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ABSTRACT  

The world energy production, transformation, storage, and usage are under a dramatic change. Actions 

are being taken by Governments to slow down the effects of the climate change. Wind energy is expected 

to be a central pillar for this change. However, a key issue facing the expansion of wind energy, especially 

in Sweden, is the integration of the massive amounts of new generation into the electricity grid (Energinet 

et al., 2021; Ingeberg, 2019; IVA, 2020). Another challenge facing the expansion of the wind energy is 

that it can’t be used by end-sector which rely on energy-dens carriers (IRENA, 2020b). In the pursuit of 

solutions to these challenges, green hydrogen produced by offshore wind energy emerges an alternative. 

Motivated by the recent Swedish plans to develop offshore wind power capacity in the Baltic Sea, as well 

as the problematic environmental statues in the Baltic Sea, this work investigate the cost of green 

hydrogen produced from offshore wind energy in Sweden and evaluates the environmental impacts of 

utilizing by-product oxygen on the marine ecosystem in the Baltic Sea.  

The first step of this work considers the economic feasibility of a 2 GW offshore wind energy 

dedicated for hydrogen production in the Baltic Sea outside Sweden, with three alternative electrolyzer 

placement: onshore electrolyzer (III), centralized offshore electrolyzer (II), and decentralized offshore 

electrolyzer (I). The proposed assessment of this work investigated the hydrogen production cost using 

electricity from offshore wind energy in the Baltic Sea in Sweden. The LCoE and LCoH in relation to 

three configurations reflecting the electrolyzer placement were analyzed and compared. The electrolyzer 

operation at nominal capacities of 06%, 65%, and 70% were considered for the three configurations. The 

results shows that the LCoE and LCoH differed between the three configurations. The results showed that 

the lowest LCoE and LCoH is achieved by the configuration where the electrolyzer system decentralized 

at the turbine platform at a price of 1.7 €/kg. Reflecting the impact of the electrolyzer nominal capacities, 

which are at 60%, 65%, and 70%, on the LCoH, the result showed that the three configurations are equally 

competitive. However, when the nominal capacity of 65% were compared among the three configurations, 

it was showed that the LCoH at the onshore electrolyzer were 2.6 €/kg compared to the LCoH at the 

centralized electrolyzer which resulted in LCoH of 2.7 €/kg. The second step of this work considers the 

evaluation of the environmental impact of artificial oxygenation by reviewing existing studies. The results 

of the reviewed studies on the environmental impacts of artificial oxygenation indicate that the utilization 

of the by-product oxygen would contribute to important environmental benefits for the Baltic Sea. The 

use of the by-product oxygen to oxygenate would maintain the processes that removes nutrients, keep the 

sea water oxygenated, and the seabed habitable for marine animal. There are, however, some aspects that 

need to be considered and understood when planning for oxygenation, such as the complicated physical 

and biogeochemical interactions. Hence, this requires further studies and investigations.   
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AC alternate current        

DC direct current  

HVDC high voltage direct current 

PEMEL proton exchange membrane electrolyzer 

VSC voltage source converter 

Symbols 

A area, m2 

CapEx capital expenditures, M€ 

D diameter, mm 

DR discount rate, % 

e specific energy, kWh/m3 

E energy, GWh 

L length, km 

LCoE levelized cost of electricity, €/MWh 

LCoH levelized cost of hydrogen, €/kg 

LT lifetime, - 

OpEX operational expenditures, M€/a 

N number, - 

ṁ mass flow rate, kg/h 

M annual mass, kg/a 

P power, GW 

p pressure, bar 

𝜌𝜌          Density of the gas 

R ideal gas universal constant, kJ/kg/K 

 

         t time, h 

W water consumption, 1/day 

T temperature, K 

V̇ volumetric flow rate, m3/h 

V volume, m3 

𝜂𝜂 efficiency, % 

Scripts 

EQ equipment  

ELEC electrolyzer  

ELEN electrical energy 

DES desalination unit 

H hour 

PS platform-to-shore 

H2 hydrogen  

IG inter-array grid 

IN inlet 

OUT outlet 

PIPE pipeline 

RG real gas 

S section 

ST station  

Y year 
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1 Introduction  
The world’s energy production, transformation, storage, and usage are under a dramatic change. 

Governments around the world are conscious on the scale of change needed to slow down the effects of 

climate change. Climate change is a global emergency leading a growing momentum among policymakers 

recognizing this emergency as a preeminent challenge facing our way of living (IRENA, 2020a; Svensk 

vindenergi, 2019). Ambitious targets such as the net zero by 2050 are being set and constantly updated to 

meet the goals of the Paris Agreement (Lee & Zhao, 2021). Increased production of renewable electricity 

such as wind energy will be a prerequisite for coping with the climate transition.  

According to the International Renewable Energy Agency (IRENA, 2021) and International Energy 

Agency’s (IEA, 2021a) roadmaps for a 1.5°C pathway, wind energy will be a central pillar of the global 

energy system by 2050. As of 2021, wind energy had reached new shores and seabeds, and achieved 

enormous technological milestones in areas from blade sustainability to floating offshore wind turbines. 

More than three times the volume of offshore wind capacity was installed compared to 2020 and close to 

850 GW of total wind installation worldwide (IRENA, 2020a; Lee & Zhao, 2021). In 2030, the total 

global annual capacity additions of wind energy are projected to reach 390 GW, and in 2050 another 350 

GW (IEA, 2021b, p. 74). In the IEA and IRENA net zero scenarios, offshore wind will become the key 

technology for reaching the energy and climate targets and thus will accelerate over this decade. 

According to the IRENA (2021) 1.5°C scenario, offshore wind will grow from 35 GW in 2020 to 270 

GW by 2030 and 2 000 GW by 2050. Geographically, 32% of the 2050s target offshore wind installations 

are expected to emerge in Europe, making it to the world’s second most prominent offshore wind region 

after Asia (Herzig, 2022).      

In 2020, the EU targeted growing of offshore wind energy from todays 15 GW to 300 GW by 2050 

(European Commission, 2020). In February 2022, Sweden unveiled plans to develop offshore wind power 

with a capacity of 20 TWh to 30 TWh annually (Power-technology, 2022). On August 30, 2022 Sweden 

and seven other countries committed to new volumes for the build-out of offshore wind in the Baltic Sea 

(WindEurope, 2022). As a global leader in decarbonization, Sweden gives high priority to renewable 

energy such as wind power. Sweden has the ambitions to become a climate-neutral society by 2045 (RISE, 

2021). To reach this goal, Sweden has set further targets for a fossil-independent transport sector by 2030, 

and electricity generation from 100% renewable energy sources by 2040 (RISE, 2021). As part of these 

objectives, deployment of wind power is increasing at a record speed and is predicted to expand more in 

the coming years. In 2020, wind power electricity production reached 27.6 TWh, which corresponds to 

17% of the total production in Sweden that year (Holmström, 2021). In 2040, wind energy is expected to 

deliver at least 120 TWh of electricity, which accounts for 60% of the current assessments of the Swedish 

electricity demand in 2040 (Svensk vindenergi, 2020). However, while large-scale wind energy, 
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especially offshore wind energy, generation can reduce the energy crisis and relives the pressure on other 

sources, there are a number of challenges that need to be considered (Svensk vindenergi, 2020).  

A key issue facing the expansion of Sweden’s offshore wind is the integration of massive amounts 

of new generation into the electricity grid. The Swedish electricity grid has reached unprecedented 

utilization levels resulting in limited grid access for new users where connection is no longer 

straightforward. There is insufficient capacity in the main grids and in the regional and local network. In 

addition, as most of the offshore wind power will be located close to demand centers in the bidding zones 

SE3 and SE4, which is in the middle of the Nordic power system, Sweden will have a large impact on the 

other countries’ electrical grid when developing the transmission grid. Therefore, the development of the 

transmission grid needs to take into account other Nordic countries too (Energinet et al., 2021; Ingeberg, 

2019; IVA, 2020). Further, as of today offshore wind energy cannot be used by end-sectors (e.g. transport 

and steel industry), as these rely on energy-dense carriers. On the other hand, the decarbonization of end-

sectors is key for Sweden to reach energy transition and meet the long-term climate targets (IRENA, 

2020b). Today many carbon-intensive industries are looking to reduce their dependence on fossil-based 

fuels (Andersson & Grönkvist, 2019).  

In the pursuit of solutions to these cases, aligning with net-zero targets, and facing the rising energy 

security concerns following Russia´s invasion of Ukraine, offshore wind energy produced hydrogen 

emerges as a promising solution. During the recent years, interest in fossil-free hydrogen, and the 

development of hydrogen technologies and hydrogen-based solutions for various sectors has accelerated. 

Offshore wind energy produced green hydrogen is considered as a solution to the grid barriers and for the 

transition towards a fossil-free energy system and climate-neutral industry and transport. Nevertheless, 

offshore wind energy produced hydrogen today is more expensive than fossil-based hydrogen production. 

This is because the price of offshore electricity production is still high, and because the investment cost 

for an electrolyzer is high and their efficiency is low. Currently the proportion of the production cost that 

is controlled by the price of electricity depends on the exact operation conditions, which are trending 

towards 70-75% assuming a high utilization rate (number of operating hours per year). The utilization 

rate of an installed electrolyzer power impacts what hydrogen ultimately costs. The higher the utilization 

rate, the lower the cost per MWh of hydrogen produced as the specific investment cost then is spread over 

a larger production quantity. This in turn means that the more the investment cost of electrolyzer drops, 

the more economically it will be to adapt hydrogen production to electricity supply and price (Fossilfritt 

Sverige, 2021).   
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1.1 Motivation and objective  

Even though offshore wind energy dedicated to green hydrogen production holds many potential 

benefits for the future energy system, the question is whether the integration of large-scale 

offshore wind power plant with green hydrogen plant can be commercially feasible in countries 

like Sweden?  Further, the motivation for hydrogen introduction is generally limited to 

environmental advantages in term of Greenhous Gas (GHG) emission reduction but hydrogen 

production generates two by-products - heat and oxygen. Hence, a second question is whether 

the utilization of by-product oxygen adds further environmental benefits to an offshore wind 

energy integrated green hydrogen plant? 

  

The focus of this work is to both technically and economically analyze future large-scale 

production of green hydrogen derived from offshore wind energy in Sweden. We determine the 

levelized cost of electricity (LCoE) and the levelized cost of hydrogen (LCoH) to assess viability 

of future hydrogen production using offshore wind. In parallel, we investigate the utilization of 

by-product oxygen as a means of artificially oxygenating a dead marine ecosystem. The objective 

of this is to assess the development of an offshore wind energy integrated green hydrogen and 

sea water oxygenation plant.  

 

Our investigation is performed based on the following questions:  

 

• What is needed for production costs of offshore wind energy produced hydrogen to be 

competitive?  

• What would the environmental impacts of using by-product-oxygen generated in the 

offshore hydrogen production for the re-oxygenating of hypoxic water in the Baltic Sea 

region be?  
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2 Background  
The combination of hydrogen and energy share a long history. The potential of hydrogen production by 

water electrolysis was discovered already in the 1800 and over the 200 years ago was used to fuel the first 

international internal combustion engines. In the 18th and 19th centuries, hydrogen provided lift to balloons 

and airships, and in the 1960s propelled humanity to the moon. Since the mid-20th century, hydrogen has 

been an integral part of the energy industry as its use become a commonplace in the oil refining (Schulz, 

2021b; Seelam et al., 2020).  Today hydrogen is produced by a variety of primary materials and energy 

resources. Historically, commercial hydrogen production involves fossil fuel conversion and separation. 

In most nations, steam methane reformation (SMR) of natural gas, water-gas shift (WGS) reactions, and 

pressure wing absorption (PSA) purification is the preferred method. Hydrogen production applying this 

approach is known as “gray” hydrogen. In most developing countries, hydrogen is produced by coal 

gasification that is combined with WGS reactions and PSA purification which is known as “brown” or 

“black” (Fan et al., 2021). As the most dominate hydrogen production modes, these methods contributes 

to large amount of CO2 emissions (Schulz, 2021b; Seelam et al., 2020). Since 1975, the global demand 

for hydrogen has grown more than threefold (pidjoe, 2019), and in 2020 the hydrogen demand reached 

~90Mt. More than 70Mt of that is used as pure hydrogen and less than 20Mt left mixed with carbo-

containing gases in methanol production and steel manufacturing (Bermudez et al., 2020, p. 43). 

According to the IEA hydrogen analysis (2020), around 80% of the ~90Mt hydrogen is produced with 

fossil fuels. This amount is responsible for 900Mt CO2 emissions per year, equivalent to the CO2 emissions 

of Indonesia and the United Kingdom combined (Bermudez et al., 2020, p. 20).  

In the last decades, hydrogen has experienced a growing interest due to its widespread use and its 

potential to reinforce and connect segments of the energy system (pidjoe, 2019). To reduce the global 

demand on fossil fuels and thus reduce carbon emissions, green hydrogen is undergoing significant 

research around the world leading quick increase in the demand for green hydrogen which in turn expected 

to rise in the coming years (Schulz, 2021b). Today, there are large coalition of voices in favor of green 

hydrogen among which are the renewable energy suppliers (pidjoe, 2019). Renewable energy like wind 

power together with water electrolysis are required to produce green hydrogen and thus are the key long-

term solution of clean hydrogen (Schulz, 2021a). However, to understand the rapid growing interest in 

green hydrogen technology as a driver of a net-zero economy, it is important to understand what hydrogen 

is, and how it produced. 
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2.1 Hydrogen Energy  

Hydrogen is the most common element present in universe as molecular forms bound to oxygen or carbon, 

mostly as water but also as hydrocarbons. Hydrogen is not toxic, corrosive, or self-igniting, and burns to 

water vapor without emitting CO2 (Adam et al., 2020). The hydrogen molecular weight is low and melts 

at -259.14 ºC. The low weight makes the hydrogen energy density also low (3 kWh/Nm3) compared to 

methane (10 kWh/Nm3) but a significantly higher (around 33 kWh/kg) calorific value compared to 

methane (14 kWh/kg). Hydrogen offers high-quality energy carrier that has higher energy density per 

mass than any other fuel (Seelam et al., 2020). However, due to its low molecule weight, hydrogen can 

be challenging to store and transport. Today, there are three alternative approaches used to overcome these 

challenges: hydrogen can either be increased to levels comparable to natural gas and transported by 

pipelines; converted to a liquid carrier; or transport it as pure hydrogen. Further, due to its low density 

hydrogen, the risk is for leak is higher compared to current gaseous like natural gas or propane (Bartlett 

& Krupnick, 2020).  

Hydrogen can generate useful energy, such as heat or power, by burning it in a furnace, boil, 

turbine, or convert it direct to electricity and low-grade heat in fuel cells. The high temperature heat 

produced from hydrogen is sufficient for high temperature industrial processes, such as steelmaking. 

Hydrogen also offers low-oxygen conditions sufficient for manufacturing use, such as cement, glass, and 

computer chip. Further, hydrogen can be useful to power a fuel cell car or warming houses. The electricity 

generated from hydrogen can provide grid services or run an electric drivetrain in a truck or bus. 

Nevertheless, hydrogen can be a key feedstock for conventional fuels like ammonic, and chemicals like 

methanol. The same account for novel synthetic fuels and materials from recycled CO2. (Fan et al., 2021). 

In a carbon-constrained economy, the potential and the widespread use of hydrogen has been a focus of 

the energy planning and academia for many years.   

 

2.2 Water Electrolysis Technologies  

Water electrolysis was discovered in 1800 by the two English scientists William Nicholson and Anthony 

Carlisle. The first large-scale water electrolysis plant went into operation in 1939 with a capacity of 10,000 

Nm3 H2/h. Today, water electrolysis is a well-known technology used not only for miscellaneous 

application in industries but also for hydrogen and oxygen gas production (Zoulias & Varkaraki, 2004).  

Water electrolysis is a term referring to the dissociation of water into hydrogen and oxygen molecules 

using electricity (Millet, 2022). The principles of water electrolysis are simple and its chemistry 

fundamentally the same. Yet, water electrolysis allows the construction of electrolyzer system to be 

differentiated by various physical chemical and electrochemical aspects. Four main types of electrolyzer 

technologies are available in the market for hydrogen production: alkaline, proton exchange membrane 

(PEM), solid oxide, and anion exchange membrane (AEM). These are differentiated by the electrolyte 



  
 

18 
 

and the temperature at which they operate. Furthermore, the commercial electrolysis cells differ within 

each of these technologies as seen in Figure 1, while the basic principle is the two electrodes separated 

by an electrolyte. The electrolyte transports the generated chemical charges (anions (-) or cations (+)) 

from one electrode to the second. Hence, the most significant differences are in the cell design, variated 

components, and the degree of technology maturity (Buttler & Spliethoff, 2018; International Renewable 

Energy Agency, 2020; Rob Cockerill, 2020). 

Alkaline water electrolysis is the oldest and most mature and safe technology. The typical solution 

of the electrode for transporting the OH-anions in alkaline is highly concentrated potassium hydroxide. 

The physical separation of the electrodes and produced gases is made by porous inorganic diaphragm 

(also called separator) that are permeable to the alkaline (KOH) solution. The PEM technology is a more 

recent technology that uses separation solution like the AEM and solid oxide electrolyzer. The electrodes 

in these technologies are separated by an electron-insulating solid electrolyte, which both transport ions 

from one electrode to the other and physically separate the produced gases at the same time. No liquid 

electrolyte solution is needed, and the transport of the ions take place within the component. The AEM 

and solid oxide electrolyzer represent the most recent technology development.  

Figure 1. Commercially available electrolysis technologies. Own illustration. 
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These two technologies have high potential but are still under R&D development and thus not mature 

enough for commercial deployment. The level of maturity and differences related to the operation 

conditions and the main important components of these four technologies are presented in Table 1 from 

the different manufacturers or R&D institutions, as found by IRENA (2020).  
 

Table 1. Operation conditions and main component of the four types of water electrolyzer 

 Alkaline PEM AEM Solid Oxide 

Operation temperature 70-90 °C 50-80 °C 40-60 °C 700-850 °C 

Operating pressure 1-3 bar < 70 bar < 35 bar 1 bar  

Electrolyte  Potassium hydroxide (KOH) 5-

7 molL-1 

PFSA membranes  DVB polymer support 

with KOH or NaHCO3 

1molL- 

Yttria-stabilized 

Zirconia (YSZ) 

Separator  ZrO2 stabilized with PPS mesh Solid electrolyte 

(above)  

Solid electrolyte 

(above)  

Solid electrolyte 

(above) 

Electrode / catalyst 

(oxygen side) 

Nickel coated perforated 

stainless steel 

Iridium oxide  High surface area 

Nickel or NiFeCo 

alloys  

Perovskite-type (e.g. 

LSCF, LMS)  

Electrode / catalyst 

(hydrogen side) 

Nickel coated perforated 

stainless steel 

Platinum nanoparticles 

on carbon black 

High surface area 

nickel 

Ni/YSZ 

Porous transport layer 

anode 

Nickel mesh (not always 

present) 

Platinum coated 

sintered porous 

titanium 

Nickel foam Coarse Nickel-mesh 

or foam 

Porous transport layer 

cathode 

Nickel mesh  Sintered porous 

titanium or carbon cloth 

Nickel foam or carbon 

cloth 

None 

Bipolar plate anode Nickel-coated stainless steel Platinum-coated 

titanium  

Nickel-coated stainless 

steel 

None 

Bipolar plate cathode  Nickel-coated stainless steel Gold-coated titanium  Nickel-coated stainless 

steel 

Cobalt-coated 

stainless steel 

Frame and sealing PSU, PTFE, EPDM PTFE, PSU, ETFE PTFE, silicon Ceramic glass 

PFSA = Perfluoroacidsulfonic; PTFE = Polytetrafluoroethylene; ETFE = Ethylene Tetrafluoroethylene; PSF = poly (bisphenol-A sulfone); 

PSU = Polysulfone; YSZ = yttriastabilized zirconia; DVB = divinylbenzene; PPS = Polyphenylene sulphide; LSCF = La0.58Sr0.4Co0.2Fe0.8O3 -δ; 

LSM = (La1-xSrx )1-yMnO3 ; § = Crofer22APU with co-containing protective coating. Source: based on IRENA (2020) analysis. 

 

The grey cells represent the variations and the less mature technologies.    
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3 Research on Hydrogen Production by Wind Energy  
The use of storage technologies in conjunction with wind power has been a major topic in energy research 

as it has been projected as the most important energy source in different scenarios made for 2050. As an 

inherently intermittent source, storage technology has been seen as a necessity for wind power to achieve 

higher integration in the electrical system. For a long time, research has focused on four main storage 

methods: chemical, thermal, mechanical, and electrical energy storage (EES). However, in the past few 

years  hydrogen technology, as a widely applicable low-carbon energy carrier, has been attracting 

considerable attention in the energy research community  (Apostolou & Enevoldsen, 2019). The concept 

of hydrogen production using electricity from wind energy, termed as power-to-gas (PtG), is not new. 

Hydrogen technology and its development, application and related implications, termed as the hydrogen 

economy, has been known since the 1970s. However, in the few past years many researchers have been 

evaluating the role of hydrogen technology as a potential energy carrier for large-scale wind energy and 

an important technology for the global energy transition  (Parra et al., 2019). In this chapter, we present 

some of the key research done on wind energy-based hydrogen production.   

 

3.1 Techno-economics of Hydrogen Production  

From a techno-economic point of view, green hydrogen production by water electrolysis using wind 

energy has been widely reviewed by research. A large body of that research has been focused on the 

assessment of implications of various technological options within a PtG system, such as electrolysis 

technology, and provided products and services, such as gas for mobility and gas injected into natural gas 

pipeline. Tzamalis et al., (2013) evaluated the techno-economics of wind energy and hydrogen 

technologies integration in a power system of a remote island. The existing power system of the proposed 

island is based on fossil fuel and a few wind turbines, while the proposed power system for the island 

consists of more wind turbines with reduced fossil fuel-based generation and which integrates hydrogen 

technologies as an energy storage medium. Techno-economic simulations were conducted for both cases, 

and sensitivity analysis was performed to evaluate the effects of hydrogen equipment and wind turbine 

capital costs on the proposed system’s power generation cost. Economic and technical system level 

simulations, optimization and sensitivity analysis were performed which included an electrolyzer, 

hydrogen tank, and fuel cell using the HOMER simulation tool. The results showed that the cost of the 

energy produced (COE) for the proposed wind-hydrogen system increased from 0.126 €/kWh to 0.160 

€/kWh compared to the existing power system (Tzamalis et al., 2013, p. 411650). The reason for this was 

the high capital cost for wind turbines and hydrogen compared to the capital costs of fossil fuel generators. 

The sensitivity analysis indicated that these costs significantly influence the COE of the proposed power 

system, since the COE decreases to 0.139 €/kWh when hydrogen technologies’ capital costs were reduced 
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by 50%. Moreover, an additional subsidy of 30% for the wind turbines’ capital cost resulted in a further 

decrease to end at an estimated 0.094 €/kWh, which is lower than the generation cost of the existing power 

system. From such perspective, it can be show that a hydrogen-based power system can potentially be 

both technically feasible and economically competitive with a fossil-based power system given sufficient 

cost reductions (Tzamalis et al., 2013).  

Further, Olateju et al., (2016) developed a techno-economic framework to determine the optimal 

electrolysis size, number of electrolyzer units and battery (energy storage) capacities that would yield the 

minimum hydrogen production cost and at the same time function in a liberalized electricity market with 

dynamic prices. For this purpose, real-time wind energy data were utilized and considered for six alkaline 

electrolyzer sizes, a rectifier and a buck converter for AC/DC conversion, a battery for smoothing the 

energy from the wind and for energy storage, a compressor, and pipelines. The observation from this 

study showed that for a particular range of hydrogen flow rates, the optimal battery capacity for the 

different electrolyzers is coincident. This means that the minimum hydrogen production cost occurs when 

the capacity factors of both electrolyzer and battery are equivalent. The minimum hydrogen production 

cost of the plant was 9.00 $/kg. From a techno-economic point of view, it was found that a battery on a 

wind-hydrogen plant benefited the plant through enhanced electrolyzer capacity factors and premium 

electricity sales, even though it was better realized for smaller electrolyzer farms than larger ones. On the 

other hand, a decrease of the overall plant efficiency, and increased capital costs undermined the benefits 

of energy storage. It was also found that the hydrogen production cost would be reduced to 3.37 $/kg for 

a wind-hydrogen plant if the wind farm costs were excluded (Olateju et al., 2016).  

Jepma & Van Schot, (2017) went further and evaluated the economics of offshore energy 

conversion and storage with the focus on the technical and commercial feasibility by using existing 

offshore natural gas platforms and pipelines to transport the produced hydrogen to shore. Two planforms 

(G17d and D18a) were proposed for the consideration of conversion, storage and energy transportation 

costs and benefits. Two scenarios were developed: one in which all wind energy is transported to the 

platform and thus no grid-connection to shore needed (G-only); one with a grid-connection between the 

wind farm and shore to either transport the energy as electrons or molecules (E+G). Based on market data, 

the assessment of the economics of offshore conversion and related transport showed that green hydrogen 

prices ranged between 1.56 €/kg and 4.67 €/kg. For the G-only gas, the simulation indicated break-even 

values for offshore produced green hydrogen prices between 2.84 €/7kg and 3.25 €/kg. According to the 

authors, this means that green hydrogen prices will have to amount to less than the double current assumed 

price to reach the levels of bulk volumes of grey hydrogen (1.55 €/kg). If the current business conditions 

remain in the future, the break-even values will instead range between 4.26 €/k and 4.63 €/kg (Jepma & 

Van Schot, 2017, p. 3). 

Babarit et al., (2018) also evaluated the techno-economic feasibility of offshore hydrogen-

producing wind energy, whereby fleets of far offshore hydrogen-producing wind energy converters were 
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considered. Two scenarios including transportation and distribution of the produced hydrogen were 

established, where the hydrogen delivery cost was used to estimate the scenarios in both the short-term-

and long-term. Further, for half of the scenarios liquid hydrogen (LH2) was considered whereas the other 

half used compressed hydrogen (CGH2). In conjunction to other findings, the results revealed that CGH2 

scenarios have the best energy efficiency (up to 62%) in the long-term. However, when the cost was 

considered, it was found that the cost estimates are close between the LH2 and the CGH2 scenarios. 

Moreover, the delivered cost estimate for the short-term was found to be in a range of 6.6 – 8.8 €/kg, 

depending on the delivery and option, while the delivery cost estimate in the long-term could reduce this 

to 3.3 – 5.5 €/kg. However, although the cost estimates are small, the authors believe that LH2 scenarios 

are most promising in the long-term due to their slightly smaller costs and much better flexibility for 

delivery (Babarit et al., 2018). 

Zhang et al. (2019) investigated the feasibility of onsite power-to-hydrogen-to-power (PHP) and 

lithium battery (LB) technologies with the aim of reducing imbalance costs caused by forecasting errors 

and increase wind farm profitability. An optimal sizing method was proposed considering 14 uncertain 

technological and economic parameters, such as market prices for hydrogen trade and storage, electricity, 

imbalance, government incentives, investment cost, efficiency and lifespan of storage technology, and 

wind forecasting performance. To highlight the key influential parameters, a global sensitivity analysis 

was proposed. The study revealed that PHP was economically feasible in 98.6% of the scenarios, with a 

profit up to 600 k€/MW per wind power compared to LB which was feasible in only 24% scenarios, where 

over 80% had below a profit of 100 k€/MWWP (Zhang et al., 2019, p. 8).  However, the profit of PHP is 

sensitive to hydrogen price, forecasting accuracy and hydrogen storage price. According to the authors, 

decreased electrolyzers investment cost might be better for the technology´s development rather than 

extending lifetimes and increasing efficiencies. However, when compared with a fuel cell, an electrolyzer 

was found to be more advantageous in terms of achieving higher profits, especially with high hydrogen 

price, low storage price and investment cost. For example, in 9% of the scenarios the system could bring 

profit of over 100 k€/MW per wind power only when a hydrogen price of 4.0 €/kg was provided, while a 

profit of >200k€/MWWP required a hydrogen price of 4.6€/kg and where storage and investment costs 

were below 2.6 €/kg and 960 €/kg respectively (Zhang et al., 2019, p. 5).          

McDonagh et al. (2020) investigated the profitability of offshore wind energy-based hydrogen 

production from an investor interest perspective. The aim was to look for ways enabling investors to 

recapture energy lost due to curtailment, offset decreased revenue due to periods of suppressed electricity 

prices, and to provide an option between hydrogen and electricity markets based on real time pricing. A 

system model was proposed including an offshore wind energy, PtG installation with compression and 

storage with various configurations to evaluate and compare the viability of producing hydrogen. The 

profitability of hydrogen production was determinate by the Net Present Value (NPV), the project´s 

annual revenues, and the levelized cost of hydrogen (LCoH). The OWF, with a 14.5 km distance to shore, 



  
 

23 
 

could achieve a levelized cost of hydrogen of 3.77 €/kg if all the power generation were used to produce 

hydrogen. In case of a hybrid system where PtG offers an option to operate between the electricity and 

hydrogen markets, a hydrogen market price of more than 4 €/kg will be required to compete with the NPV 

of an offshore wind farm producing electricity alone (McDonagh et al., 2020, p. 9).   

Schnuelle et al., (2020) conducted a techno-economic analysis of AEL and the PEM technology to 

study their technical limitations during dynamic operation. To uncover ramp speed limitations and 

specific plant performance at partial load operation of both technologies, specific electricity procurement 

costs for both onshore and offshore wind farms were used. The model was developed to carry out a 

thorough assessment of hydrogen production with fluctuating electricity. Economically, it was observed 

that direct purchases from renewable electricity units, such as wind, leaving their fixed remuneration 

period is attractive, even though the electrolyzer full load hours were shown to be higher using electricity 

coming from “up-to-date” onshore and offshore wind farms. The lowest hydrogen production cost of 4.33 

€/kg without surcharges was observed for direct electricity procurement from “old” wind farms, with the 

application of AEL and an electrolyzer scaling of 40% of Pin,max, and 4.99 €/kg with surcharges. With 

respect to electrolyzer utilization rate, direct electricity purchase from offshore wind farms was found to 

be most advantageous due to the achievement of high electrolyzer full load hours. However, the hydrogen 

productions cost in this case was the highest with between 9.17 and 12.38 €/kg. According to the authors, 

this is due to the expensive electricity procurement from offshore wind. It was also mentioned that the 

hydrogen supply to the transportation sector or hydrogen filling stations already appears promising. 

Currently, hydrogen supply to transportation and hydrogen filling stations costs 9.5 €/kg. However, these 

costs are still much higher than the cost for industrial hydrogen supply via conventional SMR that is 

currently as low as 1.5 €/kg (Schnuelle et al., 2020, p. 29950). 

Berg et al. (2021) investigated the economic feasibility of integrating water electrolysis to exploit 

excess electricity from onshore and offshore wind farms in Denmark to produce hydrogen used for 

transportation. Taking into consideration storage, transportation, and the operation and maintenance for 

the produced hydrogen, the investment was considered in four water electrolysis sizes: 250 kW, 500 kW, 

750 kW, and 1 MW. The alkaline water electrolysis was used to calculate the system efficiency and 

determine maximum hydrogen that can be produced. Further, it was proposed that the produced hydrogen 

will be transported by compressed truck tube trailer. NPV, Internal Rate of Return (IRR), Pay-back Period 

(PP) and Point of Breakeven was proposed to evaluate their investment cost. With the result obtained, 

based on a total excess energy of 1238 hours, the authors concluded that this amount imposes a capacity 

utilization constraint on the hydrogen production making the NPV of the investment in each electrolysis 

scenario negative and thus not feasible. The return on investment is strongly dependent on the hydrogen 

sale price and capacity constraint because it was feasible only when the price of the electrolyzer becomes 

€10.56 kg/H2 for 250 kW, €9.47 kg/H2 for 500 kW, €9.24 kg/H2 for 750 kW, and €9.17 kg/H2 for 1 MW. 

These prices are close to 100% more than those found by the study (Berg et al., 2021, p. 154). 
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To unlock the potential of offshore wind energy and to deliver decarbonization and energy security, 

Dinh et al. (2021) investigated the viability of an offshore wind-hydrogen production plant based on a 

hypothetical wind farm with a capacity of 101.3 MW located in a potential offshore wind development 

pipeline off the East Coast of Ireland. An integrated and analytical model based on the calculation of wind 

power production, size of electrolysis plant, and hydrogen production from time-varying wind speeds was 

proposed. The costs for the wind farm and the electrolysis were assumed for 2030, which was projected 

for a specific time-period using the Discounted Payback (DPB) and NPV methods. The proton ex-change 

membrane electrolyzers were used along with underground storage of the produced hydrogen. The results 

showed that for an offshore wind farm – a hydrogen production system is profitable in 2030 at a hydrogen 

price of €5/kg, with underground storage terms ranging from two to 45 days. The DPBs with storage terms 

of 2,7,21, and 45 days are 7.8, 8.6, 11.1 and 16.2 years respectively, where the 2-7 days terms of storage 

are more economical than 21-45 days due to the large capital costs for storage (Dinh et al., 2021, p. 

24630). 

Singlitico et al. (2021) proposed a holistic techno-economic assessment with the aim of evaluating 

how green hydrogen production with electricity from offshore wind power in the North Sea can be 

achieved at the lowest cost. This holistic approach included a techno-economic model that considered the 

complete design of both the hydrogen and offshore electricity power infrastructure and aimed to identify 

their interactions and synergies while determining the LCoH and levelized cost of electricity (LCoE). The 

cost of hydrogen production from offshore wind power was also evaluated by considering a combination 

of three different electrolysis placements, three electrolysis technologies (AEL, PEM, and solid oxide 

electrolysis (SOEL)), and two electrolyzer operation modes. Considering the LCoH from electrolyzer 

technology point of view, AEL achieved the lowest cost, which was expected due to better trade-off 

between costs and operational parameters. Further, the electrolysis placement offshore resulted in the 

lowest LCoH in the hydrogen-driven operation mode, which was estimated at 2.4 €/kg, making it 

competitive with grey and blue hydrogen. However, the results might not be fully representative since 

only the major components of the systems were considered in the study to limit the complexity of the 

model. Under electricity-driven operation mode, the lowest LCoH, estimated at 2.7 €/kg, was observed 

when all electricity was used for hydrogen production. The results revealed that the green hydrogen 

production offshore could achieve costs as low as 2.4 €/kg, making it competitive with the costs of 

hydrogen currently produced by natural gas (Singlitico et al., 2021, pp. 9–10).   
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3.2 Environmental Evaluation of Hydrogen Production 

Environmental and energy impacts are important points for analysis for the future hydrogen energy 

transition. In a circular carbon economy framework, which is defined as an economy-wide human-earth 

balance and harmonized carbon cycle, hydrogen can play an important role in decarbonization (Bartlett 

& Krupnick, 2020). Hydrogen can reduce emissions by substituting oil, gas, and coal (Koch Blank & 

Molly, 2020), recycling emissions by admixing CO2 and hydrogen to make fuels as well as recycling, 

building materials and other products (Bhardwaj et al., 2021). It can also help with the removal of 

emissions from fossil fuels or biomass by separating and storing the carbon resulting from their use (Baker 

et al., 2020), maintaining important features for grid resilience and operation and industrial 

decarbonization (Bartlett & Krupnick, 2020). Research on wind energy-based hydrogen production 

clearly highlights the renewability and emission reduction of hydrogen compared to fossil energy-based 

hydrogen production. However, the environmental impacts and benefits are highly dependent on the 

hydrogen production methods and technologies used. Therefore, various tools, methodologies, and 

approaches have been used in research to determine the most sustainable route for hydrogen production, 

utilization, and transportation. Mehmeti et al. (2018) used the ReCiPe life cycle impact assessment with 

a list of mid-endpoints and indicators in hydrogen production processes to uncover the key strengths and 

weakness of these methods. The ReCiPe assessment determines water and environmental impacts in 

respect to consumption, scarcity, damage to ecosystem, resources, and human health impacts. The results 

showed that none of the considered technologies had one single solution that can cover all environmental 

problems, but some seem promising. On the other hand, the results indicated the environmental 

performance of non-fossil-based processes performed better than steam methane reformation (SMR) and 

grid electrolysis. Further, both bio-liquids reforming and electrolysis provided environmental benefits in 

hydrogen production using renewables such as wind energy (Mehmeti et al., 2018).  

Further, Tschiggerl et al., (2018) highlighted the importance of understanding and awareness of the 

potential environmental impacts of new energy storage to guarantee the social acceptance of it and its 

development. Aiming for that, Tschiggerl et al., (2018) conducted a life cycle assessment (LCA) of energy 

storage technologies by proposing four PtG business models. Here, the project “Underground Sun 

Storage” (USS), which is a PtG plant which aims to use renewable energy, such as wind energy, and store 

it as hydrogen or methane in the cavern space was initiated as demonstration project. The source of energy 

was shown to be a significantly important aspect for the environmental performance of the PtG plant, and 

that wind power utilization can improve this performance. The alkaline electrolysis cell (AEC) was shown 

to be the major source of energy consumption, and its specific efficiency is the most critical parameter. 

Further, it was shown that the underground storage process itself has minor impacts, since the impacts are 

strongly influenced by the system conditions (Tschiggerl et al., 2018).   
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Y. Zhang et al. (2019) further analyzed and compared the life cycle of an PHP and LB by 

considering the greenhouse gas (GHG) emissions, which reflect global warming potential in kg of carbon 

dioxide equivalents. It was revealed that GHG emissions originate from two main aspects: manufacturing 

of the PHP, fuel cell (FC) and electrolyzer (EL), and hydrogen based on steam methane reforming from 

natural gas. The manufacturing of a 1 kW FC resulted in 37 kgCO2eq, and 1 kWh LB resulted in 166 

kgCO2eq, while producing 1 kg of hydrogen via steam membrane reforming discharges 8.9 kgCO2eq. 

Exclusive the environmental impacts from the wind farms considered in this study, it was found that the 

PHP case with higher FC, PHP case with higher EL, and the LB case respectively resulted in a maximum 

GHG emission of 105, 19 and 4 kgCO2eq. Due to the significant contribution of hydrogen purchased from 

the market for FC, the GHG impacts were ignored with emission below 1 kg CO2eq/MWh in 60% of the 

scenarios for the LB case, below 5 CO2eq/MWh in 95% scenarios of the PHP case with higher EL. The 

PHP case with EL performed better than the PHP case with higher FC where only 60% of the scenarios 

were below 5 CO2eq/MWh (Zhang et al., 2019, p. 10). 

Crivellari and Cozzani (2020) studied the levelized greenhouse gases emissions (LGHG) of an 

offshore wind power conversion of PtG and power-to-liquid to evaluate its environmental performance. 

It did so  by comparing them to six alternative conversion strategies: Option 1 (H2 production-to-H2 

compression-to-H2 blending into natural gas), Option 2 (H2 production-to-H2 compression), Option 3a 

(H2 production-to-synthetic natural gas (SNG) production/CO2-capture from raw gas-to-SNG 

compression),  Option 3b (H2 production-to-SNG production/CO2 purchase-to-SNG compression), 

Option 4a (H2 production-to-H2 storage->H2+CO2 compression<-CO2  compression-to-CH2OH 

production-to-CH2OH storage), Option 4b (H2 production-to-H2 storage->H2+CO2 purchase 

compression<-CO2 compression-to-CH3OH production-to-CH2OH storage). LGHG considered the 

annual GHG emissions emitted from the i-th component of the pathways´ process stage, the total number 

of process units, the higher heating value of the final product, and the mass flowrate of the final product 

of the pathway. It was observed that LGHG is independent on electrolyzer capacity, operating pressure 

of the sea line and the distance from shore. The best environmental performance was obtained for Options 

1 and 2, while larger environmental impacts were attributed to Options 3b and 4b, which were associated 

with onsite CO2 capture (Crivellari & Cozzani, 2020).  

Further, You et al., (2020) investigated the environmental benefits and bottlenecks of a hydrogen 

supply system for transportation industry by considering the stages of production, transportation, and 

storage to the fueling stations. The baseline system for the hydrogen supply was integrated with wind 

power and with a natural gas to hydrogen system. To address the environmental impacts, the study 

considered the GHG emissions during the operational phase, and additional CO2 emissions from non-

estimated hydrogen production due to consumption from the transportation and refueling distances, 

including an LCA. It was revealed that hydrogen produced from natural gas showed the worst 

performance in terms of CO2 emissions (You et al., 2020).  Another study was conducted to analyze the 
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carbon footprint of hydrogen production using wind energy. The study was based on two scenarios: one 

where wind power generation replaces electricity from an oil-burning power plant, and one where wind 

power generation replaces electricity from a natural gas-burning power plant. In respect to that, commonly 

used emission rate for an oil or gas power plant and the emission coefficients to evaluate the reduction of 

CO2 emissions was used to assess the carbon footprint. The study revealed that 2102.99 and 1518.41 tons 

of CO2 emission were avoided (Almutairi et al., 2021, p. 13).  

Xue et al., (2021) estimated the environmental benefits of hydrogen-based wind energy storage 

systems (HESS) from a resource conservation perspective. The environmental advantage of the system 

from an energy-saving and emission reduction perspective were proposed. To estimate the energy-saving 

effects and to do the emission reduction assessment of the wind power HESS, base-load coal-fired power 

plants were used as a reference. According to the authors, the coal-fired power plants in China use the 

600-MW or 1000-MW ultra-supercritical units with an average standard coal consumption of 300 g/kWh. 

The results showed, assuming a hydrogen production unit efficiency of 60%, and a hydrogen electricity 

conversion of 90%, the wind power HESS can save between 2.190-3.285 million tons of standard coal 

consumption at the 600-MW unit, and between 1.847 - 2.771 million tons/year from the 1000-MW (Xue 

et al., 2021, p. 12).  

Delpierre et al. (2021) examined ex-ante the LCA of a large-scale wind-based hydrogen production 

using AE and PEM. Based on a combination of technical and exploratory scenario analysis, the impacts 

of the current technology development, the potential upscaling effects of future hydrogen production in 

2050 was studied. The general morphological analysis methodology was used to construct the scenarios 

with an assessment and focus on specific factors. In addition, the AE and PEM processes were compared 

to the current SMR process, whereas the electricity for pilot-scale testing comes from the Dutch market 

and for the ex-ante large-scale system from wind energy. A significant decrease in environmental impacts 

(90%) were achieved when electricity supply shifted from the grid to wind energy. However, the 

performance of pilot-scale AE and PEM electrolyzers seemed to be worse than SMR in all impact 

categories with electricity from the grid. According to the authors, the primacy of electrolyzers over SMR 

depends on which impact categories are considered. Further, the comparison of the ex-ante large-scale 

AE and PEM alternatives showed that the environmental impacts are relatively low (<7%), except in 

“Ozone depletion”, where AE contributed to 43.8% larger environmental impacts than PEM. The 

difference here depends on the polytetrafluoroethylene consumption. In terms of environmental 

performance, scenario A, which reflects a case of “high” development of hydrogen technology, showed 

lower (<6%) or equivalent performance than scenario B, which reflects a case of “low” development of 

hydrogen technology, expect for the category “Ozone depletion” where scenario A performed worse 

(+39.5% for AE and +2.3% for PEM). The difference here was mainly explained with plant construction 

and emissions and that it connected to scale (1 GW for scenario A and 100 MW for scenario B). On the 

other hand, the PEM showed larger environmental impacts than AE in scenario A, except for 



  
 

28 
 

“Acidification and “Ozone depletion”.  In scenario B, PEM performed better than AE. According to the 

authors, these results show the importance of the scale and that AE could benefit slightly more from 

upscaling effects than PEM (Delpierre et al., 2021).    

 

3.3 Oxygen By-product  

As can be noticed, the past years techno-economic and environmental impacts research on hydrogen 

production via water electrolyzers using wind energy has been increasingly measured as a potential 

solution for green energy transition. The techno-economic studies provide excellent understanding of how 

complex hydrogen is, technically and economically. Hydrogen production routes, plant efficiency, 

electricity cost, hydrogen storage, distribution and utilization are some of the economic and technological 

aspects that most heavily influence the hydrogen economy. Being conducted at various points in the past 

decade, some conclusions can be drawn from these studies. Some of which reflect the performance of 

hydrogen production that is strongly affected by the electrolyzer technical level, availability of existing 

infrastructure, and electricity prices in a specific location. This is an important insight for the hydrogen 

economy, yet it is not clearly mentioned in the available research. Much of the available research is 

focused on evaluating one hydrogen plant component and rarely investigate other technological 

advancement levels and options available in the market. According to Ayodele & Munda (2019), techno-

economic viability analysis is required at every potential location for hydrogen production, because the 

profitability of hydrogen production is site specific. Further, while the hydrogen market price is also 

frequently a point of consideration for the green hydrogen market and the end user, it is not clearly 

investigated, hence new research is needed to evaluate the hydrogen economy. According to the IEA 

(2020) report, the price of hydrogen is highly dependent on the number of refueling stations, how 

frequently it is used and how much hydrogen is delivered per day.  

Lastly, the available research often neglects hydrogen production of by-product oxygen. To the best 

of our knowledge, only a handful of papers have investigated the capability and economic viability of 

utilizing by-product oxygen with wind-driven hydrogen. According to Mohseni et al. (2013), the by-

product oxygen from hydrogen production has a high purity level and thus is a valuable product. The 

integration of oxygen into a power to hydrogen system would positively impact the economics and 

performance of the plant, such as reduction in LCoH (Ghosh et al., 2003; Janke et al., 2020). According 

to some researchers (Ursúa et al., 2013; Zoulias & Varkaraki, 2004), instead much of the produced by-

product oxygen is being released into the atmosphere, even though by-product oxygen has many 

applications that go beyond industrial and medical processes (Parra & Patel, 2016). According to Jepma 

et al.(2018), oxygen might be valuable for system processes, such as burning natural gas rather than air 

generates supplementary higher concentrated CO2 stream that require less costly separation before the 

CO2 is injected underground. Further, oxygen could be used for aquaculture (Janke et al., 2020). The latter 



  
 

29 
 

is of particular interest, not least in restoring deoxygenated marine ecosystems that face serious 

environmental problems (Stigebrandt, Liljebladh, et al., 2015b). The research concerned with the 

environmental aspects of wind energy-based hydrogen production is much more focused on the 

environmental impacts of the technology, especially in comparison to other energy technologies and 

energy sources. To the best of our knowledge, no research to date has studied the utilization of by-product 

oxygen as a means to oxygenate hypoxic waters. According to Parra & Patel (2016), the number of studies 

addressing the environmental performance of power to hydrogen systems are limited, and the research 

concerned with the environmental impacts focus on climate impacts and neglect the potential benefits of 

utilizing oxygen.  

The production of oxygen takes place by means of water electrolysis technology. When water 

electrolysis produces hydrogen, oxygen is produced simultaneously as a by-product, corresponding to 

half of the hydrogen produced (Buttler & Spliethoff, 2018; Kato et al., 2005). Oxygen is critical to life on 

the planet. It balances the cycles of carbon, nitrogen and other elements and it’s a fundamental requirement 

for marine life found from the seashore to the greatest depths of the ocean. Nevertheless, deoxygenation 

is worsening in coastal and open ocean (IOC UNESCO, 2021). Deoxygenation is also worsening at all 

water depths due to eutrophication - the over enrichment of water by nutrient nitrogen (N) and phosphorus 

(P), inputs to the ocean. Eutrophication is one of the leading causes of water quality impairment. Since 

the mid-20 century, over 415 areas haves been identified worldwide that experience symptoms of 

eutrophication, which highlights it as a  global wide-spread environmental problem (Selman et al., 2008). 

Initially, eutrophic events increased due to rapid intensive agricultural practices, industrial activities, and 

population growth emitting large amounts of N and P. In different regions of the world, such as the 

European Union, intensive use of animal manure and commercial fertilizers in agriculture are the main 

contributors to eutrophication since runoff from fields enters the ocean through creeks and bays during 

rain and irrigation practices. Other things that have caused eutrophication is untreated wastewater from 

sewage and industries dumping by-products into creeks, rivers, lakes, or the ocean. Fossil fuels and 

fertilizers are other contributors to the eutrophication, since these release nitrogen into the atmosphere 

which is then redeposited on land and water through the water cycle (National Geographic Society, 2011).  

These nutrients, especially nitrogen, usually pass through a variety of terrestrial and freshwater 

ecosystems, which causes other environmental problems such as freshwater quality impairments, acid 

rain, the formation of greenhouse gases, shifts in community food webs, and loss of biodiversity. When 

these nutrients are finally delivered to the coastal ecosystems, several responses are trigged within the 

ecosystem. The initial impacts of increased nutrients reflect an excessive growth of phytoplankton, 

microalgae (e.g., epiphytes and microphytes), and macroalgae (i.e., seaweed). These impacts, in turn, 

contributes to other issues such as the loss of subaquatic vegetation because the growth of phytoplankton 

reduces light penetration. Another issue is reflected in the change of species composition and biomass of 

the benthic (seafloor) aquatic community, which in turn results in reduced species diversity and 
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dominance of gelatinous organisms. Moreover, increased nutrients favor algae growths, which damage 

the coral reefs as algae inhibits coral growth. Another issue is the shift in phytoplankton species 

composition, which in turn create favorable conditions for the development of nuisance, toxic, or 

otherwise harmful algae blooms. Yet, the most serious threat created from the overgrowth of  algae and 

vegetation is the unseen decrease of dissolved oxygen (DO) levels in bottom waters (Selman et al., 2008).      

The DO decreases when planktonic algae die and add the flow of organic matter to the seabed to 

fuel microbial respiration. This further leads to the formation of hypoxic areas (commonly known as “dead 

zones”) (Diaz & Rosenberg, 2008), due to the decomposition process of blue-green algae (cyanobacteria) 

and phytoplankton who consumes available DO when they sink to the seafloor (National Geographic 

Society, 2011). Hypoxia causes the death of marine life and changes benthic communities, which in turn 

leads to  catastrophic effects for the marine ecosystem sedimentary structure and biogeochemical cycles 

(Chen et al., 2022). Hypoxia occurs when DO falls below ≤2 ml of O2 /liter, a point at which benthic 

fauna start showing aberrant behavior, such as abandoning burrows for exposure at the sediment-water 

interface and culminating in mass mortality when DO falls below 0.5 ml of O2/liter. Hypoxia is commonly 

associated with semi-enclosed hydrogeomorphology that in combination with water-column stratification 

which restrict water exchange. However, since 1950 some hypoxia zones have been developed in 

continental seas, such as the Baltic Sea (Diaz & Rosenberg, 2008).   

The Baltic Sea is one of the most eutrophic seas in the world (Almroth-Rosell et al., 2021), and the 

second largest brackish water basin after the Black Sea (Hall et al., 2017). The Baltic Sea has undergone 

severe eutrophication during the last century (Broman et al., 2017), and has become a classic example of 

a sea where the problems of hypoxia and anoxia (zones with no oxygen) are constantly growing (Malone 

& Newton, 2020). Due to its positive freshwater budget (~ 455 km3 yr–1) inflow from 250 rivers and a 

deeper current of saline water entering the Baltic Sea through the narrow and shallow straits connecting 

it to the North Sea, the central Baltic Sea is stratified by sea salt. The high freshwater inputs result in a 

gradual increase of surface salinity (Stigebrandt & Andersson, 2020). During the winter, the water column 

gets mixed down 40-80 m to a permanent halocline (Malone & Newton, 2020), which separates the fresh 

and oxygenated surface layer water from the more salty deep water.  Hence, the main oxygen supply to 

the deeper parts of the sea comes with inflows of saltier sea water through the straits connecting the Baltic 

Sea with the North Sea and irregular Major Baltic Inflows (MBI) However, the smaller inflows, which 

generally are more frequent in the Baltic Sea, can’t penetrate as deep or flow as far east as MBI (Almroth-

Rosell et al., 2021).  

The MBI are important for the environmental situation in the Baltic Sea as they can replace the 

hypoxic and anoxic deep water with oxygen rich water (Almroth-Rosell et al., 2021). Nevertheless, the 

number of major inflows to the Baltic Sea has decreased significantly during the two last decades. 

According to Conley et al. (2002), between 1897-1997, excluding the periods of the two World Wars, 96 

major inflows were identified as MBI. By comparison, only few have occurred since the mid-1970s, and 
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only two were recorded between 1983 and 1993 (Conley et al., 2002). Today, the Baltic Sea is a vulnerable 

sea that suffers from increasing hypoxia and anoxic areas. The external inputs of nitrogen from rivers and 

the atmospheric disposition to the Baltic Proper has been rated to 345 kt N year-1 (nitrogen fixation). Yet, 

the inputs from rivers and atmospheric disposition still differs from filamentous blue-green algae. Most 

of the external nitrogen does not reach the open Baltic Sea because the biogeochemical processes taking 

place along, for example, the Baltic Sea coastline remove nitrogen from riverine input by 50-100%. The 

internal nitrogen by blue-green algae, on the other hand, is a result of large quantities of nutrients, 

especially phosphorus, that has been accumulated in the deep water and sediment over the years (Almroth-

Rosell et al., 2021; Liljenström et al., 2012). 

As of the supply of air nitrogen is almost unlimited in the water, the growth of this bacteria is 

controlled by phosphorus instead of nitrogen. Hence, phosphorus from oxygen-poor sediments keeps a 

“vicious circle” going, because it changes the N/P-molar balance and gives nitrogen fixing blue-green 

algae the prerequisites to increase which in turn leads to larger surface blooms and a larger amount of 

organic material sinking to the sediment that consumes oxygen (Almroth-Rosell et al., 2021; Liljenström 

et al., 2012). Moreover, increases of phytoplankton biomass and hypoxia in the bottom water have had a 

severe impact on the benthic communities. For instance, the present spatial distribution of eelgrass 

constitutes only 25% of that which was present in 1900, and the depth limit of brown macroalgal species 

has declined significantly since 1960. Another impact of phytoplankton and hypoxia is habitat loss and 

elimination of benthic macrofauna. Currently it is estimated that microbenthic communities are below a 

40-year average in the entire Baltic Sea (Malone & Newton, 2020).  

A time series of the areal extent and water volume of anoxia and hypoxia autumn conditions of the 

Baltic Proper, including the Gulf of Finland, reported for the period 1960 to 2021, shows how hypoxia 

affected large areas while anoxic conditions were found only in minor deep areas during the first regime 

– 1960-1999. However, after the shift regime shift in 1999, both areal extent and volume of anoxia have 

been constantly increasing to levels that only been observed a few times before 1999 (Figure 2) Figure 

2 show how the occurrence of periods with toxic Hydrogen sulphide (<0 ml/l O2). Figure 3 further shows 

how the distribution of the extent of hypoxia and anoxia bottom water areas by 2021. The grey colored 

areas indicate bottoms under oxygen-strained , ≤2 ml/l, and the black coloured areas indicate bottoms that 

are oxygen-free, ≤0 ml/l over the years and the size of the area each year (Hansson & Viktorsson, 2021). 
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While the situation in the Baltic Sea and the negative impact of low oxygen on internal nutrient loading 

on higher organisms is reflected in a large body of scientific literature, successful efforts have been done 

to reduce the nutrient load into the Baltic Sea over the last decades. Yet, the system remains eutrophic 

and suffers from severe oxygen depletion (HELCOM, 2018). Calls for the usage of sea-based 

Figure 2. Areal extent of anoxic and hypoxic conditions. Results from 1961 and 1967 have been removed due to lack of  data 
from the deep basins. Source: Hansson & Viktorsson (2021) 

Figure 3.The distribution of bottoms under oxygen-strained (grey, ≤2 ml/l) and oxygen-free (black, ≤0 ml/l) 
conditions in the Baltic Sea proper. Source:Hansson & Viktorsson (2021) 
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eutrophication mitigation techniques in the open Baltic Sea have therefore received attention as means to 

tackle the problems where they occur (Stigebrandt & Gustafsson, 2007). One of these engineering 

techniques is artificial oxygenation (Huang et al., 2018). Artificial oxygenation is an engineering solution 

where oxygen enriched water is injected into seawater to keep the bottom water and surface sediment oxic 

(oxygenated), the seafloor habitable for animals, and sustain the biogeochemical process that removes 

bioavailable nutrients (Che et al., 2020; Larsen et al., 2019).  

Reflecting this and what has been presented, it’s apparent that the broader potential of offshore 

wind energy producing green hydrogen has not been revealed by available research. With many offshore 

wind farms already installed and even more being planned, its likely to play an important role for hydrogen 

production in Europe (Stori, 2021), and large quantities of by-product oxygen produced offshore can be 

expected. Therefore, applying a broader perspective in the research of offshore wind energy produced 

green hydrogen, by reflecting aspects such as oxygenation that benefits biodiversity, would open 

understandings about benefits for more and increase deployment of renewables such as wind and green 

hydrogen.   

Given this background, the focus of this work will be on the specific design and location of 

hydrogen infrastructure relative to offshore wind energy infrastructure, as these are important in 

determining the hydrogen infrastructure relative to the offshore wind farm. In addition, the location and 

the scale of hydrogen production seems to considerably influence the hydrogen efficiency, reliability, and 

economics. We further investigate previous use of artificial oxygenation to assess the environmental 

benefits of the integration of an oxygenation plant.  
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4 Methodology and Case study  
The methodology of this work consist of a quantitative analysis and a qualitative review (Figure 2). This 

combination has been chosen to assess the economic feasibility of offshore wind energy and hydrogen 

integrated system, and the environmental benefits of using oxygen to artificially oxygenate dead seawater. 

In the first subsection, the chosen methodology for the quantitative analysis is presented, followed by the 

main input parameters used in the techno-economic analysis. In the second subsection, the chosen 

methodology for the qualitative research is presented, followed by the key factors used to collect data 

from the selected literature.  

The geographical focus of this research is on the Baltic Sea region. The present work considers 

future offshore wind energy integrated hydrogen production in Sweden and as such, an offshore wind 

farm planned in Sweden is proposed as a case study. The planned offshore wind farm is called Neptunus 

and will have 2 GW total installed capacity. The farm is planned for the south-west of the Baltic Sea, 

within the Swedish economic zone (Figure 4). The wind park is located ca 50 km southeast of the 

Karlskrona archipelago and 100 km east of Simrishamn. The total wind area is 645 km2 and the considered 

farm area is 420 km2, with a water depth between 50 and 78 meters. The planned farm considers a layout 

of 134 wind turbines with 15 MW nominal power and 2.3 GW of total installed capacity (Information 

provided by OX2 AB). 

 

Figure 4. The planned offshore wind farm - Neptunus. Source: provided by OX2 AB.  
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4.1 Quantitative analysis 

The quantitative part of this work consists of techno-economic analysis of the complementary 

infrastructure for both hydrogen system and offshore wind energy plant. The aim is to determine the future 

levelized cost of hydrogen (LCoH) and levelized cost of electricity (LCoE). The techno-economic 

methodology is based on the work of Singlitico et al. from 2021. Their work consisted mainly of 

identifying the technical interactions between the offshore wind energy plant and hydrogen production 

system to determine the LCoE and LCoH by considering a combination of different electrolyzer 

placements, technologies, and modes of operations. Some parts of this approach are employed in this 

work but with revised and updated values from newly acquired experience. Some new features and 

boundary conditions has been also included in addition to a new concept. Using this approach allows for 

the investigation and identification of the most economically optimal location for hydrogen production 

using offshore wind energy. The model is built using MATLAB programming tool (MATLAB, 2022).  

The techno-economic analysis considers four main parameters: the electrolyzer placement, the 

share of electricity to green hydrogen production, and the price levels targeted for 2030 (see Appendix 

B).  The share of electricity to green hydrogen production is determined because the electrolyzer system 

sizing is calculated based on the amount of electricity output (Ibrahim et al., 2022). Moreover, we consider 

the future PEM electrolyzer technology. The main appeal of the PEM electrolysis over the other 

technologies, especially the Alkaline, is its ability to perform well both in fluctuating conditions, partial 

and overloaded conditions (Spyroudi et al., 2020). The PEM electrolyzer can be switched on and off 

without a need for preheating. This leads to high flexibility and overall system efficiencies (Siemens 

Energy, 2021). The PEM system is much simpler than alkaline and produces hydrogen at high pressure, 

70 bar (IRENA, 2020), which means no need for investment in compressor and energy losses at the 

compression stages. Therefore, it is assumed that PEM is the most applicable technology for offshore 

wind energy. We further focus on the PEM technology development by 2030 because the considered 

project case study is expected to be realized at that point of time, and because the state-of-the-art PEM 

technology operate at lower pressures and have lower efficiency compared to those developed in 2030 

(Table 1). To perform techno-economic analysis of the PEM technology, the key performance indicators 

(KPI) are used as operational parameters of the future PEM technology. KPI can be selected and defined 

at various technology levels, such as material, component, stack, system etc. The literature and reports 

concerned with electrolyzer system use KPI to analyze electrolyzers at a system level rather than on a 

component or sub-system basis. It is expected that some KPI can affect the techno-economic analysis of 

a system, and when KPI is reflected at system level with various technology pathways, manufacturing, 

and operation strategies these effects might be met (Bertuccioli et al., 2014; International Renewable 

Energy Agency, 2020).  
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As the electrolyzer technology is still under development and so is the green hydrogen deployment, 

the current hydrogen production costs are high. On the other hand, during the coming years, especially 

from 2030 and on, the cost per MW of hydrogen production is expected to decline (Calado & Castro, 

2021a). In this work, the targeted hydrogen costs in 2030 and 2050 are considered.  

The cost of hydrogen production is also depended on the infrastructure costs. To evaluate the LCoE 

and LCoH, we consider the techno-economics of three configurations for the electrolyzer system 

placement. Together with the parameters outlined above, this approach allows for the comparison and the 

evaluation of the option that represent the best techno-economic case. To do so, the electrical units and 

infrastructure for each configuration is defined in section 4.1.1. In section 4.1.2, the operation mode of 

the plant is defined. Section 4.1.3 presents and discusses the electrical and operational units considered 

for each configuration and the calculations required for each unit, including their energy usage, defined 

as E, and power, defined as P. In section 4.1.4, the qualitative data output is then used to run the techno-

economic analysis. The CapEx and OpEx for each unit are calculated based on forecast for 2030. The cost 

of each equipment is then used to calculate the LCoH and the LCoE. To see whether these results are 

reasonable, projections for offshore wind electricity and hydrogen production will be used as reference 

values. Due to uncertainties in all future estimated costs, sensitivity analysis is finally carried out in section 

4.1.5. 

Figure 5 Techno-economic methodology framework 
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The placement of the electrolyzer determines the section of the offshore power system at which the 

electricity is used, as identified by the subscripts PPTX,I, if at the turbine platform, PPTX,II, if on the offshore 

platform, PPTX,III, if onshore. EELEN represents the total energy at each section. WT: wind turbine; ELEC: 

Electrolyzer.  

 

4.1.1 Electrolyzer System Configurations – Neptunus to Karlshamn  

There are three possible system configuration options related to the location of the electrolyzer, namely 

offshore decentralized electrolyzer system, centralized offshore electrolyzer system, and onshore 

electrolyzer system. These configurations have similar operating principles and main components, but 

differ in terms of transportation methodology and thus costs(Calado & Castro, 2021b; Gahleitner, 2013; 

Singlitico et al., 2020). In the present study, the three alternative configurations are used to evaluate the 

best economically and technically feasible configuration for the project example considered in this study. 

The placement of the electrolyzer determines the section of the offshore power system at which electricity 

is used (Singlitico et al., 2021), which in this work identified by the subscripts I, if onshore, II, if 

centralized offshore, and III, if decentralized offshore: 

• Onshore electrolyzer infrastructure: the offshore wind farm has a typical design, and the electric 

power is transferred to shore where the electrolyzer system installed. High voltage alternating current 

(HVAC) cables are used to export the electricity from the wind farm to shore. The electricity feeds 

into the electrolyzer system with DC by an AC/DC converter installed onshore. 

• Centralized offshore electrolyzer infrastructure: the individual wind turbines are connected to the 

offshore platform through 66 kV AC cables where the electrolyzer, AC-DC converter, and water 

desalination system are hosted. The platform consists of a topside where the components are placed, 

and a jacket made of steel structure supporting the topside (Calado & Castro, 2021b; Singlitico et al., 

2020). A new offshore pipeline is used to transfer the hydrogen produced on the platform to shore.  

• Offshore decentralized electrolyzer infrastructure: the electrolyzer system is integrated into dedicated 

platform at the base of each offshore wind turbine as one single system. The hydrogen produced by 

the different wind turbines is transported through small dimension pipeline, that connects the WTs in 

the same manner as AC cable array and converted to a larger pipeline. The larger pipeline will be 

installed at the same level as an offshore substation to transmit the produced hydrogen to shore 

(Calado & Castro, 2021b; Siemens-Gamesa, 2021a, 2021b; Singlitico et al., 2020).  
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4.1.2 Plant Operation 

In this work it is assumed that the full offshore power generation is dedicated to hydrogen production. In 

theory this means that the electrolyzer should capture the maximum electricity output of the turbines. In 

this work, the electrolyzer system is sized based on the wind farm size and the exact load factor of the 

electrolyzer is analyzed.   

The full energy output of the turbines will operate the 2 GW installed electrolyzer as it ensures 

higher utilization of the electrolyzers. The electrical output of the wind turbines will also operate all other 

components. In this work, all electrical consumption and losses is calculated for each configuration. Please 

note that the remaining electrical energy input to the electrolyzer system at EPTX,I, if on the turbine 

platform, PPTX,II, if on the offshore platform, or PPTX,III, if onshore, is calculated using Eq. 1.  

 

𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃,𝑆𝑆 (𝑡𝑡) =  �𝛲𝛲𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  •  ∆𝑡𝑡,𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡) −  𝐸𝐸𝐸𝐸𝐿𝐿𝑆𝑆𝑆𝑆,𝑤𝑤 (𝑡𝑡)�                                               Eq. 1 

where Ewindfarm(t) is the electricity generated by the entire wind farm, PELEC is the nominal capacity of the 

installed electrolyzer capacity, ELOSS (t) is the sum of all electricity losses upstream the electrolyzer 

installed onshore, centrally or decentrally, and ∆𝑡𝑡 is the operational time of the electrolyzer, assumed as 

1 hours. The equation has been simplified compared to Singlitico et al., (2021), as the total energy 

generation assumed to be consumed by the electrolyzer system.  

 

Considering the electrical power in the current day wind turbine used for electrolyzers, it is generated in 

AC and then converted into DC to flatten the frequency before it is converted back to AC that to be fed 

into the array cables with 50 Hz, and finally converted to DC again to fed into an electrolyzer. However, 

on the configuration where the electrolyzer is installed on a platform around a wind turbine meaning that 

no electrical power transmission is required. Hence, the second and third steps are not necessary. 

However, according to data from a manufacture, there are losses associated with the transformer and the 

AC to DC converter the turbine. In this work, these losses are accounted for, which reflect 0.8% for the 

transformer and 0.50% for the AC to DC conversion.  

 

4.1.3 Process Design Model  

In the following subsections, the process design model presented in Singlitico et al. (2021) is used and 

modified according to the purpose of the present study. The subsections give the characteristic of each 

technological unit and its main parameters, including their energy usage E, given in gigawatt-hours, and 

power p, given in gigawatts.  



  
 

39 
 

4.1.3.1 Offshore Wind Farm Production  

The average annual energy production rates were provided by OX2 for the 15 MW farm layout and the 

25MW farm layout, respectively, defined as PWT.  The estimations are rough and based on wind data from 

NEWA, accounting for wake losses only. In the present study, the hourly electricity production of each 

wind turbine in 20 years identified as EELEN(t).  

4.1.3.2 Inter-array  

In the configurations where the placement of the electrolyzers assumed onshore or on a centralized 

offshore platform, the electrical output from each individual wind turbine needs to be collected and 

connected through cables. Considering the cable technology in the markets, 33 kV AC is the current 

standard inter-array specification for offshore wind farms (Ibrahim et al., 2022). However, for large scale 

offshore wind farms, there is increasing consideration to 66 kV AC, which are related to cost reductions. 

According to Collin et al., (2017), cable manufacturer reports that 33 kV dynamic cables is 60-90% more 

expensive than static cable up to 66 kV. Therefore, in this work we have considered the 66 kV AC cables. 

The cables will be arranged around each group of 5 WT (in case of 15MW WT) or around each group of 

3 WT (in case of 25MW WT), defined as NWT. The length of each string, LIG, is calculated as the sum of 

the distance between each WT, LWT, and the average distance from the wind farm to the offshore 

substation or platform, LPlatform, using Eq. 2 in unit of kilometers.  

 

LIG = LWT • (NWT – 1) + LPlatform                                                      Eq. 2 

 

Eq. 3 is further used to calculate the sum of the distance between each WT, LWT, in kilometers.  

 

      LWT  = 2�𝑃𝑃𝑊𝑊𝑊𝑊
𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊

                                                                            Eq. 3 

Where PYWT is the power yield from the wind turbines, assumed to be 4.5 MW/km2 (Danish Energy 

Agency & Energinet, 2020).  

 

Eq. 4 is used to calculate the average distance of the wind farm to the platform, Lplatform, in kilometers.  
 

Lplatform  = 1
2
  •  �2�𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊
  − 2 �𝐴𝐴𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊.1

𝜋𝜋
 �+ 2�𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 

𝑃𝑃𝑃𝑃𝑊𝑊𝑊𝑊
 •  𝜋𝜋                                                        Eq. 4 
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where PWINDFARM is the capacity of the offshore wind farm, which is 2GW, AWINDFARM is the area of the 

wind farm, which is 420 km2. This equation is originally applied assuming a centrical distribution of a 

number of offshore wind farms around a hub (see Haans et al., 2019a; Singlitico et al., 2021).  

 

 NIG is the number of inter-array strings, which is calculated using Eq. 5. 
 

𝑁𝑁𝐼𝐼𝐼𝐼 = 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
𝑃𝑃𝑊𝑊𝑊𝑊 • 𝑁𝑁𝑊𝑊𝑊𝑊

                 Eq. 5 

Eq. 6 is then used to calculate the electricity loss in the inter-array grid ELOSS,II (t).  

 

𝐸𝐸𝐸𝐸𝐿𝐿𝑆𝑆𝑆𝑆,𝐼𝐼𝐼𝐼 (t) = 𝑁𝑁𝑊𝑊𝑃𝑃 • 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑁𝑁,𝐼𝐼 (t) • 𝜂𝜂IG                       Eq. 6 

 

where 𝜂𝜂IG  is the coefficient of electric energy loss in the inter-array network, which in this work assumed 

to be 0.7 % (provided by OX2) of the electric energy transmitted, EELEN,I (t) is the hourly electricity 

production of each wind turbine for 40 years, 15MW x 134 farm. A 40-year operating wind farm is 

assumed based on discussion between manufacturers and OX2.  

4.1.3.3 HVDC Transmission  

For the configuration where the electrolyzer facility placed onshore, the electric energy output is 

transferred from the individual turbines to a collection offshore substation. At the offshore substation the 

voltage is stepped up for export. Once at the onshore substation, the voltage is stepped down to operate 

with the onshore electrolyzer system. 

To transport large electrical energy over long distances high voltages cables are required to allow 

efficient transmission. Across large distances and wide and deep-water sites, submarine cables are the 

most used technology. There are two types of bulk electric transmission types: High Voltage Alternating 

Current (HVAC) and High Voltage Direct Current (HVDC). In cases where the transmission distances 

are greater than 60 km, HVDC is generally performs better from an economic point of view. Therefore, 

in this work HVDC cable technology is considered.  

Further, there are two types of HVDC available in the market: line commutated converters (LCC) 

and voltage source converter (VSC). VSC technology is more advanced and flexible than LCC, but it 

generates higher losses. However, VSC still offers advantages over LCC because of its ability to cope 

with an grid-independent end unit, and it requires half of the projected horizontal area or footprint of LCC 

which reduces the offshore facilities costs (Ibrahim et al., 2022). In this work VSC HVDC seems to be a 

valuable choice for the connection of the offshore wind generation. 
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In a HVDC transmission there are power losses. These losses are depended on the high voltage 

levels, number of cables, farm size and the distance of transmission, which needs to be calculated. In this 

work, the electric energy loss in the HVDC transmission, ELOSS, III, is calculated using Eq. 7. 

 

𝐸𝐸𝐸𝐸𝐿𝐿𝑆𝑆𝑆𝑆,𝐼𝐼𝐼𝐼𝐼𝐼  (𝑡𝑡) =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑁𝑁,𝐼𝐼𝐼𝐼(𝑡𝑡)   •  �𝜂𝜂𝑆𝑆𝑃𝑃  •  𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻𝐸𝐸,𝑆𝑆𝑃𝑃 + 𝜂𝜂𝑃𝑃𝑆𝑆  •  𝐿𝐿𝑃𝑃𝑆𝑆�               Eq. 7 

 

where ηST is the energy loss at the conversion station, assumed to equal 0.7% (EIA, 2018a), NHVDC,ST is 

the number of the substation, assumed to have 2 in total, ηPS is the energy, assumed to be 2.0 % (EIA, 

2018b), LPS is the distance from the platform to shore, which estimated to be 103 km from the platform 

to shore of Karlshamn (Provided by OX2).  

 

4.1.3.4 Electrolyzer System   

The KPI data is presented in Table 2 for both technologies and was collected from various technology 

projection reports: Bertuccioli et al. (2014) and  IEA (2019) provided data targeted for 2030, and IRENA 

(2020) provided data targeted for 2050.  

As was presented in Table 1, the future PEM electrolyzer will have an operating pressure at more 

than 70 bar. Hence, in this work the pressure of the hydrogen gas assumed to 70 bar.  
 

Table 2. Operational parameters of the alkaline and PEM electrolyzer systems 

Operational Parameters  2030 Source 

 PEM  

Operating pressure, p𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  70 bar  Bertuccioli et al. (2014) 

Operating temperature, TELEC  70°C  Bertuccioli et al. (2014) 

System electrical efficiency*, ղELEC 68%  IEA (2019) 

Stack operating time, OHMAX 100 000 hours  IEA (2019) 

Degradation, ղDEG [%/1,000 h]** 0.10 IEA (2019) 

 
*On a lower heating value (LHV) basis. **Based on percentage efficiency loss when run at nominal capacity.  

 

 

The plant footprint is 20 000 m2/GW according to the Danish Energy Agency & Energinet (2020). Due 

to the limited time frame for this work, the plant footprint is kept outside the scope of this work.  

The size of the electrolysis units or plants which are planned to be built come in various sizes 

ranging into the 100s of MW in scale in the future. However, these are made up of a set of smaller modules 

or stacks (IRENA, 2020a; UK Deparment of Business Energy & Industrial, 2021). According to 

information with some manufacturers, the current electrolysis module is up to 6 MW. In this work, 
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electrolysis modules corresponding to 15 MW is considered for the decentralized configuration, whereas 

for the centralized configuration electrolysis module 200 MW x 5 are considered.  

The efficiency of a hydrogen production facility in unit of kWhAC/kgH2, is depended on the 

individual efficiencies of the cell. The efficiency profile decreases linearly from lower to higher load 

levels, meaning that when having higher current input, the efficiency will be lower. At operational level, 

the cell voltage is measured to infer the system performance because the higher the cell voltage is the 

lower is the efficiency. The efficiency profile can be described as follows: at loads marginally above zero, 

the efficiency is low because the equipment is in operation, but the production has not started. From this 

level to around 30% load, the efficiency start increases and peaks at this level. The system efficiency starts 

then to decease towards the nominal rate value at beyond 30% load. Considering the operational hours, 

the efficiency will be also lower at higher operational hours due to the degradation. Further, in periods 

where there is not enough wind to operate the electrolysis at its minimum load range, the electrolysis is 

shutdown. These shutdown/ramping periods leads to a faster degradation and shorter lifetimes of the 

electrolyzer system.  

Hence, in this work we consider three electrolyzer operations: 60%, 65% and 70% to assess how 

the efficiency changes and how that effects the production cost. Further in this work, no cold start-up is 

considered here, rather it is assumed that the electrolysis is operated one by one and heated by using the 

heated generated by the operating electrolysis.  

 The degradation of the stack is another key indicator to be considered. It is related to voltage 

degradation, which means an increase of the over-potential applied to the cell to maintain constant 

hydrogen production as the cell ages. This leads to degradation in various process within the plant, mainly 

in the catalyst, electrolyte, and membrane, which in turn leads to cell resistance. This process leads to 

reduced average efficiency over the lifetime of the electrolyzer system. This is further directly relevant to 

the stack lifetime, which is typically defined in terms of the efficiency drop rather than as complete stack 

fail (Bertuccioli et al., 2014). Hence, in this work it is assumed that the average efficiency due to the plant 

degradation during its lifetime (40 year) is 4.38%.  

 

4.1.3.5 Desalination Unit  

To produce hydrogen, water electrolysis requires high purity water that should have a maximum of 0.5 

ppm total dissolved units. Producing 1 kg of hydrogen requires around 9 L of water. Access to freshwater 

in onshore environments can easily be secured. However, for offshore facilities access to freshwater is an 

issue. Seawater can lead to corrosive damage in the electrolysis and chlorine production. Therefore, 

seawater desalination must be conducted in advance of electrolysis (Ibrahim et al., 2022). 

In case of centralized offshore electrolyzer system installation and decentralized offshore 

electrolyzer system installation, it is assumed that a mechanical energy-driven desalination unit, such as 
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reverse osmosis (RO) is used to deliver demineralized water to the electrolyzer. The RO desalination is 

based on semipermeable membranes, which enable freshwater to be extracted from seawater (Suss et al., 

2022). For off-grid offshore wind energy produced hydrogen it is generally assumed that the RO gains its 

operational power from the turbine electricity output (Ibrahim et al., 2022). The electricity consumption 

is expected to be between 3-4 kWh per m3 of water and cost around 0.67- 2.40 euro per m3 of water. 

However, as this has only a minor impact on the total costs of the electrolyzer, and that research is 

currently looking at how to make it easier to direct use water in electrolysis (pidjoe, 2019), it is assumed 

that the costs of the desalination unit and its energy consumption included in the electrolyzer system and 

therefore not accounted for in this work.  

4.1.3.6 Hydrogen Pipeline  

In the configurations where the electrolyzers are centralized or decentralized, offshore pipelines are 

assumed as the hydrogen transmission infrastructure. The advantage of pipelines is the low operational 

cost and long lifetime, which is between 40 and 80 years. A hydrogen pipeline can accommodate bigger 

capacity than that of the maximum 2 GW offered by a submarine HVDC cable. Another advantage is that 

the same infrastructure can be used if an existing wind farm is scaled up (Ibrahim et al., 2022).  

To export the hydrogen from the centralized offshore platform, a large submarine hydrogen pipeline 

will be used to export the hydrogen from the offshore hydrogen platform to shore. In the decentralized 

configuration, the produced hydrogen at each turbine assumed to be collected by a small dimension 

pipeline and then collected at a connection to a larger submarine pipeline. Since there are no existing 

pipelines within the project boundaries, it is assumed that new pipelines are installed.  

To calculate the size of the pipelines used for both the centralized and decentralized configuration, 

the maximum hydrogen mass flow rate flowing in the pipelines is defined in units of kg/s. The mass flow 

rate here is calculated using Eq. 8 based on the assumption that the total energy supply to the electrolyzer 

equals the total 2 GW electricity production, meaning that 𝐸𝐸𝐻𝐻2 here equals to 2000 MJ/s in case the 

electrolyzer installed onshore or centralized offshore, or 15 MJ/s if the 15MW electrolyzers installed on 

the platform around each offshore wind turbine.  

 

m = 𝐸𝐸𝐻𝐻2 
𝐸𝐸𝑘𝑘𝑘𝑘𝐻𝐻2

                                    Eq. 8 

 

where 𝐸𝐸𝑘𝑘𝑘𝑘𝐻𝐻2is the energy consumption per kg hydrogen calculated using Eq. 9.  
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𝐸𝐸𝑘𝑘𝑘𝑘𝐻𝐻2 =  𝐸𝐸𝐻𝐻𝐻𝐻
ղELEC 

                                                                                       Eq. 9 

 

where LHV is the hydrogen lower heating value, assumed as 120 MJ/kg (pidjoe, 2019), and ղELEC is the 

electrolyzer efficiency, which is 68% (Table 2).  

 

Further, to calculate the volume flow rate of the hydrogen mass flow rate, the density for a certain 

hydrogen volume and at a certain pressure and temperature is calculated according to the ideal gas law 

𝑝𝑝V = ZnRT solved for V as defined by Eq. 10. As the hydrogen is not an ideal gas, the hydrogen 

compressibility factor Z needs to be added to the formal (Menon, 2011).  

The compressibility factor is a dimensionless number close to 1.00 and is a function of the gas 

gravity, temperature, pressure, and the critical properties of the gas. In a gas pipeline, the pressure and 

temperature of the gas vary along the length of the pipeline. This is due to the frictional pressure drop in 

the pipeline. The compressibility factor Z do also vary along the pipeline and therefore must be calculated 

for an average pressure at any location on the pipeline (Menon, 2011).  

 

V= 𝑍𝑍𝑤𝑤𝑍𝑍𝑃𝑃
𝑃𝑃

                     Eq. 10 

   

where Z assumed to 1,0378 read from Figure 7 based on pressure at 70 bar and temperature at 70 degrees, 

,n is the number of kg moles as defined in Eq. 11, R is the universal gas constant, 8.31434 J mol-1K-1, T 

is the absolute temperature of gas plus the critical temperature of hydrogen, assumed to as (33.2K+273K), 

and P is the equal to 70 bar, assumed to 7000 kPa (Menon, 2011).  

 

n=𝑤𝑤
𝑀𝑀

                   Eq. 11 

 

where m is the hydrogen mass flow rate in unit of kg/s as defined in Eq. 8, and M is the molar mass of 

hydrogen, which is 2.02 g/mol.  

 

Knowing the density of hydrogen, the volume flow rate is calculated according to Eq. 12. 

 

V= 𝑤𝑤
 𝜌𝜌

                   Eq. 12 

 

where 𝜌𝜌 is the density of hydrogen gas, which is 5,7 g/Liter.   

Next, the velocity of flow in the pipeline is calculated. In a gas pipeline, the velocity of flow 

represents the speed at which the gas molecules move from point 1 to point 2. The gas velocity is directly 
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related to the flow rate, meaning that when the flow rate increases, so does the gas velocity. Hence, here 

we need to know how high the gas velocity can be in a pipeline, as of increased gas velocity causes 

vibration and noise and causes erosion of the pipe interior over a long period. Therefore, the upper limit 

of the gas velocity (erosional velocity), uMAX in units of meter per second using  Eq. 13 (Menon, 2011). 

 

𝑢𝑢𝑀𝑀𝐴𝐴𝑃𝑃 = 100�
𝑍𝑍•𝑍𝑍•𝑃𝑃𝑊𝑊𝑀𝑀𝑊𝑊𝑊𝑊
29•𝐼𝐼𝐻𝐻2• 𝑃𝑃

               Eq. 13

               
where Z is the hydrogen compressibility factor, assumed to be 1.0378, R is the universal gas constant, 

8.31434 J mol-1K-1, TMEAN is the mean temperature, which assumed to be 285.15 K, GH2 is the gas gravity 

of hydrogen, 0.0696, P is the hydrogen pressure assumed as 7000 kPa (absolute) (Singlitico et al., 2021). 

According to Menon (2011), an acceptable operational velocity, 𝑢𝑢, is commonly assumed to be 

50% lower than the above noted erosional velocity in unit meter per second.  

 

The diameter (D) of the small and the larger pipelines is calculated using Eq. 14 (Spirax Sarco, 2020) 

 

D = �4 𝑥𝑥 𝑣𝑣
𝜋𝜋 𝑥𝑥 𝑢𝑢

                                                                          Eq. 14 

where 𝑣𝑣 is the volume flow rate and u is the velocity. This gives the value of the pipe diameter, D, in mm.  

 

Finally, to calculate the size of the pipeline from the wind turbines to the larger pipeline and from there 

to the shore of Karlshamn, the socalled fundamental flow equation ( Eq. 15) is used. The fundamental 

flow equation is used to calculate high flow rate through pipeline with specific values of gas gravity, 

compressibility, inlet and outlet pressures, pipe diameter and length (Menon, 2011). 

 

�̇�𝑉𝐻𝐻2 (𝑇𝑇𝑏𝑏 , 𝑝𝑝𝑏𝑏) = 1.1494
24

  • (10−3) •  �𝑃𝑃𝑏𝑏
𝑝𝑝𝑏𝑏
� •  2 � 𝐻𝐻5 • 7000

𝑍𝑍 • 𝑃𝑃𝑊𝑊𝑀𝑀𝑊𝑊𝑊𝑊  • 𝐼𝐼𝐻𝐻2   •   𝐸𝐸𝑊𝑊𝐼𝐼  
                       Eq. 15 

where  �̇�𝑉𝐻𝐻2 (𝑇𝑇𝑏𝑏 ,𝑝𝑝𝑏𝑏) is the volumetric flowrate of the hydrogen at its standard conditions (Tb = 288.15 K, 

101,325 Pa) given in cubic meter per hour, pPIPE,IN and pPIPE,OUT  are the upstream and downstream pipeline 

pressure in units of kilopascals, ZMEAN  is the dimensionless compressibility factor Z, TMEAN is the mean 

temperature, assumed to be 285.15 K, LIG is the length of the pipeline in kilometers, D is the inner diameter 

of the pipeline in meter (Singlitico et al., 2021).  

 In flow equations, the compressibility factor Z used must be calculated at the gas flow temperature 

and average pressure in the pipe segment (Menon, 2011; Singlitico et al., 2021). In this work, the value 

of the factor Z was assumed from the values in Appendix C due to the limited time for this work. Further, 
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an important parameter in flow of fluids in pipeline is the Reynolds number. The Reynolds number is 

used to determine the type of flow in a pipeline, such as laminar, turbulent, or critical flow. For turbulent 

gas flow, the friction factor is calculated depending on the Reynolds number (Menon, 2011; Singlitico et 

al., 2021). Due to the limited time frame, none of these expressions were further calculated or used in the 

equation above. In addition, hydrogen pipelines encodes hydrogen losses due to fugitive emission. 

According to Miao et al. (2021), the fugitive emission from high-pressure gas pipeline is around 0.02% - 

0.05% per 1000 km and year. Hence, in this work it is assumed that the hydrogen losses due to fugitive 

emission is 0.002% - 0.005% per 100 km/year. No losses were assumed for the internal hydrogen pipeline 

array due limited access to information.  

4.1.3.7 Offshore Hydrogen Platform  

The centralized electrolyzer system is assumed to be hosted by an offshore platform. As of today, the 

design and size of the offshore platforms dedicated to the electrolysis facility is not fully known due to 

the different weights and dimensions used. There are however some pilot project currently testing offshore 

locations for innovative P2H technologies and integrated systems, such as the PosHYdon project 

(Neptune Energy, 2019) and the platform developed by Iv-offshore & Energy (Fuelcellsworks, 2022). 

Most of the future offshore hydrogen platforms will host the both the electrolysis facility and related units 

such as the seawater desalination unit, DC converter, and both hydrogen buffer storage tank to dampen 

the fluctuating  nature of hydrogen before transmission via pipelines and a battery for back-up power to 

the facility to maintain the electrolyzers minimum operational thresholds at times when the wind output 

is low (Neptune Energy, 2019).  

In this work the basic design and size of the offshore platform hosting the electrolysis facility and 

related components is determined based on high-level assessment data provided in DNV GL (2018) and 

M. Renz, M. Van Schot (2020) (Table 3). As the maximum capacity of a platform is 500MW (RVO, 

2021), it is assumed that five platforms will be need to host the 2 GW electrolyzer capacity and the other 

units. This means that each platform will function as an electrolyzer system which includes the 200 MW 

electrolysis system, the seawater desalination unit, transformer, DC converter, hydrogen buffer storage 

tank and the battery for back-up power to the facility. However, the losses at the transformer to the DC 

converter are not considered in this work due to limited access to information.   

 
Table 3. Data input for 200 MW electrolyzer system on a platform. 

Item Sub-item  Data input for 200 MW 

Electrolyzer and other 

units 

Sources 

Topside Total mass of hydrogen production 

plant (ton) 

6,400 DNV GL (2018) 



  
 

47 
 

 Estimated topside volume (m3) 96,775 DNV GL (2018) 

 Estimated mass of supporting 

steelwork (ton) 

6,624 DNV GL (2018) 

 Auxiliary Equipment, cladding, 

gratings, protection etc. (ton) 

3,302 DNV GL (2018) 

 Estimated coating Area (m2) 126,448 DNV GL (2018) 

Pile Pile Mass and Structure (ton)  5,410 M. Renz, M. Van Schot (2020) 

Jacket Estimated Jacket Mass (ton)  8,453 DNV GL (2018) 

 Secondary steel estimation (ton) 125 DNV GL (2018) 

 Anode Estimation (ton) 88 DNV GL (2018) 

 Coating area estimation (m2) 9,609 DNV GL (2018) 

 

 

In this configuration, the losses at the DC converter, ELOSS, III, will be calculated using Eq. 16. 

𝐸𝐸𝐸𝐸𝐿𝐿𝑆𝑆𝑆𝑆,𝐼𝐼𝐼𝐼𝐼𝐼  (𝑡𝑡) =  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑁𝑁,𝐼𝐼𝐼𝐼(𝑡𝑡)   •  �𝜂𝜂𝐻𝐻𝐸𝐸  •  𝑁𝑁𝐻𝐻𝑃𝑃,𝑆𝑆𝑃𝑃�                           Eq. 16 

 

where ηDC is the energy loss at the conversion station, assumed to be equal to 0.7% (EIA, 2018a), NHP,ST 

is the number of offshore hydrogen platforms, assumed to have 5 in total.  
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4.1.4 Techno-economic Analysis  

In this section, the LCoE and LCoH are calculated to compare the three electrolyzer placement. To do so, 

Eq. 17 is used to calculate the LCoE of the electrical power infrastructure in each configuration, in Euro 

per megawatt-hour. Eq. 18 is used to calculate the LCoH in Euro per kilogram of hydrogen production. 

 

 

LCoE   

∑ 𝐿𝐿𝑇𝑇𝑃𝑃
𝑌𝑌 = 0 𝐸𝐸𝑀𝑀𝐸𝐸𝑀𝑀𝑊𝑊,𝑊𝑊𝑊𝑊,𝑌𝑌+𝐸𝐸𝑤𝑤𝐶𝐶𝐸𝐸𝑥𝑥𝑀𝑀𝐸𝐸𝑀𝑀𝑊𝑊,𝑊𝑊𝑊𝑊𝑊𝑊,𝑌𝑌+𝐿𝐿𝐶𝐶𝐸𝐸𝑥𝑥𝑀𝑀𝐸𝐸𝑀𝑀𝑊𝑊,𝑊𝑊𝑊𝑊𝑊𝑊,𝑌𝑌

(1+𝐻𝐻𝑍𝑍)𝑌𝑌  ∕ ∑ 𝐿𝐿𝑇𝑇𝑃𝑃
𝑌𝑌 = 0 𝐸𝐸𝑀𝑀𝐸𝐸𝑀𝑀𝑊𝑊,𝑊𝑊𝑊𝑊,𝑌𝑌−𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿,𝑊𝑊𝑊𝑊𝑊𝑊,𝑌𝑌

(1+𝐻𝐻𝑍𝑍)𝑌𝑌               Eq. 17 

                 

LCoH   

   ∑ 𝐿𝐿𝑇𝑇𝑃𝑃
𝑌𝑌 = 0 𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸𝑠𝑠•𝐸𝐸𝑃𝑃𝑃𝑃𝑊𝑊,𝐿𝐿,𝑌𝑌+𝐸𝐸𝑤𝑤𝐶𝐶𝐸𝐸𝑥𝑥𝑃𝑃𝑊𝑊𝑃𝑃,𝑌𝑌+𝐿𝐿𝐶𝐶𝐸𝐸𝑥𝑥𝑃𝑃𝑊𝑊𝑃𝑃,,𝑌𝑌

(1+𝐻𝐻𝑍𝑍)𝑌𝑌 ∕ ∑ 𝐿𝐿𝑇𝑇𝑃𝑃
𝑌𝑌 = 0 𝑀𝑀𝐻𝐻2 ,𝑃𝑃

(1+𝐻𝐻𝑍𝑍)𝑌𝑌                                        Eq. 18 

 

DR is the discount rate reflecting the financial return and the project risk which is assumed to 5% based 

on an estimation made by Energiforsk (2021) for future Swedish large-scale offshore wind projects, the 

LTY is the lifetime of the project as the lifetime of the system, assumed to be 40 year, EELEN is the electrical 

energy, ELOSS is the energy losses, and MH2 is the hydrogen produced over the year Y. The CapEx and 

OpEx sums the CapEx and OpEx of the component deployed in the electric and power to hydrogen 

infrastructure in the year Y (see Appendix B). It is also assumed that the electric energy used for hydrogen 

production,  EPXT,I, EPXT,II, and EPXT,III, has a cost equal to the LCoE calculated at the location I, II, and 

III of the electric power infrastructure hosting the electrolyzer and the desalination unit. 

To see whether the results of the LCoE and LCoH are reasonable, projections for offshore wind 

electricity and hydrogen production are used as reference values. DNV (2020) predicted the European 

LCoE in 2030 to €55/MWh. In a report by Walter et al. (2021), the LCoE in 2030 was predicted to be 

€51.56/MWh on average1. These prices are in line with the average power prices for offshore wind in 

Sweden. In 2030, the power price in Sweden predicted to be €46/MWh (Group THEMA Consulting, 

2021). Hence, in this work the power price of €46/MWh is used as a reference price. Further, for the 

calculated LCoH, predicted hydrogen average prices across EU countries are used to compare the results 

(Zhou & Searle, 2022). Two scenarios were predicted in the report: a mid-level one and an optimistic one. 

The mid-level scenario for 2030 predicted an LCoH of approximately 4.6 €/kg. The optimistic scenario 

for 2030 predicted an LCoH of approximately 3.5 €/kg. In the precent work, an average price of 4.05 €/kg 

is used as a reference value to the calculated LCoH in 2030. 

 
1 The LCoE currency was converted from $ to €. 
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4.2 Qualitative Research  

The qualitative research includes data collection of currently available scientific data and knowledge of 

oxygenation technology and its effects. The objective is to gain insight and knowledge to evaluate whether 

the use of by-product oxygen to oxygenate the deoxygenated Baltic Sea would contribute to the betterment 

of the environmental status or not. Applying such an approach will allow us to derive insightful 

information of the effects of artificial oxygenation technology and whether large-scale oxygen application 

for artificial oxygenation of dead seas should be considered in future offshore wind energy green hydrogen 

plants. 

To attain a detailed review, an approach involving a systematic search, select, and critical 

evaluation of the experimental studies concerning seawater oxygenation processes and the subsequent 

effects on the seawater quality is used. The approach was divided into two sections: in section 4.2.1 a 

systematic search and selection strategy of relevant publications is setup and described, followed by 

section 4.2.2 where the selected publications are divided into three categories. This classification both 

allows for comparison of studies within the same category and for systematically assessing some of the 

potential contributions achieved by oxygenation measurements.  

 

4.2.1 Experimental Oxygenation Studies – Search and Selection  

Publications were sought for and collected mainly from the ScienceDirect database and the Google 

Scholar search function as well as a regular Google search. The keywords used in the search comprised 

“oxygenation”, “oxygenation processes”, “oxygenation of water bodies”, “oxygenation of seawater”, and 

“aquaculture oxygenation research”, “reoxygenation water”, “artificial oxygenation” and “reoxygenation 

sea”. The search identified 44 relevant papers published in the period 2009 – 2022. Subsequently, several 

selection steps were taken to identify the most relevant publications as depicted in Figure 6.  



  
 

50 
 

 

 

 

4.2.2 Analysis Criteria  

To review the selected set of publications identified in the previous section, we categorized the literature 

according to three aspects of concern: sedimentary nutrient releases, elimination of harmful hypoxic 

water, and habitat for animals. Other categorizations are possible, however in this study these aspects 

were found to be most representative for the marine ecosystem of concern currently observed in the Baltic 

Sea, as discussed in literature review section. The effects of oxygenation on the three aspects of concern 

are identified through the reported results, benefits and if there are risks due to oxygenation. In doing so, 

we search in the literature using keywords such as “Effects”, “Benefits”, “nutrient releases”, “hypoxic”, 

“animal”, “species”, “Positive” and “Negative” and reading.  

 

 

 

 

 

 

 

  

Figure 6. Scientific literature Searching and selection process. 
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5 Results  

5.1 Techno-economic analysis  

In the following subsection, the results of the LCoE and the LCoH for three electrolyzer placement 

outlined in section 4.1.1 will be presented. The results were calculated in relation to both the electrolyzer 

placement and to the electrolyzer operation nominal load, here assumed to 60%, 65% and 70%.  

 

5.1.1 Onshore electrolyzer system 

The total cost of the offshore wind energy infrastructure resulted in LCoE equal to approximately 44 

€/MWh over the project lifetime of 40 years (Figure 8).  

 
Figure 7.The cost of electricity delivered to the electrolyzer system onshore. 

The hydrogen produced from the onshore electrolyzer system supplied by the offshore wind electricity 

exported onshore, results in a hydrogen price of 2.68 €/kg when the electrolyzer operated at a nominal 

capacity of 60%, 2.5 €/kg if operated at a nominal capacity of 65%, and 2.3 €/kg if operated at a nominal 

capacity of 70% (Figure 9).  
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5.1.2 Centralized electrolyzer system 

The total cost of the offshore wind energy infrastructure considered for an electrolyzer system installed 

on a centralized offshore platform resulted in a LCoE equal to approximately 48.08 €/MWh over the 

project lifetime of 40 years (Figure 10).  

Figure 9. The cost of electricity delivered to the centralized electrolyzer system. 

Figure 8. The cost of hydrogen produced by onshore electrolyzer system supplied with offshore wind electricity of a cost of 44 
€/MWh, and operated at nominal capacities of 60%, 65% and 70%. 
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The electricity delivered to the centralized offshore electrolyzer system resulted in LCoH equal to 2.9 

€/kg when the electrolyzer system is operated at a nominal capacity of 60%, 2.6 €/kg when the system 

when operated at the nominal capacity of 65%, and 2.5 €/kg when operated at a nominal capacity of 70% 

(Figure 11).  

Figure 10. The cost of hydrogen produced at centralized electrolyzer system that is supplied with offshore wind electricity of 
a cost of  48.08 €/MWh, and operated at nominal capacities of 60%, 65% and 70%. 
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5.1.3 Decentralized electrolyzer system   

The LCoE of the offshore wind energy infrastructure considered for an electrolyzer system decentralized 

at the turbine platform resulted in approximately to 25.48 €/MWh over the project lifetime of 40 years 

(Figure 12).  

The electricity delivered directly to the decentralized electrolyzer system resulted in hydrogen cost of 1.6 

€/kg when the electrolyzer is operated at a nominal capacity of 60%, 1.5 €/kg at a nominal capacity of 

65%, and a cost of 1.4 €/kg when operated at a nominal capacity of 70% (Figure 13).  

 

 

 

 

 

 

 

 

 

 

Figure 11. The cost of hydrogen produced at centralized electrolyzer system that is supplied with offshore wind electricity of 
a cost of 48,08 €/MWh, and operated at nominal capacities of 60%, 65% and 70%. 

Figure 12 The cost of hydrogen produced at centralized electrolyzer system that is supplied with offshore wind electricity of a 
cost of 48.08 €/MWh, and operated at nominal capacities of 60%, 65% and 70. 
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5.1.4 Comparison of the cost of hydrogen  

A comparison of the three electrolyzer placement operated at a nominal capacity of 65%, shows that the 

lowest LCoH, which is 1.5 €/kg, is archived when the electrolyzer system is decentralized on the turbine 

platform. This followed by the onshore electrolyzer which resulted in 2.5 €/kg, and the centralized 

electrolyzer which resulted in 2.6 €/kg, (Figure 14). 

 

 
Figure 13. Comparison of the cost of hydrogen when produced onshore, centrally, and de-centrally when operated at nominal 
capacity of 65%.  
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5.2 Artificial Oxygenation   

In this subsection, the results derived from the selected papers are presented in relation to each category 

as presented in Table 4.  

 
Table 4. Summary of the literature reviewed for each category for measuring water oxygenation 

 

5.2.1 Sedimentary nutrient releases 

Increased oxygen levels in water bodies with poor oxygen through artificial oxygenation effect the 

phosphorus levels. In two of the three investigated sites, it was found that the phosphorus levels decreased 

in the bottom water when the oxygen conditions improved. A significant part of the decrease is dilution 

both through the water pumped from the surface and through the water exchanges due to the pumping. 

The oxygenated area was kept oxygenated for several months and toxic hydrogen sulfide was neutralized. 

However, in the third site the oxygen pumping did not contribute to any major water exchange and no 

direct oxygen-boosting effect was observed from the oxygen pumping. The phosphorus leakage 

continued, as well as other nutrients, such as ammonium, increased from the sediments. Researchers 

explain this as due to insufficient pumping capacity and to the area´s bottom topography that limits inflow 

of water from surrounding environment (Pitkänen et al., 2012) 

Further studies shows that oxygen conditions were improved by artificial oxygenation, which 

resulted in that hydrogen sulfide were replaced. Further, the content of phosphorus from previously 

oxygen-free bottoms decreased to typically only 20% as compared to before oxygenation. This was due 

to both increased ventilation and to strongly reduced leakage from the sediments who occurred when the 

sediment surface become oxidized. Further, oxygenation contributed to the replacement of the large 

amount of ammonium in the deep water by nitrate (Stigebrandt, Rosenberg, et al., 2015). 

The Swan Canning Oxygenation plant reported a stepwise change in the sediment profile and 

increasing oxygen concentration at the sediment water interface, which supported an increase in oxygen 

flux to the sediment (Larsen et al., 2019). Over a 12-day test, the oxygenation plant reduced the 

availability of oxidised nitrogen (nitrite and nitrate) ammonia and inorganic phosphorus by facilitating 

aerobic biological and chemical reactions. The oxygenated conditions enabled the so-called nitrification 

process where aerobic bacteria converted ammonia into nitrite and nitrate. When this process takes place, 

Sedimentary nutrient releases Elimination of harmful hypoxic water                          Improved marine life   

Stigebrandt, Rosenberg, et al. (2015) Pitkänen et al. (2012) Pitkänen et al. (2012)  

Pitkänen et al. (2012) Ekeroth et al. (2016) Stigebrandt, Rosenberg, et al. (2015)   

De Brabandere et al. (2015) Huang et al. (2018)    

Larsen et al., (2019)     
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nitrite and nitrate get converted to nitrogen gas which is released to the atmosphere through denitrification 

(Aquatic Science Branch, 2021).  

De Brabandere et al. (2015) reported about the oxygenation effects on the sediment taking a long-

term perspective. Oxygenation of sediment had stimulating effect on basin-wide benthic denitrification 

and dissimilatory nitrate reduction to ammonium (DNRA) activities, as oxygenation reduced the nitrate 

at higher rates. This is because oxygenation would decrease the bottom water nitrate concentration, and 

when the time of oxygenation is extended, dissolved inorganic nitrogen efflux would decrease even more 

as less nitrate would be reduced back to ammonium. If the sediment exposed to longer periods of 

oxygenation, nitrate may be gradually reduced more than through DNRA, because ongoing oxygenation 

decreases bottom water nitrate concentrations. This leads to a further decrease of dissolved inorganic 

nitrogen as more nitrates will be available for permanent removal through benthic denitrification when 

less nitrate will be reduced back to ammonium through DNRA De Brabandere et al. (2015).  

 

5.2.2 Elimination of harmful hypoxic water         

The reported effects of artificial oxygenation on harmful hypoxic water shows that during a five-month 

period of stimulations the oxygenated near-bottom water with concentrations above 2 mg O2 I-1 increased 

gradually. After five months of stimulation the hypoxic area decreased by 7300 km2. However, 

researchers highlight that the oxygen pumping would also decrease oxygen concentrations at the 

intermediated depths of the lower halocline and right below it. If the sediment surface gets anoxic despite 

oxygenation, the releases of nutrients from the sediment will be rapid. These changes would have an 

impact on the redox state and nutrient retention capacity of the sediments, which in turn depends on 

complicated physical and biogeochemical interactions. Considerable negative effects like harmful algal 

blooms or upwelling of nutrients due to weakening or total break-down of the pycnocline were not 

recorded as a result oxygenation (Pitkänen et al., 2012). 

Research further shows that with large-scale oxygenation, it is possible to change long-term marine 

hypoxic bodies. Oxygenation can change bacterial community structures in the deeper parts of the water 

column. A comparison of three different type of bacterial communities before and after oxygenation 

shows that before oxygenation, the surface community existed above 5 m depth, the chemocline 

community from 5 to 15 m, and a deep hypoxic community below 15 m where significant low oxygen or 

anoxic conditions occurred were observed. After the oxygenation, the chemocline community was 

detected down to 30 m, which reflected new conditions with oxygen and no sulfide at these depths. For 

instance, desulfocapsa bacteria, which typically occur in sulfidic water, disappeared in the deep water as 

soon as the oxygen was introduced. Further, cluster bacteria which is known to thrive under hypoxic 

conditions, showed reduced abundance in the lower part of the water column during the oxygenation, and 
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disappeared almost completely at the end of the pilot project. It was also observed that bacterial 

communities below 15 m depth become more like those in naturally oxic waters  (Forth et al., 2015).  

The research further report that oxygenation would result in a rapid decrease of dissolved (DIP) 

inorganic phosphorus flux, increasing the DIP:DIN (dissolved inorganic nitrogen) ratio in the sub-

halocline water mass. Higher DIP:DIN ratios would disfavor diazotrophic blue-green algae, which then 

would reduce the hypoxia (Ekeroth et al., 2016).  

 

5.2.3 Improved marine life 

Research on the effects of oxygenation on benthic animals shows that recolonization of benthic animals 

requires high oxygen concentration. According to Pitkänen et al., (2012) study, oxygen concentration 

around 2 to 4 mg l-1 showed no abundance of benthic animals that could be linked to the oxygen pumping. 

The most abundante species that could be observed after the oxygenation are species tolerant to low 

oxygen levels. The project’s conclusion is that the oxygen concentration was most likely too low and the 

duration of the oxic period too short for the benthic animals to spread to the oxygenated area (Pitkänen et 

al., 2012).  

Further research shows that species dominating at different water depths changed after 

oxygenation. Fauna was observed at 40 m water depths of the studied area. In the shallow bottoms, there 

was small decrease in the species richness in 2011 compared to 2009. However, this was observed only 

in 2011 and in 2012 the species richness increased in the area. Similar patterns were observed for the 

biomass with the highest biomass observed in 2012. These parts consisted mainly of opportunistic species 

such as Capitella capitata, which contributed to a significant increase of benthic habitat quality in water 

depths between 16 and 22 m. Research reported that the status of the area improved from “poor” during 

the first two years of the project, to “unsatisfactory” during the final year (2011) according to the criteria 

used in the EU Water Framework Directive. Later results from 2012 showed that wildlife was returning 

to the water bottoms. Researchers also reported on that both earlier and late results show only minor 

leakage of water-soluble and bioavailable metals and organic compounds were observed. One reason for 

that is expected to be the change of the bottom sediment redox conditions which took a longer time due 

to old exiting heavy debt of oxygen, which is a factor regulating any leakage of pollutants from sediment 

surface. Researchers also highlight that these environmental effects can occur in larger systems like the 

Baltic Sea, but the ecological consequences of oxygenation remain basin specific, and requires analysis 

in its own context (Stigebrandt, Liljebladh, et al., 2015a).  
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6 Discussion  

6.1 Techno-economic analysis  

As presented, the LCoE reflecting the offshore wind energy and infrastructure dedicated to the hydrogen 

production at the three locations varies among the three electrolyzer placements. The LCoE for the 

offshore wind energy generation and exportation to the electrolyzer system installed onshore indicate the 

highest cost compared to when the electrolyzer system is centralized on an offshore platform or 

decentralized on the turbine platform. A key driver for the “high” LCoE is cost of the inter-array grid, the 

HVDC transmission system, and the onshore substation. These are the largest contributors to the 

difference between the onshore electrolyzer configuration and the other two. However, the LCoE among 

all three configurations is in line with the predicted power price of €46/MWh in 2030.  

Further, the same pattern was observed when the electricity prices were added to the calculation of 

the LCoH. The cost of electricity used by the electrolyzer producing hydrogen onshore resulted in a higher 

cost than the cost of electricity used by the centralized and the de-centralized electrolyzers. Again, it 

become clear that the use of the inter-array grid, the HVDC transmission system, as well as the associated 

electrical losses due to the transport of electricity to the electrolyzer, determine the cost of the electricity 

used for hydrogen production. When the LCoH prices among all three configurations are compared with 

the predicted reference price of 4.05 €/kg for 2030, the cost does differ somehow. The closest hydrogen 

price to the reference price is 2.77 €/kg, before it is decreased towards a price of 1.6 €/kg. Even though 

such low hydrogen prices are possible in the future, it is important to remember that in this work some 

aspects and calculations are out of the scope, meaning that these prices are rather a result of some costs 

not being included, such as the cost of the desalination unit and the water supply. There are also some 

uncertainties in the future prices considered in this work.  

While the cost reduction of electricity is an important goal in producing hydrogen at competitive 

prices with other energy carriers, the increase of the overall electrolyzer conversion efficiency is also key. 

As discussed earlier, a higher voltage results in high hydrogen production but lower efficiency, meaning 

that efficiency is archived at lower nominal capacities. When analyzed the impacts of the electrolyzer 

operations at nominal capacities of 60%, 65% and 70%, it showed that the lowest LCoH were achieved 

when the electrolyzer operated at 70% nominal capacity. The differences are however not large between 

the three nominal capacities. There are rather more differences when the nominal capacity of 65% were 

compared between the three electrolyzer configuration.  

As Figure 14 shows, the decentralized configuration resulted in the lowest LCoH, which is 1.5 

€/kg, compared to the onshore and centralized electrolyzer which resulted in 2.5 €/kg and 2.6 €/kg, 

respectively.  

Overall, these results shows that LCoE and LCoH can be possible in Sweden in future.  
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A final remark is that as the assumptions of the cost determining the LCoE and LCoH by 2030 are largely 

uncertain due both the ongoing technological and economic development, a more in-depth sensitivity 

analysis will only result in showing these uncertainties in the LCoE and LCoH.  

Reflecting the uncertainties associated with both the investment of the large-scale offshore wind 

energy and the electricity prices, as well as the investment cost of large-scale hydrogen infrastructure and 

production, the results of this work should only treat as an indication of the future potential options to the 

industry.  

 

6.2 Artificial Oxygenation   

Reflecting the effects of artificial oxygenation on the sedimentary nutrient releases, elimination of harmful 

hypoxic water, and improved marine life it can be seen that there is a potential for great environmental 

contribution by using the by-product oxygen to improve the marine ecosystem in the Baltic Sea. The 

implementation of a co-operating oxygenation plant would contribute to many positive changes in the 

Baltic Sea, not least in terms of controlling the processes of large amount of nutrients that currently trigger 

different negative responses within the marine ecosystem.  

First, the large amount of the by-product oxygen that will be produced can improve the areas of the 

Baltic Sea where there is large amount of oxygen is needed. The use of by-product oxygen can break the 

ongoing so-called “vicious circle” in the Baltic Sea by controlling the increased nutrients and phosphorus 

levels through continuous oxygen input to these areas. If operated for a longer period of time, the 

oxygenation plant can be expected to likely have further environmental contributions. As presented in the 

literature review in section 3.3, the over enrichment of nutrients has a step-view negative impact on the 

marine ecosystem starting with the growth of phytoplankton. Hence, reflecting the results where 

oxygenation contributed to a decrease of nutrient releases, is possible that in the long-term oxygenation 

would interrupt the extensive growth of phytoplankton as time goes on with oxygenation of the sea water. 

This highlights a change that would be of a great importance for the Baltic Sea as the shift in the 

phytoplankton species composition leads to harmful algae blooms and thus harmful hypoxic areas. The 

utilization of by-product oxygen can further reduce the impact of nutrients on species composition and 

reduction of species diversity, and it might limit the current dominance of gelatinous organisms. Overall, 

this means that the utilization of by-product oxygen would be a great method to respond to the various 

negative processes taking place in the Baltic Sea and to prevent further environmental impacts caused by 

nutrients.  

High oxygen input is very important in restoring the marine life and benthic communities as in 

hypoxic areas the dissolved oxygen levels are consumed by algae and phytoplankton. Currently the 

hypoxia has catastrophic effects on the marine ecosystem. As seen in Figure 2 and Figure 3, the area of 

hypoxic bottom water in the Baltic Sea proper, close to the proposed offshore wind energy and hydrogen 
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facility, is increasing year after year, which indicated a serious threat to the sea environment. The results 

indicate that high amounts of oxygen are required to improve marine life in these waters. However, to 

achieve the required results of oxygenation in an area, no matter what the focus is, there are both physical 

and practical issues that needs to be considered. As presented in section 3.3, hypoxia is commonly 

associated with semi-enclosed hydrogeomorphology that restrict water exchange, which the results 

confirm. The results from previous oxygenation projects indicate that higher pumping capacity might be 

required, especially in areas where water inflows from surrounding areas is limited. As one of the studies 

indicated (section 5.2.3), there were no improvement in marine life that could be linked to the oxygen 

pumping, which is thought to be due to low oxygen levels for animal re-establishment and the short-term 

duration of the pumping. Hence, the overall pumping capacity will have impacts on whether an area would 

experience re-establishment of marine life. 

 This means that extra consideration when planning for oxygenation is important because as the 

findings indicate, water exchange with surrounding locations is a critical factor for overall oxygenation 

attempts to be successful. Another aspect that needs to be considered is the water flows. The water stream 

is important as it is “controls” how the pumped oxygen water move and distributes itself over the target 

area. As the results indicate, both the water flows and the topography of an area are important to achieve 

good results.  

On the other hand, the negative processes that are currently taking place in the Baltic Sea are limited 

to a few locations. This means that aspects such as water inflows from surrounding areas, topography and 

how oxygenation is pumped down in the water as well as overall pumping capacity in one hypoxic area 

might negatively, and inadvertently, affect a healthy oxic area.  For instance, oxygenation pumping can 

stir the water, which in turn might change the oxygen composition in adjacent areas with healthy waters. 

Such a process could be harmful and, at a larger scale, might be costly to restore. Another issue to consider 

is how the oxygenation of the sea water is practically done. As the results indicates, there are various 

practically oxygenation methods, such as pumping oxygen in the upper water layer, the middle, or the 

bottom water layer. This means that there is a need for more knowledge about how the oxygenation in the 

specific site can be done effectively while maximizing environmental benefits and minimizing any 

detrimental effects.  

Lastly, it is important to highlight that these results are based on a small-scale oxygenation plant, 

meaning that introduction of large-scale oxygenation plant needs to be considered further to assess the 

behavior of oxygenation and its environmental effects. From a cost perspective, should it be deemed 

beneficial, the utilization of by-product oxygen could potentially replace the need for a stand-alone 

oxygenation plant and reduce the overall costs for society.  
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7 Conclusion  
The proposed assessment of this work investigated the hydrogen production cost using electricity from 

offshore wind energy in the Baltic Sea in Sweden. The LCoE and LCoH in relation to three configurations 

reflecting the electrolyzer placement were analyzed and compared. The electrolyzer operation at nominal 

capacities of 60%, 65%, and 70% were considered for the three configurations. The results shows that the 

LCoE and LCoH differed between the three configurations. The results showed that the lowest LCoE and 

LCoH is achieved by the configuration where the electrolyzer system decentralized at the turbine platform 

at a price of 1.7 €/kg. Reflecting the impact of the electrolyzer nominal capacities on the LCoH, the results 

showed that the three configurations are all competitive. However, when the nominal capacity of 65% 

were compared among the three configurations, it was shown that the LCoH at the onshore electrolyzer 

was 2.5 €/kg compared to the LCoH at the centralized electrolyzer which resulted in LCoH of 2.6 €/kg. 

Further, eutrophication caused by extensive inputs of nutrients into the marine ecosystem is one of 

the largest threats to the biodiversity of the Baltic Sea. Nutrient over enrichment causes oxygen depletion, 

algae blooms and changes in species composition. To reduce the nutrients in the Baltic Sea, and thus 

eutrophication, these sources must minimize. The utilization of the by-product oxygen from the offshore 

hydrogen generation to oxygenation the seawater is proposed. This solution is called artificial oxygenation 

and has been researched and tested in small-scale oxygenation plants. The results of this artificial 

oxygenation were reviewed in this paper and indicate that the utilization of by-product oxygen could 

contribute to important environmental benefits for the Baltic Sea. The use of the by-product oxygen to 

oxygenate would maintain the processes that removes nutrients, keeps the seawater oxygenated as well 

as keeping the seabed habitable for marine animals. However, there are some aspects of the process that 

need to be considered and better understood when planning for oxygenation. Chief among these is the 

complicated physical and biogeochemical interactions such oxygenation would cause and its impacts on 

nearby waters. So while promising, further studies and investigations are required to determine its full 

potential.   
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Appendix A. Summary of the literature reviewed for each category for measuring water oxygenation 
 
Sedimentary nutrient releases 

Author  Stigebrandt, Rosenberg, 

et al. (2015) 

Pitkänen et al. (2012) De Brabandere et 

al. (2015) 

Larsen et al. (2019) & 

Aquatic Science 

Branch, (2021) 

Project/Study 

 

BOX PROPPEN Study in frame of 

BOX project 

Study in frame of the 

Swan estuary 

oxygenation project, 

Caversham 

Sampling year 2009-2012 2009-2011 2009-2012 2012 

Location Byfjorden, west coast of 

Gothenburg, Sweden 

Lännerstasundet, 

Stockholm archipelago 

and Sandöfjärden, 

archipelago in the Gulf 

of Finland 

Byfjorden, west 

coast of 

Gothenburg, 

Sweden  

The Swan Canning 

River, southwest of 

Western Australia  

Purpose/Goal To study how salinity of 

the water affects the 

phosphorous dynamics 

in the sediments.  

Lännerstasundet: to 

restore the oxygen-rich 

conditions in the 

groundwater and thus 

the ability of the 

sediments to bind 

phosphorus. 

Sandöfjärden: maintain 

oxygen-rich bottom 

conditions and the 

sediments’ uptake of 

phosphorus even after 

temperature 

stratification formed in 

the summer.   

To understand how 

long-term 

engineered 

oxygenation of 

anoxic sediments 

affects benthic 

nitrogen 

transformation 

processes and to 

find out which 

environmental 

factors play role in 

changing the 

intensity and 

nature of these 

processes (such as 

denitrification, 

anammox, or 

DNRA) with the 

aim to understand 

the mechanisms 

behind the success 

and failure of 

oxygenation in 

reducing nutrient. 

Investigated the 

effects of the 

Caversham 

oxygenation plant on 

the water and 

sediment conditions 

before, during and 

post-oxygenation.   

Oxygenation design  A plant with two electric 

pumps suspended in a 

Mixox pumps anchored 

to the seabed with steel 

See BOX project  Analysed the 

oxygenation effects 
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resilient unloader under 

a pontoon bridge in 

concrete, anchored in 

the seabed with four 

anchors of 1 ton each.  

wires (diameter 6 mm) 

and twelve concrete 

blocks of 25 kg.  

on the oxygen 

conditions under 

sever hypoxia under 

low inflow 

conditions.  

Area, km2 6 Lännerstasundet: 0,5  

Sandöfjärden: 16,8 

See BOX project  A  stretch of river ~7 

km long (Outcomes, 

2016) 

Max depth, m 50 Lännerstasundet: 21 

Sandöfjärden: 31 

See BOX project  5 (Stephens & 

Imberger, 1996) 

Pumping capacity 170 000 m3 day-1 Lännerstasundet: 82 

000 m3 day-1 

Sandöfjärden: 520 000-

600 000 m3 day-1 

See BOX project  120 L second-1 

Elimination of harmful hypoxic water                          

Author Pitkänen et al. (2012) Forth et al., (2015) Ekeroth et al. 

(2016) 

 

Project/Study 

 

The PROPPEN project Part of BOX project Nutrient fluxes 

from reduced 

Baltic Sea 

sediment: Effects 

of oxygenation and 

macrobenthos.  

 

Sampling year 2009-2011 2009-2012 74 days in 2012  

Location At Baltic Sea and the 

deep Gulf of Finland 

scale.  

Byfjorden, west coast 

of Gothenburg, Sweden 

North-western 

Baltic proper.  

 

Purpose/Goal Analysis of oxygenation 
on hypoxic area  
 

To determine the 

effects of oxygenation 

on long-term anoxic 

bottom waters.   

Investigating the 

effects of 

oxygenation of 

anoxic Baltic Sea 

sediment on the 

benethic key 

nutrient nitrogen, 

phosphorus and 

silicate recyclig to 

provide emperical 

imformation 

regarding the 

biogechemical 

responses of 

anoxic and 

macrofauna-free 

 



  
 

74 
 

Continued.  

conditions (azoic) 

bottom sediment 

when exposed to 

improved redox 

conditions and 

macrofaunal 

colonalization. 

Oxygenation design  See PROPPEN 

Project  
A plant with two 

electric pumps 

suspended in a resilient 

unloader under a 

pontoon bridge in 

concrete, anchored in 

the seabed with four 

anchors of 1 ton each.  

Based on soft 

bottom sediment 

boxcosms from 

long term anoxic 

site at 150 meter 

depth, bentihic 

nutrients flux 

measuerments 

were conducted by 

either exposing the 

collected 

sediments to 

oxygenated but 

macrofauna-free 

conditions, or 

oxygenated and 

bioturbated 

(mixing or 

reworking the 

sediment 

biogenically) 

conditions. The 

benetich nutrient 

flux measurements 

was repeared in 

situ under anoxic 

ambient condition 

by using a benthic 

chamber lander at 

the station where 

sediment 

boxcosms were 

collected. By doing 

so, the initial 

effects of 

oxygenation and 
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effects on longer 

time scales due to 

animal 

colonization could 

be seperated. 

Area, km2 3.6 x 3.6 6 841 cm2  

Max depth, m 50 or 25 50 10-250   

Pumping capacity 118800 m3 

second-1 

170 000 m3 day-1 ~30 ml min-1  

Improved marine life 

Author Pitkänen et al. 

(2012) 

Stigebrandt, Liljebladh, 

et al., (2015a). 

(Che et al., 2020)  

Project/Study 

 

PROPPEN  Study based on the 

BOX project.  

  

Sampling year 2009-2011 2010-2012   

Location Lännerstasundet, 

Stockholm archipelago 

and Sandöfjärden, 

archipelago in the Gulf 

of Finland 

Byfjorden   

Purpose/Goal See PROPPEN 

project 

Investigating the effects 

of oxygenation on long-

term anoxic bottom 

water and thus changes 

in bacterial community 

structure.  

  

Oxygenation design  See PROPPEN 

project 

To study the sediments 

in Byfjorden through 

benthic fauna and with 

sediments profile 

images from a specially 

built camera that was 

placed on soft seabed as 

an inverted periscope. 

These images were 

used to calculate an 

index for “habitat 

quality” (BHQindex, 

Benthic Habitat 

Quality) based on 

trances of biological 

activity on top and 

down in the sediments. 
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Area, km2 See PROPPEN 

project 

See the BOX project   

Max depth, m See PROPPEN 

project 

See the BOX project   

Pumping capacity See PROPPEN 

project 

See the BOX project   
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Appendix B. Cost list for the calculation of the LCoE and LCoH. 
 

Component Symbol Value Comment 
Capital expenditures, CapEx (M€)  
Wind power plant  CapExOWPP, EQ 

 

 

 

 

 

 

CapExOWPP, N EQ 

 

15MW WT (13.05 + 8.50)• NWT   = 

 

 

 

 

 

 

15MW WT 150 • PWINDFARM 

 

13.05M€ represents the cost of 

one single turbine of a reference 

15 MW, 8.50M€ represents the 

costs of the supporting structure 

for one single turbine. The Same 

accounts for the 20MW WT 

(Bulder et al., 2021).  

 

150 M€ represents cost for project 

development, including all costs 

up to start of construction of an 2 

GW wind farm  (Haans et al., 

2019b). 
Inter-array grid  CapExIG, EQ 

 

 

 

CapExIG, N EQ 

∑ 𝐿𝐿𝐼𝐼𝐼𝐼,𝑤𝑤𝑤𝑤 •�94.94 •  10−3 + 86.2 •  10−3 •

𝑒𝑒�
2.05 • 𝑃𝑃𝑊𝑊𝐼𝐼

108
��  

 

�0.33
𝑤𝑤

 •  𝐿𝐿𝐼𝐼𝐼𝐼,𝑤𝑤 

The cost equation for AC cables 

with a rated voltage of 66 kV 

(Lundberg, 2003).  

 

Installation cost of the offshore 

inter-array grid cables (Lundberg, 

2003).  

Offshore substation  CapExSS,OFF 75 000 €/MW • 2000 MW Based on rounded costs provided 

in CATAPULT (2021). 

Onshore Substation CapExSS,ON
 30 000 €/MW • 2000 MW Based on rounded costs provided 

in (CATAPULT, 2021).  
VSC-HVDC transmission  CapExHVDC L

HS • 1.1 𝑀𝑀€/km Cost for an offshore VSC-HVDC 

transmission system 

(Nieradzinska et al., 2016) 

Electrolyzer system  CapExEL PEM 2030  

880 €/kW • 2000 000 kW 

 

 

 

The electrolyzer CapEx found in 

the literature represents a range of 

currencies and constant year in $ 

values, including various system 

components. This unharmonized 

data made it difficult to follow and 

understand the larger industry 

trends, and thus predicting the cost 

improvements as the industry 

matures (Christensen, 2020). 

Therefore, in this work, only 

original data sources that optimize 

electrolyzer CapEx for 2030 

included. Hence, an average 

CapEx cost is calculated based on 

future investment costs by the year 
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2030 for the PEM electrolyzer 

(Proost, 2019). The capex includes 

all components required for 

converting 400VAC electricity and 

purified water into H2 and waste 

heat stream at 50°C. The CapEx 

does not include transformer, 

water desalination, heat pumps, 

compressors, tariffs, capacity 

payment, and connection fees. The 

costs are calculated for a 2 GW 

plant.  

Hydrogen pipeline  CapExPIPE 1.75 •  𝐿𝐿𝐻𝐻𝑆𝑆 • [0.314 + 0.574 •  103  •
(𝐷𝐷) + 1.7 •  106  • (𝐷𝐷)2] 

Pipeline for hydrogen 
transmission in the Baltic Sea 
(Jepma et al., 2018; Singlitico et 
al., 2021).  

Offshore platform CapExPlatform A 500MW x 5 carrying platform for P2H is 
assumed to cost 83 750 x 5 M€ in terms of 
CapEx (167 500€/MW)  in 2030.  

The cost assumed for offgrid 
offshore wind farm/offshore H2 
(Spyroudi et al., 2020). 

O&M OpEx (M€/a)  
 
Wind power plant  OpExOWPP

 15MW WT:2,75% •CapExOWPP, EQ  
 
 

The OpEx cost reflects the annual 
operational expenditures 
including maintenance and 
reservation for retrofitting or 
decommissioning for an offshore 
wind farm (Bulder et al., 2021).  

Inter-array grid CapExIG, 0.2% • CapExIG, EQ (Das & Cutululis, 2017). 

VSC-HVDC transmission  CapExHVDC 0.2% • CapExHVDC CapExHVDC including the cost of 
the substations, and the 
transmission line (Singlitico et al., 
2021). 

Electrolyzer system  OpExELEC,EQ 

 

 

 

 

 

 

 

 
OpExELEC, SR 

 
 

 

 

 

 

 

 

 
 
OpExELEC, N EQ 
 

PEM: CapExELEC • 2%  
 

 

 

 

 

 

 

 

30% • CapExOWPP, EQ + CapExOWPP, N EQ 

 

 

 

 

 

 

 

 

 
10% • CapExELEC  
 

The O&M represents fixed O&M 
for 2030 and is estimated to be 2% 
of CapEx for a larger system 
according to the Danish Energy 
Agency & Energinet (2020). The 
replacement of the stack is not 
included in the fixed O&M cost.  
 
As presented in Table 2, the 
lifetime of PEM stack is predicted 
to reach 100 000 hours. According 
to Danish Energy Agency & 
Energinet (2020), if the facility 
runs for 4000h per year, the stack 
will not need replacement in the 
technical lifetime. If the full load 
hours exceed the 100 000-hour 
lifetime, the stack replacement 
cost will be 30% of the CapEx cost 
of a new system in the 
replacement year. In this work it is 
assumed that the electrolyzer will 
be run  
 
The cost cover other operational 
expenditure at the facility level, 
which include engineering, civil 
works, buildings, grid connection, 
installation and commissioning of 
equipment (Danish Energy 
Agency & Energinet, 2020). 

Hydrogen pipeline CapExPIPE 2% • CapExPIPE Fixed O&M costs (Jepma et al., 
2018).  
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Appendix C.  

 

Figure 14. Hydrogen Compressibility (Z) at Different Temperatures (oC) and Pressures (MPa). Source: NIST Reference Fluid 
Thermodynamic and Transport Properties Database (REFPROP): Version 8.0.  
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