger’s Flak has been estimated to be 62 000 €/MW yearly (Energinet, 2018).  

Energinet (2018) estimated an average CAPEX cost of 1 920 000 million €/MW in 2020, 

which will decrease to 1 640 000 €/MW without grid connection towards 2030, and an 

average OPEX cost of 50 400 €/MWh yearly for new projects based on existing and 

announced projects in the pipeline. 

 

The different cost categories of the CAPEX were examined by IRENA in 2020, showing 

that, depending on project, the turbine and grid connection costs will be the largest single 

costs (IRENA, 2020) as seen in following table, which the Swedish Energy Agency also 

concluded in 2017 (Swedish Energy Agency, 2017).  
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Table 1. The different shares of CAPEX per category for an offshore wind power project (IRENA, 

2020. 

Offshore Wind Power - Share of CAPEX % 

Turbine costs 33-43% 

Grid connection costs 8-24% 

Construction costs 8-19% 

Miscellaneous investment costs 10-14% 

 

Grid connection costs will vary depending on the distance from shore, system 

configuration but also on which country the proposed offshore wind park is located, since 

different countries use different models for the connection costs (Swedish Energy Agency, 

2018a). The grid connection costs were analyzed and estimated by SWECO for the 

Swedish Energy Agency in 2018 for systems over 300 MW and resulted in the different 

system costs (converted from SEK to € on a currency rate of 10.62 SEK=1€ as of 2018) 

as depicted in the following table. 

 

Table 2. Costs related to offshore grid connection (Swedish Energy Agency, 2018a). 

System                                                                                        Costs 

HVAC in water 1.32 Million €/km 

HVDC in water 0.56 Million €/km 

Transformer in water 18.83 Million € 

AC-DC converter  47 Million € 

HVAC on land 0.23–0.56 Million €/km 

Transformer on land 1.41 Million € 

Transformer and converter DC on land 47 Million € 

Reinforced backbone network station 14.12 Million € 

 

A minimum of 10 km land cable to the backbone network connection is estimated 

(Swedish Energy Agency, 2017). 
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Of the costs, both Rysted Energy (Buljan, 2021) and the Swedish Energy Agency (2018b) 

don’t see any large cost reductions to each category, partially since a lot of the 

technologies are mature, such as HVAC, and since development towards larger and more 

efficient turbines adds other costs. The grid connection is estimated to make up 5-7 

€/MWh of the LCOE cost for a 11 km project, and respectively 8-11 €/MWh for a project 

33 km offshore in 2030 in Sweden (SWECO, 2017).  

 

2.4. HYDROGEN 

 

This section describes hydrogen and its characteristics. It also presents its potential as 

described by the European Commission and presents its role in the current Swedish 

Energy Agency scenarios. An extensive system review is presented along with current and 

estimated prices for around 2030.  

 

2.4.1 THE HYDROGEN STRATEGY 

 

The European Commission (2020) emphasizes the need for an additional strategy for 

hydrogen since it enables the solution for decarbonization of the most urgent and hard to 

reach areas, such as industry and certain economic sectors such as transport. Hydrogen is 

considered essential and a key priority to be able to reach carbon neutrality by 2050 and 

enabling the Paris agreement of zero pollution (ibid.). They state that hydrogen has the 

capacity to cover the gap of energy needed along with the RES such as wind power, but 

also fill other needs such as “…as a vector for renewable energy storage, alongside 

batteries, and transport, ensuring back up for seasonal variations and connecting 

production locations to more distant demand centers.” (European Commission, p.2, 

2020). In 2011 Gustavsson et al., (2011) made the same point regarding distance and 

concluded that transport in the future will be made with electricity for shorter distances, 

while heavier and longer journeys or operations need other fuels such as LBG (liquified 

biogas) and made a very crucial point that transport will always be needed in areas with 
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poorly developed infrastructure. Mikovits et al. (2021) emphasizes the need to use 

hydrogen as feedstock for chemical or fuel production and as reductant for primary 

steelmaking.  Additionally, hydrogen can support the balancing of the grids since it can 

have the same capacity and a longer discharge duration than even pumped hydropower as 

depicted in the following figure.  

 

 

Figure 7: Energy storing technologies based on capacity and discharge duration (InnoEnergy, 2020).  

 

 In the European commission’s (2020) strategic vision, they see a need of a percentage of 

12-14 % hydrogen in the energy mix in the year 2050, up from the modest 2-4 % today 

combined with the use of these other fuels. The commission has made a hydrogen strategy 

roadmap that can be viewed in following figure. 
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Figure 8: The Hydrogen Strategy- a roadmap to 2050 (European Commission as cited by Innoenergy 

2020). 

 

Because of this the European Commission have asked member countries to include 

hydrogen in their energy scenarios (ibid.), since as the roadmap above states, some of 

these actions should be in the pipeline already for 2024.  

However, the Swedish Energy Agency (2021a) mentions this mission from the European 

Commission but deems the different hydrogen techniques and the production of electro 

fuels as the least achievable in their report. This is mainly because of high costs and that 

research around it and its potential shares of the system is too sparse.  

Instead, the Swedish Energy Agency (2021a) in their report for the Swedish energy 

systems future scenarios relies on LBG (liquefied biogas) and LNG (liquefied natural gas) 

for longer journeys and heavy transport while using electrification for shorter distances 

(both civilian car travels but also ferries for example). This electrification means that the 

charging systems and infrastructure must be updated. LNG per unit of energy does contain 

less carbon, but that’s not equal to, that it during a life-cycle basis, that it will reduce GHG, 

greenhouse gas, emissions to any extent since it instead releases methane which traps 86 

times more heat than equal amount of CO2 (Pavlenko et al., 2020). A potential investment 
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in LNG technology- in the specific vehicle or in the system- also raises concerns that it 

will present itself as a so called “carbon lock-in”, meaning that it will serve as an obstacle 

to the transition for other zero (or low)- carbon fuels (Pavlenko et al., 2020).  

 

2.4.2. HYDROGEN CHARACTERISTICS  

 

Hydrogen (H) is the lightest but also most abundant element in the universe, making up 

as much as 75 % of the universe’s total mass (McCay & Shafiee, 2020). At normal 

pressure and at room temperature, hydrogen appears in molecule form - which with having 

a density of 1-14 to air - makes it disperse in the atmosphere (ibid.). But since hydrogen 

is a reactive atom, it tends to create compounds with other elements, resulting in, for 

example, the diatomic molecule H2 (ibid.). H2, or hydrogen gas, consists of two hydrogen 

atoms that combine and distribute their electrons evenly among themselves in a so-called 

covalent sigma bond (Robert et al., 2014). In its gaseous form, the hydrogen gas is both 

colorless and odorless in nature but can be influenced with the help of pressure and 

temperature so that it becomes a solid liquid (McCay & Shafiee, 2020). On earth it’s found 

in water, H2O, which covers 71 % of the surface (ibid.) and it can also be found in all 

organic compounds which makes it highly accessible. 

 

Hydrogen is considered interesting from a RES perspective since it has the same properties 

as electricity- meaning that it can both carry, store and provide energy and serve as a 

feedstock (European Commission, 2020). It also has the highest combustion energy and 

is among the fuels with the highest energy densities per unit mass, 33 kWh per kg 

hydrogen, and can be used and utilized with water as the only emission from the 

electrolysis process (ibid.), although hydrogen today is mostly extracted from natural gas 

(Mikovits et al., 2021).  

 

The issue with hydrogen is that it is the lightest element and naturally has a larger volume 

per unit mass and, just like electricity, it should be considered a secondary energy source.  
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This is because H2 doesn’t occur naturally, and it requires energy from other sources to be 

extracted which means that to be considered a non-pollutant source for energy, so called 

green hydrogen, it must be derived from RES sources (Towler, 2014). This raises the need 

for a system with enough renewable energy sources. The issue is also that currently the 

technology isn’t cost-competitive to other types of hydrogen produced by fossil-based 

sources or natural gas with CO2, with green hydrogen having a price of 2.5-5.5 €/kg 

(European Commission, 2020) and grey fossil fuel-based hydrogen has a price of 1.5 €/kg 

or up to around 2.7 €/kg if carbon capture, making it so called blue hydrogen, is added 

(Singlitico et al., 2021). However, the European Commission (2020) is expecting green 

hydrogen costs to decrease substantially to being cost competitive with the other types in 

2030.  

 

2.4.3 HYDROGEN ELECTROLYZERS 

 

Hydrogen can be produced and extracted through most energy sources, renewable as well 

as fossil ones, through many different methods. Steam reforming through natural gas is 

the most common, and cheapest, but other methods include autothermal reforming, coal 

gasification, water splitting and earlier mentioned electrolysis where water is the only 

biproduct (McCay & Shafiee, 2020).  

 

There are many different electrolyzer technologies, however all of them are based on a 

system where an anode and cathode are separated by an electrolyte (Calado & Castro, 

2021) in a stack. The electrolyzer generates hydrogen and oxygen through a chemical 

reaction process, where AC/DC rectified electricity is used to separate the oxygen and 

hydrogen atoms from demineralized water molecules (ibid.), by introducing two 

electrodes to the electrolyte (Lindblad, 2019). AC/DC rectifiers are usually incorporated 

in centralized larger electrolysis systems (Calado & Castro, 2021). Currently the most 

common technologies are AEL (alkaline electrolyzer) and PEM (Proton Exchange 

Membrane Electrolyzer), while SOE (solid oxide electrolyzer) is under development and 
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showing promising results in research, however it now requires high operating 

temperatures and durability (Calado & Castro, 2021), not making it suitable for 

intermittent sources because of the lack of flexibility and capability.  

 

AEL is the cheapest and most mature technology, having been used in industry for 100 

years (ibid), but has some downsides compared to PEM since it has slightly lower 

efficiency and isn’t as flexible when it comes to PEM regarding start-up, shutdown, and 

ramp-up and ramp-down time as well as capacity as seen in a comparison made by IRENA 

(2019a) in the below figure.  

 

Figure 9: Comparison of AEL, PEM & SOE electrolyzers (IRENA, 2019a).  

 

PEM can handle partial-loads and over-loads between 0-160% as seen above, however, 

this puts strain on the system and is not recommended for longer periods (Calado & Castro, 

2021) since this will decrease the time needed for stack replacement.  

 

In 2021, Singlitico et al. published new investment costs of 550 €/kW for AEL and 600 

€/kW for PEM towards 2030, which are expected to stabilize around 200 €/kW in 2050 

(Calado & Castro, 2021). In 2021, the lifetime for the stacks also had increased to 82 500 

hours for AEL and 85 000 hours for PEM, with an expected cost of 40 % of CAPEX per 

time, and the lifetime for the whole system increased to 25 years (Singlitico et al., 2021).  
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Electrolyzers need energy to produce hydrogen. In the following table the amounts can be 

viewed for 2018 along with estimations towards 2030. 

 

Table 3: Needed kWh/kg H2
 for AEL and PEM electrolyzers 2018 and projected amount for 2030 

(Marsidi 2018 & 2019).  

Electrolyzer 2018 2030 

AEL 52.3 kWh/kg H2 50.1 kWh/kg H2 

PEM 53.4 kWh/kg H2 52.3 kWh/kg H2 

 

Electrolysis demands freshwater and the production of 1 kg of hydrogen consumes 9 kg 

of fresh water, which raises a need for either a lease in the local water system, or a 

desalination unit if performed with seawater, which is most done by reverse osmosis units, 

so called RO plants. These have a utilization rate of approximately50 %, meaning that the 

needed amount of water doubles (Beswick et al., 2021), and the energy required is 

estimated to 3.5 kWh for each hydrogen kg produced (IRENA, 2012). The investment cost 

is very dependent on the system capacity, and the available information is very sparse. 

However, in 2020, Donkers presented a desalination unit with a 2000 L/h capacity with a 

unit cost of 61 200 € and an OPEX cost of 2%. For freshwater connections in southern 

Sweden the information is also very sparse, however one municipality presents a 

connection cost of 86 619 € and a yearly fee of 13 332 € (converted to € from 1 SEK~0,097 

€, 2022), which included maintenance and water use for 50 households (Kristianstad 

kommun, 2022), á la 2000 m3 or 6000 l per user and thus a total of 300 000 l water 

(VASYD, 2021).  

 

2.4.4. STORAGE & TRANSMISSION 

 

According to Godula-Jopek et al., in 2015 (as cited by Lindblad, p. 26, 2019) there are 

sevendifferent options for hydrogen storage, namely,” … ➢ Pressurized gas containers, 

up to 800 bars. Could use earth cavities as well as manmade tanks. ➢ Liquid hydrogen 

stored in cryogenic tanks, at 21 K. ➢ Bonded chemically in ionic and covalent 
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compounds. ➢ Absorbed on the surface of materials with large surface areas. ➢ 

Absorbed in interstitial sites in a host metal. ➢ Oxidation with reactive metals...”.  

 

Of these storage options, pressure tanks and liquified hydrogen are the most common 

(Lindblad, 2019). However, the liquification of hydrogen and the use of pressure lowers 

its energy density to 15 % of gasoline’s and requires temperatures of 20.3 K (McCay & 

Shafifee, 2020).  When dealing with large scale facilities, underground storage with a price 

from 1 €/Nm3 or tanks with a lower pressure of 30 bars for a price of 43 €/Nm3 are more 

commonly used (Lindblad, 2019).  

 

If the hydrogen needs to be in tanks or be transported (through pipes or vessels for 

example), the pressure needs to be higher which is done by a hydrogen compressor. 

Information on this is very sparse, but Richardson et al., (2015) state it costs between 

47 000-133 000 €for compressors that can compress between 20 - 350 bar. Gardiner 

(2009) stated that it takes 1.05 kWh to compress 1 kg H2 from 20 bar to 350 bar, and 1.36 

kWh for achieving 700 bars. A hydrogen gas pipe might be needed depending on purpose 

and system configuration. The available information for costs for offshore hydrogen pipes 

is also very sparse but is expected to be 0.91 M €/km for offshore, and 0.32 M €/km for 

onshore in 2021, with respectively 7 % and 4 % in OPEX costs with a 99.8 % efficiency 

for both on- and offshore (Miao et al., 2021) for the sufficient 100 bars.  

 

The hydrogen can also be reconverted to electricity in a fuel cell and stored in a battery. 

The estimated cost for a 4-hour battery system is 190 /kW with an operational cost of 2.5 

% with an estimated lifetime from 15 years and up, and an efficiency of 85 % (NREL, 

2021a). 

Battery storage, can be used as backup power to avoid operational stops in the electrolyzer 

system (Lindblad, 2019). 
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The most suitable fuel cell technologies for intermittent sources- and largest- are PEMFC 

(proton exchange membrane) and AFC (alkaline) (Calado & Castro, 2021). They have a 

conversion efficiency of approximately 50 %, of which PEMFC has the largest power 

density while they have a similar start up time (Calado & Castro, 2021). PEMFC 

estimations for large scale systems show an expected CAPEX of an average 1 476 €/kW 

towards 2030, with an expected OPEX cost of 2 ct €/kW (Cigliotti et al., 2021). 

 

2.5. OFFSHORE WIND-HYDROGEN SYSTEMS 

 

This section briefly presents the configuration of different offshore wind-hydrogen systems 

and connection to grid and pipelines. 

 

A wind-hydrogen system combines the need for production and storage and can be set to 

be electricity-driven or hydrogen-driven (Singlitico et al., 2021), meaning that production 

of electricity or hydrogen is preferred. Exact design and cost of the system depends on 

many factors but they all begin from the original systems of wind and hydrogen that has 

been accounted for so far, with some adjustment dependent on system configuration that 

will be accounted for below. All focus on offshore wind production.  

 

 

Figure 10: Offshore electrolyzer system (Calado & Castro, 2021).  
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In an offshore electrolyzer configuration, as seen in the previous figure, offshore grid 

connections and transformers are eliminated, and a H2 pipeline can be used instead of 

HVAC/HVDC cables, which enables a lower investment cost and smaller energy losses 

in the 0.1-0.2% range for the pipeline than the earlier mentioned one from the cables 

ranging between 1-5 % (Calado & Castro, 2021). However, in this scenario there is no 

grid connection, introducing a risk of more operational stops of the electrolyzers which 

can raise the need for a backup power source (Calado & Castro, 2021) such as a battery 

added to the electrolysis depending on system. The electrolyzer and other equipment also 

needs a platform (ibid.).  This adds 0.05 €/MWh (Donkers, 2020) on the total cost. 

Onshore the H2 can either be distributed, stored, or reconverted to electricity in a fuel cell 

and introduced to the grid as depicted below. A desalination unit would be added before 

the Offshore H2 electrolyzer, which can be fueled by AC current direct from the turbines 

(Calado & Castro, 2021). The optimal ratio between the offshore wind power capacity and 

the electrolyzer is estimated to 78 %, which would in a full load hours scenario result in a 

curtailment of 7.8% yearly (Donkers, 2020).  

 

 

Figure 11: Onshore electrolyzer system (Calado & Castro, 2021).  
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For an onshore electrolyzer system, as seen in the figure above, a traditional offshore and 

onshore grid system is applied, allowing chosen amount of electricity to go straight out 

into the grid, and the other part to the onshore H2 electrolyzer which either uses freshwater 

from the public water system or installs a desalination system near-coast. Excess hydrogen 

can either be put in storage or be reconverted through the fuel cell and inserted to the grid.  

 

The information on gas grid connection costs in Sweden is very sparse, and the 

distributional gas company Swedegas (2021) emphasizes that future gas connections are 

welcome, and that this cost either will be covered by them, or the producing company, or 

a combination of half the investment cost with transmission fees although it will always 

include an initial connection cost of 97 000 € (Swedegas, 2021).   

 

 

2.6. RESEARCH REVIEW 

 

This section reviews research related to the topic of the thesis, such as earlier studies on 

hydrogen production in Sweden, but also specifically wind-hydrogen and offshore-wind 

hydrogen production studies in Sweden and the neighboring country Denmark.  

 

In 2020, Karlsson performed a study on the existing Swedish onshore wind power park 

Mullberg, to assess the potential of combined wind-hydrogen production. This park, not 

being in the electricity area with the highest prices, struggled with profitability for 

traditionally produced electricity since the costs exceeded the income (Karlsson, p.2, 

2020).The study showed that electricity produced from hydrogen would be too expensive, 

however hydrogen production from the electricity could be feasible today from the chosen 

wind farm since the costs for hydrogen production would be lower than the reference price 

for hydrogen (ibid.).  
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In ‘Onshore, offshore, or in-turbine electrolysis? Techno-economic overview of 

alternative integration designs for green hydrogen production into Offshore Wind Power 

hubs’ Singlitico et al., (2021) examined how green hydrogen can be produced at the lowest 

price with the current available technologies for electrolysis from offshore wind power 

energy hubs in Denmark. Their research showed that production of green hydrogen could 

be competitive with the prices for hydrogen produced from natural gas at a price of 2.4 

€/kg with offshore electrolysis based on a 5 % discount rate (ibid.). Furthermore, by 

installing an electrolyzer and utilizing peak loads, LCOE could be reduced by 13 % for 

the wind electricity (ibid.) However, none of the scenarios used relied on a H2 pipeline as 

the only transmission to shore and didn’t include reinforcement of the backbone network 

and grid connection costs. Additionally, all scenarios were calculated with a system 

configuration using an energy hub island.  

 

In ‘An economic feasibility study of hydrogen production by electrolysis in relation to 

offshore wind energy at Oxelösund’ Lindblad (2019) performed a study on hydrogen 

driven offshore wind-hydrogen parks for steel production in the central part of Sweden. 

Lindblad (2019) concluded that offshore wind-hydrogen can be viable, however it’s very 

reliant on investment costs and potential incomes and agreements since the costs showed 

issues when trying to achieve the lower prices of hydrogen on the market. He further 

speculated if this should be the target, or if green hydrogen incentives could be instated to 

encourage the use of green hydrogen. The study didn’t include the use of only a hydrogen 

pipe and didn’t assess the whole system regarding different connection costs since its main 

aim was the steel production for a factory. However, electrolyzers and storage was 

analyzed extensively, and PEM showed the best results in connection to the intermittency 

of wind power and future projections.  
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2.7. CONCLUSIONS 

 

This section presents the conclusions drawn from the review of the subjects in Chapter 2.  

 

The literature review showed that the future Swedish energy system will potentially 

experience issues with needing a larger portion of electricity in the system and fuel 

alternatives, especially in consideration to the challenges related to decarbonization of the 

transport and industry sectors. Wind and solar power are expected to play a large part, 

however onshore expansion will experience natural limitations especially in the south part 

of the country that experiences a lack of power today. Offshore wind power offers large 

potential in production; however, it has been too expensive with the Swedish grid 

connection model to be attractive to wind power developers. But the lack of power 

combined with higher prices for electricity has led to that the Swedish government has 

announced that offshore wind power should get grid connection subsidies that are going 

to be presented in detail during 2022. These subsidies are expected to lead to a greater 

development of offshore wind power by making it profitable for developers. 

 

However, wind power is an intermittent source and won’t be sufficient to solve the need 

for alternative fuel and electricity sources and storage thereof in the future. The European 

Commission deems that green hydrogen, produced from RES such as wind power, will 

play a big role in the future energy system and has asked the European member countries 

to include hydrogen in its future scenarios and to take actions for this introduction. 

Hydrogen can be produced with only water as emission with the use of electrolysis. The 

PEM electrolyzer is the technology that is deemed to have the best potential together with 

intermittent RES sources.  

 

Hydrogen production can be performed in hybrid systems, such as offshore wind- 

hydrogen system configurations. This enables other possibilities, such as eliminating grid 

connections in full by transporting hydrogen to shore with pipelines that are less expensive 



 

 

37 

and have smaller energy losses than traditional HVAC and HVDC cables. Depending on 

demand, the systems can also be electricity- or hydrogen driven, and the production can 

be stored and reconverted to electricity for balancing purposes.  

 

Related research on the topic, such as a techno-economic study applied to Danish 

conditions shows that competitive prices can be achieved both for hydrogen and 

electricity. However, a study on offshore wind-hydrogen production feasibility in Sweden 

2019 shows that it’s very reliant on system configuration cost, potential income and 

agreements. It could potentially be financially viable depending on these factors, but issues 

arise when trying to reach competitive prices. Onshore wind-hydrogen production, with 

smaller investment costs, already shows profit in a case-study of the already built wind 

park of Mullberg in Sweden for hydrogen production. It was not profitable to reconvert 

the hydrogen to electricity for this park, however this park also struggled with profitability 

for traditional electricity production (Karlsson, p.2, 2020).  

 

Presently, no study has examined the feasibility for offshore wind-hydrogen production in 

the south of Sweden, and additionally not examined the potential impacts the announced 

subsidies for offshore wind power would have on the result. Furthermore, none of the 

research that has been found has investigated the potential result with the use of solely a 

H2 pipeline, an offshore hydrogen generation system, instead of a traditional electricity 

grid connection system.  

  



 

 

38 

CHAPTER 3. METHODOLOGY AND DATA 

 

3.1. INTRODUCTION 

 

In Chapter 3 the experiment, methodology and modeling applied to answer the Thesis 

research questions are presented. 

 

In section 3.2 the experiment is presented. Section 3.3 describes the methodology applied 

to extract the necessary data. The mathematical modeling of LCOE and LCOH is 

described in section 3.4.  

 

3.2. DESCRIPTION OF EXPERIMENT  

 

This section describes the method, scope, and limitations of the Thesis’ experiment.  

 

3.2.1 DESCRIPTION OF EXPERIMENT  

 

This thesis will examine the possible attainable LCOE and LCOH for offshore wind-

hydrogen production from two different system configurations for three different 

economical scenarios. The two system configurations are:  

 

• Onshore hydrogen system. An additional hydrogen system consisting of a 

freshwater connection, electrolyzer, compressor and gas pipe to the gas grid is 

connected onshore to the traditional wind farm system. The ratio for the offshore 

wind farm capacity and the electrolyzer will be set to 75 %, close to the 

recommended 78 % by Donkers (2020). A PEM electrolyzer is used that can 

handle temporary overloads and stack replacement will be included. 

• Offshore hydrogen system. The traditional grid connection system of the wind 

farm is replaced with an offshore platform for H2 electrolysis offshore with 

desalination, electrolyzer and compressor before being transported to land and the 
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gas grid by an H2 gas pipe. Onshore an additional fuel cell system is applied which 

is then connected to a DC/AC converter before being connected to the backbone 

network with a HVAC cable. The ratio for the offshore hydrogen system and the 

fuel system size will be set to 75%, equal to the ratio for the onshore hydrogen 

system. The hydrogen can either go straight to the gas grid or be converted back 

to electricity in the fuel system. 

 

The three different subsidy scenarios are the current situation with none, a full subsidy or 

a partial subsidy for the grid connection as described in chapter 2. When applied to the 

production of either electricity or hydrogen, twelve scenarios can be identified from the 

information above in the experiment as pictured in below figure.  

 

 

Figure 12:  The different scenarios in the experiment.  
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The current scenario with no subsidy includes all costs. For the partial subsidy scenario, 

the costs for the offshore high voltage cables and transformers are removed, while onshore 

high voltage cable, converter and grid connection cost is included. For the full subsidy 

scenario, the costs both for the offshore and onshore cables, converters, transformers, and 

the electricity grid connection are excluded. The results are compared with the market 

values for LCOE and LCOH as described in chapter 2. 

 

3.2.2 LIMITATIONS 

 

All data collected is from the literature review made in chapter 2. All currency conversion 

has been according to the currency rates of the given years if possible, and when offered 

more than one alternative for values, the average of the given information has been applied 

if not strongly otherwise motivated by the case-study characteristics (such as applying 

Krieger’s flak costs since it is located nearby). This is also the case with the electrical 

system HVAC cable cost in table 2. For some components the available information has 

been very sparse, and estimations has had to be made to similar components, such as for 

the compressor but also the HVAC/HVDC losses that are average for 1-5%. The 

experiment is limited to the production, transmission, and the connection to the electricity- 

and gas grid and thus does not include storage or different distribution methods than the 

electricity or gas grid. To further limit the scope of the thesis’, the two different systems 

scenarios are also limited in such way that they only account for production of either 

hydrogen or electricity, although the production distribution can be adjusted as needed. 

The study scenarios can be adapted accordingly by, for example, scale down the fuel cell 

system to lower cost for a choice of less production of reconverted electricity. 

 

3.3. DESCRIPTION OF METHODOLOGY 

 

This section describes the methodology to extract the production and cost data necessary 

to answer the research questions of the Thesis for the different system configurations. 
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 3.3.1 DESCRIPTION OF METHODOLOGY  

 

To attain the necessary data the two system configurations are applied to a case study of 

an announced wind farm off the southern coast of Sweden which has currently applied for 

permit. The case study is used to estimate the cost and production, by utilizing and 

adapting information from similar wind farms and available wind data. The utilized wind 

data is adapted to the announced size and capacity of the case study farm. Further on, the 

variations in system configuration that this results in, are calculated, and analyzed from 

the three different subsidy scenarios, current conditions with none, full subsidy or partial 

subsidy for the grid connection as described in chapter 2 regarding production and cost to 

offer the necessary data for the LCOE and LCOH calculations. 

 

3.3.2. PRODUCTION 

 

The wind farm production will be estimated for the case study wind farm with the help of 

the capacity factor. The capacity factor is based on estimated annual production divided 

with the power multiplied with hours per year (Wizelius, 2015) as per the following 

equation. 

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑛 % =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑀𝑊ℎ

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑖𝑛 𝑀𝑊 ∗ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 ℎ
 = % 

(1) 

Capacity factor will vary depending on the park’s age, location, and technology but 

IRENA (2019) states an average 43% as a typical maximum output in 2018, with numbers 

expected to be between 36-58% in 2030 (an average of 47%).  

 

To decide the capacity and size for the hydrogen system components and the gas and 

electricity grid connection for each configuration and mode, the maximum hourly 

production needs to be estimated as well. This will be done by applying  the largest 

available wind turbine power curve to the latest available wind data year of 2019 for the 
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case study location at the online production calculator tool Renewable Ninja, and then 

modifying the theoretical maximum hourly production with the chosen average capacity 

factor of 47%. 

 

After this the losses and demands for each system or component as researched in chapter 

2 and presented in the following table 4 will be applied to attain the actual production of 

electricity and, respectively, hydrogen per system configuration over a year.  

 

Table 4: Different system components losses and fuel need. 

Component Efficiency Loss Fuel need 

HVAC/HVDC Cable  2.5 % 

average 

(Calado & 

Castro, 2021) 

 

Desalination unit 50% (Beswick 

et al., 2021) 

 3.5 kWh/kg H2 produced (Karlsson, 2020) & 

18 l water per kg H2 produced (IRENA, 

2012) 

Electrolyzer 75% average 

(IRENA, 2019a) 

 52.3 kWh/kg H2 produced (Lindblad, 2020) 

Freshwater   9 l Water/kg H2 (Beswick et al., 2021) 

Compressor   0.33 kWh/kg H2 for 100 bars  (Gardiner, 

2009) 

H2 pipe   0,1 % 

average 

(Calado & 

Castro, 2021) 

 

Fuel cell 50% (Calado 

& Castro, 2021)  

 16.5 kWh/1 kg H2 produced with 50% on 

33 kWh per kg H2 (European commission, 2020) 

(Calado & Castro, 2021) 

 

For the onshore hydrogen system configuration, the high voltage cable loss is accounted 

for both the electricity and the hydrogen. For the hydrogen production the electricity is 

then directed to the electrolyzer where the electricity is converted into hydrogen as per the 
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electrolyzer efficiency rate before the loss for compressing and transmission through the 

H2 pipe is accounted for.  

For the offshore system the loss for desalination, electrolyzer, compressor and H2 pipe 

transmission is included both for hydrogen and electricity production. For the electricity 

production the hydrogen is then directed to the fuel cell system where the hydrogen is 

converted into electricity with the conversion efficiency rate of the fuel system before the 

final high voltage cable loss to the grid is added.  

 

3.3.3. COST 

 

The cost will be estimated using similar recently built wind parks regarding system and 

location for the case study, combined with the needed size and capacity of the system as 

calculated per the production. Additionally, the system configuration and estimated 

connected costs for offshore grid connection is applied to the case study wind farm 

capacity from the information given by Swedish Energy Agency (2018a) in table 2 and 

the hydrogen specific system configuration as depicted by Calado & Castro (2021) in 

figures 10 & 11 with the addition of components and CAPEX and OPEX costs as 

researched in Chapter 2.  

 

3.4. DESCRIPTION OF MATHEMATICAL MODELING 

 

This section describes the mathematical modeling of LCOE and LCOH performed to 

attain the result of the research question of the Thesis.  

 

LCOE, levelized cost of energy, gives the cost per produced kWh or MWh and gives the 

price that is needed to cover the costs. For this experiment a less detailed levelized cost 

formula will be applied since the system configurations and costs are all built on future 

predicted estimations. To be able to apply NREL’s (2021b) simple LCOE formula the 

CRF – the capital recovery factor - must be calculated (NREL, 2021b). The CRF gives the 
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present value of the cost and discount of the investment, dependent on the discount rate 

and the annuity. The formula as per NREL (2021b) is seen following formula where i is 

the discount rate and n is the annuity or the lifetime of the system. The lifetime for the 

systems is set to 25 years, the discount rate to 6 %. The discount rate is chosen to be the 

same of the Swedish Energy Agency scenarios (2017) to be able to compare the result 

with the LCOE attained from that report and the Krieger’s Flak project. The lifetime is 

however raised to 25 years, different to the Swedish Energy Agency (2017) scenarios, but 

the same as for example Krieger’s Flak because of the technical developments since those 

scenarios were made. 

 

𝐶𝑅𝐹 =  
𝑖 (1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
 

(2) 

 

The CRF is then multiplied with the investment cost to get the current value of the 

CAPEX, before the operational costs, the OPEX, are added. This cost is then divided over 

the yearly production to attain the LCOE (ibid.) as seen in following equation.  

 

𝐿𝐶𝑂𝐸 =  
𝐶𝐴𝑃𝐸𝑋 ∗ 𝐶𝑅𝐹 + 𝑂𝑃𝐸𝑋

𝑎𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 

(3) 

 

For LCOH the formula will be the same, except that the cost for the electricity directed to 

and needed for produced kg of H2
 is added as an annual fuel cost as depicted below. 

 

𝐿𝐶𝑂𝐻 =  
𝐶𝐴𝑃𝐸𝑋 ∗ 𝐶𝑅𝐹 + 𝑂𝑃𝐸𝑋 + 𝐹𝑈𝐸𝐿 

𝑎𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 

(4) 
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For the two different systems used in this thesis, this means that the onshore hydrogen 

system will first calculate the LCOE of the wind farm and the grid connection costs to 

attain the price for the electricity needed for the hydrogen production. The LCOH will 

then only include the CAPEX and OPEX costs for the components needed for hydrogen, 

since the fuel cost, the LCOE, includes the CAPEX and OPEX for electricity. In the 

offshore hydrogen system, the case is the opposite. Here first the LCOH will be calculated 

without fuel cost, to attain the LCOH needed for the LCOE fuel cost for the electricity 

produced through hydrogen. 

 

The results are then compared with the estimated values for LCOE and LCOH to see the 

feasibility. The Swedish Energy Agency (2018b) estimates an annual average price of 50 

€/MWH for LCOE for the S4 electrical area of the south of Sweden around 2030 - with a 

potential decrease of 4.3 % to 47.85 €/MWh with more wind power in the system because 

of potential subsidies. The LCOH for green hydrogen is expected to between 2.5-5.5 €/kg 

(European Commission, 2020), but needs to be lower than 2.7 €/kg to compete with blue 

hydrogen (fossil-based with carbon capture) and below 1.5 €/kg to compete with grey 

fossil-based hydrogen (Singlitico et al., 2021).  
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CHAPTER 4.  APPLICATION OF THE METHODOLOGY AND RESULTS  

 

4.1. INTRODUCTION 

 

The case study wind farm used for the experiment is introduced in section 4.2.  In section 

4.3 the result of the methodology applied to the case study to retrieve necessary data for 

the mathematical modeling is presented. Section 4.4 presents the result of the 

mathematical LCOE and LCOH modeling.  

 

4.2. CASE STUDY SKÅNE OFFSHORE WIND FARM 

 

This section describes the case study wind farm used for the experiment. 

 

The Danish energy company Ørsted plans to build an offshore wind farm park between 

2026-2029 off Skåne’s south coast, Sweden’s most southern region, through their Swedish 

daughter company Skåne Offshore WindFarm AB. The process for applying for permits 

is ongoing, and a first basis for a delimitation consultation was published in the spring of 

2021. The proposed location for Skåne Offshore Wind Park is depicted in the following 

figure, and the park is expected to be commissioned and operational in 2030.  
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Figure 13: Proposed location for Skåne Offshore Wind Farm (Ørsted, 2021). 

 

The total area is approximately451 km2 and is intended to consist of between 55-125 

turbines with a total installed capacity of 1 500 MW which according to Ørsted (2021) is 

equal to the consumption of 700 000 Swedish households. There is currently no grid 

connection point existing or assigned to the area from the Swedish grid owner Svenska 

Kraftnät, but the park will have 22 km to shore, and is expected to have an internal grid of 

almost 400 km (Ørsted, 2021). The internal grid will be connected to HVAC transformers 

lead into HVDC converters and through HVDC cable to shore (ibid.). 

 

Since technology is developing fast, it is recommended to not state an exact chosen turbine 

or numbers for an application for permit to make a potential permit invalid before 

construction time or to be forced to continue with a less effective model and number that 

is available. Ørsted (2021) has although stated a maximum range for technical parameters, 

that can be seen in following table. 
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Table 5: Maximum range for technical parameters of turbines (Ørsted, 2021).  

 

The area has good wind resources, with an average of 9.5 m/s at 140 meters height as seen 

in below figure from year 2011’s MIUU wind mapping. 

 

 

Figure 14: MIUU wind mapping at 140m height 2011 (Vindbrukskollen, 2021).  

 

The wind distribution was established with wind data for the year of 2019 for the chosen 

location retrieved from Renewable Ninja (2021) and depicted in the following figure. 

 

Parameter Smallest turbines  

(12 MW turbines) 

Largest turbines  

(27 MW) 

Quantity of turbines 125 55 

Minimum height for lowest part of rotor blade 

above water surface (m) 

~ 30 

 

~ 30 

 

Rotor diameter (m) 220 320 

Maximum height for rotor blade above water 

surface (m) 

295 385 
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Figure 15: Weibull chart for the proposed area at 140 m height, based on 2019 wind data from 

proposed location taken from Renewable Ninja (2021), see appendix A for input data.  

 

4.3. EXPERIMENTAL RESULTS  

 

This section describes and presents the results of the application of the methodology on 

the case study to attain the data for the mathematical modeling.  

 

4.3.1. CASE STUDY WIND FARM PRODUCTION 

 

Since the park is expected be built between 2026-2029 (Ørsted, 2021), the average 

capacity factor of 47 % as described in chapter 3 was used for the calculations to estimate 

production. For the Skåne Offshore wind park, with the stated capacity of 1 500 MW, this 

resulted in the following production: 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑀𝑊ℎ = (1500 𝑀𝑊 ∗ 8760 ℎ) ∗ 47 % = 6 175 800 𝑀𝑊ℎ 

(5) 

6 175 800 MWh  is equal to approximately 6 176 GWh or 6.17 TWh.  

To double-check this result, the given Weibull distribution as presented in figure 14 was 

crosschecked with the power curve of the largest available offshore turbine at Renewable 
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Ninja’s online web calculator tool- a Vestas V164 8000 (Wind-turbine-models, 2021)- at 

140 m height and with a modification of capacity to 1 500 MW. This calculation gave 7 

021 793 MWh, and a capacity factor or 53 %. Although plausible, this number was ruled 

to be optimistic compared to the findings from IRENA (2019) and the average capacity 

factor of 47 % was used. 

 

To attain the production in any given moment the Renewable Ninja data for 2019 and 

above-mentioned Vestas’s turbine power curve was modified fit the chosen estimated 

capacity factor of 47 %, to show the typical variation in production over the year for 

every hour as viewed in following figure. 

 

 

 

Figure 16: MWh production per hour 2019 based on wind data and a modified Vestas power curve 

from Renewable Ninja (2021) 
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4.3.2. CASE STUDY WIND FARM COST 

 

Since turbine, quantity or exact system configuration isn’t chosen, CAPEX and OPEX 

cost can only be estimated as well. However, the proposed location for Skåne Offshore 

Wind Farm is very close to the Krieger’s Flak Wind Farm that was mentioned in chapter 

2 and has similar characteristics. The Krieger’s Flak tender was a record low for the time, 

but it’s plausible to adapt it to the conditions for the Skåne Offshore Wind Farm since 

competition and development will have followed the general trend making this possible 

upon construction start in 2026. To not underestimate costs and considering that the 

construction starts in 2026, further projected estimations of cost reduction towards 2030 

as from the Swedish Energy Agency won’t be added. By utilizing the CAPEX and OPEX 

of Krieger’s Flak, namely 1.6 M€/MW and 62 000 €/MW (equal to approximately4% the 

installed capacity cost per MW), the estimated CAPEX and OPEX for Skåne Offshore 

Wind Farm can be estimated. This gives Skåne Offshore Wind Farm an expected CAPEX 

total investment cost of 2 400 000 000 € for turbines, development, and internal grid 

system and an OPEX cost of 96 000 000 €, approximately4%, yearly for 1500 MW.  

 

A specific grid configuration is not available for the Skåne Offshore Wind Farm; however, 

it is said that HVDC transformers will be used, and thus a HVDC cable to shore (Ørsted, 

2021). Since the size and announced type of system is similar to Hornsea 2 as described 

in Chapter 2, the configuration from that park will be used as a reference. Considering the 

system demands and the project’s information, and a 4 % OPEX cost, that would lead to 

the following configuration and cost. 
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Table 6: Skåne Offshore Wind Farm system and cost.  

Component Quantity Cost per unit 

Windfarm & Internal grid 1500 MW 1 600 000 €/MW (Vattenfall, 2020) 

HVAC Transformer Sea 6 cables (Power 

Technology, 2020) 

18 830 000 € (Swedish Energy 

Agency, 2017) 

HVAC Cable Sea 6 cables (Power 

Technology, 2020) of 

0.5 km (estimated) 

1 320 000 €/km (Swedish Energy 

Agency, 2017)  

AC/DC Converter Sea 2 units 

(PowerTechnology,2020 ) 

47 000 000 € (Swedish Energy 

Agency, 2017)  

HVDC Cable Sea 2 (Power Technology, 

2020) á 22 km 

(estimated) 

560 000 €/km (Swedish Energy 

Agency, 2017)  

DC/AV Converter onshore 300 MW 5 units for 1500 MW   47 000 000 € (Swedish Energy 

Agency, 2017) 

HVAC Cable onshore 1 of 10 km (Swedish 

Energy Agency, 2017) 

395 000 €/km (Swedish Energy 

Agency, 2017) 

Connection cost for reinforcement of grid 

backbone network for 300 MW 

5 Times for 1500 

MW 

14 120 000 € (Swedish Energy 

agency, 2017) 

Total CAPEX:  

Total OPEX: 

 €       2 945 130 000 

€          114 981 200 

 

4.3.3. ONSHORE HYDROGEN SYSTEM CONFIGURATION & COST 

 

The wind farm system with grid connection as depicted in table 6 is the system and cost 

for the electricity production. For the hydrogen production an onshore hydrogen system is 

applied with the electricity as fuel. A freshwater connection is established to feed the 

electrolyzer which in turn is connected to the gas grid after the hydrogen is compressed. 

The needed components and units with costs and needed quantity are listed in the 

following table. 
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Table 7: Skåne Offshore Wind Farm Onshore Hydrogen system and cost.  

Component Cost per unit Amount 

Fresh water (kg h2 * 9 liters) CAPEX: 0.3 €/l 

OPEX: 15 % (VASYD, 2021) 

797 068 liters 

Electrolyzer   CAPEX: 600 000 €/MW. OPEX: 2% [Singlitico et 

al., 2021] 

1125 MW 

- Stack replacement OPEX: 40 % of CAPEX every 85 000 hour/lifetime 

(Singlitico et al., 2021) 

2.5 times 

Compressor CAPEX: 195 000 € (Richardson et al., 2021) 

OPEX: 2 % (estimated) 

1 unit 

H2 Pipeline onshore CAPEX: 300 000 €/km 

OPEX: 4 % (Miao et al., 2021) 

10 km  

Gas Grid connection 97 000 € (Swedegas, 2021) 1 unit 

Total CAPEX:                                                       € 678 529 526    

Total OPEX:  €    40 657 154 

 

4.3.4. OFFSHORE HYDROGEN SYSTEM CONFIGURATION & COST 

 

For the hydrogen system offshore, the grid connection layout is replaced by a H2 system 

offshore with seawater desalination, electrolyzer and gas pipe from offshore and to the gas 

pipe connection for the hydrogen production.  

 

Table 8: Skåne Offshore Wind Farm Offshore Hydrogen system and cost. 

Component Cost per unit Amount 

Windfarm and internal grid CAPEX: 2 400 000 000 € (Vattenfall, 2020) 

OPEX: 96 000 000 € (Energinet, 2018) 

1 unit 

Offshore H2 platform  10 889 775 € (0.05 € per MWh lifetime) (Donkers, 2020) 1 unit 

Desalination unit CAPEX: 61 200 (Donkers, 2020) 

OPEX: 2% (Donkers, 2020) 

2 units 

Electrolyzer CAPEX: 600 000 €/MW. OPEX: 2% (Singlitico et 

al., 2021) 

1125 MW 

- Stack replacement OPEX: 40 % of CAPEX every 85 000 hour/lifetime 

(Singlitico et al., 2021) 

2,5 times 
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Compressor CAPEX: 195 000 (Richardson et al., 2021) 

OPEX: 2 % (estimated) 

1 unit 

H2
 Pipeline Offshore  CAPEX: 848 018 €/km 

OPEX: 7 % [Miao et al., 2021] 

22 km 

H2 Pipeline onshore CAPEX: 300 000 €/km 

OPEX: 4 % (Miao et al., 2021) 

10 km 

Gas Grid connection 97 000 € (Swedegas, 2021) 1 unit 

Total CAPEX: 

Total OPEX: 

 €     3 107 802 371       

€        138 028 072  

For the electricity production a grid connection is established onshore with a fuel cell 

connected to the hydrogen pipe. The stack replacement need is estimated to be similar to 

that of the electrolyzer and the size of the fuel cell is 75 % of the electrolyzer capacity.  

 

Table 9: Skåne Offshore Wind Farm Offshore Hydrogen additional electricity system and cost. 

Component Cost per unit Amount 

Fuel cell  CAPEX: 1476 €/kW 

OPEX: 2 % (Cigolotti et al., 2021) 

843 750 kW 

- Stack replacement  OPEX: 40 % of CAPEX every 85 000 

hour/lifetime (estimated) 

2.5 times 

DC converter onshore CAPEX: 47 000 000 € /300 MW 

OPEX: 4 % (Swedish Energy 

Agency,2018a) 

843.75 MW 

HVAC cable onshore CAPEX: 395 000 €/km 

OPEX: 4 % (Swedish Energy 

Agency,2018a) 

10 km 

Connection cost for reinforcement of 

backbone grid network 

14 120 000 €/ 300MW (Swedish 

Energy Agency,2018a)  

844 MW 

Total CAPEX: 

Total OPEX:  

 €     1 283 705 000  

€            75 938 000  

 

4.3.5. SCENARIO COST 
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Given the system configurations, production and cost, the total CAPEX and OPEX costs 

and quantities can be calculated and separated per the Swedish Energy Agency (2018a) 

economical subsidy scenario. For the offshore hydrogen system, the current scenario, and 

the partial subsidy the cost is the same since this system doesn’t include the components 

subsidized in the partial subsidy scenario. The total CAPEX and OPEX costs (with annual 

fuel costs included) can be seen in the following figures per system and subsidy scenario. 

 

 

Figure 17. Total System & Scenario CAPEX cost (Appendix B). 

 

 

Figure 18. Total System & Scenario OPEX cost (Appendix B & D).  
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It can be noted that the offshore hydrogen system has the highest initial CAPEX and 

continuous OPEX cost.  

For the LCOE and LCOH calculations the CAPEX and OPEX cost must be separated per 

electricity or hydrogen production. When the subsidy scenarios are applied the following 

CAPEX and OPEX is given per system, scenario and energy source is attained. 

 

 

Figure 19. System & Scenario CAPEX cost per energy source (Appendix C).  

 

 

Figure 20. System & Scenario OPEX cost per energy source (Appendix C & D).  
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It can be noted that also here the offshore system has the highest initial CAPEX cost for 

the hydrogen production, but instead the highest continuous OPEX cost for the 

reconverted electricity. 

 

4.3.6. SYSTEM PRODUCTION 

 

The production has been calculated from the hourly production data from 2019 as depicted 

in figure 15, from the two different systems configurations and their fuel need and losses 

as per table 4. The following table shows the results of the possible output per energy 

source.  

 

Table 10: Maximum total production of electricity or hydrogen per system.  

Production ➔ Electricity ➔  H2 

Onshore H2 system 6 024 699 MWh 114 249 702 kg H2 

Offshore H2 system 1 768 1461 749 320 

MWh 

109 908 091kg H2 

 

 

 

4.4. MATHEMATICAL RESULTS  

 

This section presents the mathematical LCOE and LCOH result for the Thesis’ research 

question.  

 

With cost and production calculated per system and scenario for electricity and hydrogen 

the LCOE and LCOH calculations from chapter 3 can be performed. The capital recovery 

factor, the CRF, is attained by applying equation 1 in chapter 3 to the interest rate of 6 % 

and the technical lifetime of 25 years, resulting in 0.078. The results are then compared to 

the estimated and projected prices for LCOE and LCOH and marked either green or red 

depending on being feasible with market LCOE/LCOH or not. For hydrogen the LCOH 

that’s competitive with green, blue, and grey hydrogen would be marked green and the 

one competitive with only green and blue hydrogen marked blue. Hydrogen only 
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competitive with green hydrogen is marked yellow. The results are accounted for in 

following table.  

 

Table 11: LCOE and LCOH per system and scenario (Appendix D). 

Production   LCOE €/MWh LCOH €/kg H2 

 

Onshore hydrogen system 

  

Current scenario No subsidy 57.33 3.85 

Partial subsidy scenario 52.70 3.60 

Full subsidy scenario 47.10 3.31 

 

Offshore hydrogen system 

  

Current scenario No subsidy 315.30 3.47   

Partial subsidy scenario 315.30 3.47 

Full subsidy scenario 312.92 3.47 
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CHAPTER 5. DISCUSSION AND ANALYSIS 

 

5.1. INTRODUCTION 

 

In Chapter 5 the experiment and mathematical modeling performed is discussed and 

analyzed.  

The mathematical results attained in section 4.4 are analyzed in section 5.2, before a 

sensitivity analysis is performed in section 5.3. The last section compares the analytical 

findings with the related research results as reviewed earlier in the Thesis in chapter 2. 

 

5.2. ANALYSIS 

 
This section analyses and discusses the experiment and the outcome of the mathematical 

modeling performed in chapter 4. 

 

The experiment evaluated the techno-economic feasibility of an offshore wind-hydrogen 

farm in southern Sweden. A 1500 MW wind farm, which the Danish energy company 

Ørsted has applied for building permit for, was used as a case-study. The technological 

aspect focused on either an additional onshore- or offshore hydrogen system, while the 

economical scenarios focused on current conditions or on an either full or partial 

announced potential grid connection subsidy. By calculating the possible production and 

cost depending on system and scenario, the feasibility could be calculated with the use of 

the levelized cost of energy formula both for electricity and hydrogen.  

 

The experiment showed that the chosen case-study wind farm proved to have good 

conditions for energy production. The energy losses were larger for hydrogen in the 

offshore hydrogen system because of the desalination unit although the gas pipeline losses 

were smaller then for electrical cables, but the losses connected to re-conversion of 

hydrogen to electricity made this system inefficient for electricity production.  
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The mathematical modeling showed that competitive prices can be reached for LCOE for 

the case study offshore wind farm with – or without – an onshore hydrogen system only 

if a full subsidy scenario is introduced in Sweden. In that scenario, the proposed wind park 

would be feasible with an LCOE of 47.1 €/MWh even if the Swedish Energy Agency’s 

(2018b) estimated decrease by 4.3 % due to the existence of  more wind power in the 

system because of subsidies occurs. In a current scenario without subsidies, it would have 

an LCOE of additional 10.2 €/MWh over that amount, and 5.6 €/MWh over for a partial 

subsidy scenario. This highlights the potential reasons for the almost non-existent offshore 

wind power development in Sweden today.  

 

For the LCOH, all scenarios and both systems showed an LCOE within the values of the 

green hydrogen’s medium range. The largest difference is attained for the onshore 

hydrogen system in the full subsidy scenario. For the alternative offshore hydrogen 

system, the lowest LCOH was attained for all three scenarios since the grid connection is 

replaced with the hydrogen system anyway. No scenario or system attained a LCOH 

competitive with grey or blue hydrogen. This could suggest that hydrogen production 

would be more feasible than electricity production if no grid connection subsidies are 

introduced.  However, the experiment was limited to the techno-economical aspects and 

didn’t include actual demand on the market. Moreover, the potential fees of gas grid 

connection in the future have not been decided by the Swedish gas grid company and 

could influence the outcome of the experiment. Furthermore, the offshore hydrogen 

system had the largest initial CAPEX cost and the continuous OPEX costs and hence 

requires a larger initial investment and loans.  

 

For hydrogen production the offshore hydrogen system proved to be less beneficial than 

for the onshore hydrogen system, even with the use of gas pipe instead of electricity cables 

with approximately  4 % less hydrogen produced- this could be attributed directly to the 

desalination unit. For electricity, only the onshore hydrogen system was feasible, which 

had an output approximately 3.5 times larger than that from the offshore hydrogen system. 
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The LCOE attained through a reconversion of hydrogen in the offshore hydrogen system 

though was shown to be too expensive. 

 

5.3. SENSITIVITY ANALYSIS 

 

This section contains the sensitivity analysis of the mathematical modeling.  

 

For the sensitivity analysis a best case- and worst-case scenario is stipulated. For a best-

case scenario, the potential production is increased by 10 %, while the costs are lowered 

by 10 % and the discount rate is lowered to 5 %.  

For the worst-case scenario, the costs are increased by 10%, the production decreased by 

10% and the discount rate increased to 7 %. The results of the sensitivity analysis are 

presented in following tables. 

 

Table 12: Best case scenario LCOE and LCOH with 10 % more production, 10 % less cost and 

decreased interest rate to 5 % (Appendix E) 

Best-case scenario   

Production    LCOE 

€/MWh 

LCOH €/kg H2 

 

Onshore hydrogen system 

  

Current scenario No subsidy 43.99 2.96 

Partial subsidy scenario  40.44 2.80 

Full subsidy scenario 34,86 2.48 

 

Offshore hydrogen system 

  

Current scenario No subsidy 243.19 2.67 

Partial subsidy scenario 243.19 2.67 

Full subsidy scenario 241.37 2.67 

 

The best-case scenario showed when just higher production was added, competitive values 

for both LCOE and green LCOH for the onshore hydrogen system in the current and the 
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two subsidy scenarios could be achieved. Even blue competitive LCOH values were 

reached in the full subsidy scenario. This could indicate that just increased capacity and 

efficiency is a ruling factor for competitive LCOE and LCOH values. Lowering the 

discount rate just barely made a profitable LCOE for the partial subsidy onshore hydrogen 

system. However, hydrogen is not competitive with grey fossil hydrogen’s prices in any 

scenario or system, with the onshore hydrogen system full subsidy scenario being 1 € away 

from it in the best-case scenario, and the offshore hydrogen systems coming nearly as 

close to it in every  subsidy scenario. To attain an LCOH of 1.5 €/kg in the onshore 

hydrogen system the LCOE would have to be at most 17 €/MWh.  

 

For the worst-case scenario, no system or resulted in a beneficial LCOE in any scenario 

as seen in the following table. LCOH would also only be competitive with green hydrogen, 

being within 2.5-5.5 €/kg. This implies that fixed contracts, both for cost and technical 

delivery, would be very important to secure the feasibility of the project.  

 

Table 13: Worst case scenario LCOE and LCOH with 10 % less production, 10 % more cost and 

increased interest rate to 7 % (Appendix E) 

Worst-case scenario   

Production   LCOE €/MWh LCOH €/kg H2 

 

Onshore hydrogen system 

  

Current scenario No subsidy 74.60 5.00 

Partial subsidy scenario  68.62 4.68 

Full subsidy scenario 63.24 4.40 

 

Offshore hydrogen system 

  

Current scenario No subsidy 408.39 4.50 

Partial subsidy scenario 408.39 4.50 

Full subsidy scenario 405.28 4.50 

 

Electricity converted to hydrogen in the offshore hydrogen system doesn’t show feasibility 

even if the costs are halved or the production is doubled, showing low sensitivity to the 
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only 10% increased production costs. This shows that electricity production reconverted 

through hydrogen is only beneficial under those circumstances, or when the electricity 

price is very high.  

 

The LCOE in the offshore hydrogen system is also sensitivity to the price for the hydrogen 

needed for the conversion, even when the hydrogen price is in a feasible price range, 

although feasible LCOE prices aren’t reached even if the cost for fuel is fully 

removed.This leads to the conclusion that there must be more development in terms of 

conversion efficiency and cost for fuel cells for them to be feasible. All scenarios and 

systems were also sensitive to just a 1 % increase in discount rate, further emphasizing the 

need of fixed terms.  

 

5.4. REVIEWED RESEARCH COMPARISON 

 

This section contains the comparison of the results with earlier reviewed research and the 

analytical findings found in the previous analysis. 

 

The case study with a full subsidy scenario shows similar results- although different 

methods were used- with blue hydrogen competitive LCOH as the study on Danish 

conditions as performed by Singlitico et al., (2021) – however only in a best-case scenario. 

This could be since the Danish study used a discount rate of 5%, instead of the 6% used 

in this study current scenario, but also since Denmark has a grid connection cost model 

that is similar to the full subsidy scenario accounted for in this thesis. In the best-case 

scenario this study attained almost as low LCOH as the Danish study for the onshore 

hydrogen system attained blue hydrogen competitive prices for the offshore hydrogen 

system. For current conditions however, only green hydrogen competitive values were 

attained.  
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The Swedish case study as performed by Karlsson (2020) on the onshore wind farm 

Mullberg showed that hydrogen production was feasible when low LCOE was attained, 

in line with the results of this thesis. This empathizes the finding that LCOH in an onshore 

hydrogen system is responsive to low LCOE prices. For the Mullberg project, where 

traditional electricity production struggles with profitability since it’s located in an 

electrical zone with lower prices, one could speculate that a hydrogen investment could 

be encouraged further.  

 

Karlsson (2020) and Lindblad’s (2019) conclusions also agreed with the results of this 

thesis in terms of the reconversion of electricity from hydrogen, all concluding that the 

current systems are too ineffective and expensive for it to be possible to attain feasible a 

LCOE after conversion from hydrogen.  

 

Lindblad’s (2019) offshore case study also showed the same conclusion regarding the 

importance of fixed contracts in terms of costs and technical capacity  for both LCOE and 

LCOH as the results of this thesis sensitivity analysis. However, that study was delimited 

in terms that the hydrogen production was for a steel factory and transmission cost weren’t 

include, meaning the effect of different subsidy scenarios was done. Despite this, the same 

conclusion was found in terms of issues when trying to reach the lowest LCOH values. 

This raises the thought that Lindblad’s (2019) conclusion- as mentioned in the literature 

review- for green hydrogen and that it could be valued higher than, for example, grey 

hydrogen in terms of the environment and political incentives, could be necessary for 

further green hydrogen investments.
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CHAPTER 6. CONCLUSIONS 

 

This chapter contains conclusions regarding the research performed, limitations of the 

thesis and proposals for further research. 

 

The objective of this thesis was to evaluate the techno-economic feasibility for electricity 

and hydrogen production from an offshore wind farm off Sweden’s southern coast in 2030. 

The feasibility would be examined either from an offshore or onshore hydrogen system 

and from three different grid connection subsidy scenarios: current situation with none, a 

full subsidy, or a partial subsidy.  

 

To provide relevant results an announced wind farm was used as a case study, upon which 

recent system configurations and cost information was applied. The cost was further 

adjusted regarding the three different subsidy scenarios. The production was estimated 

and adjusted as of per the specific systems’ losses and efficiency to provide the estimated 

production for each system. The mathematical modeling of LCOE and LCOH was then 

applied to the case study specific for current conditions for the twelve identified scenarios 

with the following result: 

 

• A1 & A3: Electricity through an onshore hydrogen system with no or partial 

subsidy: Not feasible 

• A5: Electricity through an onshore hydrogen system with full subsidy: Feasible 

• A2, A4 & A6: Hydrogen through an onshore hydrogen system with no-, partial- or 

full subsidy: Feasible 

• B1, B3 & B5: Electricity through an offshore hydrogen system with no-, partial- 

or full subsidy: Not feasible 

• B2, B4 & B6: Hydrogen through an offshore hydrogen system with no-, partial- or 

full subsidy: Feasible 
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The results obtained by the case-study experiment showed a main conclusion that an 

offshore wind power development in the south of Sweden would only be feasible for 

electricity production if a full grid connection subsidy scenario is applied to current 

conditions when calculating with a 6% interest rate. This conclusion correlates with the 

nearly non-existent offshore wind farm development in Sweden today. For hydrogen, 

green hydrogen competitive prices would be reached for all scenarios, with the best result 

attained for the  offshore hydrogen systems, except when a best case and full subsidy 

scenario was applied. Hence, another main conclusion of the thesis, is that it could be more 

economical to build an offshore wind-hydrogen system farm and to produce hydrogen 

instead of electricity if no subsidies are introduced because of the electricity market prices. 

However, for electricity reconverted through hydrogen in such an offshore hydrogen 

system, the LCOE was dramatically over feasible values which is related to the low 

efficiency and cost of an additional fuel cell system. The offshore hydrogen system was 

also shown to have the highest CAPEX and OPEX cost, regardless of scenario or chosen 

energy production.  

 

Further on, a sensitivity analysis was performed for a best- and worst-case scenario with 

varying production, investment costs and discount rates. In a best-case scenario, blue 

hydrogen competitive prices were attained for the offshore hydrogen system, and for the 

onshore hydrogen system, but only in a full subsidy scenario. All scenarios and systems 

achieved green hydrogen competitive prices, except for a worst-case scenario where the 

values were in the upper range. A LCOE well below estimated market prices was achieved 

for every scenario- including the current system without subsidies- for the onshore 

hydrogen system, but not in any scenario for the offshore hydrogen system with its 

additional fuel cell system. For the worst-case scenario, no feasible LCOE was attained 

for any system setup, and a LCOH only in the high range of green hydrogen was obtained 

for any of the systems. This emphasizes a need for fixed contracts for costs and technical 

deliveries.  
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For further research it would be interesting to further investigate the detailed parameters 

and the values needed to attain blue and grey hydrogen competitive prices. Another factor 

to explore would be the same for feasibility in reconverting electricity from hydrogen in 

terms of investment cost and efficiency of the system, for potential balancing purposes 

and services in the future. 
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APPENDIX A. Wind speed frequency distribution  

 

 

 

Wind speed, frequency distribution 
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0.49% 2.29% 3.74% 5.27% 7.36% 
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APPENDIX B. CAPEX and OPEX costs for LCOE and LCOH calculations.    
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APPENDIX C. Costs per drive separated per energy source, system and scenario  

 

CAPEX Hydrogen CAPEX Electricity CAPEX2 

Onshore H2 System - Current Scenario 678 529 526 € 2 945 130 000 € 

Onshore H2 System -Partial Subsidy 678 529 526 € 2 709 550 000 € 

Onshore H2  System -Full Subsidy 678 529 526 € 2 400 000 000 € 

Offshore H2  System -Current Scenario 3 107 899 371 € 1 283 705 000 € 

Offshore H2  System -Partial Subsidy 3 107 899 371 € 1 260 785 000 € 

Offshore H2  System -Full Subsidy 3 107 899 371 € 1 245 375 000 € 

   

 
OPEX Hydrogen OPEX Electricity OPEX 

Onshore H2  System - Current Scenario 40 657 154 € 114 981 200 € 

Onshore H2  System -Partial Subsidy 40 657 154 € 105 558 000 € 

Onshore H2  System -Full Subsidy 40 657 154 € 96 000 000 € 

Offshore H2  System -Current Scenario 138 028 072 € 75 938 000 € 

Offshore H2  System -Partial Subsidy 138 028 072 € 75 233 000 € 

Offshore H2 2 System -Full Subsidy 138 028 072 € 74 722 500 € 
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APPENDIX D. LCOE & LCOH cost per system and scenario. 

 

 
 

 
 

 

 

 

 

 

 

 

 

Onshore hydrogen system Current Scenario- Electricity driven Partial Subsidy Full subsidy

Size mw 1500 1500 1500

Cap cost 2 945 130 000€                                             2 709 550 000€                                   2 400 000 000€                              

fixed o&M 114 981 200€                                                105 558 000€                                      96 000 000€                                   

n 25 25 25

r 0,06 0,06 0,06

cf 0,47 0,47 0,47

CRF 0,078226718 0,078226718 0,078226718

Annual mwh (after 2,5% cable loss) 6024699 6024699 6024699

LCOE €/MWH 57,33€                                                           52,70€                                                 47,10€                                            

size mw 1125 1125 1125

Cap cost hydrogen part 678 529 526€                                                678 529 526€                                      678 529 526€                                 

Opex cost hydrogen part 40 657 154€                                                  40 657 154€                                        40 657 154€                                   

Electricity fuel (amount of hydrogen *cost for kwh needed for 

producing 1 kg) 346 006 099€                                                318 102 875€                                      284 267 499€                                 

n 25,00 25 25

r 0,06 0,06 0,06

cf 0,85 0,85 0,85

CRF 0,078226718 0,078226718 0,078226718

Annual hydrogen kg after pipe losses (electricity production/kwh 

needed for 1 kg) 114249702 114249702 114249702

LCOH €/kg h2 3,85€                                                             3,60€                                                   3,31€                                              

Offshore hydrogen system Full subsidy Current Scenario/Partial Subsidy Scenario

Size mw 843,75

Cap cost 1 245 375 000€                           1 283 705 000€                                          

Fixed o&M 74 722 500€                                75 938 000€                                               

n 25 25

r 0,06 0,06

cf 0,47 0,47

CRF 0,078226718 0,078226718

Annual mwh after reconversion (16,5 kwh/1 kg hydrogen) 

and cable loss (2,5%) 1768146 1768146

Fuel cost (amount of hydrogen needed times cost) 381 141 252,34€                         381 141 252,34€                                        

LCOE €/MWH 312,92€                                       315,30€                                                      

size mw 1125 1125

Cap cost hydrogen part 3 107 802 371 3 107 802 371

Opex cost hydrogen part 138 028 072 138 028 072

Electricity fuel (n/a) -€                                             -€                                                            

n 25 25

r 0,06 0,06

cf 0,85 0,85

CRF 0,078226718 0,078226718

Annual hydrogen kg after pipe loss (0,01%) and 

reconversion (56,13 kwh per kg) 109908091 109908091

LCOH €/kg h2 3,47€                                           3,47€                                                          
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APPENDIX E. Best- and worst- case scenario LCOE & LCOH cost per system and 

scenario. 

 

 

 
 

  

 
 

 

Best case scenario 5 % discount rate, 10% more production and 10% less costs

Onshore hydrogen system Current Scenario- Electricity driven Partial Subsidy Full subsidy

Size mw 1500 1500 1500

Cap cost 2 650 617 000€                                             2 438 595 000€                                   2 160 000 000€                              

fixed o&M 103 483 080€                                                95 002 200€                                        77 760 000€                                   

n 25 25 25

r 0,05 0,05 0,05

cf 0,47 0,47 0,47

CRF 0,070952457 0,070952457 0,070952457

Annual mwh (after 2,5% cable loss) 6627169 6627169 6627169

LCOE €/MWH 43,99€                                                           40,44€                                                 34,86€                                            

size mw 1125 1125 1125

Cap cost hydrogen part 610 676 574€                                                610 676 574€                                      610 676 574€                                 

Opex cost hydrogen part 36 591 438€                                                  40 657 154€                                        36 591 438€                                   

Electricity fuel (amount of hydrogen *cost for 

kwh needed for producing 1 kg) 292 381 026€                                                268 789 681€                                      231 675 102€                                 

n 25,00 25 25

r 0,05 0,05 0,05

cf 0,85 0,85 0,85

CRF 0,070952457 0,070952457 0,070952457

Annual hydrogen kg after pipe losses 

(electricity production/kwh needed for 1 kg) 125800473 125800473 125800473

LCOH €/kg h2 2,96€                                                             2,80€                                                   2,48€                                              

Best case scenario 5 % discount rate, 10% more production and 10% less costs

Offshore hydrogen system Full subsidy Current Scenario/Partial Subsidy Scenario

Size mw 843,75

Cap cost 1 120 837 500€                           1 155 334 500€                                          

Fixed o&M 67 250 250€                                68 344 200€                                               

n 25 25

r 0,05 0,05

cf 0,47 0,47

CRF 0,070952457 0,070952457

Annual mwh after reconversion (16,5 kwh/1 kg hydrogen) 

and cable loss (2,5%) 1944961 1944961

Fuel cost (amount of hydrogen needed times cost) 322 680 858,32€                         322 680 858,32€                                        

LCOE €/MWH 241,37€                                       243,19€                                                      

size mw 1125 1125

Cap cost hydrogen part 2 797 022 134 2 797 022 134

Opex cost hydrogen part 124 225 265 124 225 265

Electricity fuel (n/a) -€                                             -€                                                            

n 25 25

r 0,05 0,05

cf 0,85 0,85

CRF 0,070952457 0,070952457

Annual hydrogen kg after pipe loss (0,01%) and 

reconversion (56,13 kwh per kg) 120898900 120898900

LCOH €/kg h2 2,67€                                           2,67€                                                          
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Worst case scenario 7 % discount rate, 10% less production and 10% more costs

Onshore hydrogen system Current Scenario- Electricity driven Partial Subsidy Full subsidy

Size mw 1500 1500 1500

Cap cost 3 239 643 000€                                             2 980 505 000€                                   2 640 000 000€                              

fixed o&M 126 479 320€                                                116 113 800€                                      116 160 000€                                 

n 25 25 25

r 0,07 0,07 0,07

cf 0,47 0,47 0,47

CRF 0,085810517 0,085810517 0,085810517

Annual mwh (after 2,5% cable loss) 5422229 5419265 5419265

LCOE €/MWH 74,60€                                                           68,62€                                                 63,24€                                            

size mw 1125 1125 1125

Cap cost hydrogen part 746 382 479€                                                746 382 479€                                      746 382 479€                                 

Opex cost hydrogen part 44 722 869€                                                  44 722 869€                                        44 722 869€                                   

Electricity fuel (amount of hydrogen *cost for 

kwh needed for producing 1 kg) 405 626 455€                                                372 931 338€                                      343 675 562€                                 

n 25,00 25 25

r 0,07 0,07 0,07

cf 0,85 0,85 0,85

CRF 0,085810517 0,085810517 0,085810517

Annual hydrogen kg after pipe losses 

(electricity production/kwh needed for 1 kg) 102927659 102871384 102871384

LCOH €/kg h2 5,00€                                                             4,68€                                                   4,40€                                              

Offshore hydrogen system Full subsidy Current Scenario/Partial Subsidy Scenario

Size mw 843,75

Cap cost 1 369 912 500€                           1 412 075 500€                                          

Fixed o&M 82 194 750€                                83 531 800€                                               

n 25 25

r 0,07 0,07

cf 0,47 0,47

CRF 0,085810517 0,085810517

Annual mwh after reconversion (16,5 kwh/1 kg hydrogen) 

and cable loss (2,5%) 1591332 1591332

Fuel cost (amount of hydrogen needed times cost) 445 181 220,96€                         445 181 220,96€                                        

LCOE €/MWH 405,28€                                       408,39€                                                      

size mw 1125 1125

Cap cost hydrogen part 3 418 582 608 3 418 582 608

Opex cost hydrogen part 151 830 879 151 830 879

Electricity fuel (n/a) -€                                             -€                                                            

n 25 25

r 0,07 0,07

cf 0,85 0,85

CRF 0,085810517 0,085810517

Annual hydrogen kg after pipe loss (0,01%) and 

reconversion (56,13 kwh per kg) 98917282 98917282

LCOH €/kg h2 4,50€                                           4,50€                                                          


