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ABSTRACT 

The marine industry is increasingly evaluating offshore green hydrogen production as a 

pathway to decarbonize key energy-intensive sectors. However, offshore electrolysers face 

unique technical, economic, and operational challenges that require adaptation to withstand 

harsh marine conditions. This thesis evaluates the requirements, feasibility, and techno-

economic performance of integrating offshore electrolysis and wind resources. It combines a 

comprehensive state-of-the-art of electrolyser technologies and floating offshore foundations 

with a European case study and a techno-economic framework.  

The state-of-the-art identifies key strengths and limitations of the main types of 

electrolysis technologies, as well as the current market trends and gaps of floating platforms 

concepts, connection schemes, demonstration projects, and regulatory frameworks. It highlights 

that PEM offers the greatest offshore readiness due to its compactness, pressurized hydrogen 

output, low minimum load, and fast dynamic response despite its reliance on precious metals. 

The case study applies a multi-criteria site-selection which identified Viana do Castelo 

as the optimal Atlantic location for a 500 MW offshore hydrogen project. It is based according 

to market demand, infrastructure and resource availability for the 3 configuration schemes 

considered. Experimental testing and hydrodynamic modelling of a semi-submersible platform 

with PEM modules confirm an acceptable performance under marine motions with mitigation 

and operational strategies, including ramping controls, buffering, marine-grade protection, and 

integrated water treatment. 

Finally, a techno-economic evaluation estimates LCOH of 4.00 €/kg for centralized 

onshore, 4.57 €/kg for centralized offshore, and 4.82 €/kg for decentralized offshore electrolysis 

at the case study site. A sensitivity analysis shows that wind availability appears as the dominant 

cost driver. Export distances over ~120 km favor HVDC or hydrogen pipelines due to electrical 

losses in HVAC, while port distance increase O&M significantly until SOVs become viable at 

~150 km. Water depth does not influence results significantly for the deep-water range 

considered. Centralized onshore electrolysis remains the most cost-effective for near-shore sites 

with strong wind and proximity to shore, while offshore configurations gain advantage when 

long export distances or space limitations occur.   
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1. INTRODUCTION 

The aim of this chapter is to present a description of the foundation and groundwork of this 

research. Section 1.1 highlights the comprehensive background and context to determine the 

key requirements for the implementation of offshore electrolysers in green hydrogen production 

offshore. Section 1.2 details the critical problem analysis as well as the research questions that 

are driving this study by identifying the opportunities, challenges, and gaps in current 

technologies, regulations, and market dynamics. Lastly, Section 1.3 overviews and briefly 

explains the contents of the chapters covered during this study. 

 

1.1. Background 

Currently, excessive consumption of fossil fuel resources caused by the rapid industrialization 

and urbanization has led to an increase in greenhouse gas (GHG) emissions. This has caused 

the reach of new records in clear signs of human-induced climate change in the year 2024, with 

an increase in the global near-surface temperature to be more than 1.55 ± 0.13 °C above the 

pre-industrial era [1]. Approximately about three-quarters of the GHG emissions are produced 

by the energy sector, which makes it a crucial player against the challenge of the effects of 

climate change. To achieve net-zero emissions of global carbon dioxide (CO2) by 2050 and 

limit the global temperature rise, it requires a transformation towards a greener economy of 

how the energy is produced, transported and used [2].  

Hydrogen (H2) is the most simple and abundant element in the universe, which consists 

of only one proton and electron in its composition. However, hydrogen exists always bound 

with one or many elements and does not exist as pure gas naturally on Earth [3]. One of the 

benefits that hydrogen can provide is to be used as an energy carrier, which can deliver and 

store a large amount of energy and used when and where it is needed. A way to extract the 

energy stored in the H2 molecule can be done using fuel cells or other energy systems such as 

internal combustion engines or generator sets. This is possible since it has the highest energy 

per mass of any fuel at 120 MJ/kgH₂ but has a downside of having a low volumetric density of 

only 8 MJ/L in the form of liquid hydrogen and even less for compressed hydrogen at 350 bar 

pressure with 2.7 MJ/L [4]. Nonetheless, their high efficiency and zero-emission capabilities 

have a real potential to reduce the GHG emission in its many applications to be used [5]. H2 

global production has reached 97 Mt in 2023, from which only 1% is accounted to be produced 

by means of low emission sources. According to planned projects, the low emission production 

could rise to 49 Mt by 2030 [6].  
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Hydrogen can be classified into different types according to their method of production, 

necessary raw material and the amount of GHG emissions. One of these classifications is by 

the “color” of the hydrogen production by Hydrogen Europe as shown in Table 1.1 [7]. Some 

of these colors like black, brown and grey hydrogen are produced using traditional methods 

which rely on fossil fuels and are responsible for significant CO2 emissions. A way to mitigate 

these emissions and their impact is through using carbon capture and sequestration techniques 

(CCS), which turns it into a blue hydrogen production. Another method that is still in its 

experimental stage is the turquoise hydrogen, which removes the carbon in a solid form and 

reduces the impact of CO2 emissions. Additionally, hydrogen can be produced by using nuclear-

based methods using electricity or high temperature or a combination of both for the color’s 

red, pink and purple hydrogen production respectively, but has the disadvantage of creating 

nuclear waste. Considering all these types of production, green hydrogen stands out as the most 

sustainable option by using renewable energy for the electrolysis process on water, which 

results in a zero-carbon emission production. 

Table 1.1: Colors of hydrogen production according to Hydrogen Europe 

Source: [7]. 

Hydrogen Type 

¨Color¨ 
Production technology CO2 Emissions 

Black / Brown 

Produced from coal gasification depending 

on coal type: bituminous (black) and lignite 

(brown). 

19 tCO2/tH2 

Grey 
Produced from fossil fuel and commonly 

uses steam methane reforming 
10 – 19 tCO2/tH2 

Blue 

Produced from natural gas by steam gas 

reforming paired with carbon capture and 

sequestration (CCS) 

9-12 tCO2/tH2 

Turquoise 
Extracted by thermal splitting of methane 

through pyrolysis (experimental) 

Removes carbon in a solid 

form instead of CO2 gas 

Red 

Produced by high-temperature catalytic 

splitting of water using thermal nuclear 

power. 

Zero CO2 emissions but 

generates nuclear residue. 

Pink 
Produced by electrolysis of water using 

electricity from a nuclear power plant 

Zero CO2 emissions but 

generates nuclear residue. 

Purple 
Produced by using nuclear power and heat 

for chemo-thermal water electrolysis 

Zero CO2 emissions but 

generates nuclear residue. 

White 
Naturally hydrogen occurs within Earth´s 

crust. (No strategies to exploit) 
Zero CO2 emissions 

Green 
Produced by water electrolysis using 

renewable energy sources. 
Zero CO2 emissions 
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It is necessary to invest in green hydrogen technology to support global climate goals 

and reduce industrial emissions by developing new technologies and improving efficiency in 

the production of green hydrogen. There are various initiatives in Europe that are working to 

accelerate the transition into green technologies through the development of clean hydrogen 

technologies. The EU Hydrogen Strategy has as its main purpose to create a roadmap for 

building a fully integrated hydrogen economy by recognizing its use as a feedstock, fuel and 

energy carrier to decarbonize key sectors. Another initiative is the European Commission’s 

Next Generation EU recovery plan, which prioritizes all investments made into hydrogen 

technologies to enhance technological developments while creating economic growth and local 

jobs for the community while positioning EU as a global leader in hydrogen [8]. These 

initiatives align with several of the United Nations Sustainable Development Goals (SDGs). 

Green hydrogen specifically contributes by promoting the use of renewable energy use to obtain 

affordable and clean energy (SDG 7), by driving technological advancements in clean energy 

(SDG 9) to reduce GHG emissions (SDG 13). It also contributes as mentioned before by 

creating new job opportunities (SDG 8) while enabling cleaner transportation and energy 

systems (SDG 11), which has a key role in achieving a sustainable future [9]. 

Additionally, the REPowerEU Plan sets indicative green hydrogen production goals 

which targets 10 million tons of hydrogen production for both domestic production as well as 

imported renewable hydrogen by 2030. The plan outlines a set of six key measures to be able 

to achieve this, which consists of raising targets for renewable hydrogen use in industry and 

transportation, increasing investments by €200 million in clean hydrogen, refining 

methodologies for measuring GHG emissions, assessing the IPCEIs for clean hydrogen, 

accelerate the missing standards and infrastructure in the industry, and committing to the report 

of hydrogen uptake and use in both industry and transportation [10]. 

To transition into utilizing renewable energy and achieving a greener economy, Europe 

has been investing and making significant strides to expand its offshore wind energy capacity. 

During 2024, an increase of 16.4 GW in wind power capacity was installed, with 2.6 GW 

corresponding to offshore wind power connected to the grid to achieve a total of 37 GW in its 

offshore capacity. Expectations for Europe according to WindEurope’s outlook indicates that 

there would be an increase of offshore wind power capacity of approximately 50 GW to reach 

expected agreements by EU member states of 87 GW offshore as shown in Figure 1.1 [11]. 
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Figure 1.1: New Wind Power Capacity in the EU – WindEurope´s Outlook.  

Source: [11]. 

 

With an increase in the capacity and efficiency of renewable energy and higher wind 

resource coming from offshore wind power, considering offshore hydrogen production can be 

viable. This, when paired with pipeline transport or carriers to shore, presents a more cost-

effective solution than onshore electrolysis in many scenarios as the technology and 

infrastructure involved advances. When considering pipeline transport, studies show that while 

in 2020 offshore hydrogen was mainly viable when paired with deep-water and with great 

distances from shore, the estimated projections by 2050 indicate that it will become feasible 

economically in all scenarios except on nearshore and shallow locations. Additionally, 

assessments made by considering the variations determine that about 200 TWh of supply of 

energy corresponding to offshore electrolysis can compete with onshore scenarios. This 

potential is calculated considering the wind patterns, the seafloor depth, as well as the port and 

shore distance as seen in Figure 1.2, which gives an indication that offshore hydrogen 

production can be a potential strategic path forward to achieve a sustainable and scalable green 

economy [12]. 

 

Figure 1.2: European maps of European (a) yearly energy production and (b) LCOH in 2030.  

Source: [12]. 



5 

 

1.2. Problem Analysis and Research Questions 

The marine industry is increasingly exploring the possibility of developing offshore green 

hydrogen production to support the decarbonization of certain key industries and the energy 

sector. However, utilizing offshore electrolysers for the use of green hydrogen production by 

means of wind power presents a set of technical, economical, and operational challenges that 

are not present when considering onshore electrolysis technology. This produces a need to adapt 

electrolysis systems in their Balance of Stack (BoS) and Balance of Plant (BoP) to withstand 

the harsh marine environment as well as the intermittency present when using wind energy.  

This key challenge of differentiating the conditions and the necessary specific 

requirements related to the offshore environment is necessary to be addressed and understood. 

This includes optimizing the materials, the system design, and the technology to fight against 

corrosion, saltwater exposure, temperature fluctuations and wave forces, especially with 

floating platforms. Additionally, to address the intermittency of wind energy when integrating 

it into the offshore hydrogen production system, an efficient coupling must be achieved while 

managing any issues that can be presented like the energy storage, grid connection, and power 

fluctuations. 

Furthermore, the economic feasibility of implementing these offshore electrolysis 

systems needs to be considered and analyzed accordingly. This depends on various factors like 

the cost and type of offshore foundations, considering both fixed versus floating platforms, the 

distance to shore and ports, and costs associated with the installation, operation, and 

maintenance. For this, understanding the Levelized Cost of Hydrogen (LCOH) can help to 

determine if a project is viable by being able to compare various scenarios and determine which 

are the best options. The goal is to determine under what conditions offshore green hydrogen 

can become economically and technically competitive by using a techno-economic analysis that 

incorporates the choice of electrolyser technology, platform type, connection schemes, and the 

choice of the optimal location according to site-specific parameters. 

The following main and sub research questions will guide this research and will be 

answered during the thesis: 

1. What are the technical requirements and challenges for implementing offshore 

electrolysis systems in the marine industry? 

a. How do the BoS and BoP requirements for offshore electrolysis differ from 

those for onshore systems in terms of efficiency, durability, and resistance to 
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harsh marine conditions and what is necessary to withstand marine 

conditions? 

b. How can offshore electrolysis systems be integrated effectively with 

intermittent wind energy to optimize hydrogen production while managing 

energy fluctuations and storage? 

c. Which are the best alternatives for implementation scenarios to integrate 

green hydrogen production with floating offshore wind according to the 

economic and technical aspects? 

2. What are the economic feasibility and cost factors associated with offshore 

green hydrogen production, and how do platform and location affect this? 

a. How do the costs of floating foundations impact the economic feasibility of 

offshore hydrogen production, including installation, operation, and 

maintenance costs? 

b. What are the regulatory challenges and international compliance 

requirements that affect the economic competitiveness and deployment 

timeline of offshore electrolysis technology? 

c. How do offshore location factors, such as foundation type, distance to shore 

and renewable energy resource availability, influence the LCOH across 

different implementation scenarios? 

 

1.3. Thesis Structure 

This work is split into five chapters along with several appendices to with the objective of 

answering the main and sub research questions proposed. 

 Chapter 0: Introduction gives an overview of the importance of this study and presents 

a description of the foundation and groundwork for context. It highlights why implementation 

of offshore electrolysers in green hydrogen production is in demand and gives a preview of the 

objectives to be followed later in the work 

Chapter 2: State-of-the-art presents a comprehensive overview of the current state-of-

the-art for green hydrogen electrolysis technologies as well as its suitability for production in 

offshore environments. It begins by examining the four main technologies of electrolysers by 

highlighting their operational principles, efficiencies, material requirements, and suitability for 

offshore environments by exploring in the levels of cell, stack, and balance of plant. It then 

explores the structural and functional characteristics of offshore floating platforms and the 
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various connection schemes to integrate offshore wind energy with electrolysis. Additionally, 

current demonstrations and pilot projects worldwide are detailed to offer insights into 

technological readiness and practical challenges, as well as the current regulatory frameworks 

that govern hydrogen production to identify existing gaps for safe, efficient, and scalable 

implementation. 

Chapter 3: Case Study details a European case study aimed at identifying and 

evaluating a strategic location for offshore green hydrogen production using floating offshore 

wind resources. It begins by analyzing the regional demand of hydrogen and potential industrial 

off-takers and infrastructure to justify a suitable implementation zone. A multi-criteria approach 

is then applied to assess potential sites along the Atlantic coast and selecting an optimal site. It 

proceeds to define and compare the three implementation scenarios considered and finally 

explores the specific technical impacts and requirements of operating electrolysers to withstand 

the offshore environment and intermittency and variability of the wind resource.  

Chapter 4: Techno-economic Evaluation develops and presents a techno-economic 

model to evaluate the performance and cost-effectiveness of the three implementation scenarios 

at the selected site. It then compares the scenarios in terms of lifetime costs, hydrogen output, 

and the Levelized Cost of Hydrogen (LCOH) and conducts a sensibility analysis to assess the 

influence of key location parameters such as water depth, wind potential, and proximity to shore 

and port, and how they affect the economic viability of each configuration. 

Chapter 5: Conclusions recapitulate the key findings and relevant conclusions 

achieved by offering a comprehensive review of the technical and economic viability of 

integrating floating offshore wind with green hydrogen production. This chapter highlights the 

trade-offs between each of the implementation scenarios and outlines future research directions 

with the recommendations for future research. 

 

 



8 

 

2. STATE-OF-THE-ART: GREEN HYDROGEN PRODUCTION 

TECHNOLOGIES AND THEIR APPLICABILITY TO THE OFFSHORE 

ENVIRONMENT 

The aim of this chapter is to cover the most recent stage of research and development in the 

field of green hydrogen production technologies, as well as its applicability to the offshore 

environment. Section 2.1 highlights the 4 main electrolyser technologies and current 

developments in a database with commercial data and compares its main characteristics to apply 

in an offshore environment. Section 2.2 briefly describes the types of floating offshore 

platforms and their current developments, as well as the types of transmission connection 

schemes to determine the suitability of hydrogen production offshore. Section 2.3 details 

current demonstration and pilot projects for offshore electrolysis to determine current trends 

and market demands in the field and its development. Lastly, Section 2.4 overviews the current 

regulatory frameworks and identifies possible gaps for hydrogen production and offshore 

platforms to ensure safety, reliability and compliance with international standards. 

 

2.1. Electrolysis Technologies 

Water electrolyser systems are electrochemical devices that are used to split water molecules to 

produce hydrogen and oxygen by the passage of an electric current, causing the following 

reaction in Equation (4.1): 

 

2 𝐻2𝑂(𝑙)  ⟶ 2 𝐻2(𝑔) + 𝑂2(𝑔)  (2.1) 

 

The principle of water electrolysis is simple, but the technologies to achieve this vary in 

physical, chemical and electrochemical aspects. One of the main parameters of the operation of 

a cell or stack electrolysis is the current density applied, which is directly proportional to the 

quantity of gases produced and measured by the amperage by squared centimeters of surface at 

the electrode. Another parameter is the voltage at the cell, which varies according to the current 

density and creates a polarization curve to characterize the operation and behavior of the cell. 

The use of renewable energy sources in the electrolysis process results in the production of 

clean and renewable high purity (99.99%) green hydrogen and oxygen [13]. The electrolysis 

process can be divided into three levels of increased complexity divided into cells, stacks and 

balance of plant levels [14].  
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The cell is the central component of the electrolyser, in which the electrochemical 

reaction takes place. The cell is made of two electrodes (anode and cathode) in contact with an 

electrolyte in liquid form or as a solid membrane, two porous transport layers which promote 

the transport of reactants and product removal, and the bipolar plates that offer mechanical 

support as well as to distribute the flow. 

The stack includes multiple electrochemical cells electrically connected in series and 

hydraulically connected in parallel, spacers which insulate the two opposite electrodes, seals, 

frames for mechanical support and end plates to avoid leaks and collect fluids. 

The system level or balance of plant (BoP) extends beyond the stack to incorporate 

equipment for cooling, hydrogen processing for purity and compression, electricity conversion 

with transformers and rectifiers, water supply treatment and gas output. Pumps or gravity are 

used to introduce purified water into the system. The process occurs once the water reaches the 

electrodes by flowing through the bipolar plates and through the porous transport layers. At the 

electrode, the water is split into oxygen and hydrogen, with hydrogen ions (H+) or hydroxide 

ions (OH-) crossing through the electrolyte. The membrane or diaphragm is responsible for 

keeping gases produced separated and avoiding a mixture. 

Electrolysers are typically divided into four main technologies, distinguished by the type 

of electrolyte and temperature of operation, materials, and components. The four main types of 

electrolysers are Alkaline (AWE) and Proton Exchange Membrane (PEM) in a commercial 

development stage, while Anion Exchange Membrane (AEM) and Solid Oxide (SOEC) are at 

lab scale with a promise of a major step forward.  

 

2.1.1. Alkaline Water Electrolysis (AWE) 

Alkaline water electrolysis (AWE) is a well-established and most mature electrochemical 

process for electrolytic hydrogen production and is characterized by its large single-cell stacks, 

hydrogen production capacity, durability, and low cost, especially in large-scale industrial 

applications [15]. When an electric current is applied to the electrolysis cell, the water 

molecules get reduced into H+ ions which become hydrogen gas (H2) when gaining an electron, 

and OH- ions. The hydroxide ions move towards the anode, where they are oxidized and release 

oxygen gas (O2). This flow of charge carriers depends on the ionic conductivity of the 

electrolyte and is driven by hydroxide ions between the cathode and anode, and electrons are 

transferred via an external circuit from the anode to the cathode.  

 To produce this reaction, an external DC power supply is required to kick start the 

process by a difference in potential in between the two electrodes. Since liquid water is 
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characterized as having poor electrical conductivity at room temperature, a way to improve the 

conductivity is to use alkaline compounds like potassium hydroxide (KOH) or sodium 

hydroxide (NaOH) as electrolyte. KOH electrolyte disassociates into K+ and OH- ions and 

enables electricity conduction between the electrodes typically made of nickel, while the ion 

conductive membrane permits the transport of hydroxide ions and prevents gas crossover. With 

the addition of a current density and voltage, two half reactions for hydrogen evolution reaction 

(HER) and oxygen evolution reaction (OER) occur. 

 

𝐴𝑛𝑜𝑑𝑒 (𝑂𝐸𝑅): 4𝑂𝐻(𝑎𝑞)
−  ↔ 𝑂2(𝑔) + 2𝐻2𝑂(𝑙) + 4𝑒

−  (2.2) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝐻𝐸𝑅): 4𝐻2𝑂(𝑙) + 4𝑒
−  ⟷ 2𝐻2(𝑔) + 4𝑂𝐻(𝑎𝑞) 

−
 (2.3) 

 

Equation (2.2) outlines the cathodic reaction occurring at the electrode wired to the 

negative terminal of the DC source, while Equation (2.3) outlines the anodic reaction at the 

positive terminal. This process yields gases with high purity, making it an efficient method for 

hydrogen production. A key component in this process is the separator membrane, which 

prevents mixing between gases and any potential combustion due to mixing of the produced 

gases. 

 The AWE process is an endothermic reaction, meaning it requires external energy. The 

reactions produce two hydrogen molecules for each oxygen molecule and do not consume any 

alkaline ions, which suggests that its only role is to enhance the solution’s conductivity directly 

[16].  

AWE electrolysers have a simple stack and system design that are relatively easy to 

manufacture. Figure 2.1 illustrates the AWE electrolyser and its fundamental principles within 

the technology at the cell level. They generally operate between 0.2 to 0.8 A/cm2 with a system 

efficiency of 50% to 90% according to literature [14], [15], [16], [17], [18], [19], [20] with the 

current lowest installed cost but a larger footprint between 100 to 170 m2/MW. It uses a high 

concentrate KOH, typically in solutions of 30% as an electrolyte as well as Nickel based 

electrodes for the electron flow [15]. The use of a liquid electrolyte results in a bulky stack 

configuration and represents an additional ohmic loss and a longer start up time due to the 

resistance, viscosity and thermic mass of the own electrolyte. Having a high concentration of 

electrolyte, as well as increasing the current density and voltage may improve efficiency but 

can lead to increased deterioration of the electrodes [21].  

 



11 

 

 

Figure 2.1: Alkaline Electrolysis Technology: Cell Level. 

Source: [14]. 

 

Due to the alkaline environment, electrodes must be corrosion-resistant, conductive, and 

catalytically active. Nickel is widely used for both the HER and OER due to its effectiveness 

in basic media, while stainless steel is suitable for OER. Importantly, AWE electrodes typically 

avoid critical raw materials like platinum group metals. Ni or Ni-Raney is commonly used for 

the cathode due to its high HER activity, though its performance can degrade over time due to 

Ni hydride formation. To address this, nickel is alloyed with metals such as Mo, Zn, Fe, or Co, 

or combined with metal oxides. For the anode, nickel is also used, often with added iron to 

enhance OER performance and reduce overpotential. Catalysts, both precious and non-precious 

metals can be deposited to decrease the activation of overpotential for water splitting [15].  

A porous separator plays a critical role by preventing short-circuiting, stopping gas 

mixing, and enabling ion transport. Some of its main characteristics are high porosity and 

wettability to promote the surface affinity and electrolyte filling through the pores, high 

electrical resistance to prevent parasitic currents, minimum thickness to avoid ohmic losses, 

corrosion resistance to highly concentrated alkaline solutions, mechanical stability and 

flexibility [21]. Zirfon-type materials, around 460 μm thick, are commonly used, which uses 

polysulfone membrane with ZrO2 to combine the flexibility of the polymer with the rigidity and 

wettability of the ceramic component. Maintaining minimal pressure differences between the 

anode and cathode is important to prevent gas crossover, though challenging due to the density 

differences between oxygen and hydrogen. AWE systems operate either at atmospheric or 

differential pressure, the latter preferred for high-pressure hydrogen production. Gas bubbles 

affect pressure drops and electrolyte flow, and at high current densities, electro-osmotic flow 

may increase species crossover, impacting efficiency and safety. Over time, separators can 
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degrade due to corrosion, and while the filter-press design saves space, failure in one cell can 

affect the entire stack [15].  

The local distribution of bubbles in AWE influences the amount of energy required for 

hydrogen production. Reducing the electrode gap in AWE can lower ohmic resistance but may 

increase overall resistance if gas bubble accumulation and electrolyte tortuosity are high. 

Studies show that applying centrifugal force can assist in bubble removal, leading to reduced 

activation overpotentials and more stable cell performance, highlighting the potential of body 

forces to enhance efficiency [14].  

In AWE systems, cells are arranged in stacks that can be either monopolar or bipolar. 

Figure 2.2 illustrates the AWE electrolyser technology within the stack level with bipolar plates. 

Monopolar stacks connect all anodes and cathodes separately, allowing for easier cell 

replacement, while bipolar stacks link the anode of one cell directly to the cathode of the next, 

creating a compact design with lower ohmic losses and greater efficiency at various 

temperatures and pressures [22]. Due to these advantages, bipolar configurations are preferred 

in most commercial electrolysers. The zero-gap cell configuration is the typical configuration 

of modern alkaline electrolysers. This minimum distance between electrode and diaphragm 

minimizes overpotentials resulting from electrolyte resistance and bubble formation on the 

electrode surface [23].  

Some of its main advantages is that the lifetime that has been stated for AWE systems 

is generally about 80,000 hours and has lower annual operating costs compared to other 

electrolysis techniques. Additionally, the use of liquid electrolyte guarantees a homogeneous 

distribution of flow, which translates into a more efficient transport of OH- ions. Since it is an 

alkaline environment, it is normally less aggressive and permits the use of cheaper and more 

available materials as well as not being that sensitive to the quality of the water [24].  

Some limitations are that it needs to be operated in between a range of 20%-100% of 

their installed capacity to minimize the amount of gas-crossover in between the cathode and 

anode, which may impact the purity of the hydrogen product, and even lead to an explosive 

mixture of oxygen in hydrogen [25]. Since the maximum current density it presents is not too 

high compared to other technologies, it usually means it needs a bulkier stack for higher H2 

production. This translates into requiring higher start-up time and higher response time against 

changes in current compared to other technologies as a bulkier stack needs more heating time 

for the optimal operational temperature. 
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Figure 2.2: Alkaline Electrolysis Technology: Stack Level. 

Source: [26]. 

 

The BoP in alkaline electrolysers plays a crucial role in supporting system efficiency 

and functionality and ensuring stable operation. Figure 2.3 illustrates the AWE electrolyser 

technology at the BoP level. A key component is the raw water treatment unit that treats the 

water before feeding it into the electrolysis process by producing deionized water with the 

quality required for the stack. This water enters through a gas scrubber tower to eliminate any 

residual KOH present in the hydrogen gas and cools it down, as well as helping regulate water 

flow based on the liquid level in the gas separator and scrubber tower. The stack is fed 

electrically by a system composed of a transformer and rectifier to supply the required DC 

voltage and current for the stack.  

The electrolyte circuit of the stack is another crucial system that consists of a heat 

exchanger to remove residual heat from the stack to control the operating temperature. 

Depending on the configuration, the circuit could include or not a recirculation pump, since a 

minimum flow rate is needed to limit the temperature difference in the stack. This thermal 

regulation ensures that the stack remains operational in a stable and efficient way. Additionally, 

it includes a KOH injection system which is used during the initial filling of the system and to 

replenish the electrolyte as needed for the stack. 

At the outlet of both the anode and cathode, the gas-liquid separators are used to separate 

the mixture of electrolyte with the oxygen and hydrogen respectively before returning it to the 

stack circuit. In some designs, a second gas scrubber tower to further clean the oxygen from 

any KOH traces. For pressurized alkaline systems, a compression system could be used on both 

the hydrogen and oxygen to reach the required pressure. The purification and drying unit consist 

of a deoxo reactor used to remove any traces of oxygen and a temperature swing adsorption to 

dry the hydrogen stream and reach the desired hydrogen purity. 
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The two electrolyte loops at the anode and cathode are normally interconnected and mix 

at the outlet of both gas separators to guarantee a uniform and homogeneous concentration of 

electrolyte. However, this configuration limits the stack’s ability to operate on differential 

pressure and limits the minimum load for operation due to the risk of gas crossover. Overall, 

the AWE BoP is robust, well established and operate best under balanced pressure conditions 

due to its interconnected gas-liquid handling design. Operating at high pressure is achievable 

but requires reinforced BoP components and pressure-resistant designs, increasing system 

complexity and CAPEX [14], [21].  

 

 

Figure 2.3: Alkaline Electrolysis Technology: BoP Level. 

Source: [14]. 

 

2.1.2. Proton Exchange Membrane Electrolysis (PEM) 

The proton exchange membrane (PEM) electrolysis system is based on the design of a reverse 

hydrogen fuel cell, making it especially compatible with fluctuating renewable energy sources. 

What sets PEM electrolysis apart is its use of protons to carry electrical charge during the 

reaction. The core of the process happens at the catalyst surfaces of both the anode and cathode, 

which include flow channels, porous transport layers, and catalysts. These layers help manage 

the flow of reactants and ensure water is evenly distributed across the anode surface. Typically, 

platinum is used on the cathode, while iridium is used on the anode due to its effectiveness in 

facilitating the OER which demands a higher potential than HER. To further support durability 

and performance, noble metals like titanium are used in the anode structure.  

An electrical current is introduced into the system, while water is pumped into the anode 

side. There, the water splits into oxygen, protons, and electrons, as seen in Equation (2.4). The 

electrons travel through the external circuit, while the protons move across the membrane to 
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the cathode side. At the same time, oxygen exits through the anode channels, mixed with any 

remaining water, and hydrogen is formed on the cathode side as it moves through the 

membrane. The HER then takes place at the cathode, where electrons and protons from the 

anode combine to create hydrogen gas, as seen in Equation (2.5) [27].  

 

𝐴𝑛𝑜𝑑𝑒 (𝑂𝐸𝑅): 2𝐻2𝑂(𝑙)  ⟶ 𝑂2(𝑔) + 4𝐻(𝑔)
+ + 4𝑒−  (2.4) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝐻𝐸𝑅): 4𝐻(𝑔)
+ + 4𝑒−  ⟶ 2𝐻2(𝑔)  (2.5) 

 

The generated hydrogen gas mixes with water and a small amount of oxygen diffuses 

through the membrane. Figure 2.4 illustrates the PEM electrolyser and its fundamental 

principles within the technology at the cell level. PEM electrolysers use a thin perfluorosulfonic 

acid (PFSA) membrane in the range of 100 to 400 μm as a solid electrolyte which has a high 

conductivity of protons and has advanced electrode designs to achieve higher efficiency by 

reducing resistance [28]. The PFSA membrane, also commonly known as Nafion®, is both 

chemically and mechanically durable, allowing the cells to operate at pressures up to 50 bar, 

with the oxygen side at atmospheric pressure. However, the harsh oxidative conditions at the 

anode demand the use of titanium-based materials, noble metal catalysts, and protective 

coatings to ensure long-term stability and high efficiency. While PEM systems are compact and 

straightforward, they are highly sensitive to water impurities like iron, copper, and sodium, and 

can suffer from calcination. Currently, electrode areas are approaching 2,000 cm², but they still 

fall short of the future goal for large MW stack units. Additionally, the reliability and lifetime 

of large-scale PEM stacks are still under evaluation [29].  

 

 

Figure 2.4: PEM Electrolysis Technology: Cell Level. 

Source: [14]. 
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The main appeal of PEM electrolysis is that it has the capability to produce high-purity 

hydrogen with values higher than >99.99% with high efficiencies in the range of 45 to 90% 

according to literature, with a high current density of around 1 to 2.2 A/cm2. They operate at 

lower temperatures in between 30 to 80 °C and with higher pressures in the range of 15 to 50 

bar, with the most common being around 30 bar [14], [15], [16], [17], [18], [19], [20]. Being 

able to produce high-pressurized gases in the electrolysis process without the use of additional 

energy reduces costs as the pressure required to store hydrogen is about 350 to 700 bar in its 

compressed state. Additionally, while operating with high pressure it is necessary to also have 

a high current density, as when operating with low current density the gas crossover increases, 

making it an explosion risk of having a mixture with hydrogen exceeding 4% [30].  

Another advantage is that they feature faster response time even when being subjected 

to variable power conditions, as well as only needing a lower minimum load of approximately 

5 to 10% of the maximum rated capacity, making it more suitable for working with the supply 

conditions coming from renewable energy sources [15]. As PEM electrolysers tend to have 

compact size and low maintenance requirements, they are also suitable for small-scall 

applications such as fuel cell vehicles and portable power systems and since a solid electrolyte 

is used in the membrane, they avoid having to work with a highly corrosive liquid like KOH 

[31]. Since PEM electrolysers tend to display high-efficiencies, adaptability, fast response time 

and compact size, it has started to gain popularity for decentralized connection schemes 

offshore [16], [18].  

The downside of PEM electrolysers is the heavy reliance on using platinum group 

metals (PGM) for the electrocatalysts, which can mean various problems with both the high 

costs for using them as well as the quantity of available resources, as this is classified as a 

critical material with a limited supply [32]. Another disadvantage is with the composition of the 

membrane used, since it consists of fluorinated polymers. These materials end up having a 

heavy impact on the environment when being produced as well as when disposing. The effects 

of these materials may soon cause them to be banned on all applications for which it can be 

substituted for another material with less impact. Although significant efforts have been made 

to develop and assess various experimental materials as a substitute to Nafion® in the 

membrane, none have had any significant results as the durability of the non-or partially 

fluorinated materials to this date is poorer [20]. This could potentially represent a barrier that 

can affect the implementation of PEM technology. Despite this, PEMs are currently considered 

as the most promising electrolysis technology in the marine environment and have become very 
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competitive against AWE as substantial research has been devoted into improving its 

components and the efficiency of the process [33].  

Even though the stack uses ionized water, the electrodes suffer highly acidic corrosion 

due to the acidic nature of the PEM caused by the H+ ionomer in the cathode exchange. Figure 

2.5 illustrates the PEM electrolyser within the technology at the stack level. To be able to 

withstand this corrosive environment, the electrocatalysts must use PGM-based materials, 

normally having iridium at the anode and platinum in the cathode. Using these types of 

materials can be quite costly, accounting for 24% of the total cost of the cell. Also, it is common 

to apply that the catalyst coating is applied directly over the membrane instead of the catalyst 

surface [34].  

 

 

Figure 2.5: PEM Electrolysis Technology: Stack Level. 

Source: [35]. 

 

PEM systems are simpler compared to the BoP of alkaline electrolysers since they use 

less components in their design. PEM systems have different types of design choices for the 

functioning of the stack with atmospheric pressure, balanced pressure between the cathode and 

anode, and differential pressure with a typical pressure of 30 bar. Figure 2.6 illustrates the PEM 

electrolyser within the technology at BoP level. One of the essential subsystems is the electrical 

supply system, which uses a transformer and rectifier to regulate the DC voltage and current 

needed to supply into the PEM stack. This ensures that the electrochemical reaction in the cell 

is performing as optimized as possible and avoids excess degradation of the stack.  

Another key subsystem is the water circuit of the stack which is composed of a 

recirculation pump, heat exchanger, and an ion exchanger resin bed. The recirculation pump is 

needed to limit any gradients of temperature in the stack by keeping a minimum water flow. 

The heat exchanger refrigerates the water and controls the operational temperature by 

dissipating any excess heat from the stack. The ion exchanger resin bed is used to catch any 

heavy metals and contaminants coming from the corrosion of any other components or piping 
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in the system. Additionally, a raw water treatment unit is used to feed the system with deionized 

water of the required quality for the stack.  

At the output of the electrolysis stack of both the cathode and anode, gas-liquid 

separators are used to separate the mixture of hydrogen and oxygen respectively from the 

residual water. This separated residual water is then returned to the water circuit of the stack 

and the gases are routed downstream for the purification process. A purification and drying unit 

are often included for hydrogen purification to eliminate any remaining traces of oxygen via a 

deoxo reactor and reduces the water content using temperature swing adsorption to meet 

hydrogen purity required. In the case of differential pressure configuration, the de-oxygenation 

component at the cathode may be removed due to minimal crossover of oxygen into the 

hydrogen stream but requires a thicker membrane for mechanical stability. Having a thicker 

membrane decreases gas permeation and reduces the efficiency of the stack. 

The oxygen stream exits through the gas-liquid separator, and its flow rate determines 

the feed water flow. In case the configuration intends to also produce oxygen, additional units 

such as a compression system and a purification and drying units may be included to reach the 

required purity and dryness. Finally, the cathode pressure of operation can be regulated and 

fixed via a backpressure valve to ensure a correct system operation [14], [21].  

 

 

Figure 2.6: PEM Electrolysis Technology: BoP Level. 

Source: [14]. 
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2.1.3. Anion Exchange Membrane Electrolysis (AEM) 

Both AWE and PEM electrolysers have a series of disadvantages and barriers that need to be 

solved to be able to scale-up hydrogen production to achieve decarbonization goals for 2050. 

Therefore, research and developments of these last years have started to investigate the 

replacement of the AWE diaphragm for an anion exchange membrane to create a technology 

that could combine the advantages of both AWE and PEM electrolysis. The objective is to create 

a technology with the advantage of AWE for low capital costs while combining it with PEM´s 

advantages of low operational costs and greater safety producing pressurized and ultrapure 

hydrogen [36].  

The electrochemical reaction for AEM electrolysers is similar to the reaction given by 

the conventional alkaline electrolysis but more complex [18]. Figure 2.7 illustrates the AEM 

electrolyser and its fundamental principles within the technology at the cell level. In the case of 

AEM, water enters through the cathode side to form H2 gas as shown in Equation (2.6) for HER 

and the anode side oxidizes to form O2 gas as shown in Equation (2.7) for OER [37].  

 

𝐴𝑛𝑜𝑑𝑒 (𝑂𝐸𝑅): 4𝑂𝐻− → 2𝐻2𝑂(𝑙) + 𝑂2(𝑔) +  4𝑒
−  (2.6) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝐻𝐸𝑅): 4𝐻2𝑂(𝑙) + 4𝑒
− → 2𝐻2(𝑔) + 4𝑂𝐻

−  (2.7) 

 

 

Figure 2.7: AEM Electrolysis Technology: Cell Level. 

Source: [14]. 

 

The main appeal of AEM is that it could combine the advantages of both AWE and PEM 

electrolysis while producing high-purity hydrogen. According to literature, AEM is currently in 

a research and development stage, with some prototypes built with efficiencies in the range of 

52 to 90% according to literature, and a high range of current densities of around 0.1 to 2.5 
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A/cm2. They operate at temperatures comparable to AWE in between 50 to 90 °C and with 

pressures around 30 bars, which is comparable to PEM [14], [15], [16], [17], [18], [19], [20].  

The key difference between AWE and AEM is that the diaphragm for AWE does not 

have ionic conductivity and is provided by means of the electrolyte filling its pores. In the case 

for AEM´s polymeric membrane it is not porous and possesses an intrinsic anionic conductivity. 

These membranes are typically composed of a polymer matrix of polysulfone or divinylbenzene 

that is chemically modified with quaternary ammonium functional groups that support the 

conductivity of OH-. Some commercial products for such membranes are Sustainion® and 

Fumasep® [19]. These quaternary ammonium groups are particularly vulnerable to attack by 

OH- ions in the operation which leads to their degradation and resulting in reduced conductivity 

and membrane brittleness. Also, polymer backbones can split under alkaline conditions, which 

may accelerate chemical degradation and weaken the membrane which facilitates gas crossover 

and compromises electrode adhesion [38].  

This makes it not necessary to use a highly corrosive electrolyte like KOH for the 

electrolysis reaction. Nevertheless, currently a big portion of studies use a diluted KOH 

electrolyte at 1% as a support to achieve a higher performance as a high ionic conductivity is 

needed [39]. On the other side, the use of these membranes permits the use for the zero gap, 

which refers to porous electrodes pressed directly onto the diaphragm which reduces the ohmic 

losses and achieving higher current densities and efficiencies [40]. 

The key difference between PEM and AEM is that it allows the use of non-noble 

catalysts like Ni-Mo alloys for the cathode and Ni-Fe for the anode, which presents promising 

results comparable to platinum-based catalysts. It also presents a less harsh environment while 

still being able to have differential pressure and the same simplicity and efficiency as PEM [41]. 

Ni-based oxides have demonstrated good electrochemical activity and stability in alkaline 

environments and represent a cost-effective past for long-term operation. This reduces 

significantly the material costs while still being able to achieve a compact and pressurized stack 

design. However, currently AEM membrane have chemical and mechanical problems which 

lead to unstable lifetime profiles and performance is still lacking due to poor AEM conductivity, 

poor electrode architectures and slow catalyst kinetics [21]. 

Performance can be enhanced by tuning the properties of the membrane or adding the 

diluted electrolyte solution of KOH but having the drawback of reducing the durability and 

expected lifetime. This trade-off between performance and membrane stability is one of the 

main design challenges that limit the AEM electrolyser. Moreover, OH- ions are intrinsically 3 

times slower than H+ ions because of their lower conductivity, which forces AEM membranes 
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to be thinner or have higher charge density [14]. Moreover, membranes must maintain optimal 

hydration on the membrane to facilitate ion transport since excess water uptake in elevated 

temperatures can lead to swelling and weakening. Studies show that thermal operations around 

70 to 90 °C improve ionic conductivity and electrode kinetics but presents a drawback of 

accelerating membrane degradation due to chemical attacks and physical strain [42]. 

This is why ongoing investigations and development for new AEM designs focus 

primarily on improving both the chemical and mechanical properties and robustness to enable 

longer lasting components that operate more efficiently [43]. Figure 2.8 illustrates the AEM 

electrolyser within the technology at the stack level. To address these challenges, research is 

exploring nanomaterials like silica into the polymer matrix to strengthen the mechanical 

properties while creating additional transport channels [44].  

 

 

Figure 2.8: AEM Electrolysis Technology: Stack Level. 

Source: [19]. 

 

AEM electrolysers have a similar BoP design concept as that of PEM electrolysers and 

include several key subsystems. Figure 2.9 illustrates the AEM electrolyser within the 

technology at the BoP level. Firstly, an electrical supply system that conditions the input power 

to the required conditions of the DC voltage and current needed for an optimized performance 

of the stack. Upstream of the system, a water treatment unit is needed to produce deionized 

water of the adequate quality for the stack functioning. The core of the BoP is the electrolyte 

circuit for the stack, which incorporates a recirculation pump that provides a flow rate to limit 

the differential temperature that the stack experiences during operation. A heat exchanger is 

also used to refrigerate the electrolyte and dissipate the residual heat from the stack and control 

the operation temperature. An ion exchanger resin bed is used to trap the heavy metals cations 
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that can exist from the flow of water passing through the piping and auxiliary equipment or any 

byproducts of from corrosion of the stack itself.  

At the outlet from the anode side, a gas-liquid separator removes the oxygen from the 

electrolyte before recirculating the electrolyte back to the stack. In a dry cathode configuration, 

water is only introduced into the anode and is it transported to the cathode by means of diffusion 

and electro-osmotic drag, which translates into less water content in the hydrogen exiting the 

cathode compared to PEM systems. This permits the elimination of the liquid-gas separator in 

the cathode side but may still need a dedicated drying system depending on the degree of purity 

requirements and flow rate needed in the hydrogen [14], [21]. Currently there is limited 

information about the challenges that come with high differential pressure operation due to the 

low technological maturity. Improvements for AEM membranes are expected in the mechanical 

stability, gas purity and high-pressure differentials that it can withstand. Moreover, AEM 

electrolysers are still limited in the range of power input, which means that the limitation is not 

only in the stack itself, but on the whole balance of plant [45]. 

 

 

Figure 2.9: AEM Electrolysis Technology: BoP Level. 

Source: [14]. 

 

2.1.4. Solid Oxide Electrolyser Cell Electrolysis (SOEC) 

The solid-oxide electrolysis system is a water electrolysis technology that operates at high 

temperatures in the range of 700 °C and 1,000 °C while using a solid oxide ceramic electrolyte 

that conducts oxygen ions O2-. At these elevated temperatures, it is possible to use steam instead 

of using water in liquid and translate into a higher electrical efficiency as part of the energy to 

split the water is supplied as heat instead of electricity and makes the reaction easier to drive. 
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This makes SOEC well-suited when integrated to use any high-temperature waste heat 

generated during industrial processes or concentrated solar power, as it improves the overall 

system efficiency  [21]. 

The core of a SOEC is its solid-oxide cell composed of three layers of cathode, dense 

ceramic electrolyte and anode. Figure 2.10 illustrates the SOEC electrolyser and its 

fundamental principles within technology at the cell level. Some of the most common materials 

that are used are nickel-based cermets and perovskite-type mixed oxides for the cathode and 

anode respectively and an yttria-stabilized zirconia (YSZ) for the ceramic electrolyte. The 

electrochemical reaction for SOEC consists of a reduction reaction when steam is introduced 

into the cathode and generates hydrogen and oxygen ions as shown in Equation (2.8) for HER. 

The oxygen ions are transported through the solid electrolyte and into the anode, where they 

are oxidized and released as oxygen gas as shown in Equation (2.9) for OER [46].  

 

𝐴𝑛𝑜𝑑𝑒 (𝑂𝐸𝑅):𝑂2− ⟶
1

2
𝑂2(𝑔) + 2𝑒

−  (2.8) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝐻𝐸𝑅):𝐻2𝑂(𝑔) + 2𝑒
− ⟶𝐻2(𝑔) + 𝑂

2−  (2.9) 

 

 

Figure 2.10: SOEC Electrolysis Technology: Cell Level. 

Source: [14] 

 

These cells can be stacked in a series and connected via metallic interconnects and seals 

to ensure that there is no gas crossover and ensure the mechanical integrity of the stack, while 

end plates internal hardware make up the full electrolysis system. The electrolyte material is 

typically YSZ due to its high oxygen-ion conductivity above 800 °C and its thermal and 

chemical stability. However, one of the key challenges for this material is to broaden the 
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application of SOECs and reduce the thermal stress of the components by lowering the 

operating temperature and maintaining conductivity and mechanical resilience [47].  

The cathode is commonly composed of a Ni-YSZ cermet and offer high porosity and 

conductivity while remaining cost-effective. However, it presents the trade-off of requiring a 

continuous presence of hydrogen stream to avoid reoxidation of nickel that leads to irreversible 

degradation. At high current densities higher than 1 A/cm2, the stability of the electrode is 

compromised due to nickel agglomeration and depletion, limiting the durability of the SOEC 

stack [48].  

On the anode side, materials like lanthanum strontium manganite (LSM) and lanthanum 

strontium cobalt ferrite (LSCF) are commonly used, with the latter presenting a lower risk of 

delamination and higher performance. However, the migration of strontium and cobalt can 

degrade the interface between the electrode and electrolyte, since both LSM and LSCF are 

incompatible with YSZ. This incompatibility between the materials brings the need to use a 

barrier interlayer to prevent any chemical interactions and improve the durability of the 

components. Additionally, interconnect materials such as Inconel and Crofer with ceramic 

coatings are used to transport electrical current and manage thermal expansion and guarantee 

the distribution of gases while separating the anode and cathode from adjacent cells [47].  

One of SOEC’s most distinguished advantages and appeal is that it can achieve very 

high electrical efficiencies for hydrogen production close to 75 to 100% according to literature, 

when the thermal integration is properly applied with industrial and nuclear settings in which 

high-grade excess heat is produced as waste from the process and is available for use [14], [15], 

[16], [17], [18], [19], [20]. Figure 2.11 illustrates the SOEC electrolyser within the technology 

at the stack level. Additionally, SOECs can co-electrolyze water and CO2 to produce syngas, 

which consist of a mixture of H2 and CO. Moreover, SOEC systems are reversible and can 

operate as solid oxide fuel cells (SOFC) to generate electricity from hydrogen when needed, 

which provides flexibility in gird applications [46]. However, SOEC presents technical 

challenges due to the high operating temperatures. These cause material stress and degradation 

due to thermal cycling which affects the long-term durability of the electrolyser [20]. The 

ceramic components must be able to withstand repeated changes in temperature along their 

whole life cycle which translates into a constant cycle of expansion and contraction. This 

requires precise material matching and structural support from a specialized BoP. These 

constraints may present hurdles in scalability and deployment, especially in environments with 

dynamic or extreme conditions like offshore. Nevertheless, SOEC electrolysis remains a 

promising option when integration with heat-intensive processes is available. 
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Figure 2.11: SOEC Electrolysis Technology: Stack Level. 

Source: [49]. 

 

The BoP in SOEC electrolysers play an essential role in the system to ensure stable, 

efficient, and durable operation of the stack at high temperatures. Figure 2.12 illustrates the 

SOEC electrolysis technology at the BoP level. One of the key components of the system is the 

steam generation system, which supplies the necessary steam to the cathode side of the stack. 

This can be produced by either using an electric heater evaporator or preferably by using waste 

heat from an industrial process to improve the overall efficiency of the system and reduce 

electric consumption [14]. The system also needs a raw water treatment system located 

upstream of the stack to protect from contaminants and ensure optimal performance. This unit 

purifies the feedwater to produce deionized water with sufficient quality by removing any 

impurities and mineral buildup that could damage the ceramic components of the stack. 

 Another subsystem needed for electrolysis is the electrical power supply system, which 

conditions the electricity input by means of a transformer and rectifier if needed, to match the 

specific requirements of the stack with the proper voltage and DC current to ensure stable and 

controlled conditions for electrochemical reactions. Thermal efficiency is enhanced using heat 

recover exchangers, which use the hot exhaust gases coming from both the cathode and anode 

side to preheat the input gases to maintain the stack’s internal temperature and reduce the energy 

required, increasing the system’s overall efficiency. Additionally, flow of air is fed continuously 

to the anode to ensure a homogeneous temperature distribution along the whole stack and 

facilitate the removal of oxygen produce during the electrolysis process. 

 The SOEC stacks are housed inside a hot box, which works as a high-temperature 

furnace that maintains the optimal operating temperature according to the stack and insulates 

the system. A unique characteristic corresponding to SOEC electrolysis is that the gas coming 



26 

 

out from the outlet of the cathode contains no oxygen since the ions transported across the 

electrolyte react with hydrogen at high temperatures. This eliminates the need for a Deoxo 

reactor in the purification unit downstream in the final gas handling of hydrogen. Depending 

on the final application and the amount of purity required, the BoP may include a compression 

system to increase the pressure of the hydrogen and a gas drying unit using temperature swing 

adsorption to remove residual moisture. Additionally, part of the hydrogen that is produced is 

recirculated back into the cathode inlet. This recirculation creates a reducing gas mixture of 

both hydrogen and steam in a 10% concentration that helps to maintain the stability of the Ni-

based cathode material and prevent its oxidation. Finally, the anode exhaust is composed of a 

stream of oxygen-enriched air that can be either vented or recovered for industrial use 

depending on the configuration [14], [21]. 

 

 

Figure 2.12: SOEC Electrolysis Technology: BoP Level. 

Source: [14]. 

 

2.1.5. Summary of Electrolysis Technologies 

An overview of the different electrolysis technologies reviewed in this section is shown 

in Table 2.1. The capabilities for the types of electrolysis were extracted from literature sources 

and were compared with the capabilities compiled from the commercial database available for 

the commercial electrolysers, which are shown in the boxplots shown in Figure 2.13 for the 

power available in the electrolyser system and Figure 2.14 for the efficiencies of the electrolyser 

system. Other parameters are compared in between the types of electrolysers according to the 

compiled commercial database in Appendix 8.1. 

AWE electrolysers are currently the most established electrolysis technology and with 

the highest technological maturity. It is known for being a simple, robust, and cost-effective 
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system in large-scale hydrogen production. It uses a KOH liquid electrolyte and nickel-based 

electrodes. The main advantages are its durability of approximately 80,000 hours, low capital 

costs, and using non-precious metals as catalysts. However, AWE systems are bulky, slow to 

respond to fluctuations in power, and have a minimum load above 20% capacity to avoid gas 

crossover.  Additionally, their low current density leads to larger footprints, which becomes a 

challenge for deployment with offshore renewables because of space and power intermittency. 

PEM electrolysers use a solid electrolyte polymer to conduct H+ ions from the anode to 

the cathode. Some of their main advantages lie in its low operating temperatures, high current 

density, fast response times and compact designs while producing pressurized hydrogen. 

However, PEM relies heavily on PGM-based metals and fluorinated polymers which affect its 

investment cost and environmental impacts. Despite these drawbacks, PEM is currently the 

most promising technology offshore and is well suited to be integrated with renewable energy 

sources. 

AEM electrolysers are an emerging hybrid technology that aims to combine the main 

advantages of both AWE and PEM. It uses a solid anion-conducting membrane that allows the 

use of non-precious metals catalysts, while keeping the compactness and pressurization of 

PEM, which reduces costs and environmental concerns. However, research is still ongoing to 

improve durability since AEM membranes still suffer from chemical and mechanical stability 

issues. AEM can be a potential technology to be used offshore if some of its main challenges 

can be resolved. 

SOEC electrolysers operate at high temperatures and use a ceramic electrolyte that 

conducts oxygen ions. This operation at high temperature allows for achieving electrical 

efficiencies near 90% and having the possibility of integrating it with industrial or nuclear heat 

sources that can provide heat. SOECs can also co-electrolyze CO2 and H2O to produce syngas 

and can work in reverse as fuel cells. However, this high temperature leads to material 

degradation due to thermal cycling and presents slower startup times, which limits its suitability 

for dynamic offshore conditions. 
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Table 2.1: Overview of types of electrolysers. 

Sources: [14], [15], [16], [17], [18], [19], [20]. Full references for the Commercial Database sources 

are available upon request. 

 

Technology AWE PEM AEM SOEC 

Electrolyte Type 
Liquid KOH 

(~30%) 

Solid PFSA 

membrane 

(Nafion®) 

Solid anion-

exchange 

membrane 

Solid ceramic 

(YSZ) 

Operating Temp 

[°C] 
60 - 90 30 - 80 50 - 90 700 - 1000 

Current Density 

[A/cm²] 
~0.2 - 0.8 ~1 - 2.2 ~0.1 - 2.5 ~0.1 - 1 

Efficiency 

(literature) [%] 
~50 - 90 ~45 - 90 ~52 - 90 ~75 - 100 

Efficiency 

(Commercial 

Database) [%] 

~70 - 78* ~50 - 79* ~65 - 74* ~88 - 95* 

TRL 8 - 9 7 - 9 2 - 7 4 - 7 

Material Use 
Non-PGM (Ni, 

SS) 
PGM (Pt, Ir) 

Non-PGM (Ni-

Mo, Ni-Fe) 

Ni-YSZ, 

LSM/LSCF, 

Inconel 

Pressure Output 
Atmospheric to 

~30 bar 
15 - 50 bar 1 – 30 bar 

Low (<5 bar, 

typically) 

Advantages 

Low CAPEX. 

Mature. 

Durability. 

No PGMs. 

Compact. 

Fast response. 

High purity H₂ 

Low-cost 

potential. 

Non-noble 

catalysts. 

Very high 

efficiency. 

Co-electrolysis. 

Reversible. 

Limitations 

Bulky. 

Slow response. 

Use of KOH. 

Higher minimum 

load. 

High material 

cost.  

Sensitive to water 

purity 

Unstable 

membranes. 

Short lifetime 

High-temperature 

fragility. 

Slow ramp-up. 

Costly 

Offshore 

Suitability 

Moderate. 

Large footprint. 

Less flexible 

High. 

Best for dynamic 

systems 

Promising. 

Needs maturation 

Very limited. 

Better suited with 

industrial heat 

integration 

*: Efficiency for AWE, PEM, and AEM is calculated with HHV and SOEC used LHV. 
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Figure 2.13: Commercial Database: Electrolyser Power Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 

 

*: Efficiency for AWE, PEM, and AEM is calculated with HHV and SOEC used LHV. 

 

Figure 2.14: Commercial Database: Electrolyser Electrical Efficiency. 

Sources: All references for the Commercial Database sources are available upon request. 
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Figure 2.15 illustrates the different trade-offs between efficiency, durability, and cost in 

both CAPEX and OPEX in electrolyser design and operations. It means to show how modifying 

a component, design, manufacturing or research direction for a material can improve in one 

dimension but affect negatively in another parameter. An example of this can be that working 

with higher efficiencies can create a direct impact on OPEX and reduce the total costs, but it 

may compromise durability if it involves less robust materials. Similarly, trying to enhance 

efficiency by using larger stacks, advanced manufacturing and better-quality control may 

induce an increase in the CAPEX of the project. This interconnected framework emphasizes 

that it is important to find a balance between all aspects of durability, efficiency and costs to 

optimize the electrolyser performance for offshore hydrogen production, where these 

parameters can be critical. 

 

 

Figure 2.15: Trade-offs between efficiency, durability, and cost for electrolysers. 

Source: [14]. 

 

Each of these technologies presents a different trade-off between their maturity, 

efficiency, costs, and offshore adaptability. Currently PEM leads to offshore readiness due to 

compact design and dynamic capability, while AWE remains a cost-effective choice for stable, 

centralized systems where space is not a constraint and intermittency can be compensated. AEM 

offers great future potential but still requires research and development to solve durability 

challenges and SOEC is the most efficient but presents certain constraints in regards its high-

temperature usage and slow response times that can pose incompatibility with a dynamic 

offshore environment.  
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2.2. Suitability of Hydrogen Production on Offshore Platforms  

Assessing the suitability of hydrogen production offshore according to the highly demanding 

environmental conditions is essential to determine the viability of the project. For this, 

understanding the various types of platforms that are currently in operation in different 

hydrogen projects and their characteristics is important, as platforms can vary widely in design, 

infrastructure and their suitability vary with certain factors like depth, sea states, soil conditions, 

besides others. All these differences are key players in determining feasibility and efficiency 

when integrating it into hydrogen production technologies. Moreover, the possibilities in the 

connection schemes greatly influence accordingly with the supply, storage and transportation 

of energy, in both the form of electricity for supply in hydrogen production and the hydrogen 

product as an energy vector. 

 

2.2.1. Types of floating offshore foundations 

Offshore platforms can be classified into two main types based on the structural foundation, 

which can be either fixed or floating platforms. Each of these types presents different 

characteristics like stability, space availability, seabed depth and conditions, and energy 

integration. Fixed platforms are placed directly into the seabed and are present normally in 

shallow and intermediate water depths, for which they offer a stable base for heavy equipment. 

In the case of floating platforms, they are designed specifically for deeper waters in which fixed 

foundations are not viable or economically feasible to install. They rely mainly on buoyancy 

and mooring systems for positioning depending on the type of platform, which introduces 

various challenges in terms of motion and maintenance according to the harsher conditions. 

Fixed foundations are widely used in most offshore environments in shallow to 

intermediate water depths due to their robust structural stability and their ability to support 

heavy industrial operations. All fixed foundations share certain characteristics despite any 

variations that exist between the different types of structures. The three main types of fixed 

foundations are monopiles, jackets and gravity-based structures (GBS). They are anchored and 

in contact with the seabed, which makes it important to know the characteristics of the soil. 

Additionally, they provide a stable platform for any equipment installation and maintenance 

while providing a high structural rigidity. However, the main drawback for fixed foundations 

come from becoming not economically viable when reaching deeper sites in which a higher 

wind resource may be present. The current deepest fixed foundation corresponds to a jacket 
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installation in the Seagreen Offshore Wind Farm in Scotland, in which the water depth is equal 

to 58.6 meters [50].  

Conversely, floating foundations are a rapidly evolving solution for various offshore 

renewable energy sources, having been proved for their functionality and long-lasting working 

life in harsh operating environments in the oil and gas sectors. These foundations are 

particularly suitable in deep sea waters where fixed foundations are not economically or 

technically feasible to install, operate or maintain [51]. These foundations are particularly 

favorable for depths ranging from 100 to 600 meters and have the capacity to support 

generations between 200 MW to 1200 MW with offshore wind resources. Currently, there are 

four main classifications for floating foundations which include Tension-Leg Platforms (TLP), 

Semi-Submersible, Spar, and Barge, as seen in Figure 2.16. There are a variety of different 

designs for offshore foundations but only a few projects have reached to a pre-commercial 

deployment, which include the concrete Spar used in Equinor´s Hywind Tampen in Norway 

[52] and the Principle Power Inc. system of WindFloat for both Kincardine Offshore Wind by 

Cobra Group in Scotland [53] and WindFloat Atlantic by Ocean Winds in Portugal [54]. Most 

of the current designs are still in the conceptual or into only a demonstration phase with scaled 

models by using steel and concrete materials.  

 The biggest difference between the design characteristics of fixed and floating platforms 

is that floating platforms must account for the complex interactions between the hydrodynamic 

and aerodynamic forces that affect the platform. It must ensure that the platform resists the 

varying climatic environment and ensure stability during operation. Some of the key design 

elements needed to ensure this are mooring systems, ballast systems and dynamic cables 

adapted for offshore conditions. Despite that floating foundations lack standardization and have 

longer lead times of approximately seven years from start to installation, it currently offers a 

flexible and scalable solution for offshore hydrogen production in deep-water locations [55].  
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Figure 2.16: Types of Floating Foundations. 

Sources: [51]. 

 

2.2.1.1. TLP 

TLP foundations are a type of floating foundation designed for offshore wind turbines for deep 

water applications exceeding depths up to several hundred meters. These platforms maintain a 

positive buoyancy and can be stabilized by a mooring system consisting of a series of vertical 

and taut tendons anchored to the seabed. This mooring system is necessary since TLPs are not 

self-stable because of the excess buoyancy of the platform [56]. This buoyancy needs to be 

counteracted by the vertical tension in the mooring lines, and it helps to keep the platform in 

place and maintain its vertical position. The unique design results in a slender and lightweight 

structure that significantly reduces the vertical and horizontal motions of the platform but 

induces high tensions into the mooring lines [57].  

Several TLP designs are currently during development or demonstration phase, 

including the Float4Wind concept by SBM Offshore [58], as seen in Figure 2.17, and CT-bos 

concept by Acciona and Bluenewables [59]. These systems are characterized by a large, 

submerged footprint which gets minimized in space at the seabed by the taut mooring 

configuration. This configuration helps reduce and limit the out-of-plane motions of roll, pitch, 

and heave motions of the platform with its partially rigid system that ensures high stiffness and 

great positioning capabilities [60]. The design is made to effectively reduce the impacts of 

mooring for first-order wave loads and for an efficient operation for wind turbines, since 

excessive platform motions can impact energy generation and structural integrity [61]. 

Additionally, they are recognized for their compact and lightweight design since the buoyancy 

for the TLP foundation can be provided by a relatively smaller waterplane area, which in turn 

reduces steel usage and cost for this structural material [62].  
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Figure 2.17: TLP foundation in Float4Wind by SBM Offshore. 

Source: [58]. 

 

However, the TLP design comes with some challenges and technical and economic 

difficulties. Since stability depends entirely on the integrity of the taut mooring system, even 

the failure of one single tendon or tethers can jeopardize the entire structure, representing a 

higher risk compared to using catenary moored systems. Additionally, the complex procedure 

needed for transportation and installation to deploy the structure as well as anchoring the 

mooring system in deep waters is still a significant logistical hurdle to accomplish, as positive 

and precise tension is needed to install the tethers. These difficulties make TLP foundations a 

technically promising but still maturing option for floating offshore wind deployment [60].  

 

2.2.1.2. Semi-Submersible 

Semi-submersible foundations are among the most developed and widely demonstrated floating 

foundations and are designed for deep water sites that are above 55 meters of depth. These 

platforms are characterized by being massive slender structures composed of multiple buoyancy 

columns or pontoons connected by a structure above the waterline. Each of these columns 

contains a water ballast which is used to reach the operational draft of the platform once 

positioned and combined with the wide waterplane area and mooring system achieves self-

stability. This stability allows the platform to remain upright without relying only on its mooring 

system, making the design relatively robust and reliable under high and varying sea conditions 

[56]. Nonetheless, as semi-submersibles typically have a large area exposed to wave action and 

significant wave loading, higher order wave loading effects must be considered in the design of 

the foundation [63]. 
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Technologies such as concepts used for some notable pre-commercial projects that used 

semi-submersibles foundations include Kincardine [53] and WindFloat Atlantic [54], as shown 

in Figure 2.18, which indicate that it has progressed to have a maturity for Technology 

Readiness Level (TRL) 7-8 [64]. These platforms typically have the flexibility to choose 

between catenary or semi-taut mooring systems according to the seabed conditions depending 

on the option that best adapts to the situation. One of the many advantages of semi-submersible 

is their ability to remain afloat and operational even with the loss or failure of a mooring line, 

as the design is made to be robust and resilient and to still be able to function with the failure 

of one tendon, but taking into consideration in the overall wind farm design that this does not 

produce any impacts with any other nearby platforms [65]. 

 

 

Figure 2.18: Semi-Submersible foundation in WindFloat Atlantic. 

Sources: [54]. 

 

Despite its many strengths and advantages, semi-submersibles have some trade-offs. 

They present logistical challenges during fabrication, transport, and installation and a large 

quantity of high steel requirements due to their large footprint and significant structural mass. 

Additionally, flexible mooring and its large, submerged portion cause notable horizontal 

displacements or excursions, which must be accounted during the overall wind farm design for 

spacing between platforms as well as for dynamic cable design. Nevertheless, their proven 

performance in both pilot and demonstration projects currently place them as a leading option 

for any commercial-scale floating wind projects [66]. 
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2.2.1.3. Spar 

Spar foundations are highly stable platforms for offshore wind turbines that are characterized 

by a long, slender cylindrical structure that is mostly submerged below the water surface. The 

way this structure achieves its high stability is by means of a combination from a low center of 

gravity of the structure plus a heavy ballast located at the bottom of the structure. With this, it 

is possible to counteract the center of buoyancy of the structure and minimize the motion of the 

platform. Compared to other floating platforms, spars have a relatively small waterplane area, 

which reduces any wave-induced motion and improves the wind turbines performance in harsh 

offshore environments [56]. 

These types of self-stabilizing platforms typically use flexible mooring systems like 

catenary or semi-taut anchored to the seabed to help maintain its position. The concept of 

technology for spar foundations that reached pre-commercial status corresponds to the Hywind 

Series developed by Equinor which includes projects like Hywind II and Hywind Tampen [52], 

as shown in Figure 2.19. This led to the development of technology and to showcasing their 

ability to operate in challenging environments at deep-water sites. These foundations can be 

constructed with flexibility in the material selection, be they concrete or steel, depending on 

project needs as well as regional capabilities and availability of resources. 

 

 

Figure 2.19: Spar foundation in Hywind Tampen. 

Sources: [52]. 

 

However, one of the main limitations for the installation and transportation for spar 

foundations is their requirement for very deep-water depths of approximately over 100 meters 

in the whole process. The large draft of the foundation makes it a requirement for deep harbors 

or fjords for the final assembly of the foundation as well as for towing of the foundation. This 

makes spar foundations well-suited for countries like Norway in which such infrastructure is 
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available for construction, but not suitable in locations which does not cover this requirement, 

making it a very big limiting factor in other locations. While the deployment and use of this 

foundation is heavily constrained by logistical challenges, spar foundations remain as one of 

the most technically stable and mature solutions for floating wind for regions with suitable 

conditions for the water depth and bathymetry required [56]. 

 

2.2.1.4. Barge 

Barge foundations are ship-like floating structures used to support offshore wind structures with 

their stability being provided by their broad floating surface. Unlike other solutions like spar 

foundations with large drafts, barges maintain their equilibrium through their wide, flat-

bottomed design with a large waterplane area, allowing them to remain upright and have high 

stability even with shallower waters. This design makes it ideal for moderate depths starting 

from 40 meters and has the flexibility of being able to be fabricated in both steel and concrete 

depending on construction capabilities and costs [56]. 

One of the most important barge foundation designs is the patented concept Damping 

Pool published by BW-IDEOL. It has been used for demonstration projects such as Floatgen 

for 2 MW in concrete [67], as shown in Figure 2.20 as well as Hibiki for 3 MW in steel [68] 

which have validated successfully the barge concept in real marine sea states offshore. 

Currently the pre-commercial EOLMED project is under construction which features three 10 

MW turbines for a total of 30 MW located 18 km from the offshore in Occitane, France with a 

water depth of 55 meters [69]. As of April 2025, the float fabrication has been completed and 

the painting is in process to be finished, which points that installation is close [70]. These 

projects showcase the potential scalability and versatility of the barge foundation, progressing 

towards commercial readiness. 
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Figure 2.20: Barge Platform in Floatgen by BW-IDEOL. 

Source: [67]. 

 

Barge foundations are self-stable using their own structure buoyancy and ballast system 

and are typically moored into position by using catenary or semi-taut systems. However, one 

of its downsides is their large footprint and waterplane area on the water surface that may pose 

challenges for dense wind farm layouts, since they can be prone to excessive motion in harsh 

weather conditions. Additionally, their construction involves complex processes to ensure 

durability and balance under loads [56]. Despite these challenges, barge foundations offer a 

solution for intermediate water depths where deep-draft or heavy lifting infrastructure is 

limited. 

In summary, floating foundations are well suited for deep waters beyond the scope of 

fixed foundations to deploy offshore wind and hydrogen infrastructure. Each of the different 

technologies offer diverse designs, concepts, and characteristics that are tailored to each specific 

site and project conditions, as shown in comparison in Table 2.2. TLPs use taut vertical mooring 

which is ideal for installation with sensitive stability and minimal motion. Semi-submersibles 

offer versatility and commercial readiness for a range of sea-states. Spar platforms provide 

excellent stability through deep ballast but require special installation conditions like fjords. 

Barges offer a simplified, ship-like structure with easy fabrication potential but is more 

influenced by wave loading. As floating concepts develop and mature, they unlock new 

possibilities and potential for renewable energy deployment to reach farther and deeper offshore 

areas. It also helps to accelerate decarbonization goals and innovations in mooring systems, 

structural optimization and offshore electrolysis. These platforms mark a critical step toward 

scalable, flexible, and global offshore renewable energy deployment. 
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Table 2.2: Overview of main floating foundation types 

Type Principle 
TRL & 

MRL [64] 
Advantages Limitations 

TLP 

Platform with 

positive buoyancy 

retrained by vertical 

tendons to seabed. 

(Mooring-tension) 

TRL 4-5 

MRL 4 

Low overall risk. 

Onshore / drydock 

assembly. 

Shallow draft. 

Well understood 

supply chain. 

Large and heavy 

structure. 

Columns likely will need 

inspection every 10 

years by specialized 

technicians. 

Semi-

Submersible 

Slender structures 

with several 

buoyancy tanks 

filled with water, 

serving as ballast for 

stability. 

(Hydrostatic) 

TRL: 7-8 

MRL: 7 

Suitable for high 

sea states. 

Low steel weights. 

Low operational 

risks. 

Large draft. Limits in 

ports and transport 

routes. 

Attachment of topside 

could be complex. 

Heavy lift is likely 

needed. 

Spar 

Self-stabilizing 

platform with deep 

draughts and 

ballasted at bottom 

to compensate CoG. 

(Ballast) 

TRL: 7-8 

MRL: 7.5 

High stability. 

Lower still weight. 

Onshore / drydock 

assembly. 

Suitable for deep 

waters. 

Sensitive to waves and 

currents. 

Not self-stable during 

towing. 

Expensive mooring 

system. 

Barge 

Ship-like concept 

which stability 

comes from a large 

floating surface. 

(Hydrostatic) 

TRL: 6-7 

MRL: 6.5 

Moderate draft. 

Onshore / drydock 

assembly. 

Bigger influence of 

wave loading. 

 

2.2.2. Connection Schemes 

When considering the connection schemes of the different typologies for electrolyser 

placements, it is necessary to consider certain factors and key drivers like the offshore distance, 

the capacity of the farm for the most suitable transport of energy. These connection schemes 

can be categorized into three different types, from which in one the electricity is transported via 

power cables to land to perform the water electrolysis onshore, or in the other 2 methods in 

which the electrolysis is done directly offshore and then transported via pipelines or tankers. 

These three connection schemes are explored in depth in this section as well as some of its 

implications for infrastructure and characteristics. 

 

2.2.2.1. Centralized Onshore Electrolysis 

 The onshore electrolysis scheme consists of generating electricity by offshore wind 

turbines and transmitted using submarine cables to shore where hydrogen production by means 

of electrolysis is done on land. This configuration collects the electrical output from all turbines 

by using inter-array cables and transmitted to an offshore substation, where the voltage is 
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stepped up to reduce transmission losses. From there, the power is transmitted to shore via high-

voltage submarine export cables using either HVAC for shorter distances or HVDC for longer 

distances with a turning point of around 100 and above from shore since HVAC presents cable-

generated reactive power [71]. This power is collected at an onshore substation, where voltage 

is adjusted to match the requirements of operation of the electrolyser. 

 Once onshore, electricity is fed into a centralized hydrogen production system where 

electrolysis takes place. This layout permits greater flexibility in design as it avoids having 

hydrogen production on offshore platforms which means a reduction in weight and space 

constraints. As a result, both AWE and PEM electrolysis could become a cost-effective option 

for onshore deployment as it is easier to deal with the space constraint onshore and with AWE 

electrolysis having a relatively lower capital cost [17]. This electrolyser facility should typically 

be located close to shore to minimize any further transmission on land and include auxiliary 

systems like cooling units and water supply infrastructure. The water required can be sourced 

from local supply networks or any desalination systems near shore if there are limits in 

freshwater sources. It may be necessary to also to include a compressor for the hydrogen in case 

of requirement for its integration into storage or distribution systems [72]. 

 One of the major advantages of this connection scheme is that it reduces the 

infrastructure footprint offshore since the electrolysis system is on land. This means the offshore 

substation only needs to accommodate the necessary equipment for electrical conversion and 

transport, avoiding the complexity and high cost of installing and maintaining the electrolysers 

at sea. However, the trade-off for this type of scheme comes from the higher costs for subsea 

cable costs, getting even higher if dynamic cables are needed and the transmission losses related 

to the cable over long distances [12]. This makes this configuration most suitable for coastal 

regions with strong grid connections or for remote floating offshore wind applications in deep 

waters using spars where hydrogen will be used locally or exported [73]. 

 

2.2.2.2. Centralized Offshore Electrolysis 

The centralized offshore electrolysis scheme consists of having all hydrogen production done 

directly at sea using as power source all the electricity collected from all the wind turbines in 

the offshore wind farm. The individual power outputs from each wind turbine are gathered 

through medium voltage dynamic cables and collected into an offshore substation, where the 

voltage is stepped up [72]. This electric current is transmitted to the offshore hydrogen 

production facility installed either on an offshore platform or a floating vessel (FPSO) to 

perform the electrolysis using desalinated seawater as feedstock. 
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This centralized configuration has the advantage of avoiding the use of high-voltage 

electrical cables all the way to shore. Instead, hydrogen is produced offshore and can be stored 

and transported in various ways according to the project and site characteristics. It can be 

compressed and transported via submarine hydrogen pipelines, which are typically more cost-

effective for long distances, avoiding electrical transmission losses. An alternative would be to 

use tankers or FPSOs to storage and transport by chemically bound hydrogen carriers or in their 

liquified form and shipped to shore [17]. 

The offshore electrolysis plant consists of electrolysers, seawater desalination units, 

cooling units, cooling systems, compression equipment, hydrogen buffers, and a backup battery 

system for critical components, and all needs to be considered in the space and weight necessary 

for the platform and its footprint. Both AWE and PEM electrolysis technologies are initially 

viable for this, considering that AWE is more cost-effective but has a limited hydrogen output 

pressure and may require additional compression. On another note, PEM technology has a 

higher output pressure and better response times but comes at a higher capital cost [73]. 

From an operational perspective, centralized offshore scheme reduced the wind turbine 

maintenance complexity, as the turbines remain electrically connected to an offshore substation 

and do not have embedded electrolysis units [12]. However, it has some disadvantages as it 

does introduce an operation risk as failure in the electrolysis systems can mean no hydrogen 

production for the entire farm, introducing the need of on-site personnel for turbines and 

electrolysis plant maintenance. Additionally, environmental impacts must be considered as 

there is a risk coming from managing the resulting brine discharge from seawater desalination 

[73]. 

While this scheme simplifies logistics compared to a decentralized design and benefits 

from pipeline transport efficiency which avoids electrical transmission losses, it requires a 

significant investment cost for floating infrastructure. It is more suitable for deep-water 

installations or where island-based electrolysis is not feasible. The trade-off between 

operational and economic conditions must be evaluated according to any site conditions, 

infrastructure costs, and distribution requirements. 

 

2.2.2.3. Decentralized Offshore Electrolysis 

The decentralized offshore electrolysis scheme consists of having hydrogen production in each 

individual wind turbine within the offshore wind park. These systems include typically an 

electrolyser, cooling system, seawater desalination unit, hydrogen buffer and a battery system 

as backup. This whole setup must be integrated into each of the wind turbine platforms, 
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considering the space and weight for the platform design [72]. This way, all electricity generated 

by the wind turbine is used on-site directly for electrolysis, which eliminates the need for 

complex AC-DC conversion steps associated with the centralized power transmission and lower 

energy losses related to power electronics.  

One of the biggest advantages of the decentralized scheme is the redundancy of the 

system, since electrolysis occurs independently at each unit. This distribution makes the system 

inherently robust, as failure of one turbine or electrolyser does not disrupt the overall hydrogen 

production from the rest of the wind farm. PEM technology is considered as a strong candidate 

for this type of scheme due to its compact footprint, high efficiency and the ability to output 

pressurized high purity hydrogen, eliminating the requirement for additional compression for 

hydrogen export [73]. 

 The hydrogen produced at each of the electrolysers is collected by a series of flexible 

pipelines that connect a group or array of turbines into a subsea manifold system. The 

subsequent transmission is done by a larger main export pipeline which is static and fixed to 

transport the hydrogen to shore for its storage and distribution. With this layout, it is possible 

to avoid using massive offshore platforms for an offshore substation or an offshore electrolysis 

plant, which can significantly reduce CAPEX [12]. Furthermore, the design is modular and 

enables deployment and installation by phases and makes it easier to scale up the hydrogen 

production capacity. Looking at the environmental implications, this scheme distributes 

spatially the brine discharge coming from desalination, which means less impact compared to 

centralized scheme [73]. 

 Since electrolysis systems must be placed on each wind turbine, platforms must have 

enough deck area and stability to not compromise the turbine’s efficiency, making semi-

submersibles or barges well suited for deepwater sites. Flexible hydrogen pipes must be used 

in this scheme to allow dynamic and reliable interface between floating structures and fixed 

seabed infrastructure and allowing high-pressure hydrogen transport. This scheme is defined 

by the trade-off of having system scalability, resilience and robustness against a higher 

equipment duplication and greater maintenance complexity, as each turbine needs its own 

electrolysis system. 

 These three different electrolysis schemes differ mainly from their configuration 

regarding the location of hydrogen production as well as the method of storage and transport of 

energy or hydrogen to the shore. Centralized onshore electrolysis places all electrolysers on 

land and relies of high-voltage power cable to transport electricity from offshore wind farm, 
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which simplifies offshore infrastructure but has power losses and high cable costs. Centralized 

offshore electrolysis locates the electrolysis system on a platform or vessel offshore, reducing 

transmission losses by transporting hydrogen via pipeline or tankers but requires costly offshore 

infrastructure. Decentralized offshore electrolysis distributes electrolysis to each individual 

wind turbine and uses flexible and static pipelines through a manifold for hydrogen transport, 

which eliminating electric transmission adds redundancy and dispersion of brine discharge at 

the expense of adding system complexity. Each of these approaches balance different trade-offs 

and is suitable for different site characteristics and requirements, as shown in Table 2.3, with 

each of them having their own advantages and disadvantages in terms of infrastructure 

complexity, CAPEX and OPEX costs, scalability, and environmental impact. 

Table 2.3: Overview of main connection schemes 

Scheme Configuration Advantages Limitations 

Centralized 

Onshore 

Electricity is transmitted 

to shore via HVAC / 

HVDC cables and 

hydrogen is produced at a 

single centralized land-

based facility. 

Easier installation and 

lower costs onshore. 

Simple onshore 

maintenance. 

Electrolysis technology 

does not need further 

validation. 

High cable and converter 

costs. 

Power losses in long-

distance transmission. 

Centralized 

Offshore 

Centralized electrolysis on 

an offshore platform or 

vessel with transportation 

via pipeline or shipped to 

shore. 

Reduced electrical 

losses. 

Efficient hydrogen 

pipeline uses. 

Smaller land footprint. 

Relatively quicker repair 

times. 

Expensive offshore 

infrastructure. 

O&M complexity. 

Environmental impact of 

brine. 

Operation risk due to all 

electrolysers being in 

single location. 

Decentralized 

Offshore 

Each turbine integrates an 

electrolyser, and hydrogen 

is transported via dynamic 

and fixed pipelines. 

High system 

redundancy. 

No power transmission 

losses. 

No separate additional 

structure needed. 

Distributed brine 

discharge. 

High equipment 

replication. 

Complex control & 

maintenance. 

Higher turbine integration 

cost. 

 

Another aspect to consider for each connection scheme is how hydrogen will be stored 

and transported safely with the lowest possible cost to shore. Offshore environments have the 

constraint of space, weights, motion, long export distances, and harsher conditions compared 

to onshore. Some of the different technologies that can be suitable for storage of hydrogen 

consist of compressed, cryogenic hydrogen, and solid-state hydrogen or through chemical 

carriers such as LOHCs, ammonia and methanol. Each of them presents certain advantages and 
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disadvantages, with trade-off in energy density, infrastructure complexity, and safety. On the 

transport side, it is possible to have the use of dedicated hydrogen pipelines or retrofitted oil & 

gas pipelines that are no longer in use. Additionally, the use of tankers and carriers may be used 

in some cases to transport produced green hydrogen into shore. Appendix 8.2 presents the main 

characteristics of the storage types and their pairing with the most suitable transportation 

method for hydrogen carriers. Considering that the use of tankers for transportation for 

hydrogen carriers is advantageous when considering very long distances of around ~1000 km, 

compressed hydrogen pipelines will be considered as the potential method of storage and 

transportation. 

Pipelines represent a promising and efficient method to deliver hydrogen from offshore 

production sites like offshore wind farms from large distances from shore, where electrical 

transmission becomes unfeasible economically or technically. For hydrogen transport at sea, 

two key categories of pipeline infrastructure are considered depending on the marine 

environment in the way of static and dynamic pipelines. Additionally, retrofitting existing 

natural gas pipelines may be a cost-effective pathway to accelerate hydrogen deployment 

offshore where such infrastructure is available for use [74]. 

 Static pipelines are rigid subsea pipelines that remain fixed to the seabed by being laid 

or slightly buried under it. They are commonly used for transporting hydrogen from stationary 

offshore platforms like fixed-bottom wind farms or offshore electrolysers to connect it directly 

to shore or collection hubs [75]. They feature durable, rigid steel or composite construction to 

withstand the seabed pressure and corrosion while transporting hydrogen with high efficiency 

and low maintenance. However, it required careful material selection, as well as coatings to 

resist hydrogen embrittlement and diffusion and may need compression stations for long 

distances [76]. 

 Dynamic pipelines are flexible flowlines or risers typically designed to handle the 

continuous motions due to the wave, current, and wind loads, which makes it suitable to use in 

floating offshore wind or hydrogen production platforms and follow its motions of the floating 

foundations. For this, it needs to be built using flexible, layered materials to handle movement 

and fatigue, often having a reinforcement of armor layers and pressure containment systems. 

However, it requires specialized anchoring and buoyancy systems to manage the stress suffered 

by the continuous motion, as well as to maintain its position. Dynamic pipelines present a more 

complex design and higher cost compared to static pipelines but remain essential for a safe and 

reliable operation for floating platforms which present deep water and high-motion 

environments [77]. 
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 In some cases, it is possible to retrofit existing subsea and onshore natural gas pipelines 

into infrastructure viable for hydrogen transport. This can be a cost-effective strategy to 

accelerate the infrastructure development of green hydrogen production. This process involves 

ensuring material compatibility assessment to prevent hydrogen embrittlement in certain steels 

and welds [78], as well as replacing seal and valves since these components may not be suitable 

for hydrogen as it is a small molecule and can cause diffusivity. It is also necessary to adjust 

the flow and pressure of the pipeline, as hydrogen has a lower volume density than natural gas 

and requires higher flow rates or compression and in some cases include internal coating to 

improve hydrogen resistance and reduce permeability. These adaptations offer a significant cost 

savings opportunity with costs of 10% to 35% compared to a new pipeline build, making it 

relevant in North Sea offshore hydrogen projects located near decommissioned or underutilized 

natural gas infrastructure exist [79]. 

 

2.3. Offshore electrolysis demonstrations and pilot projects 

Detailing and analyzing current demonstration and pilot projects for offshore electrolysis is 

essential to understand the feasibility and progression that support offshore green hydrogen 

production according to the market. These initiatives and early projects serve as practical testing 

grounds that will help in the future to validate the systems performance, durability, and 

integration with offshore renewable energy sources and give way to any necessary 

technological advancements needed to reach decarbonization goals. These projects play a 

critical role for technology readiness and maturation by identifying any challenges that can 

present themselves in commercial projects on a bigger scale and improving the operation and 

performance. It also contributes to any risk identification and mitigation that was not previously 

considered by exposing any potential technical, logistical and environmental issues that may 

arise when scaling up. Furthermore, these projects are a necessary step to determine and comply 

with regulatory requirements for this evolving technology and demonstrating its market 

readiness and inspiring confidence in stakeholders. Testing innovation and improvements under 

actual offshore conditions and marine environment accelerate the path towards being ready for 

commercial-scale projects and contribute towards a green energy transition.  

Several offshore electrolysis demonstration and pilot projects have currently been 

completed, commissioned or have been planned across the globe to assess this technical 

feasibility, economic viability, and its environmental impact to produce green hydrogen at sea, 

as shown in Appendix 8.3. The first offshore hydrogen production pilot developed by Lhyfe in 
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2022 was the initiative of SeaLhyfe, which was installed off the coast of Le Croisic in France 

and successfully produced its first kilograms of green hydrogen in 2023. This project was 

pivotal in validating the functionality of a 1 MW PEM electrolyser under real marine 

conditions, as it provided valuable insights into technical and environmental aspects and 

difficulties producing hydrogen offshore. The tests were done for 14 months producing 

hydrogen at sea with real marine conditions, going through extreme conditions in terms of 

platform motion and environmental stress. It faced 5 important storms, with one of them being 

Ciaran that went through the Atlantic coast in October 2023 with waves of above 10 meters and 

winds above 150 km/h. These tests repeatedly tested the versatility and response time in a 

variety of configurations, reaching the same performance as compared when on land [80]. 

The OceanH2 project coordinated by ACCIONA in Spain, focused on designing and 

experimentally validating the integration of floating wind, solar and hydrogen production to 

support the country’s commitment to renewable energy [81]. Similarly, PosHYdon in 

Netherlands is a pioneering project that aims to integrate offshore wind, gas, and hydrogen 

production on an existing operational gas platform in the Dutch North Sea by installing a 1 MW 

electrolyser. This unique approach of combining existing energy systems offshore helps 

examine the electrolyser technical performance and durability under offshore conditions and 

create a fully electrified platform [82]. Over in Asia, the Yantai Offshore Platform is China’s 

first offshore platform with integrated production of green hydrogen, ammonia, and methanol 

with the goal of demonstrating that clean fuels can be generated offshore, off the grid and refuel 

ships at sea [83]. The Green Hydrogen Shore Power Demonstrator at the Port of Leith 

showcases the potential of green hydrogen to support decarbonizing port activities by 

integrating water treatment, waste heat utilization, and green hydrogen production to provide 

clean shore power for maritime operations [84]. The OYSTER Project in the UK aimed to 

develop a marinized electrolyser to integrate with offshore wind infrastructure. Although the 

project was recently terminated in 2025 following Orsted’s withdrawal from the project, it 

contributed valuable insights towards the hydrogen technology and challenges involved [85]. 

Meanwhile, some planned initiatives and projects in the short term are currently 

underway to contribute towards reaching EU’s green hydrogen targets like the HOPE project 

coordinated by Lhyfe which involves developing, building, and operating a 10 MW offshore 

hydrogen production unit in the North Sea. It corresponds to the second stage following the 

success of SeaLhyfe and aims to demonstrate viability in both technical and financial aspects 

of large-scale offshore hydrogen and pipeline transport [86]. In Germany, the H2Mare project 

is part of their national strategy to directly link offshore wind turbines with hydrogen generation 
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and aims to reduce the costs associated with this [87]. The same can be said about Norway’s 

Deep Purple Project, which focuses on also integrating storage solution for hydrogen and 

offering a vision for stable offshore energy systems [88]. 

Some of the projects have bigger ambitions in regards of the capacity of the project, 

having in Belgium the Hyport Oostende project with tap into the country's wind resources to 

fuel green hydrogen production with a 50 MW electrolyser onshore using offshore wind as 

power source [89]. GET H2 Nukleus in Germany sets its ambitions to focus on developing 

large-scale commercial production with a 300 MW electrolyser capacity with offshore power, 

after commissioning in 2024 a 10 MW AWE and 4 MW PEM electrolysers onshore [90]. The 

Salamander Project in Scotland will use DOLPHYN technology to achieve integration of 100 

MW in offshore wind plus 100 MW in onshore batteries to hydrogen production, desalination 

and transport via pipeline to power sectors that are hard to electrify [91].  

Farther out, some initiatives include the HØST PtX Esbjerg project in Denmark that 

categorizes as a leading Danish Power-to-X project planning to produce green hydrogen and 

ammonia with primarily offshore wind and solar power with a total capacity of 1 GW by 2029 

[92]. Other large-scale efforts are underway in Netherlands, with projects like H2opZee by 2030 

looking for developing green hydrogen production in the Dutch North Sea with a capacity of 

500 MW [93], as well as NortH2 project, looking to achieve 10 GW in Netherlands between 

2030 and 2035 [94]. Some of the most ambitious and larger-scale initiatives also proposed for 

2035 are the DOLPHYN project which plans phased deployments of floating wind turbines 

equipped with electrolysers, currently conducting sea trials with a PEM electrolyser and with 

planned phases ranging between 10 MW until 4 GW [95]. Finally, the AquaVentus initiative in 

Germany aims to scale up to 10 GW of green hydrogen capacity through a set of coordinated 

projects [96] such as AquaPrimus, which serves as a demonstrator for electrolyser of 1 MW 

and 5 MW capacity, AquaSector, which aims to establish 300 MW in the German North Sea as 

a first large-scale offshore hydrogen park, and AquaDuctus, which aims to install a hydrogen 

pipeline network to efficiently transport hydrogen produced from offshore wind farms [97]. 

These projects are not only demonstrating the pathways necessary to take for offshore hydrogen 

production, but also laying ground for any regulations, infrastructure, and economical models 

needed to accelerate green hydrogen deployment at scale. 
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2.4. Regulatory frameworks 

Regulatory frameworks are necessary for offshore hydrogen production systems by ensuring a 

safe, efficient, and scalable deployment and operation. They are used to provide a guide of rules 

and standards on design, environmental, and safety compliance for a certification. This 

certification demonstrates commitment to achieving a certain standard and quality and provides 

assurance to stakeholders and the public that operations meet regulatory requirements [98]. 

Offshore electrolysis can become complex in terms of regulations since it integrates renewable 

power, desalination, and hydrogen storage and transport, which makes it a requirement to 

harmonize regulations across the different sectors and jurisdictions necessary. 

Several international and regional regulatory initiatives are currently in development or 

early implementation stage. In the European Union, regulatory standards have been increasing 

with the EU Renewable Energy Directive RED II and RED III, which defines the sustainability 

criteria that renewable hydrogen must comply with. These directives determine the greenhouse 

gas emissions thresholds, as well as the rules for the sourcing of electricity [99]. Additionally, 

the Delegated Acts introduced by the European Commission in 2023 establishes the legal 

criteria to certify hydrogen production as part of the Renewable Fuels of Non-Biological Origin 

(RFNBOs) under these directives. It defines specifically the conditions of additionality to 

ensure it comes from new renewable installations that are not already supplying to the grid, the 

temporal and geographical correlation which determines electricity must be generated close in 

time and location to the hydrogen production, as well as the minimum GHG savings of a 

minimum threshold of 70% to ensure that it contributes to climate goals [100]. 

Some complementary initiatives are the TEN-E Regulation which aims to support the 

development of cross-border energy infrastructure and its integration into the EU’s energy 

system [101] and the European Hydrogen Backbone which aims to establish a dedicated 

hydrogen pipeline network [102]. The International Energy Agency compiles an annual report 

in the Global Hydrogen Review 2024 which provides a detailed global track and comparison 

of all the hydrogen related regulation and certification systems. This report plays a crucial role 

in assessing the progress of technology, infrastructure development, and market trends to help 

regulations and industry leaders take decisions and guide investment strategies and policy 

frameworks accelerate hydrogen deployments. For example, several EU countries like 

Germany, Netherlands and France are developing their own certification systems, which must 

arrive to a mutual recognition of certification schemes instead of a full harmonization between 

them to facilitate cross-border trade. Another focus goes to Latin America and the Caribbean, 

since it has strong potential for low-emissions hydrogen production with abundant renewable 
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resources and industry demand. Currently its deployment is limited by high capital costs and 

the need for a significant expansion in renewable energy that can be remedied by energy 

security improvements and hydrogen hubs to scale production and balance domestic use with 

export ambitions [103]. 

Technical codes and standards are currently in development and being defined. The ISO 

22734:2019 standard is currently an active standard that focuses on the general requirements 

involved in hydrogen generators using water electrolysis and covers all industrial, commercial, 

and residential applications [104]. This standard is applicable for electrolysers using AEM, 

PEM, aqueous acids or bases for ion transport medium and covers general guidance on its safe 

constructions of its components, minimum requirements for safe operations, routine tests 

according to operation, leakage and basic electrical installation, mechanical integrity, 

performance and reference conditions [105]. It is expected that the standard be replaced and 

extended by the ISO 22734-1 and ISO/AWI TS 22734-2, which will guide the performance 

testing and its protocols to determine if the electrolyser has the minimum capabilities to provide 

electricity in grid-integrated scenarios with the focus on alkaline and PEM electrolysers [106]. 

The ISO 19880-1:2020 focuses on gaseous hydrogen fueling stations and defines its safety, 

design, installation, and operational requirements mainly for land applications. This can be 

adapted towards offshore hydrogen production, specifically for hydrogen bunkering in 

maritime applications by referencing aspects in its safe storage, compression, dispensing and 

transport in offshore environments [107]. 

Other organizations like the IEC are currently working on establishing electrical safety 

and performance standards with the IEC 62282 series which covers the fuel cell technologies 

including offshore applications [108]. In the case for certification services, DNV has issued the 

first global standard for electrolyser systems with the code DNV-ST-J301. This standard 

provides the technical requirements and guidance for the certification of electrolyser systems. 

It addresses risk management for relevant hazards and safety requirements associated with 

hydrogen production. It also establishes design verification in both system and component level 

requirements to be met to ensure the safety of the operation in all phases including design, 

manufacturing, installation, commissioning, and operation [109]. 

In the United States, regulatory efforts are currently led by organizations such as ASME, 

NFPA, and CSA to provide standards in different fields of pressure vessels, hydrogen piping, 

and electrolyser certifications in terms of safety and mechanical integrity. Some of the key 

codes and standards from ASME consist of TPG-1 – Guidelines to ASME Standards in 

Hydrogen Value Chains serves as a guidance for existing hydrogen-related standards, B31.3, 
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B31.8, and B31.12 which deal with the requirements for piping, gas transmission, distribution 

and handling of gas and hydrogen pipelines and lastly for pressure vessels the rules for 

construction can be seen inn BPVC.VIII.1 and BPVC.X including fiber-reinforces plastic 

pressure vessels [110], [111]. In the case of NFPA, NFPA 2 covers the guidelines for safety in 

production, storage, and transportation of hydrogen technologies, NFPA 55 deals with 

compressed gases and cryogenic fluids safety including hydrogen, NFPA 67-69 deals explosion 

protection and prevention systems in gaseous mixtures in pipe systems, and NFPA 70 provides 

guidelines for electrical installations involving hydrogen systems [112]. Lastly, CSA/ANSI 

B22734:23 is a standard the mirrors the ISO 22734 specifically for the North American markets, 

CSA/ANSI HGV series deals with hydrogen fueling stations and CSA/ANSI B107-24 

addresses safety requirements for enclosed hydrogen equipment [113], [114]. Additionally, the 

U.S. Hydrogen Safety Panel and Hydrogen Tools database known as H2tools offers 

comprehensive guidance for hazard assessment and design practices with regards to best 

practices on hydrogen production [115], [116]. 

Despite progress in the development of regulatory frameworks, significant gaps remain. 

Offshore-specific frameworks currently are lacking in various fields like floating hydrogen 

platforms, marine integration, hydrogen pipeline safety, and brine discharge regulations. 

Additionally, the fragmentation of certification schemes and lack of mutual recognition in 

between different national certifications affect cross-border projects. These regulations must 

constantly be evolving and must keep pace with the current innovations regarding electrolysers, 

subsea pipeline and hydrogen offshore energy hubs. These regulations must keep international 

coordination to close these gaps by using regulatory sandboxes, pre-commercial demonstrations 

exemptions, and shared certification platforms. Additionally, integrating hydrogen regulations 

with maritime laws, offshore wind regulations, and environmental regulations will be key to 

ensure a safe, efficient, and sustainable deployment in a cohesive hydrogen economy. 
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3. CASE STUDY: EUROPE 

The aim of this chapter is to present and select a detailed European case study that establishes 

chosen scenarios for a specific potential location for offshore green hydrogen production using 

offshore wind resources, taking into consideration the impact and specific requirements of 

electrolysers in offshore environments. Section 3.1 examines the regional market demands for 

the biggest industrial off-takers, hydrogen pipelines infrastructure and projects, existing port 

infrastructure and its location, available wind resources, and socio-political constraints due to 

the Exclusive Economic Zones (EEZ), environmental, commercial and defense concerns. 

Section 3.2 identifies and describes several implementation scenarios for techno-economic 

evaluation by integrating electrolysers with offshore wind farms by choosing the conditions 

according to the unique operational challenges to face in marine environments. Lastly, Section 

3.3 describes these specific impacts and requirements that electrolysers, specifically PEM, 

suffer in offshore environment due to the platform dynamics and tilt, intermittency and variable 

power supply, saline environment, and feedwater quality concerns when integrating with 

offshore wind. 

 

3.1. Justification of implementation zone 

To assess the most promising European locations for offshore green hydrogen production, it is 

necessary to consider a certain range of technical, economical, geopolitical factors and 

parameters. To determine and justify the most suitable implementation zone requires analysis 

of the regional hydrogen demand by considering the current major industrial off-takers and the 

outlook for this resource. Another important parameter to consider in the offshore environment 

is the proximity and readiness of port infrastructure for support in installation and maintenance 

for the whole lifetime of the project. Additionally, one of the main attractive potentials of 

offshore wind that must be considered is the availability and quality of the wind resource to 

generate greater energy production and more reliable power output compared to onshore, as 

well as the corresponding geographic conditions like water depth, waves, and area that may 

affect the costs and conditions of the project. This location must also be paired with the presence 

of future developments of hydrogen transport infrastructure and consider the constraints of 

areas given by the exclusion zones according to EEZ, environmental regulations, maritime 

commercial activity, human recreational activities, and national defense. These parameters help 

define viable scenarios and locations to justify the selection of strategic zones with strong 

potential for the deployment of offshore electrolysis systems.  
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 The current and future market trends have been identified by the European Hydrogen 

Strategy, dividing it into three development phases of kick-start until 2025, ramp-up from until 

2035 and market growth post 2035.  Currently, the kick-start phase has seen the deployment of 

pilot and commercial electrolysers with size currently increasing and expecting to advance into 

the ramp-up phase to expand the hydrogen use from local to national level. To achieve this, it 

must be supported by infrastructure like storage and transport networks like pipelines and 

regulatory tools and economic incentives. The final market growth phase will see a mature 

hydrogen market that can sustain itself by supply and demand with the potential to replace fossil 

fuels across various sectors while also ensuring fair competition and interoperability with the 

use of regulations [117].  

 Clean hydrogen is expected to play a vital role in decarbonizing the European industry, 

specifically in sectors that have a potential for high hydrogen consumption in its process. 

Hydrogen has been used previously as a feedstock in refineries and ammonia production, 

accounting for nearly 80% of Europe’s 8.6 Mtons hydrogen demand in 2020 [118]. Refineries 

use hydrogen to remove impurities and reduce sulfur content to produce cleaner fuels, while 

ammonia needs hydrogen to be produced and used in fertilizers, plastics, or as maritime clean 

fuel. Methanol production is another example of a chemical process in need of hydrogen to be 

used as a synthetic fuel. Additionally, an industry with the most potential for its use of clean 

hydrogen is the steel industry, even though it currently is not a major hydrogen consumer. The 

plans to use hydrogen in the steel industry in processes like the direct reduction of iron or as a 

fuel for heating to significantly reduce emissions makes it one of the largest off-takers in the 

future [119]. By 2030, over half of the 6.1 Mtons H2/yr of planned low-carbon hydrogen 

consumption in industrial projects being tracked by Hydrogen Europe corresponds to the steel 

sector’s efforts alone [117].  

 According to the Clean Hydrogen Monitor reported in 2022 shown in Figure 3.1, the 

five biggest planned clean hydrogen consumers in the EU, EFTA, and UK by 2030 are Germany 

with 2,112 ktons H2/yr, Sweden with 711 kt H2/year, Netherlands with 571 kt H2/year, France 

with 537 ktons of H2/yr, and Spain with 523 ktons H2/yr [120]. These figures represent the 

industrial decarbonization strategies being considered in Europe across the different sectors, 

being mainly concentrated around Western Europe with Germany in the lead. These countries 

are investing heavily in green hydrogen infrastructure and projects to be able to reach national 

decarbonization targets by reducing emissions coming from fossil-based hydrogen and shift 

industrial energy consumption. 
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Figure 3.1: Map of total planned hydrogen consumption in the industry by 2030 in EU+EFTA+UK 

region.  

Source: [120]. 

 

Germany is the lead country in Europe with many projects working into a green 

hydrogen transition by having major industrial off-takers like ArcelorMittal, RWE, and Evonik 

to integrate hydrogen processes of steel, chemical, and refining processes [121]. There are 

currently seven regional clusters of potential off-takers covering 90% of the total estimated 

hydrogen demand by 2030, with the Rhine-Ruhr having the highest demand followed by 

Freiburg-Munich, supported by initiatives like GET H2 Nukleus, as shown in Figure 3.2 [122].  

The country has plans to develop hydrogen infrastructure with a large-scale pipeline network 

of 9,040 km by 2032 with 60% repurposed existing gas lines with projects like ONTRAS’s 600 

km easter corridor, RHYn Interco connecting to France, and offshore AquaDuctus in the North 

Sea for offshore electrolysis [123]. These efforts are part of Germany’s Hydrogen Core Grid 

backed by €4.6 billion in federal funding to connect production sites with industrial demand 

and neighboring countries [124].  
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Figure 3.2: Forecasted hydrogen demand clusters in Germany until 2030.  

Source: [123]. 

 

Sweden is becoming a significant player by incorporating green hydrogen with major 

industrial off-takers in steel, transport and chemical industries. The northern region has major 

flagship projects in Boden like H2 Green Steel aiming to produce up to 5 million tons of steel 

annually using hydrogen by 2030 and HYBRIT Green Steel initiative in Luleå which already 

delivered the first green steel and is currently developing underground hydrogen storage [125]. 

In the central and southern region, the hydrogen infrastructure is expanding with projects like 

Lhyfe’s 10 MW plant in Vaggeryd [126] and the Nordic Hydrogen Corridor’s refueling network 

along the Scandinavian-Mediterranean [127]. Figure 3.3 shows the regional distribution of 

operational, planned and in development hydrogen projects in Sweden until December 2024. 

These regional hubs are laying the foundation for future connectivity, with the Swedish Energy 

Agency targeting 5 GW of electrolyser capacity by 2030 and 15 GW by 2045 with green 

hydrogen [125].  
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Figure 3.3: The Hydrogen Map. Sweden and Finland 2025-02.  

Source: [128]. 

 

The Netherlands is advancing its strategy for green hydrogen by incorporating it 

industrial decarbonization, port-based production, and international connectivity, by 

subsidizing over 1 GW in electrolysers or nearly €800 million. The major players and projects 

in refining, chemical, steel, and transport are companies like Shell’s 200 MW Holland 

Hydrogen I project supplied from offshore wind and Tata Steel Nederland plant to produce 

green steel [129]. The hydrogen activity is concentrated mainly into the Rotterdam Port Area 

with multiple electrolysis and import projects and Northern Netherlands as a hydrogen valley 

supported by offshore wind. Other regional hydrogen valleys can be seen in Figure 3.4, where 

hydrogen consumption and production will be concentrated in the country [130]. The Port of 

Amsterdam will also be a key location for the first green hydrogen import corridor, linking 

Oman’s Port of Duqm to Amsterdam and key logistical hubs in Germany including the Port of 

Duisburg [131]. Infrastructure development in hydrogen pipelines is linked to HyWay27 

initiative which repurposes existing gas pipelines and the North Sea Energy Infrastructure Plan 

to integrate offshore hydrogen with wind power and subsea pipelines to achieve the Dutch 

targets of 8 GW of electrolysis capacity by 2032 with fundings coming from the National 

Recovery and Resilience Plan [132].  
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Figure 3.4: Hydrogen Valleys in Netherlands.  

Source: [130]. 

 

 France is accelerating its green hydrogen strategy by focusing on the industrial and 

transport sectors including refineries, chemical plants, and heavy transport sectors. Some of the 

key off-takers consist of projects like Air Liquide-TotalEnergies collaboration at La Mède 

biorefinery which will produce 25,000 tons of green annually to reduce CO2 emissions by 

130,000 tons, as well as renewable hydrogen supply agreements in Grandpuits and Gonfreville 

refineries [133]. Hydrogen activity is being concentrated in industrial hubs with high potential 

capacity such as Fos-sur-Mer, Hauts-de-France, Normandy, and Grand Est, supported by 

regional hydrogen valleys and EU funding, as shown in Figure 3.5 [134]. It currently relies on 

short-distance hydrogen pipelines and preparing with broader integration with future onshore 

and offshore infrastructure and cross-border corridors passing across Germany, Spain, and the 

North Sea region through EU’s Hydrogen and Decarbonized Gas Market Package [135].  

 

 

Figure 3.5: Production capacity by region in France per year.  

Source: [134]. 
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 Spain is currently advancing and positioning itself as one of the European leaders in 

green hydrogen due to the strong industrial demand with major industrial off-takers in various 

sectors like chemical, refineries, steel, and transport by using its abundant renewable resources 

and strategic infrastructure. The Spanish government has chosen 16 key projects supported by 

€1.2 billion to be a part of Hydrogen Valleys program with major energy companies such as 

Respol, EDP, Moeve, BP, and Iberdrola across various regions such as Andalusia, Asturias, 

Valencian Community, Catalonia, and Galicia, as shown in Figure 3.6 [136]. Flagship projects 

like HyDeal España aim to deliver up to 330,000 tons of hydrogen annually to Asturias using 

solar power, pipelines, and storage [137]. Some key hydrogen infrastructure projects are 

H2Med, which connects Barcelona to Marseille via the BarMar interconnector through offshore 

pipelines with capacity of 2 million tons in transportation per year and CelZa as a part of a 

hydrogen corridor linking Portugal, Spain, France and Germany. Together with other projects 

like HyDeal’s transmission routes, it reinforces Spain’s potential as a hydrogen export hub in 

Europe [138].  

 

 

Figure 3.6: Hydrogen Project Census in Spain.  

Source: [139]. 

 

 To be able to cover this potential hydrogen demand by importing and exporting across 

different borders to various end-users across Europe, infrastructure must be developed between 

production and consumption points. The European Hydrogen Backbone initiative plans to 

include both retrofitting natural gas pipelines and building new specific hydrogen pipelines to 

satisfy the future hydrogen demand. This plan determines the infrastructure needs of supply in 

demand in different regions by interconnecting different regions across regions of Europe in 
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28,000 km of both new and retrofit pipelines by forming five overlapping import corridors 

between North Africa & Central Europe, Southwest Europe, North Sea, Nordic and Baltic, and 

East and Southeast Europe, with all of them connecting with Germany, which possesses the 

most potential demand for hydrogen. Going into 2040, these pipelines are expected to develop 

into a total length of 53,000 km with a 60% being retrofitted pipelines, as seen in Figure 3.7 

where all the different projects for infrastructure for hydrogen in Europe can be seen, depicting 

the future infrastructure map [140].  

 

 

Figure 3.7: Hydrogen Infrastructure Map for European Hydrogen Backbone in 2040.  

Source: [141]. 

 

 A comparative overview of the five leading European countries previously discussed 

for clean hydrogen consumption by 2030 can be seen in Table 3.1. It includes the highlights for 

their industrial strategies, infrastructure developments, major projects, and the strategic 

initiatives to justify the key implementation zones for hydrogen production. Additionally, the 

planned infrastructure of the European Hydrogen Backbone links 3 of the 5 leading countries 
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in planned H2 consumption by the Southwest import corridor that by 2030 plans to cover 10,000 

km of large-scale pipelines across Portugal, Spain, France. Belgium, Luxembourg and Germany 

with a planned supply capacity of 164 TWh. Taking all of this into account, the Atlantic 

continental European coastline is considered as a potential site for offshore hydrogen 

production. 

Table 3.1: Overview of Leading Countries according to Hydrogen Potential Consumption, Off-takers 

and Infrastructure. 

Country 

Planned H₂ 

Consumption 

[kt/year] 

Key Industrial Off-takers Strategic Justification 

Germany 2,112 
ArcelorMittal, RWE, Evonik 

(steel, chemical, refining) 

Largest demand; central hub in 

EU; €4.6B federal funding; 

cross-border connectivity 

Sweden 711 
H2 Green Steel, HYBRIT 

(steel, chemical, transport) 

Strong renewable base; early 

green steel production; 

underground H₂ storage 

Netherlands 571 
Shell, Tata Steel, ENGIE 

(refining, chemical, steel) 

Port-based production/import; 

€800M subsidies; key EU 

import/export hub 

France 537 

Air Liquide, TotalEnergies 

(refining, chemical, 

transport) 

Regional hydrogen valleys; EU 

integration; industrial 

decarbonization 

Spain 523 
Repsol, Iberdrola, BP, EDP 

(chemical, steel, transport) 

Renewable-rich; export 

potential; strategic corridors 

starting in Portugal through 

France & Germany 

 

 The GIS-based assessments for mapping of the wind resource and site selection in the 

Atlantic Coast of Europe has been studied previously by Díaz and Guedes [142], where 42 

floating wind farms in Portugal, Spain and France were identified and evaluated according to 

the available wind resource, existing uses of maritime space and environmental constraints, and 

the operational needs of a floating wind farm. These previously identified potential sites are 

considered for the site selection of a 500MW offshore hydrogen production using offshore wind 

resource, taking into consideration the criteria mentioned in Table 3.2. The exclusion according 

to the constraints given reduced the decision matrix of potential sites to only 15, showing the 

location parameters for Wind Velocity (WV), Wind Potential (WP), Distance to Port (DP), 

Distance to Shore (DS), and Water Depth (WD) for 4 locations in Portugal, 3 in Spain, and 8 in 

France as shown in Table 3.3. 

 

 



60 

 

Table 3.2: Objective and Exclusion Criteria for MCDM. 

Parameter Objective Exclusion Criteria 

Wind Velocity (WV) Maximize - 

Wind Potential (WP) [h/yr] Maximize - 

Distance to Port (DP) [km] Minimize - 

Distance to Shore (DS) [km] Minimize - 

Water Depth (WD) [m] Minimize X <= 150 m 

Delaunay´s Triang0ulation 

Method WF Capacity [MW] 
Exclusion Criteria Only X >= 500 MW 

 

Table 3.3: Site-Selection Decision Matrix for MCDM method in the European Atlantic Coast. 

Source: [142], see Table 3.2 for abbreviations of parameters. 

Region Location Option 
WV 

[m/s] 

WP 

[h/yr] 

DP 

[km] 

DS 

[km] 

WD 

[m] 

Portugal  

Viana do 

Castelo (1) 
1 7,4 3894 12,7 12 100 

Viana do 

Castelo (2) 
2 7,4 3894 28,5 27,8 150 

Porto 3 7 3376 33,1 33,1 150 

Figueira da 

Foz 
4 7,9 4131 62,1 51 150 

Spain  

A Guarda-

Baiona (1) 
5 7,4 3894 35,2 8 150 

Ribadeo 6 9,3 4923 89,5 17,6 150 

Navia 7 4,7 3521 48,7 10,3 150 

France  

Leon-Mimizan 8 6,2 2767 42,6 22,7 150 

Arcachan 9 7,5 3340 80,7 36,2 100 

Royan (1) 10 7,7 3654 44,5 30,9 75 

Royan (2) 11 8,7 4389 99 83,6 150 

La Rochelle 12 9 4660 136,7 112,5 150 

Pornic 13 9,5 5005 134 71,7 150 

Guilvinec 14 9,7 5123 124,5 68,5 150 

Brest 15 10,1 5464 82,3 35,4 100 

 

A Multi-Criteria Decision Making (MCDM) Method will be used to validate the 

decision of the potential site-selection by using a Combined Weight Criteria 𝑊𝐽 that is 

composed of a balanced combination of a subjective (AHP) and objective (Entropy) method 

and subsequently ranking the sites using the TOPSIS method. The Combined Weight Criteria 

is calculated by accounting a balanced factor 𝛼 = 0.8, that will be applied to the resulting 

weight criteria of both the subjective and objective methods, as shown in Equation (3.1). 

 

𝑊𝐽 =  𝛼 ⋅ 𝐴𝐻𝑃 𝑤𝑗 + (1 − 𝛼) ⋅ 𝐸𝑛𝑡 𝑤𝑗   (3.1) 
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The AHP Method is a pairwise comparison method developed by Saaty, in which it is 

used to model subjective decision-making processes based on multiple criteria based on a 

hierarchical comparison. It pairs the different decision elements and approaches with a scaling 

method to assign values of relative importance among all the decision parameters. To quantify 

each parameter, it is required to have some experience and knowledge of the application to be 

able to assign the corresponding value, which can be classified according to Table 3.4, which 

denotes the relative importance between parameters. The methodology for the calculation of 

the AHP method will be made according to the work of Martínez [143] and Piantanakulchai 

and Saengkhao [144]. 

Table 3.4: Scales of Pairwise Comparisons. 

Source: [143], [144]. 

Definition Intensity of Importance 

Equal Importance 1 

Moderate Importance 3 

Essential or Strong Importance 5 

Very Strong or Demonstrated Importance 7 

Extreme Importance 9 

Intermediate Importance 2,4,6,8 

 

The relative importance of two criteria is rated using this scale among the n criteria and 

arranged in a global matrix A of size (n x n), as shown in Equation (3.2), in which each of the 

pairwise comparisons are assigned, taking care of having reciprocal values when criteria jth is 

compares with criteria ith.  

 

𝐴 = (

𝑎11 𝑎12
𝑎21 𝑎22

… 𝑎1𝑛
… 𝑎2𝑛

⋮ ⋮
𝑎𝑛1 𝑎𝑛2

⋱ ⋮
⋯ 𝑎𝑛𝑛

)  𝑤𝑖𝑡ℎ 𝑎𝑖𝑖 = 1, 𝑎𝑖𝑗 =
1

𝑎𝑗𝑖
, 𝑎𝑖𝑗 ≠ 0  (3.2) 

 

From this generalized matrix A, it is possible to determine the relative priority among 

the parameters. The analytical solution from Equation (3.3) provides the relative weight for 

each decision parameter, by having the normalized right eigenvector W is associated with the 

largest eigenvalue λmax of the square matrix A, which can be computed according to Equation 

(3.4). 

 

(𝐴 − 𝜆𝑚𝑎𝑥)𝑊 = 0  (3.3) 
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𝜆𝑚𝑎𝑥 = ∑[(∑𝑎𝑖𝑗

𝑛

𝑗=1

) × 𝐴𝐻𝑃 𝑤𝑗] 

𝑚

𝑖=1

 (3.4) 

 

To ensure consistency in between subjective perception and the accuracy of the results, 

a Consistency Index 𝐶𝐼 is used to measure the degree of inconsistency of the square matrix A 

and is calculated according to Equation (3.5). This value is compared with the same index 

derived from a randomly generated square matrix called the Random Consistency Index 𝑅𝐶𝐼 

as shown in Equation (3.6), which in this case the number of parameters 𝑛 = 5, the 

corresponding 𝑅𝐶𝐼 = 1.12. 

 

𝐶𝐼 =
𝜆𝑚𝑎𝑥 − 𝑛

𝑛 − 1
 (3.5) 

𝐶𝑅 =
𝐶𝐼

𝑅𝐶𝐼
  (3.6) 

 

 This ratio of CI to RCI for the same order matrix is the Consistency Relationship 𝐶𝑅, 

which judges the given subjective importance in the pairwise matrix in the whole generalized 

matrix A and should be generally less than 0.1 in this case of 5 decision parameters to be 

considered acceptable. 

The Entropy Method is a procedure proposed and developed by Zeleny in 1982, which 

is used to characterize the weight w of each criterion taken into consideration for the decision-

making process between different alternatives. This procedure is used mainly for its objective 

characterization of the criteria, avoiding human intervention in the weighting of all the 

indicators. The methodology for the calculation of the Entropy method will be made according 

to the work of Gil-García et al. [145]. The first step of the method is given by the normalization 

of the decision matrix, which is given by Equation (3.7) to calculate the normalized value of 

the jth criteria in ith alternative. 

 

𝑃𝑖𝑗 = 
𝑥𝑖𝑗

∑ 𝑥𝑖𝑗
𝑛
𝑖=1

  (3.7) 

 

 Once having normalized the value of the whole site-selection decision matrix, it is 

possible to calculate the entropy of each criterion according to Equation (3.8), where m is the 
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number of alternatives in the decision matrix. This entropy is used to calculate the weight of 

the criteria according to the Entropy method by using Equation (3.9). 

 

𝐸𝑗 = −
1

ln(𝑚)
∑𝑃𝑖𝑗

𝑚

𝑖=1

ln(𝑃𝑖𝑗)  (3.8) 

𝐸𝑛𝑡 𝑤𝑗 =
𝑑𝑗

∑ 𝑑𝑗
𝑛
𝑗=1

, 𝑤𝑖𝑡ℎ 𝑑𝑗 = |1 − 𝐸𝑗|  (3.9) 

 

Once having calculated the weights of each of the criteria by using a balanced 

combination of both an objective and subjective method, it is possible to proceed with a ranking 

and selection of alternatives by using MCDM. For this, the Technique for Order of Preference 

by Similarity to Ideal Solution or TOPSIS method will be used. This method is considered as a 

distance-based method, which calculated the distance between the alternative and the ideal best 

and worst solution. The methodology for the calculation of the TOPSIS method will be made 

according to the work of Gil-García et al. [145] and Shehab et al. [146]. The first step is to 

construct a normalized decision matrix to standardize the data and make the criteria comparable, 

which can be done according to Equation (3.10).  

 

𝑅𝑖𝑗 = 
𝑎𝑖𝑗

√∑ 𝑎𝑖𝑗
2𝑚

𝑖=1

 
 (3.10) 

 

 This normalized decision matrix must then be transformed by applying the calculated 

combined weight for each of the criteria to find each of the weighted normalized matrix 

elements Vij according to Equation (3.11). 

 

𝑉𝑖𝑗 = 𝑅𝑖𝑗 × 𝑤𝑗   (3.11) 

 

 With this, it is possible to find the ideal solutions for this decision matrix. The positive-

ideal solution represents the best performance from the alternatives in each criterion that its set 

objective in the decision matrix is to be maximized, while the negative-ideal solution represents 

the best performance from the alternatives in each criterion that its set objective in the decision 

matrix is to be minimized. These ideal best value 𝑉+ and worst value 𝑉− can be computed 

according to Equation (3.12) and Equation (3.13) respectively, taking into consideration what 
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the set objective for each criterion is either maximizing 𝐴+ or minimizing 𝐴− for best 

performance. 

 

𝑉𝑗
+ = max(𝑣𝑖𝑗)  𝑓𝑜𝑟 𝐴

+; min(𝑣𝑖𝑗)  𝑓𝑜𝑟 𝐴
−  (3.12) 

𝑉𝑗
− = min(𝑣𝑖𝑗)  𝑓𝑜𝑟 𝐴

+;max(𝑣𝑖𝑗)  𝑓𝑜𝑟 𝐴
−  (3.13) 

 

 Once having determined both ideal solutions, the Euclidean distance of every of the 

alternatives is calculated against both the ideal best and worst solutions, representing the 

distance of each alternative by trying to be closer to the best solution in each criterion as shown 

in Equation (3.14) and being as far as possible from the undesirable solution as shown in 

Equation (3.15). 

 

𝑆𝑖
+ = √∑(𝑉𝑖𝑗 − 𝑉𝑗

+)
2

𝑛

1

  (3.14) 

𝑆𝑖
− = √∑(𝑉𝑖𝑗 − 𝑉𝑗

−)
2

𝑛

1

   (3.15) 

 

 Finally, the alternatives can be ranked by calculating the proximity scored according to 

the distance to the ideal solution for both the positive and negative impact matrices, having the 

highest-ranked alternative the one with the closest distance to the from the ideal according to 

Equation (3.16). 

 

𝑃𝑖 =
𝑆𝑖
−

(𝑆𝑖
+ − 𝑆𝑖

−)
  (3.16) 

 

 Table 3.5 illustrates the decision matrix generated for the AHP method which 

demonstrates the pairwise comparison and the selected subjective importance for each criterion. 

The comparison for subjective importance given is considered consistent due to the resulting 

value of 𝐶𝐼 =  0.087, resulting in a value of 𝐶𝑅 =  0.078, which is lower than the 0.1 limit 

established. Table 3.6 represents the normalized decision matrix used for the Entropy method 

that forms the objective part of the weight calculation for each criterion. 
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Table 3.5: Comparison among criteria for AHP Method.  

See Table 3.2 for abbreviations of parameters. 

 
WV WP DP DS WD 

WV 1 1/9 1/7 1/5 1/3 

WP 9 1 3 5 7 

DP 7 1/3 1 3 4 

DS 5 1/5 1/3 1 2 

WD 3 1/7 1/4 1/2 1 

 

Table 3.6: Normalized decision matrix Pij for Entropy Method.  

See Table 3.2 for abbreviations of parameters and Table 3.3 for locations. 

Location WV WP DP DS WD 

1 0,062 0,063 0,012 0,019 0,049 

2 0,062 0,063 0,027 0,045 0,074 

3 0,059 0,054 0,031 0,053 0,074 

4 0,066 0,067 0,059 0,082 0,074 

5 0,062 0,063 0,033 0,013 0,074 

6 0,078 0,079 0,085 0,028 0,074 

7 0,039 0,057 0,046 0,017 0,074 

8 0,052 0,045 0,040 0,037 0,074 

9 0,063 0,054 0,077 0,058 0,049 

10 0,064 0,059 0,042 0,050 0,037 

11 0,073 0,071 0,094 0,135 0,074 

12 0,075 0,075 0,130 0,181 0,074 

13 0,079 0,081 0,127 0,115 0,074 

14 0,081 0,083 0,118 0,110 0,074 

15 0,085 0,088 0,078 0,057 0,049 

 

Table 3.7 presents the computed weights for both AHP and Entropy Method, as well as 

the final Combined Weight results by using a balance factor of 𝛼 =  0.8, for which it is possible 

to see that the 2 most important parameters to take into consideration is the wind potential, 

which influences directly the capacity factor and hydrogen produced, and distance to port, 

which influences directly the installation and logistics costs for maintenance due to the distance 

that the vessels will need to travel to access the windfarm. 

Table 3.7: Criteria Weights for AHP, Entropy and Combined Methods with balancing factor α = 0.8. See 

Table 3.2 for abbreviations of parameters. 

Method WV WP DP DS WD 

AHP 3,53% 51,16% 25,33% 12,50% 7,48% 

Entropy 3,62% 3,67% 35,16% 53,12% 4,42% 

Combined 3,54% 44,04% 26,80% 18,59% 7,02% 
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Table 3.8 shows the weighted and normalized decision matrix using the Combined 

Weight calculated earlier, which shows the values for all alternatives regarding all criteria. From 

this, the ideal solution can be identified, for which both wind velocity and potential have a set 

objective to maximize, while distance to port, distance to shore, and water depth has a set 

objective to minimize. With the ideal best and worst solution, the Euclidean distance can be 

calculated for both best and worst solution and the proximity can be scored and ranked 

accordingly.  

Table 3.8: Weighted and normalized decision matrix Vij, ideal solutions and rank of TOPSIS Method. 

See Table 3.2 for abbreviations of parameters and Table 3.3 for locations. 

Location 
WV 

[max] 

WP 

[max] 

DP 

[min] 

DS 

[min] 

WD 

[min] 
Si+ Si- Pi Rank 

1 0.008 0.105 0.011 0.011 0.008 0.043 0.147 0.774 1 

2 0.008 0.105 0.025 0.026 0.008 0.049 0.127 0.719 3 

3 0.008 0.091 0.029 0.031 0.008 0.065 0.118 0.646 6 

4 0.009 0.112 0.054 0.048 0.009 0.070 0.094 0.575 10 

5 0.008 0.105 0.030 0.008 0.008 0.048 0.136 0.739 2 

6 0.011 0.133 0.077 0.017 0.011 0.069 0.115 0.624 8 

7 0.005 0.095 0.042 0.010 0.005 0.062 0.125 0.667 4 

8 0.007 0.075 0.037 0.021 0.007 0.079 0.118 0.597 9 

9 0.008 0.090 0.070 0.034 0.008 0.086 0.089 0.506 11 

10 0.009 0.099 0.038 0.029 0.009 0.060 0.114 0.654 5 

11 0.010 0.119 0.085 0.079 0.010 0.108 0.061 0.362 14 

12 0.010 0.126 0.118 0.106 0.010 0.148 0.051 0.258 15 

13 0.011 0.135 0.116 0.068 0.011 0.122 0.072 0.372 13 

14 0.011 0.139 0.107 0.065 0.011 0.113 0.077 0.406 12 

15 0.011 0.148 0.071 0.034 0.011 0.065 0.114 0.635 7 

V+ 0.011 0.148 0.011 0.008 0.010     

V- 0.005 0.075 0.118 0.106 0.020     

 

 In this case, the best ranked is given to Viana do Castelo (1), second rank is given to A 

Guarda-Baiona and third rank is given to Viana do Castelo (2). It is notable to mention that 

these 3 locations have moderate amounts of wind potential but also have relatively close 

distances for port and shore. Additionally, these locations are relatively close to each other, 

giving this zone near the north of Portugal and close to Galicia in Spain a suitable location. For 

this reason, the considered location for the techno-economical evaluation that will be 

considered will be the best ranked according to the MCDM method used, which corresponds to 

Viana do Castelo (1), with the characteristics shown in Table 3.9 and at the location shown in 

Figure 3.8. 
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Table 3.9: Characteristics of the site selected for techno-economical evaluation. 

Source: [142]. 

Location Chosen: Viana do Castelo (1) 

Wind Velocity (reference) 7.4 m/s 

Wind Potential (reference) 3,894 h/yr 

Distance to Port 12.7 km 

Distance to Shore 12 km 

Water Depth 100 m 

Latitude 41.9° 

Longitude -9.1° 

 

 

Figure 3.8: Site-selected location Viana do Castelo for case study.  

Source: [147]. 

 

3.2. Implementation scenarios 

To perform and assess the techno-economical evaluation case in the site-selected location of 

Viana do Castelo near the coasts of Portugal, it is essential to explore different implementation 

scenarios that can represent the different connection schemes possible. The three scenarios that 

will be considered are Centralized Onshore, Centralized Offshore, and Decentralized Offshore, 

with each one representing different transmission chains for hydrogen production and unique 

economical, technical, operational, and logistical challenges. The objective of analyzing these 

scenarios is to assess the respective impacts on system efficiencies, the constraints and 
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opportunities that influence performance, the overall techno-economic performance and 

reliability of offshore hydrogen production systems. 

All three site-specific scenarios are planned for a coupling that integrates a 510 MW 

floating offshore wind farm using 34 x 15 MW wind turbines off Viana do Castelo to 

electrolysers. For electrolyser technology, AWE currently is developing modules with high MW 

production and with pressurized output of hydrogen comparable to PEM but has the trade-off 

of having lower current densities, large physical footprint, limited dynamic operation and 

needing to use a highly corrosive KOH electrolyte. AEM is a promising technology looking to 

combine advantages of both AWE and PEM by being compact and pressurized output but has 

the trade-off of limited durability, low technological maturity, and chemical and mechanical 

stability issues. SOEC operates at high temperatures to allow very high efficiencies with the 

possibility of integrating with residual heat of other processes and working in reverse as fuel 

cell but has the trade-off of material degradation due to thermal cycling, slower startup times, 

and high temperatures needed for operation. Taking these into account, all scenarios will use 

PEM electrolysers since they are the leading technology in offshore readiness due to their 

compact BoP and footprint, fast dynamic response against variability in the energy, their low 

minimum load of 5-10% and its built pressurization, with their major drawback being its use of 

PGM-based metals, fluorinated polymers, and water quality for electrolysis.  

In the case of hydrogen transport, subsea hydrogen pipelines will deliver continuous 

export of compressed hydrogen to shore due to being preferable to tankers or FPSOs for 

distances below ~1000 km. Considering that the water depth in the specified site is equal to 100 

meter depth, floating foundations are the most suitable platforms to be used for both wind 

turbines and offshore platforms for substation and electrolysis plant. Semi-submersible 

platforms will be considered due to their proven technological maturity for deep waters, self-

stability through ballast, large deck space for heavy BoP and being cost-effective below 150 

meters depth, having minimal tilt under waves to protect PEM electrolysers durability and being 

able to survive mooring cable failures, even though the large footprint of the structure means 

higher wave loading and lateral excursions which affect cables and wind farm spacing design. 

For the Centralized Onshore scenario, the generated power from the wind turbines is 

gathered by dynamic medium-voltage inter-array cables by using a string-based layout and 

connected into an HVAC offshore substation. From there, power travels through static 

submarine HVAC export lines to an onshore power substation. In here, the voltage is converted 

and adjusted for the electrolyser production plant which are distributed by using multiple 100 

MW PEM modules alongside their cooling systems, water-treatment and buffer tanks for 
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intermediate storage. Having electrolysis onshore limits, the offshore footprint and reduces 

structural and maintenance complexity at sea. The trade-off with this involves the cost-

effectiveness of long-distance subsea cabling and associated transmission losses, needing 

robust coastal grid connections. 

For the Centralized Offshore scenario, it also uses dynamic medium-voltage inter-array 

cabling in a string-based layout as with the Onshore scenario and connected to an electrolysis 

plant offshore through a power converter. This creates a floating hydrogen production facility, 

which is fed desalinated seawater and exports the produced H2 by submarine rigid pipelines 

installed at the seabed. This layout eliminates the long-distance losses of HVAC and HVDC 

export cables and the associated transmission losses, making it a cost-effective option for high-

capacity production and long-range transport. The offshore electrolysis plant must 

accommodate multiple 100 MW electrolysis modules, desalinators, cooling systems, hydrogen 

buffer tanks and backup power while still maintaining constraints with space and weight limits. 

The centralization of electrolysis generates a production risk since some plant failures may halt 

hydrogen production, which demand on-site personnel and to manage the centralized brine 

discharge from the desalination. Although logistics are simpler compared to a decentralized 

scheme and pipeline export avoids losses, it needs a substantial investment for the large floating 

platform and has complex O&M due to wave motion, which makes it best suitable for deep-

water sites or locations where onshore electrolysis is not possible. 

 For the Decentralized Offshore scenario, every one of the 34 turbines is integrated into 

its own compact hydrogen production, consisting of a 15 MW PEM electrolyser, desalinator, 

cooling system, hydrogen buffer tank, battery backup and power converter. This whole system 

is mounted directly in each of the semi-submersible foundations having all power generated 

from the wind turbine straight into the electrolyser, avoiding any extra conversion or 

transmission losses from both inter-array and export cables. Pressurized H2 is transported using 

a radial-based layout by stages, connecting a maximum of five turbines with flexible pipes into 

a subsea manifold, and subsequently connecting these manifolds until a single static export 

pipeline to shore using rigid pipes in the seabed. This modular layout delivers redundancy in 

the system, as any unit can fail without halting the complete production of the wind farm. It 

also eliminates the need for a central platform, enabling phased deployment and easy scale up 

of the project and spreading out the brine discharge related to the desalinated seawater fed into 

the electrolysers. The trade-off lies in having 34 different BoPs for the electrolysis system that 

must be installed in the same platform as the wind turbine, which raises installation footprint, 

and adds complexity to the O&M across the turbine array. 
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 Each of these scenarios diverge mostly in where hydrogen is being produced and how 

it gets transported to shore. In the Centralized Onshore scenario, the electrolyser plant is on 

land with power being carried to shore via high-voltage cables which simplify the offshore 

platforms but has high subsea cable investment and transmission losses. The Centralized 

Offshore scenario collects all power and places the electrolysis plant on a centralized floating 

platform and exports H2 through subsea pipeline, eliminating transmission losses but 

demanding expensive offshore construction and concentrated O&M risks. The Decentralized 

Offshore scenario installs compact PEM electrolysers in each turbine and routes pressurized 

hydrogen through a network of flexible and rigid pipelines to shore, adding system redundancy, 

dispersing brine discharge, and removing transmission losses but needing multiple equipment, 

space and weight on turbine platform, and added maintenance complexity. Each approach trades 

off infrastructure complexity, CAPEX and OPEX, scalability and environmental footprint in 

different ways. In Chapter 4, these scenarios will be fed into a techno-economic model to 

identify the most suitable configuration for this site-specific location for green hydrogen 

production. 

 

3.3. Impact and specific requirements of electrolysers in offshore 

environments 

Considering the scenarios discussed previously, integrating the PEM electrolysers into floating 

foundations can present certain challenges that may impact the system design and operation in 

marine environments and add certain specific technical requirements for safe, durable and 

efficient operation. Firstly, the dynamic motions and maximum tilt of the semi-submersible 

foundation for both Centralized and Decentralized Offshore scenarios impose tilt limits, 

response-amplification and structural loads that must not compromise the stack integrity. 

Second, the inherently intermittent and variable behavior of the energy supplied by wind 

turbines due to rapid ramp rates, partial load operation and frequent start-stop cycles impacts 

into the efficiency and durability of the electrolysers, needing robust dynamic models, buffering 

strategies and minimum load constraints. Thirdly, saline conditions that exist in the marine 

environment offshore expose the electrolysis systems and equipment to high corrosion and salt 

deposition, requiring protection against salt spray, corrosion-resistant materials and protective 

coatings. Lastly, the water quality to be fed into the electrolyser must be high purity with a very 

low conductivity due to the membrane’s sensitivity to ionic and organic contaminants, achieved 

through advanced pretreatment, recycling and monitoring systems.  
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3.3.1. Dynamics and maximum tilt of platform 

The stability of the floating platforms used for electrolysers in the offshore scenarios are a key 

challenge in the system design and performance. The dynamic behavior of these platforms can 

affect the efficiency and durability of the electrolyser stacks and equipment offshore due to 

waves and wind loading that the platform is subjected to. Special care needs to be taken into 

consideration during design for stability criteria in certain azimuth directions to ensure safe and 

efficient deployment in marine conditions. Certain studies have discovered that floating 

platforms with hydrogen systems present larger pitch movements compared to wind turbines 

under certain load cases like DLC 1.6 with max aerodynamic thrust and severe wave conditions 

and DLC 6.1 with a 50-year storm. These pitch differences can be up to 40% in extreme 

conditions, which can impact negatively the lifetime and efficiency of the electrolyser. 

However, natural periods are slightly longer by 1.5 seconds in roll, pitch, and yaw, which may 

reduce resonance effects from wave dynamics and with RAOs for pitch and longitudinal 

acceleration shifting toward higher wave periods and a reduction in amplitude, making it more 

stable under dynamic response in certain sea states [148]. 

PEM electrolysers are normally considered as the most suitable for offshore hydrogen 

production, but it must also be considered that they are sensitive to mechanical stress. This 

makes it important to have stable mounting and to add protection from the dynamic loads to 

avoid any performance degradation. A way to do this is by using structural strategies such as 

mooring systems and counterweights to diminish the effects of the waves and wind dynamic 

loads and the response on the platform to ensure the durability and efficiency of the PEM 

systems and equipment in offshore environments [149]. The marine environment presents 

challenges due to its hostile nature due to its constant multi-directional movement and high 

corrosion levels, imposing extra stress on electrolyser components. While some studies 

acknowledge the influence of these dynamic loads, they often do not experimentally assess the 

direct impact on the electrolyser performance, highlighting a gap in the current research [150], 

[151].  

Some real-world measurements have been taken from floating platforms used in-situ 

direct seawater electrolysis in Xinghua Bay using finite element motion simulation under a 

force 8 wind and 1 m significant wave height to provide insight into the motion tolerances of 

the electrolyser. These motions measured for the floating platform stabilized by mooring ropes 

were observed to be between 5.5 to 7.9 m in surge, -0.55 to 0.56 m in sway, and 0.54-0.9 m in 

heave and rotating from -2.5° to 2.0° in roll, -8.5° to 7.2° in pitch, and -12.4° to 10.2° in yaw. 



72 

 

These values were within a controllable range and can be referenced for an acceptable motion 

limit in offshore electrolyser applications [149].  

 Additionally, experimental testing has been performed in Navantia to simulate the 

conditions for a PEM electrolyser under offshore static and dynamic conditions to verify the 

operational performance and motion limitations using a hexapod platform. A total of 10 tests 

aim to simulate any possible mechanical failures, reduced efficiencies, or safety concerns from 

hydrogen and oxygen crossover in the stack due to the conditions in marine environments. 

Initially, a baseline test was performed in static condition to establish reference performance 

under nominal conditions. Subsequently, the PEM electrolyser where subjected to static tests 

with defined tilt impact tests with configurations along X and Y axes to evaluate the sensitivity 

to inclination without any dynamic acceleration. The following tests performed were dynamic 

sinusoidal acceleration tests along the X, Y, and Z axes defining a maximum linear acceleration 

in the horizontal vertical axes. Finally, two dynamic motion profiles were executed based on a 

realistic marine scenario and a severe synthetic profile to assess system limits. These tests 

provided valuable insights into the behavior of electrolysers under realistic motion conditions, 

contributing to the definition of acceptable operational envelopes for future developments. 

 This experimental campaign concluded that the PEM electrolyser maintained correct 

operational behavior across all static, dynamic and simulated profiles. However, several 

interruptions were recorded due to communication failures rather than system malfunctions. 

The cause of this was due to mounting deficiencies in the inadequate securing of the BoP 

components like pumps, sensors, and separators that were originally designed for stationary 

environments, which were mitigated once the most vulnerable components were reinforced. 

The system also demonstrates a non-linear behavior that improved energy efficiency at higher 

current densities with the peak being at a partial load around 80%, indicating favorable 

performance under increased load. Lastly, enhanced measurements techniques are advised to 

better understand separator behavior and its impact on overall system performance, especially 

regarding the severe synthetic profile that deals with the extremes of the electrolyser. 

 Considering the limits tested experimentally with the hexapod, the first iteration of an 

offshore platform for a centralized electrolysis plant will be simulated to determine a first 

approximation on the impact on offshore dynamic and tilt conditions. For this first iteration, the 

equipment list for a 500 MW centralized electrolysis platform was defined according to the 

methodology described by Ekhar [152], by scaling down to 500 MW and considering 100 MW 

PEM modules instead of 20 MW with characteristics estimated from the compiled electrolysers 
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commercial database, as well as considering high-power transformers, diesel generators, PSA 

units, and other BoP components as shown in Table 3.10. 

Table 3.10: Equipment weight and quantity assumptions for a 500 MW centralized electrolysis plant. 

Sources: [152] and own assumptions. 

Equipment Capacity Number [#] Total Weight [tons] 

100 MW Module 20,000 Nm3/h 5 4,000 

High power transformer  125 MVA (33/1 kV)  4 542 

High power transformer  250 MVA (66/33 kV)  2 456 

Diesel Generator 5 MW 10 300 

PSA Units (dryers) 15,500 Nm3/h 7 114 

Battery backup 2.5 MWh 5 98 

LennRO - seawater 100 m3/h 2 68 

LennRO - brackish 70 m3/h 2 48 

HV switchgear bays - block 1 66kV 12 54 

Grounding transformer  3.75 MVA (33KV) 4 39 

Grounding transformer  7.5 MVA (66KV) 2 33 

MV switchgear bays - block 2 33 kV 10 14 

Seawater pump 850 m3/h 1 1 

Re-circulation pump 300 m3/h 1 1 

PHE 270 m3/h 1 1 

 

Using the total equipment weight that was estimated to be 5,768 tons, design estimations 

were done according to the semi-submersible platform design described [152] according to 

Equations (3.17) to (3.19), resulting in a total of 13,355 tons for the topside mass considering 

the supporting steelwork and the assumed auxiliary, cladding and grating mass. With this new 

weight, it is possible to estimate the hull mass at 11,625 tons and estimating the operational 

ballast water total weight at 13,092 tons placed at the bottom of the platform to lower the center 

of gravity (CoG) for a grand total estimated mass of 38,072 tons as shown in Table 3.11. 

 

𝑆𝑢𝑝𝑝𝑜𝑟𝑡𝑖𝑛𝑔 𝑠𝑡𝑒𝑒𝑙𝑤𝑜𝑟𝑘 𝑚𝑎𝑠𝑠 = 1.035 𝑥 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 [𝑡𝑜𝑛𝑠]  (3.17) 

𝐴𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦, 𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 𝑎𝑛𝑑 𝑔𝑟𝑎𝑡𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 = 0.17 𝑥 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 [𝑡𝑜𝑛𝑠]  (3.18) 

𝐻𝑢𝑙𝑙 𝑚𝑎𝑠𝑠 = 0.5276 𝑥 𝑇𝑜𝑝𝑠𝑖𝑑𝑒 𝑚𝑎𝑠𝑠 + 4578.38 [𝑡𝑜𝑛𝑠]  (3.19) 
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Table 3.11: Estimated total weights for a 500 MW centralized electrolysis plant mounted on a semi-

submersible platform. 

Section 
Weight  

[tons] 

Total Equipment Mass 5,768 

Assumed Auxiliary Equipment 288 

Supporting Steelwork Mass 6,269 

Auxiliary, cladding and grating mass 1,030 

Total topside mass 13,355 

Hull mass 11,625 

Operational Ballast Water 13,092 

Total Mass 38,072 

 

 To define the semi-submersible platform’s geometry, the design from the ECOFOSS 

semi-submersible project led by Navantia Seanergies was used as a reference [153], with the 

platform formed by two pontoons that contain mainly the ballast water tanks, four vertical 

columns that connect the pontoons with the first deck, and two braces that join and support the 

pontoons and columns. The topside consists of a multi deck design with a total of 4 principal 

decks consisting of the Cable deck which deals with the reception of the inter-array cables 

through J-tubes and auxiliary machines and export equipment for the hydrogen pipeline. The 

second deck consists of the Main deck, which contains the electrical equipment rooms with all 

the necessary power electronics that are needed to receive and transform the voltage and 

distribute it along the electrolyser modules. The third and fourth decks deal with the electrolysis 

plant that consists of 3x100 MW PEM modules and 2x100 PEM modules respectively, which 

are placed at the top due to safety reasons and explosive atmosphere risks. With proposed 

geometry and estimated total weights, it is possible to design and establish key dimensions for 

the semi-submersible platform as shown in Table 3.12.  

Table 3.12: Semi-submersible Design Parameters for a 500 MW Centralized Electrolysis Plant. 

Source: [153] and own assumptions. 

Design Parameter Dimension [m] 

Length Overall 85 

Breadth (Maximum) 62.5 

Breadth (Pontoons) 18 

Depth (Pontoons) 10 

Draught (Operational) 17.5 

Deck #1 Height (Cable Deck) 23 

Deck #2 Height (Main Deck) 28 

Deck #3 Height (PEM Deck #1) 38 

Deck #4 Height (PEM Deck #2) 45.5 



75 

 

 Having defined the main dimensions and geometry of the platform, the hull mesh up to 

the waterline at 17.5 m was modeled as seen in Figure 3.9, containing the node and panel 

definitions that serve as the input mesh model for hydrodynamics to be analyzed with the use 

of the Hydrostar software. Additionally, the wave forcing conditions were specified by 

generating the wave frequencies to be studied, ranging from 0.05 to 1.99 rad/s in steps of 0.02 

rad/s, the headings from the waves, ranging from 0 to 180° in steps of 22.5°, and assuming a 

uniform water depth same as the case study selected of 100 meters. The four-deck 2D layout 

assumption was drafted and positioned the equipment list and PEM modules atop the topside 

structure for both safety and service access, which greatly influence the platform´s linear 

acceleration response and tilt as shown in Appendix 8.4. With this, it is possible to compare the 

limits tested during the PEM electrolysers hexapod tests according to the maximum tilt and 

linear acceleration in the principal axes and determine an initial insight in the response for the 

electrolysers placed at a semi-submersible platform.  

 

 

Figure 3.9: Semi-submersible Hull Mesh for Centralized Electrolysis Platform at Waterline. 

 

 To calculate the mass and inertia properties needed for the hydrodynamic analysis, the 

individual weights for the specified equipment and its placement in the 2D layout as well as the platform 

and topside weight were considered to calculate the CoG of the whole semi-submersible electrolysis 

plant. Additionally, the inertia of the whole platform was calculated by calculating the local inertia 𝐼𝑙𝑜𝑐𝑎𝑙 

(tons·m2) of each of the items in the equipment list by assuming a geometry of a solid rectangular cuboid 

of width, length and height as the one stated in the 2D layout in Equation (3.20) and using the parallel 

axis (Steiner) theorem to relate the moment of inertia of each axis to the CoG of the whole platform, as 
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shown in Equation (3.21) for the inertias in the diagonal of the matrix 𝐼𝑔𝑙𝑜𝑏𝑎𝑙,𝑑𝑖𝑎𝑔 (tons·m2) and 

Equation (3.22) for the products of inertia off the diagonal 𝐼𝑔𝑙𝑜𝑏𝑎𝑙,𝑝𝑟𝑜𝑑 (tons·m2). Finally, the global 

radii of gyration of the platform 𝑅𝑔𝑙𝑜𝑏𝑎𝑙 (m) can be calculated using Equation (3.23). 

 

𝐼𝑙𝑜𝑐𝑎𝑙 =

[
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  [𝑡𝑜𝑛𝑠 ∙ 𝑚2]  (3.20) 

𝐼𝑔𝑙𝑜𝑏𝑎𝑙,𝑑𝑖𝑎𝑔 = 

{
 
 

 
 𝐼𝑥𝑥 =∑ 𝐼𝑥𝑥,𝑖 + 𝑚𝑖(𝑦𝑖

2 + 𝑧𝑖
2)

𝐼𝑦𝑦 =∑ 𝐼𝑦𝑦,𝑖 + 𝑚𝑖(𝑥𝑖
2 + 𝑧𝑖

2)

𝐼𝑧𝑧 =∑ 𝐼𝑧𝑧,𝑖 + 𝑚𝑖(𝑥𝑖
2 + 𝑦)

 [𝑡𝑜𝑛𝑠 ∙ 𝑚2]  

(3.21) 

𝐼𝑔𝑙𝑜𝑏𝑎𝑙,𝑝𝑟𝑜𝑑 = 

{
 
 

 
 𝐼𝑥𝑦 =∑−𝑚𝑖𝑥𝑖𝑦𝑖

𝐼𝑥𝑧 =∑−𝑚𝑖𝑥𝑖𝑧𝑖

𝐼𝑦𝑧 =∑−𝑚𝑖𝑦𝑖𝑧𝑖

 [𝑡𝑜𝑛𝑠 ∙ 𝑚2]  

(3.22) 

𝑅𝑔𝑙𝑜𝑏𝑎𝑙 =  √
𝐼

𝑀
  [𝑚]  

(3.23) 

 

Once obtained the total mass and inertia properties, it is possible to consolidate and input the 

total mass of 38.1 Mkg and the CoG which resulted in a height of 17.192 meters above from the bottom 

of the platform and 0.308 meters below the waterline. Additionally, a linear viscous damping of 3% was 

also assumed to generate a more realistic motion response as shown in the input parameters from Table 

3.13. Finally, a static stability check was performed as shown in Table 3.14 and returned a 

positive metacentric height in both longitudinal with 𝐺𝑀𝑙  =  1.817 𝑚  and in transversal with 

𝐺𝑀𝑡  =  3.672 𝑚, which reflects a good initial stability of the semi-submersible platform and 

may help the PEM modules remain within the safe operating angles. 
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Table 3.13: Semi-submersible Mass and Inertia Properties. 

Properties Resulting Values 

Total Mass [kg] 3.81E+07 

CoG in X axis from Bottom [m]  0 

CoG in Y axis from Bottom [m] 0 

CoG in Z axis from Bottom [m] 17.192 

CoG in Z axis from WL [m] -0.308 

Radii of Gyration in XX [m] 28.216 

Radii of Gyration in YY [m] 26.329 

Radii of Gyration in ZZ [m] 28.822 

Radii of Gyration in XY [m] 0.016 

Radii of Gyration in XZ [m] 0.007 

Radii of Gyration in YZ [m] 0.027 

Linear Viscous Damping [%] 3 

 

Table 3.14: Semi-submersible Parameters for Static Stability Check. 

Parameter 
Dimension 

[m] 

KB 6.85 

BMl 12.159 

BMt 14.014 

KG 17.192 

GMl 1.817 

GMt 3.672 

 

The last input for Hydrostar corresponds to the selection of the computation of the 

Response Amplitude Operators (RAOs), which were defined at the platform’s CoG for both 

motion and acceleration at all six degrees of freedom (DoF) as shown in Appendix 8.5. 

Additionally, a JONSWAP spectrum was generated by taking ten years of historical buoy data 

of waves at Costera de Silleiro [154] near the selected location with a significant wave height 

𝐻𝑠 = 6.56 𝑚, a peak period 𝑇𝑝 =  13.83 𝑠, a wave heading of 292.5°, and a peak enhancement 

factor 𝛾 =  3.3  as shown in Table 3.15. 

Table 3.15: Historical waves of buoy at Costera de Silleiro from 1996-2006. 

Wave Parameters Values 

Longitude [°] -8.93 

Latitude [°] 42.1 

Water Depth [m] 70 

Number of Waves 133 

1/3 Highest Waves 45 

Significant Wave Height 𝐻𝑠 [m] 6.56 

Peak Period 𝑇𝑝 [s] 13.83 

Wave Heading [°] 292.5 
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 Having calculated both the RAOs corresponding to the wave heading of 292.5° in 

motion and acceleration and generated the JONSWAP wave spectrum, it is now possible to 

calculate the response of the platform and translate it into the maximum linear acceleration and 

tilt that the PEM modules at the different locations of the platform will experience. For the 

maximum tilt, the RAO of the motion for Roll and Pitch of the platform are used directly into 

the calculation of the response, while for the maximum linear acceleration for the 3 axes, a 

RAOs must be computed by combining the magnitudes for the translational and rotational 

effects from different DoF by using Equation (3.24) for X-axis, Equation (3.25) for Y-axis, and 

Equation (3.26) for Z-axis towards the local CoG of the 5x100 MW PEM modules shown in 

Table 3.16. 

𝑅𝐴𝑂𝑎𝑥𝑖 =  𝑅𝐴𝑂𝑎𝑠𝑢𝑟𝑔𝑒 + (𝑅𝐴𝑂𝑎𝑝𝑖𝑡𝑐ℎ ∙ 𝑧̅)  [

𝑚
𝑠2
𝑚
⁄  ]  (3.24) 

𝑅𝐴𝑂𝑎𝑦𝑖 =  𝑅𝐴𝑂𝑎𝑠𝑤𝑎𝑦 + (𝑅𝐴𝑂𝑎𝑟𝑜𝑙𝑙 ∙ 𝑧̅) [

𝑚
𝑠2
𝑚
⁄  ]   

(3.25) 

𝑅𝐴𝑂𝑎𝑧𝑖 =  𝑅𝐴𝑂𝑎ℎ𝑒𝑎𝑣𝑒 + (𝑅𝐴𝑂𝑎𝑝𝑖𝑡𝑐ℎ ∙ 𝑥̅ + 𝑅𝐴𝑂𝑎𝑟𝑜𝑙𝑙 ∙ 𝑦̅) [

𝑚
𝑠2
𝑚
⁄  ]   

(3.26) 

 

Table 3.16: PEM Modules Relative distance to CoG of platform. 

EQUIPMENT X REL Y REL Z REL 

PEM MODULE #1 (D3) 0 17,25 22,808 

PEM MODULE #2 (D3) 0 -17,25 22,808 

PEM MODULE #3 (D4) 0 20,5 30,308 

PEM MODULE #4 (D4) 0 0 30,308 

PEM MODULE #5 (D4) 0 -20,5 30,308 

 

Once having defined the RAOs for the different cases of the different locations of PEM 

modules, the response can be calculated with the JONSWAP spectrum obtained previously 

according to Equation (3.27) for a typical sea state for the considered significant wave height, 

peak period and heading. With these responses, the 3σ peak response method was used to 

estimate a moderate peak value for each of the cases and be able to compare the responses of 

the PEM modules against the experimental tests by calculating the variance of the response 

spectrum with Equation (3.28), the standard deviation of the response with Equation (3.29), and 

the peak response value of the response with Equation (3.30) and shown the results of each of 

these cases in Table 3.17.  
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𝑆(𝜔) =  𝑅𝐴𝑂2 ∙ 𝑆𝐽𝑂𝑁𝑆𝑊𝐴𝑃  (3.27) 

𝑉𝐴𝑅 = ∫ 𝑆(𝜔)𝑑𝜔
𝜔𝑚𝑎𝑥

𝜔𝑚𝑖𝑛 

   
(3.28) 

𝜎 = √𝑉𝐴𝑅  (3.29) 

𝑃𝑒𝑎𝑘 = 3𝜎  (3.30) 

 

Table 3.17: Peak Response Check for Maximum Tilt and Linear Accelerations in PEM Modules. 

Section DoF Parameter Peak Response Limit Check 

Platform Maximum Tilt [°] 
Roll 2,478 Pass 
Pitch 1,048 Pass 

Linear Horizontal Accelerations PEM 

Modules [m/s2] 

Ax D3 0,412 Pass 

Ay D3 0,876 Pass 

Ax D4 0,460 Pass 

Ay D4 0,985 Pass 

Linear Vertical Accelerations PEM 

Modules [m/s2] 

Az PEM #1 0,772 Exceed* 
Az PEM #2 0,415 Pass 

Az PEM #3 0,816 Exceed* 
Az PEM #4 0,556 Pass 
Az PEM #5 0,403 Pass 

*Exceeded values from experimental limits were compared against confidential experimental limit states 

and were considered within an acceptable range 

 The computed peak response values for the maximum tilt, as well as the linear 

accelerations in the horizontal and vertical axes were compared against the experimental limit 

states tested in the hexapod. The exact values for the experimental limit states for the testing 

are confidential and only providing if it is below or above those limits.  The only responses that 

exceeded the experimental testing correspond to the linear vertical acceleration for the PEM 

modules #1 and #3, which are positioned in both decks and are placed at the port side, due to 

the added acceleration of the rolling of the platform into the heave acceleration. These exceeded 

values only mean that they are above the values proven by experimental tests which do not 

affect the operational behavior of the PEM electrolyser or significantly impact the operational 

performance and not corresponding to the safety or critical values of the electrolyser. The 

obtained responses were considered as acceptable, since this behavior may also be mitigated in 

the hydrodynamic simulation with the addition of a higher linear viscous damping that can 

better represent the real conditions, since the considered 3% may not be a realistic value, as 

well as adding the mooring system into the calculation, since it may significantly lower the 

platform’s response and diminish the heave, roll, and pitch response to lower the vertical 

accelerations. In the case of exceedance while in operation, mitigation control strategies may 
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be implemented by partial operation or deactivating certain parts of the module to not 

compromise the stacks functioning. Additionally, as this is a first design, a detailed layout with 

a rearrangement of the CoG of the platform and the position of the PEM modules may be 

performed to modify the effects of the obtained motions in roll and heave to reduce the peak 

response acting on the electrolyser stacks. 

 

3.3.2. Intermittency and variability of energy 

The variable nature of offshore wind resources due to fluctuating wind speeds, changing sea 

states and seasonal weather patterns create a highly intermittent power supply that can create 

some challenges when paired directly with electrolysers. Unlike systems plugged into stable 

grids, offshore electrolysers must deal with rapid swings in input power, higher number of start-

stop cycles and dynamically adjust hydrogen production rates to match with the available 

energy without compromising the efficiency or durability of the electrolyser stack. In 

centralized configurations, the challenges are concentrated into a few large-scale units which 

demand power management strategies and buffering solutions to smooth out peaks and troughs. 

On the other hand, decentralized configurations offer greater flexibility but increase complexity 

in this coordination and control due to integrating a smaller electrolyser into each of the wind 

turbines. It is important to understand how this intermittency and variability can translate into 

necessary specific technical requirements. Some techniques used to control this are ramp-rate 

limits, energy storage integration and advanced power electronics, which ensure a reliable, safe 

and cost-effective operation for green hydrogen production. 

Full system dynamic models are essential when coupling PEM electrolysers directly 

with the variable energy output from wind turbines to capture transient behavior. Some of the 

behaviors that static models often overlook are hydrogen crossover risks at low current densities 

and efficiency losses during rapid power swings. Integrating the cell-level performance with 

other systems like heat management and controls ensures having a safer and more efficient 

operation when dealing with fluctuating inputs. These dynamic simulations also help predict 

impacts due to start-stop cycles and mitigate any safety hazards that may arise when dealing 

with irregular power supply. These modeling frameworks are crucial for the design of 

electrolysis systems in offshore conditions to maintain their performance and durability 

throughout the project’s lifetime [27], [155].  

The attractiveness of PEM electrolysers and their suitability to offshore hydrogen 

production comes from their operative flexibility, operating down to 5-10% of the nominal 

capacity and being able to handle extreme power ramps of 80% to 100% within one second. 
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This partial load capability permits continued hydrogen production even during low wind 

periods and rapid ramp responses enable the system to track the wind turbine’s output closely. 

However, one thing to take into consideration is that these transient operations can generate 

lower efficiencies and may accelerate the stack degradation if not managed correctly. This 

makes ramp-rate control strategies a key part of operation to balance the responses to ensure 

the durability and efficiency of the system [24], [156].  

Recent research on PEM electrolysers under fluctuating wind conditions study the need 

for tailored degradation testing and operational strategies for offshore environments. A study 

performed by analyzing wind farm data in Northwest China developed a degradation test 

spectrum that can mirror real life conditions in power variability revealed that rapid load 

changes of up to 9.6% per minute and frequent start-stop cycles significantly reduce the stack’s 

lifetime. It also highlights that having long periods of low load operation in between 5% to 30% 

of the rated power and the start-stop cycles accelerate membrane and catalyst degradation 

through mechanisms like increase hydrogen peroxide formation and ionic polymer loss. 

Moreover, the study’s dynamic modeling approach may offer a robust framework to simulate 

offshore wind intermittency by dividing into five typical operation scenarios of low load, 

normal operation, overload, start-stop, and variable load. This model enables the capture of the 

effects of fluctuating input power and permits the design of control systems and buffering 

strategies that can mitigate degradation of the stacks while still maintaining high efficiency 

operation [157].  

Intermittent operation also presents safety constraints that require minimum loads from 

the electrolyser. Studies on water recovery tanks have identified a power threshold of 10% to 

15% of the nominal capacity to avoid accumulation of hydrogen in the explosive range due to 

crossover at part load conditions. Additionally, the 5% load is similarly required to ensure that 

the stack temperature and pressure control are within safe limits during variable power input 

[148], [158]. Integrating buffering and storage strategies are indispensable to smooth out power 

fluctuations and maintain a continuous hydrogen output. An option for this is using battery-

assisted systems that can absorb any short-term variabilities to reduce the stress on the 

electrolyser and improve efficiency. Another option would be to pair uninterruptible power 

supplies with energy storage that can stabilize the system and ensure hydrogen production is 

stable despite the wind variability [149], [156].  

Variable wind power profiles that reach fluctuation rates of 100%/s impact the electrical 

current, thermal and pressure dynamics, gas purity, and output consistency of the electrolyser. 

Empirical tests were conducted on a 60 kW PEM system under variable loads to demonstrate 



82 

 

stable pressure and temperature control that present efficiency losses below 0.6 A/cm2, which 

highlight the need for an optimized PSA regeneration at low loads. Comprehensive reviews link 

designing thermally robust stacks, deploying advanced control systems, and incorporating 

buffer storage are vital to sustain high efficiencies throughout the life of the PEM electrolyser 

and prolonging component life in offshore deployments [159], [160], [161], [162], [163].  

 

3.3.3. Marine environment 

Marine environments expose PEM electrolysers to harsh conditions of corrosion and material 

degradation due to humidity and salt spray, which can cause an accelerated degradation of 

components and systems. These environmental conditions can cause a punctured membrane, 

which can result in dangerous explosive concentrations of hydrogen within the stack. Because 

of this, protective measures must be considered to mitigate these risks by using anticorrosion 

coatings, zinc cathodic protection, and dehumidification modules [149], [156]. That is why 

design adaptations are necessary to be considered, for example platforms often include seawater 

lift systems to supply water for both treatment and cooling. Additionally, electrolysis units are 

commonly placed on top of structural columns of the platform to isolate potential explosive 

zones and protect against wave impacts and slamming [148]. 

Experimental testing under simulated marine conditions have shown promising results 

for PEM electrolyser components. These components were tested in a Dry Corrosion Test 

Cabinet that simulated the conditions of humidity and salinity in offshore conditions. The 

results of the material testing indicated no significant structural degradation or contamination 

from sodium or chlorine, which suggested that with proper treatment and material selection 

PEM electrolysers may be able to withstand marine exposure [150]. 

 

3.3.4. Water quality 

The water quality and purity of the feedwater is another challenge present in PEM electrolysers 

in both onshore and offshore conditions. They require deionized water that presents a 

conductivity below 1 µS/cm and organic contaminants with levels under 0.05 mg/L [162]. To 

meet these strict requirements using seawater, offshore systems must use advanced treatment 

technologies to remove any contaminants to avoid membrane degradation. A suitable option 

would be to use reverse osmosis, since it has a relatively low impact on the overall cost of 

hydrogen production and has shown significant results in removing the impurities and 

contaminants while reducing the conductivity to acceptable levels. Some desalination systems 

have a process which consists in first pre-treatment to remove dissolved solid content to prevent 
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scaling as accumulation of insoluble salts in the RO membrane and having additional 

desalination steps like a reverse osmosis with low brackish lower to further lower the total 

dissolved solids and a post-treatment to de-ionize using an ion-exchange and ensure the water 

quality reaches an acceptable conductivity below 1 µS/cm.  [27], [152], [155], [164]. 

Water recovery and recycling are also critical in offshore systems due to not having easy 

access to freshwater. Deionized water that exits with the hydrogen output must be captured and 

reused, while anodic water must be purified before reintroducing in the system to avoid any 

parasitic current and ensure safety of the stack. This makes real-time monitoring of conductivity 

essential to maintain the water quality inside acceptable ranges [158]. 

 

3.3.5. Summary of requirements 

The integration of PEM electrolysers into offshore conditions generates significant 

impacts and requirements to be considered and solved. When subjected to the motion generated 

by the waves and wind impacting the offshore platform can affect the structural integrity and 

performance of the electrolyser stacks. Experimental testing using a hexapod platform 

confirmed some operational limits in PEM systems to operate under various static and dynamic 

conditions without impacting the performance or generating any safety risks due to hydrogen 

to oxygen crossover, by using improved mounting strategies to ensure a correct operation and 

mitigate effects to the sensing and measuring of the BoP due to the motions of the platform.  

The hydrodynamic modeling of a 500 MW centralized electrolysis platform revealed 

that the position of the PEM electrolysers modules in the top part of the platform generated 

acceptable dynamic responses in most of the cases analyzed. The calculated motion and 

acceleration responses showed that the PEM modules remained inside the tested limits of the 

experimental results, although some exceeded thresholds in vertical accelerations. These results 

were determined that were not critical to the performance and could be further reduced by 

refining damping assumption and including mooring effects in future simulations to ensure a 

more realistic scenario and ensure operational performance and long-term durability. 

The intermittent and variable nature of the offshore wind power resource also introduces 

operational challenges for the electrolysers when considering the rapid ramp rates that change 

with the variability of the wind speed, the frequent stop-cycles when the wind speed is near the 

cut-in speed of the wind turbine and the minimal load of the electrolyser, as well as the 

fluctuating load conditions presented. These dynamic loads need a robust control strategy, 

buffering systems, and dynamic modeling to ensure safe and efficient hydrogen production. 

Centralized configurations require a coordinated power management system according to the 
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available power, while decentralized systems offer more flexibility but increase complexity due 

to only being connected into one wind turbine. PEM electrolysers are well-suited to these 

conditions due to their fast response and partial load capabilities but must have dynamic control 

to prevent any efficiency losses or accelerated degradation due to intermittency and variability.  

Marine environmental conditions such as salt spray and humidity can pose corrosion 

risks and degradation to both electrolyser components and other BoP components, which 

require to assess protective coatings, cathodic protection, enclosed locations, and elevated 

placement of equipment. Additionally, PEM electrolysers demand ultra-pure water with very 

low conductivity, which require having to use advanced desalination techniques, de-ionization, 

and water recycling systems of seawater to be able to ensure membrane integrity and safe 

operation in offshore environments.
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4. TECHNO-ECONOMIC EVALUATION FOR INTEGRATION OF 

HYDROGEN PRODUCTION WITH FLOATING OFFSHORE WIND 

The aim of this chapter is to present a comprehensive techno-economic evaluation by 

integrating green hydrogen production with floating offshore wind systems. It is built up from 

the strategic site selection outlined previously in Viana do Castelo and uses key parameters 

corresponding to the specific location for its wind resource potential, proximity to both port 

infrastructure and shore, and water depth. It compares the 3 implementation scenarios 

established previously for the Centralized Onshore, Centralized Offshore and Decentralized 

Offshore scenarios. Section 4.1 introduces the methodology used to develop both technical and 

economic models derived from literature. Section 4.2 presents the detailed case analysis and 

results of the proposed offshore hydrogen production configurations from the established case 

study. Lastly, Section 4.3 presents a sensitivity analysis that explores the influence of key 

location parameters in the system performance and cost-effectiveness to identify the behavior 

for each of the configurations for green hydrogen in floating offshore environments. This 

evaluation aims to provide an approach to critical insights into the operational, financial, and 

logistical trade-offs of centralized and decentralized offshore electrolysis systems to contribute 

to the broader goal of decarbonizing the marine industry through renewable energy integration.  

 

4.1. Methodology for Techno-Economic Model 

The methodology used to design the techno economic model to evaluate the different scenarios 

considered for integration of green hydrogen production with floating offshore wind systems is 

an adaptation of the framework presented by Rogeau et al. [12]. The general methodology, key 

parameters, equations and assumptions from the original model are preserved where applicable, 

while in others they are modified to better reflect the key site-specific characteristics of the 

selected site at Viana do Castelo and to reference the unique configurations of the three 

implementation scenarios chosen. The main objective of the model focuses on the calculation 

of the Levelized Cost of Hydrogen (LCOH) as the primary economic indicator that incorporates 

certain project specific parameters such as the lifetime, rate of return and the total lifetime costs 

along the years. Additionally, location dependent parameters such as water depth, wind 

potential, distance to shore and distance to port consist of the key parameters that influence the 

behavior of the model and reflect the influence in both technical feasibility and economic 

performance. 
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The LCOH (€/kg) is a metric that is normally used to evaluate and compare the 

profitability of hydrogen production projects and represents the average cost along the lifespan 

of the project to produce one kilogram of hydrogen. This considers all lifetime expenditures 

along the project’s life and compares it along the years with energy production, as shown below 

in Equation (4.1).  

 

𝐿𝐶𝑂𝐻 = 
∑

𝐶𝐴𝑃𝐸𝑋𝑡 + 𝑂𝑃𝐸𝑋𝑡 + 𝐷𝐸𝐶𝐸𝑋𝑡
(1 + 𝑟)𝑡

𝐿
𝑡=0

∑
𝐸𝑡

(1 + 𝑟)𝑡
𝐿
𝑡=0

  [€/𝑘𝑔]  (4.1) 

 

The numerator of Equation (4.1) consists of the total lifetime costs of the project over 

the years, divided into different types of costs for the project, with CAPEX corresponding to the 

capital expenditures, OPEX corresponding to the operational expenditures, and DECEX 

corresponding to the decommission expenditures (€). The denominator of Equation (4.1) E 

(kgH2) represents the total amount of hydrogen produced over the years coming from the energy 

generated using the wind resource. Both components must be discounted over time to reflect 

the actual value of money according to the Net Present Value (NPV). Discounting to transform 

into the NPV ensures that any future costs and energy outputs are converted into present-day 

equivalents and allows a realistic economic comparison across the project’s lifetime.  

In this model, a rate of return r of 6% is applied, representing the minimum acceptable 

yield to justify the capital investment of the project’s lifetime L assumed to be 25 years of 

service, which aligns with the typical duration for offshore wind and hydrogen infrastructure. 

Additionally, the installed capacity of the wind farms was set according to the defined earlier 

in the implementation scenarios with an installed capacity of 34 x 15 MW wind turbines for a 

total of 510 MW and considering a capacity density of 4.54 MW/km2 according to observed 

values for floating offshore wind projects for the site-specific locations in the Atlantic Coast 

[27]. 

By discounting both the total costs and the hydrogen output over the lifetime of the 

project, the LCOH calculation captures the economic efficiency of the system in present-value 

terms. This approach enables a more accurate assessment of the viability and competitiveness 

of the project and the different implementation scenarios considered during the long term and 

ensures that both the investment and production are evaluated within a consistent financial 

framework. 
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4.1.1. Economic Model Estimation 

The first step in the calculation of the LCOH for each of the implementation scenarios 

corresponds to the calculation of the total lifetime costs for the project. This will be done by 

modelling an estimation of CAPEX, OPEX, and DECEX for each of the main equipment 

necessary for the integration of wind turbines and hydrogen production via electrolysis. The 

bottom-up breakdown will be done by introducing key adjustments to CAPEX in the equipment 

and installation costs, OPEX in the material and logistics costs, and DECEX for the 

decommissioning costs to better reflect the site-specific conditions and some key data. 

 

4.1.1.1. CAPEX 

As mentioned earlier, CAPEX corresponds to all the initial investments regarding the project, 

normally considered as the upfront expenditure coming from the design, construction, and 

commission of all the elements of the project before starting to produce energy. These 

expenditures correspond to the equipment and installation cost of the different elements or 

systems in the project, which will be grouped as wind turbines and their floating foundations, 

inter-array cables or pipelines, offshore floating foundation platform, conversion systems 

consisting of the electrolysis plant with their balance of plant, and the export transmission 

system used accordingly. The CAPEX typically represents the largest financial commitment in 

the early stages of projects and is often financed through a combination of equity and loans that 

are repaid over the years and considering investors getting returns on their capital. However, 

the financing structure for this techno-economic evaluation is not explicitly modeled and 

CAPEX is instead treated as a distributed cost over the project’s lifetime to mimic the effect of 

repaying a loan through annual payments.  

The total equipment cost of the wind turbines 𝐶𝐴𝑃𝐸𝑋𝑊𝑇𝐸𝑄 (€) can be seen in Equation 

(4.2), in which it is divided into two elements by considering the turbine equipment and the 

turbine foundation.  

 

𝐶𝐴𝑃𝐸𝑋𝑊𝑇𝐸𝑄 = 𝑁𝑊𝑇 ∙ 𝑃𝑊𝑇 ∙ (𝑅𝐶𝑇𝐸 + 𝑅𝐶𝑇𝐹(𝑊𝐷𝑊𝐹) ∙ (1 + 0.2 ∙ 𝑐𝐷)) [€]  (4.2) 

  

The total aggregate upfront cost of all the wind turbines is computed by multiplying the 

number of wind turbines 𝑁𝑊𝑇 by the rated power 𝑃𝑊𝑇 (kW) and the rated cost of each of the 

turbine’s equipment and floating platform. The rated cost of the wind turbine equipment 𝑅𝐶𝑇𝐸 

covers the baseline cost per kilowatt of the turbine, which will be considered as 1,200 €/kW for 
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a 15 MW wind turbine, equivalent to the expected cost in 2030.  For the rated cost of the turbine 

foundation 𝑅𝐶𝑇𝐹(𝑊𝐷𝑊𝐹) (€/kw), it is defined as the cost of a floating platform support for 

each of the turbines that depends linearly on the water depth 𝑊𝐷𝑊𝐹 (m) as shown in Equation 

(4.3) and corresponds to the expected cost coefficients for 2030. Additionally, in the case of a 

decentralized offshore electrolysis, the foundation of the wind turbines must accommodate the 

electrolysers and balance of plant in-turbine, which is represented by an additional cost of 20% 

of the total cost of the foundation, which is represented by considering 𝑐𝐷 = 1 when considering 

a decentralized configuration and 𝑐𝐷 = 0 when centralized [12]. 

 

𝑅𝐶𝑇𝐹(ℎ) = 697 ∙ 𝑊𝐷𝑊𝐹 + 1.223 ∙ 10
6 [€/𝑘𝑊]  (4.3) 

  

For the installation of floating wind turbines, the construction and assembly of the 

equipment and platform are made onshore at port and then towed to the farm site by using 

Anchor Handling Tug Supply Vessels (AHTS). This tow-out operation is usually completed by 

using three AHTSs and subsequently moored using special vessels which are Anchor Handling 

Vessels (AHVs). This anchoring operation may be done with the same vessels as the tow-out 

operations, and the main AHV needs the support of two smaller AHVs to support the operations 

[165]. The installation of the wind turbines follows a simplified model is used to estimate the 

total installation costs 𝐶𝐴𝑃𝐸𝑋𝑊𝑇𝐼𝐶 (€) using Equation (4.4), for which the characteristics of the 

vessels needed and the time and equipment required to install the turbines on-site for the main 

operations are described in Table 4.1. 

 

𝐶𝐴𝑃𝐸𝑋𝑊𝑇𝐼𝐶 = (
𝑁𝑢,𝑊𝑇
𝑉𝐶

∙ (
2 ∙ 𝐷𝑃𝑊𝐹

𝑣
+ 𝑡𝑙𝑜𝑎𝑑) + 𝑡𝑖𝑛𝑠𝑡 ∙ 𝑁𝑊𝑇) ∙

𝐷𝑅

24
 [€]  (4.4) 

 

 In this case, the number of times an operation needs to be carried out depends on the 

number of units 𝑁𝑢 and the vessel capacity 𝑉𝐶 (units/lift), for which the anchoring needs a total 

of 9 anchors per wind turbine when considering a 3x3 mooring configuration. It also depends 

on the distance to port 𝐷𝑃𝑊𝐹 (km), the speed of the vessel 𝑣 (km/h) and the loading time for 

each lift 𝑡𝑙𝑜𝑎𝑑 (h) and the installation time 𝑡𝑖𝑛𝑠𝑡 (h) of each wind turbine 𝑁𝑊𝑇 to determine the 

amount of time needed to charter the ship for the operations and the day rate 𝐷𝑅 (€/d) is 

considered. 
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Table 4.1: Wind Turbine Installation Parameters. 

Sources: [12], [165], [166], [167]. 

Operation Tow-out 
Anchoring 

(3x3 mooring configuration) 

Vessel AHTS w/ 2 support vessels AHV w/ 2 support vessels 

Number of units 34 306 

Capacity [units/lift] 1 5 

Speed [km/h] 6.5 18.5 

Loading Time [h] 5 30 

Installation Time [h] 0 90 

Day rate [k€/d] 169 130 

 

 In the case of the centralized configurations, both offshore power substation and 

offshore electrolysis plant require a central floating platform in which the energy is collected. 

The equipment cost for this floating platform 𝐶𝐴𝑃𝐸𝑋𝑃𝐹𝐸𝑄 (€) is calculated according to 

Equation (4.5),  which depends on the water depth in a linear function and is based on the cost 

modeling of turbine foundations. The coefficient used to estimate are the rated costs 

𝑅𝐶𝑃𝐹(𝑊𝐷𝑊𝐹) (€/kW) and the unit costs 𝑈𝐶𝑃𝐹(𝑊𝐷𝑊𝐹) (€) of the foundations as shown in 

Equation (4.6) and Equation (4.7) respectively. Additionally, the rated costs depend on an 

equivalent electrical power 𝑃𝑊𝐹
∗  (kW), depending on the type of substation or electrolysis plant, 

considering the difference in power density of the substations and the electrolysis plants 

according to Equation (4.8) [12]. 

 

𝐶𝐴𝑃𝐸𝑋𝑃𝐹𝐸𝑄 = 𝑅𝐶𝑃𝐹(𝑊𝐷𝑊𝐹) ∙ 𝑃𝑊𝐹
∗ + 𝑈𝐶𝑃𝐹(𝑊𝐷𝑊𝐹)  [€]  (4.5) 

𝑅𝐶𝑃𝐹(𝑊𝐷𝑊𝐹) = 87 ∙ 𝑊𝐷𝑊𝐹 + 68 ∙ 10
3   [€/𝑘𝑊]  (4.6) 

𝑈𝐶𝑃𝐹(𝑊𝐷𝑊𝐹) = 116 ∙ 𝑊𝐷𝑊𝐹 + 91 ∙ 10
3    [€]  (4.7) 

𝑃𝑊𝐹
∗ = {

𝑃𝑊𝐹               𝑖𝑓 𝐻𝑉𝐷𝐶 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛
0.5 ∙ 𝑃𝑊𝐹     𝑖𝑓 𝐻𝑉𝐴𝐶 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛
2 ∙ 𝑃𝑊𝐹         𝑖𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑝𝑙𝑎𝑛𝑡

    [𝑘𝑊]  (4.8) 

  

The installation operations needed for the floating offshore platform 𝐶𝐴𝑃𝐸𝑋𝑃𝐹𝐼𝐶 (€) are 

similar to the required for wind turbines, as shown in Equation (4.9). In this case, the tow-out 

of the offshore platform is performed using a heavy-lift cargo vessel (HLCV) [168] and the 

anchoring is made for a 4x2 mooring configuration to maintain the semi-submersible platform 

in position, with the vessel parameters shown in Table 4.2. 
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𝐶𝐴𝑃𝐸𝑋𝑃𝐹𝐼𝐶 = (
𝑁𝑢,𝑃𝐹
𝑉𝐶

∙ (
2 ∙ 𝐷𝑃𝑊𝐹

𝑣
+ 𝑡𝑙𝑜𝑎𝑑) + 𝑡𝑖𝑛𝑠𝑡) ∙

𝐷𝑅

24
    [€]  (4.9) 

 

Table 4.2: Installation parameters for offshore floating platform foundations. 

Sources: [12], [165], [166], [168]. 

Operation Tow-out 
Anchoring 

(4x2 mooring configuration) 

Vessel HLCV AHV w/ 2 support vessels 

Number of units 1 8 

Capacity [units/lift] 1 3 

Speed [km/h] 13 18.5 

Loading Time [h] 10 30 

Installation Time [h] 0 90 

Dayrate [k€/d] 300 130 

 

 For the Centralized Onshore configuration scenario, the power collected from the wind 

turbines must be directed into a power substation to transform the medium-voltage of 66 kV for 

inter-array into a high-voltage export cable to send to shore and arrive at an onshore HVDC 

substation that transforms the voltage into the required voltage for the electrolysis plant 

onshore. For this, the equipment cost of the power substation will depend on the capacity of the 

wind farm 𝑃𝑊𝐹 (kW) and the type of substation used, either HVAC or HVDC depending on the 

distance to shore. The equipment cost for substations 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝑆𝑆𝐸𝑄 (€) and 

𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝑆𝑆𝐸𝑄 (€) substations is shown in Equation (4.10) and Equation (4.11) respectively.  

 

𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝑆𝑆𝐸𝑄 = 22.87 ∙ 𝑃𝑊𝐹 + 7.06 ∙ 10
6    [€]  (4.10) 

𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝑆𝑆𝐸𝑄 = 102.93 ∙ 𝑃𝑊𝐹 + 31.75 ∙ 10
6    [€]  (4.11) 

 

 For the electrolysis plant, PEM electrolysers were chosen, as discussed earlier, due to 

their pressurized production capability, its compact size, and its performance with variability 

and intermittent energy and offshore conditions. The equipment cost for electrolysers 

𝐶𝐴𝑃𝐸𝑋𝐸𝐿𝐸𝑄 (€) is calculated according to Equation (4.12), which depends on the scaling effect 

and learning rate as shown in Figure 4.1. For the centralized configurations, the rated power of 

the equipment will be considered as a 100 MW PEM module, which results in a rated cost 

𝑅𝐶𝐸𝐿 = 793.75 (€/kW). In the case of a decentralized configuration, the rated power of the 

equipment corresponds to a 15 MW PEM electrolyser, which uses the full energy produced 

from a single 15 MW wind turbine, which results in a rated cost 𝑅𝐶𝐸𝐿 = 881.25 (€/kW) [169]. 
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Additionally, when the electrolyser equipment is at sea, the cost of the electrolyser installation 

doubles, which is included as a factor of 33% of the total equipment cost [170]. For this, 𝑐𝑂𝐹𝐹 =

1, when considering an offshore configuration and 𝑐𝑂𝐹𝐹 = 0 when considering an onshore 

configuration.  

 

𝐶𝐴𝑃𝐸𝑋𝐸𝐿𝐸𝑄 = 𝑅𝐶𝐸𝐿 ∙ 𝑃𝑊𝐹 ∙ (1 + 0.33 ∙ 𝑐𝑂𝐹𝐹)   [€]  (4.12) 

 

 

Figure 4.1: Evolution of electrolyser rated costs with scaling effect and learning rates. 

Source: Adapted from [12]. 

 

 In the case of the offshore configurations, an important element that needs to be added 

into BoP of the electrolysis plant corresponds to the power converters. This is required as the 

wind turbines supply AC power, and the electrolysis systems require DC power. In the case of 

centralized operation, a centralized power converter operation is done, while in decentralized 

operation each turbine has its own power converter. The equipment cost of the power converters 

𝐶𝐴𝑃𝐸𝑋𝑃𝐶𝐸𝑄 (€) is estimated using Equation (4.13) with the rated cost and depends on the total 

wind farm capacity 𝑃𝑊𝐹 (kW) [12]. 

 

𝐶𝐴𝑃𝐸𝑋𝑃𝐶𝐸𝑄 = 104.13 ∙ 𝑃𝑊𝐹   [€]  (4.13) 

 

 Additionally, PEM electrolysers require specific water quality and purity in their 

feedwater. To meet the strict requirements by using seawater, a desalination system must also 

be added into the BoP to remove any contaminants and reduce conductivity to avoid any 

significant membrane degradation. Just as with the case of power converters, centralized have 
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one component for the centralized platform and in decentralized contain one per each wind 

turbine. The cost of the desalination system 𝐶𝐴𝑃𝐸𝑋𝐷𝑆𝐸𝑄 (€) is estimated using Equation (4.14) 

which depends on the nominal flow rate of water 𝑉𝐻2𝑂 (m3/h). The desalination system is sized 

to be equal to 80% of the rated power of the electrolysers, which in this case is considered as 

the whole capacity of the wind farm 𝑃𝑊𝐹 (kW)  as seen in Equation (4.15), since all energy 

generated is converted into hydrogen [12]. 

 

𝐶𝐴𝑃𝐸𝑋𝐷𝑆𝐸𝑄 = 30.56 ∙ 𝑉𝐻2𝑂    [€]  (4.14) 

𝑉𝐻2𝑂 = 263 ∙ (0.8 ∙ 𝑃𝑊𝐹)   [𝑚
3/ℎ]  (4.15) 

 

 Inter-array cables are needed to be able to collect the energy produced from the wind 

turbines in the centralized configurations. They are used to inter-connect the 34 wind turbines 

in a string-based layout with 7 arrays, as shown in Figure 4.2, by using 66 kV AC dynamic 

cables of increasing section sizes as more turbines are connected into the array. The total 

equipment cost for the inter-array cables 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝐶𝐸𝑄 (€) is estimated by using Equation 

(4.16),  which calculates the total length in each of the arrays as a function depending on the 

length of the different cable sections 𝐿𝑆𝑖 (m) and their corresponding linear cost 𝐿𝐶𝑆𝑖 (€/m) and 

multiplies it by the total number of arrays 𝑁𝐴. 

 

𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝐶𝐸𝑄 = 𝑁𝐴 ∙ (∑(𝐿𝐶𝑆𝑖

7

𝑖=1

∙ 𝐿𝑆𝑖) + 𝐿𝐶𝑆𝑚𝑎𝑥 ∙ 𝐷𝑊𝑇 )   [€]  (4.16) 

 

 The total length of each of the arrays is calculated by considering the possible 66kV 

inter-array cable sections depending on the amount of wind turbines and the power being 

transported by the inter-array cables. The 7 cable sections considered are given in Table 4.3, in 

which each of the dynamic linear costs corresponds to an extra 75% costs compared to the static 

linear cost [171]. Each of the length of the sections 𝐿𝑆𝑖 is calculated by Equation (4.17) depend 

on the number of wind turbines per section 𝑁𝑆𝑖, the water depth 𝑊𝐷𝑊𝐹 (m), and the mean 

distance between two turbines 𝐷𝑊𝑇 (m) as calculated in Equation (4.18), considering a capacity 

density 𝐶𝐷𝑊𝐹 = 4.54 (𝑀𝑊/𝑘𝑚2) [142]. Additionally, an extra cable length 𝐷𝑊𝑇 (m) must be 

considered at the end of the string to connect each array into the substation, which is given by 

considering the linear cost for the largest cable section 𝐿𝐶𝑆𝑚𝑎𝑥 (€/m) 
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𝐿𝑆𝑖 = 𝑁𝑆𝑖 ∙ (2 ∙ 2.6 ∙ 𝑊𝐷𝑊𝐹 + 𝐷𝑊𝑇)   [𝑚]  (4.17) 

𝐷𝑊𝑇 = √
𝑃𝑊𝑇 ∙ 103

𝐶𝐷𝑊𝐹
    [𝑚]  (4.18) 

 

 

Figure 4.2: String-based wind farm layout with inter-array cables for centralized configurations. 

 

 The installation costs of the inter-array cables 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝐶𝐼𝐶 (€) follows the same 

methodology as the total equipment costs, as seen in Equation (4.19). In this case, the linear 

installation cost 𝐿𝐼𝐶𝑆𝑖 (€/m) for each of the 7 cable sections is indicated in Table 4.3, which 

corresponds to the laying and burial operation costs at the seabed for the inter-array cables. 

 

𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝐶𝐼𝐶 = 𝑁𝐴 ∙ (∑(𝐿𝐼𝐶𝑆𝑖 ∙ 𝐿𝑆𝑖)

7

𝑖=1

+ 𝐿𝐼𝐶𝑆𝑚𝑎𝑥 ∙ 𝐷𝑊𝑇)   [€]  (4.19) 

 

Table 4.3: Techno-economic costs for 66 kV inter-array cables. 

Sources: [12], [171] and own assumptions. 

Si 
Section 

[mm2] 

Resistance 

[ohm/km] 

Capacity 

[MW] 

Cost dynamic 

[€/m) 

Cost static 

[€/m] 

Installation 

cost [€/m] 

1 95 0,25 24 198 113 113 

2 150 0,16 30 235 134 121 

3 300 0,08 42 326 186 149 

4 400 0,06 49 390 223 156 

5 630 0,04 59 499 285 171 

6 800 0,03 69 632 361 180 

7 1000 0,024 88 970 554 198 
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 In the case of having a decentralized configuration, each in-turbine electrolyser 

produces hydrogen that must be collected and sent to shore. This can be done by considering 

flexible pipelines that go from each of the electrolysers to the seabed and collected into 

manifolds. Since the manifolds count with a limited number of connections slots, these 

manifolds must then be further connected into stages to other intermediate manifolds with the 

help of rigid pipelines at the seabed to join all production into a single export pipe that goes to 

shore. In this case, a radial configuration will be considered for the wind farm, as shown in 

Figure 4.3, and divided into 3 stages of manifolds that collects the hydrogen produced from 

each wind turbine, with the number of manifolds and their connection slots as shown in Table 

4.4, for which the output is considered as one of the slots, for which the first stage of manifolds 

have a maximum of 5 turbines each, second stage has 2 intermediate manifolds, and lastly stage 

3 consists of the export manifold that collects the total hydrogen produced and has as output 

the export pipe to shore. 

 

Figure 4.3: Radial-based wind farm layout with inter-array pipelines for decentralized configurations. 

 

Table 4.4: Pipeline Inter-array radial configuration. 

Stage i Number of Slots (w/ OUT) Number of Manifolds 

S1 6 7 

S2 5 2 

S3 3 1 
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 Considering the proposed radial-based layout, the equipment cost of the inter-array 

pipeline 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝑃𝐸𝑄 (€) is estimated with Equation (4.20) and consists in considering the total 

length of the pipelines at each of the stages 𝐿𝑖 and applying a linear base cost 𝐿𝐶𝐵𝐴 =

1,736.73 (€/𝑚)  for flexible pipes and 𝐿𝐶𝐵𝐴 = 173.67 (€/𝑚) for rigid pipes with adjusting 

factors corresponding to the size factor 𝑎𝑠𝑝(𝑑𝑖) and the miscellaneous cost 𝐿𝐶𝑚𝑖𝑠𝑐(𝑑𝑖) (€/m) 

according to the diameter of the pipeline at each stage [172]. These size and miscellaneous cost 

factors for both flexible and rigid pipe sizes can be seen in  

Table 4.5. 

 

𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝑃𝐸𝑄 =∑(𝐶𝐹𝑠𝑝(𝑑𝑖) ∙ 𝐿𝐶𝐵𝐴,𝑖 + 𝐿𝐶𝑚𝑖𝑠𝑐(𝑑𝑖)) ∙ 𝐿𝑖

3

𝑖=1

    [€]  (4.20) 

 

Table 4.5: Pipe size and miscellaneous cost factors for pipelines. 

Source: [172]. 

Cost Factor: Pipe Size 𝑪𝑭𝒔,𝒑(𝒅𝒊) 
Rigid Size in (cm) 4 (10.16) 10 (25.40) 12 (30.48) 16 (40.64) 20 (50.80) 

P50 0.25 1 1.3 1.8 2.6 

Flexible Size in (cm) 4 5.625 8 10 - 

P50 0.65 1 1.25 1.9 - 

Cost Factor: Miscellaneous (€/m) 𝑳𝑪𝒎𝒊𝒔𝒄(𝒅𝒊) 
Coating Pipe Size 4 (10.16) 10 (25.40) 12 (30.48) 16 (40.64) 20 (50.80) 

P50 155.34 396.98 431.50 517.80 621.36 

 

 The length 𝐿𝑖  (m) can be estimated using Equation (4.21) which depends on the stage, 

having the first flexible pipes be equal to the number of wind turbines 𝑁𝑊𝑇, and that each 

individual pipelines lengths depends on the total area covered by the downstream turbines at 

each stage 𝐴𝑖(km2) and the water depth 𝑊𝐷𝑊𝐹 (m), since the manifolds are placed in the radial 

center at the seabed from the connected turbines. For any subsequent stages, the length of the 

rigid pipelines depends on the number of connections (𝑁𝑠 − 1) from each of the manifolds into 

the subsequent stage manifolds 𝑁𝑀𝐹𝑖 and must also cover the area of the downstream turbines 

𝐴𝑖 in the current stage. 

 

𝐿𝑖 = 

{
 
 

 
 𝑁𝑊𝑇 ∙ (

√𝐴𝑖

√2
∙ 103 +𝑊𝐷𝑊𝐹) ,     𝑖𝑓 𝑖 = 1

(𝑁𝑠𝑖 − 1) ∙ 𝑁𝑀𝐹𝑖 ∙  
√𝐴𝑖

√2
∙ 103,       𝑖𝑓 𝑖 ≠ 1

     [𝑚]  (4.21) 
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 To calculate the diameter of the pipeline 𝑑𝑖 at each of the stages, it is recursively 

estimated with Equation (4.22) from the subsequent stages until reaching the size of the export 

pipe that supports the maximum normal volumetric flow rate of the hydrogen from the total 

produced hydrogen, considering a minimum pipeline diameter of 5 cm for all stages. 

 

𝑑𝑖 = max(0.05,
𝑑𝑖+1

√(𝑁𝑠𝑖 − 1)
)     [𝑚]  (4.22) 

  

 The equipment cost estimation for the manifolds 𝐶𝐴𝑃𝐸𝑋𝑀𝐹𝐸𝑄 (€) at each stage follows 

the same methodology as with the calculation and depends on the amount of manifolds at each 

stage 𝑁𝑀𝐹𝑖, miscellaneous costs, and a base cost that has some cost factors applied depending 

on the pipe size 𝑎𝑠𝑀𝐹(𝑑𝑖) and the number of connection slots 𝑎𝑁(𝑁𝑠) in the manifolds, with 

values taken from Table 4.6. 

 

𝐶𝐴𝑃𝐸𝑋𝑀𝐹𝐸𝑄 =∑((𝐶𝐹𝑠𝑝𝑀𝐹(𝑑𝑖) ∙ 𝐶𝐹𝑁(𝑁𝑠) ∙ 2.265 + 0.188) ∙ 10
6 ∙ 𝑁𝑀𝐹𝑖)

3

𝑖=1

 (4.23) 

 

Table 4.6: Pipe size and number of connection slots factors for manifolds. 

Source: [172]. 

Cost Factor: Number of Slots 𝑪𝑭𝑵(𝑵𝒔) 
# of Slots 2 4 6 8 10 

P50 0.7 1 1.3 1.5 2 

Cost Factor: Pipe Size 𝑪𝑭𝒔𝒑𝑴𝑭(𝒅𝒊) 
OD in (cm) 8 (20.32) 10 (25.40) 12 (30.48) 16 (40.64) 20 (50.80) 

P50 0.93 1 1.05 1.15 1.25 

 

 For the inter-array pipeline installation, the vessel used is a Flex-lay vessel, which has 

a laying rate of 7 km/d and a day rate cost of 400 k€/d, for which the entire length of all the 

inter-array pipeline stages 𝐿𝐼𝐴𝑃 (m) must be considered. The installation costs for the inter-array 

pipelines 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝑃𝐼𝐶 (€) is estimated by using Equation (4.24). 

 

𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝑃𝐼𝐶 = 
𝐿𝐼𝐴𝑃
7,000

∙ 400 ∙ 103  [€]  (4.24) 
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 An initial estimation for the total length of the export cable or pipeline 𝐿𝑇𝑅 (km) for 

transmission of energy or hydrogen produced to the shore is calculated by Equation (4.25). An 

extra 20% of distance is considered from the distance to shore 𝐷𝑆𝑊𝐹 (km) to account for any 

necessary routing, slack of the lines, cable burial or approach to the onshore substation.  

 

𝐿𝑇𝑅 = 1.2 ∙ 𝐷𝑆𝑊𝐹  [𝑘𝑚]  (4.25) 

   

In the case of the onshore configuration, an export cable is needed for the transmission 

of energy collected at the offshore substation. Both HVAC and HVDC export cables may be 

considered, depending mainly on the distance to the shore due to the energy loss and reactive 

power experienced in HVAC cables in long distances, especially above 100 km of distance to 

shore [173] . To calculate  the equipment costs for HVDC export cables 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶𝐸𝑄 (€), 

a linear cost of 1.95 €/kW/km is considered [174] in Equation (4.26), which depends on the 

total transmission length 𝐿𝑇𝑅 (m) and the total power capacity of the windfarm 𝑃𝑊𝐹 (kW). In 

the case of the installation costs, they are estimated to be equal to half of the equipment costs 

as shown in Equation (4.27) 

 

𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶𝐸𝑄 = 1.95 ∙ 𝑃𝑊𝐹 ∙ 𝐿𝑇𝑅  [€]  (4.26) 

𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶𝐼𝐶 = 0.5 ∙ 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶𝐸𝑄   [€]  (4.27) 

  

 Now in the case of HVAC export cables, it is necessary to consider the energy losses 

and the decrease in power capacity of the cable in terms of the length. For this, the power 

capacity for each of the cable sections was calculated for this site-specific case and the number 

of HVAC cables 𝑁𝐸𝐶 needed for each of the cables was calculated as shown in Table 4.7 [12]. 

For the estimation of the equipment cost of HVAC export cables 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝐸𝑄 (€) by 

Equation (4.28) , the cable section chosen and must be given by considering the minimum 

number of cables needed to transport the total wind farm capacity with the least amount of 

tension to reduce its linear cost 𝐿𝐶𝐻𝑉𝐴𝐶 (€/m). Additionally, the installation cost for the HVAC 

export cables 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝐼𝐶 (€) is calculated with Equation (4.29) using the same 

methodology by considering the linear installation cost for the chosen cable section and tension 

𝐿𝐼𝐶𝐻𝑉𝐴𝐶  (€/m) 
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𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝐸𝑄 = 𝑁𝐸𝐶 ∙ 𝐿𝑇𝑅 ∙ 𝐿𝐶𝐻𝑉𝐴𝐶 ∙ 10
3  [€]  (4.28) 

𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝐼𝐶 = 𝑁𝐸𝐶 ∙ 𝐿𝑇𝑅 ∙ 𝐿𝐼𝐶𝐻𝑉𝐴𝐶 ∙ 10
3  [€]  (4.29) 

 

Table 4.7: Techno-economic assumptions for site-specific HVAC export cables. 

Sources: Calculation and assumptions from [12]. 

Tension 

[kV] 

Section 

[mm2] 

Resistance 

[mohm/km] 

Cost 

[€/m] 

Installation 

Cost [€/m] 

Capacity 

[MW] 

# Cables 

needed 

132 

630 39.5 406 335 187 3 

800 32.4 560 340 203 3 

1,000 27.5 727 350 217 3 

220 

500 48.9 362 350 279 2 

630 39.1 503 360 308 2 

800 31.9 691 370 335 2 

1,000 27 920 380 359 2 

400 

800 31.4 860 540 601 1 

1,000 26.5 995 555 644 1 

1,200 22.1 1,130 570 681 1 

1,400 18.9 1,265 580 701 1 

1,600 16.6 1,400 600 715 1 

2,000 13.2 1,535 615 744 1 

 

 In the case of the offshore configurations, an export pipeline is considered to transport all the 

hydrogen produced offshore into the shore. This export pipeline is a rigid pipeline and the estimation of 

the equipment cost of the export pipeline 𝐶𝐴𝑃𝐸𝑋𝐸𝑃𝐸𝑄 (€) is similar to the estimation for the inter-array 

pipeline that depends on the diameter of the pipe to calculate the pipeline size cost factor 𝑎𝑠𝑝(𝑑𝐸𝑃) and 

miscellaneous cost 𝐿𝐶𝑚𝑖𝑠𝑐(𝑑𝐸𝑃) (€/m) from  

Table 4.5, as shown in Equation (4.30). The estimation of the diameter of the export pipeline 

𝑑𝐸𝑃 (mm) is interpolated according to the recommended pipeline diameters for the maximum 

volumetric flow rate present in the pipeline by considering an inlet pressure of 30 bar [175], as 

shown in Table 4.8.  

 

𝐶𝐴𝑃𝐸𝑋𝐸𝑃𝐸𝑄 = 𝐿𝑇𝑅 ∙ 10
3  ∙  (173.67 ∙ 𝑎𝑠𝑝(𝑑𝐸𝑃) + 𝐿𝐶𝑚𝑖𝑠𝑐(𝑑𝐸𝑃))  [€]  (4.30) 

 

 The estimation for the maximum volumetric flow rate 𝑄𝐸𝑃 (Nm3/h) is given by considering 

the total wind farm capacity 𝑃𝑊𝐹 to calculate the maximum total hydrogen produced by 

considering a specific H2 production equal to 0.0192 kgH2/kWh [169] as shown in Equation 

(4.31).  
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𝑄𝐸𝑃 = 0.0192 ∙
𝑃𝑊𝐹
0.0899

   [𝑁𝑚3/ℎ]  (4.31) 

 

 The installation cost for the export pipelines 𝐶𝐴𝑃𝐸𝑋𝐸𝑃𝐼𝐶 estimated by Equation (4.32) 

follows the same methodology as with the inter-array pipelines by considering an S-lay vessel 

that has a lay rate of 4 km/d and a day rate of 700 k€/d that must be installed along the whole 

length of transmission to shore 𝐿𝑇𝑅 (km). 

 

𝐶𝐴𝑃𝐸𝑋𝐸𝑃𝐼𝐶 =
𝐿𝑇𝑅
4
∙ 700 ∙ 103   [€]  (4.32) 

 

Table 4.8: Recommended Pipeline Diameters for pure hydrogen (IN: 30 bar, OUT: 24 bar). 

Source: [175]. 

Volume Flow Rate [Nm3/h] Pipe Diameter [mm] 

12,000 150 

40,000 250 

80,000 330 

120,000 390 

 

4.1.1.2. OPEX 

OPEX corresponds to the operations and maintenance (O&M) of a project and refers to all the 

ongoing costs associated with running a project on a day-to-day basis and ensuring a continuous 

operation. It typically encompasses costs regarding the labor and administrative overheads, any 

utilities or consumables needed to run the equipment like lubricants, filters or chemicals, any 

insurance and site fees, as well as any routine repairs, preventive maintenance, spare parts and 

small or major equipment replacements. In this case, the OPEX costs will be split into two 

major categories, which are the repair costs and the logistics costs. 

 The repair costs 𝑅𝐶 account for the annual spare parts, consumables, and any preventive 

maintenance that must be done to each of the equipment to maintain a safe and efficient 

operation. These yearly O&M costs (€/yr) are typically modeled as a percentage of each of the 

component’s equipment costs according to the model from Rogeau et al. [12]. This can be seen 

in Equation (4.33), in which the repair costs for wind turbines 𝑂𝑃𝐸𝑋𝑊𝑇𝑅𝐶 (€/yr) amount to a 

2.5% of the equipment costs and Equation (4.34) corresponds to the desalinator’s repair costs 

𝑂𝑃𝐸𝑋𝐷𝑆𝑅𝐶 (€/yr) for a 3% of the equipment costs.  
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𝑂𝑃𝐸𝑋𝑊𝑇𝑅𝐶 = 2.5% ∙ 𝐶𝐴𝑃𝐸𝑋𝑊𝑇𝐸𝑄   [€/𝑦𝑟]  (4.33) 

𝑂𝑃𝐸𝑋𝐷𝑆𝑅𝐶 = 3% ∙ 𝐶𝐴𝑃𝐸𝑋𝐷𝑆𝐸𝑄     [€/𝑦𝑟]  (4.34) 

  

For the conversion elements, both HVAC and HVDC substations have repair costs of 

1.5% of the equipment costs as seen in Equations (4.35) and (4.36) respectively, electrolysers 

having 2% of the equipment costs as seen in Equation (4.37) and power converters 1% of the 

equipment costs as seen in Equation (4.38). These repairs costs for the conversion elements are 

doubled when at sea, having the coefficient 𝑐𝑂𝐹𝐹 = 1 when in an offshore configuration and 

𝑐𝑂𝐹𝐹 = 0 when in an onshore configuration. 

 

𝑂𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝑆𝑆𝑅𝐶 = 1.5% ∙ (1 + 𝑐𝑂𝐹𝐹) ∙ 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶𝐸𝑄   [€/𝑦𝑟]  (4.35) 

𝑂𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝑆𝑆𝑅𝐶 = 1.5% ∙ (1 + 𝑐𝑂𝐹𝐹) ∙ 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶𝐸𝑄    [€/𝑦𝑟]  (4.36) 

𝑂𝑃𝐸𝑋𝐸𝐿𝑅𝐶 = 2% ∙ (1 + 𝑐𝑂𝐹𝐹) ∙ 𝐶𝐴𝑃𝐸𝑋𝐸𝐿𝐸𝑄   [€/𝑦𝑟]  (4.37) 

𝑂𝑃𝐸𝑋𝑃𝐶𝑅𝐶 = 1% ∙ (1 + 𝑐𝑂𝐹𝐹) ∙ 𝐶𝐴𝑃𝐸𝑋𝑃𝐶𝐸𝑄    [€/𝑦𝑟]  (4.38) 

  

In the case of the power cables for both export and inter-array connections, the overall 

repair costs per year comes to a 0.2% of the equipment cost as shown in Equations (4.39), 

(4.40), and (4.41) and for both inter-array and export pipelines the repair costs equal to a 2% of 

the equipment costs as shown in Equations (4.42) and (4.43). 

 

𝑂𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝑅𝐶 = 0.2% 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝐸𝑄    [€/𝑦𝑟]  (4.39) 

𝑂𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶𝑅𝐶 = 0.2% 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶𝐸𝑄    [€/𝑦𝑟]  (4.40) 

𝑂𝑃𝐸𝑋𝐼𝐴𝐶𝑅𝐶 = 0.2% 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝐶𝐸𝑄   [€/𝑦𝑟]  (4.41) 

𝑂𝑃𝐸𝑋𝐼𝐴𝑃𝑅𝐶 = 2% 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝑃𝐸𝑄    [€/𝑦𝑟]  (4.42) 

𝑂𝑃𝐸𝑋𝐸𝑃𝑅𝐶 = 2% 𝐶𝐴𝑃𝐸𝑋𝐸𝑃𝐸𝑄   [€/𝑦𝑟]  (4.43) 

 

Lastly, considering that the total lifetime of an electrolyser stack amounts to a total of 

80,000 hours of operation, it will be lower than the total production time of the project’s lifetime 

[169]. Additionally, this value does not account for the possible impacts in the reduction of the 

lifetime due to the increased start-stop cycles, the variability and the intermittency of the energy, 

as well as the marine environment and possible corrosion of the elements. Due to this, a one-

time stack replacement will be considered as a repair cost as shown in Equation (4.44) that 



101 

 

amounts to 45% of the equipment cost of the electrolysers for each scenario, placing it in the 

year that 60,000 hours of operation is reached, which equals the 75% of the reported lifetime 

of the stack to also reduce the degradation and the possible decrease in electrical efficiency. 

 

𝑂𝑃𝐸𝑋𝑆𝑅𝑅𝐶 = 45% 𝐶𝐴𝑃𝐸𝑋𝐸𝐿𝐸𝑄   [€]  (4.44) 

 

 The logistic costs cover the annual vessel chartering for all maintenance and repair 

operations like routine inspections, preventive maintenance, minor and major repairs, as well 

as failure response. In the case of minor repairs, the logistic costs are estimated by considering 

the daily chartering costs of crew transfer vessels (CTVs) as a scaling as a linear function with 

the distance to the nearest port. As the wind farm gets further from the port, all operations take 

more time to reach, which increases the cost to a certain distance of around 150 km from the 

port when the model switches into the use of a mothership-based service operation vessel 

(SOV). This type of ship works as an offshore support vessel that is specifically designed for 

the maintenance and servicing of installations offshore, offering hotel, warehouse and 

workshop capabilities with safe, easy, and fast access to the turbines.  

The logistics costs for minor repairs 𝐿𝑜𝐶𝑚𝑖𝑛 (€/yr) is calculated according to Equation 

(4.45), for which the turning point between changing from CTV into an SOV charter strategy 

is done at a distance from port 𝐷𝑃𝑊𝐹 above 150 km. The daily charter rate of the SOV 

considered is 75 k€/d with all additional expenses like fuel and wages for a total of 27.5 M€/yr 

[168]. This maintenance strategy guarantees 94% of availability of the wind farm [12]. These 

costs are distributed across the subsystems equally for all scenarios. 

 

𝐿𝑜𝐶𝑚𝑖𝑛 = {
0.1833 ∙ 106 ∙ 𝐷𝑃𝑊𝐹,   𝑖𝑓 𝐷𝑃𝑊𝐹 ≤ 150 𝑘𝑚

27.5 ∙ 106,                     𝑖𝑓 𝐷𝑃𝑊𝐹 > 150 𝑘𝑚
   [€/𝑦𝑟]  

(4.45) 

 

 In the case of major repairs, the floating wind turbines must be towed all the way to port 

for the repairs the same way is considered when installed by using AHTS with 2 support vessels. 

The estimation for the annual cost for major repairs  𝐿𝑜𝐶𝑚𝑎𝑗 (€/yr) depend on the wind turbine’s 

failure rate 𝜆𝑚𝑎𝑗 = 0.08 𝑓/𝑦𝑒𝑎𝑟, which multiplied by the number of wind turbines 𝑁𝑊𝑇 gives 

the amount of times the tow-out operation must be performed to address the failures. The total 

cost for chartering the vessels depends on the distance to port 𝐷𝑃𝑊𝐹 (km), the amount of time 
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it takes to make the trips, the reparation time 𝑡𝑟𝑒𝑝 (h) and the daily rate of the vessels as 

mentioned in the vessel parameters shown in Table 4.9. 

 

𝐿𝑜𝐶𝑚𝑎𝑗 =  𝑁𝑊𝑇 ∙ 𝜆𝑚𝑎𝑗 ∙ (
2𝑛 ∙ 𝐷𝑃𝑊𝐹

𝑣
+ 𝑡𝑟𝑒𝑝) ∙

𝐷𝑅

24
   [€/𝑦𝑟]  

(4.46) 

 

Table 4.9: Major wind turbine repair vessel parameters. 

Sources: [12]. 

Operation Tow-out 

Vessel AHTS with 2 support vessels 

Speed [km/h] 6.5 

Repair time [h] 50 

Day rate [k€/d] 130 

Round trips 2 

 

These O&M costs expenses will be considered as an evenly annualized cost over the 

whole project’s lifetime, except for the PEM stack replacement done at the about half of the 

lifetime to account for the durability and lifetime of the stack, as well as the restoration of the 

stack efficiency due to the degradation of the caused by normal operation time and the impacts 

due to the marine conditions offshore and the variability of the energy produced.  

 

4.1.1.3. DECEX 

Lastly for the lifetime costs of the project, DECEX covers all expected costs at the end of a 

project’s lifetime corresponding to all operations needed to dismantle, remove, and dispose of 

all elements of the wind farms like offshore wind turbines, platforms, cables, pipeline, and the 

restoration of the site to acceptable environmental and navigational conditions. These 

operations are mandatory to comply with regulatory and environmental compliance and are an 

obligation to clear all related infrastructure once the whole service period of the project is 

completed. In this case, since decommissioning operations have significant similarities with the 

installation methodology, the cost estimation will also be similar. In the case of the wind turbine 

and floating platform, the tow-out for both stays the same and only reduces the 

decommissioning time for anchors 𝑡𝑑𝑒𝑐𝑜𝑚 =  30 hours for Equations (4.47) and (4.48) 

respectively.  

 

𝐷𝐸𝐶𝐸𝑋𝑊𝑇 = (
𝑁𝑢,𝑊𝑇
𝑉𝐶

∙ (
2 ∙ 𝐷𝑃𝑊𝐹

𝑣
+ 𝑡𝑙𝑜𝑎𝑑) + 𝑡𝑑𝑒𝑐𝑜𝑚 ∙ 𝑁𝑊𝑇) ∙

𝐷𝑅

24
     [€]  (4.47) 
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𝐷𝐸𝐶𝐸𝑋𝑃𝐹 = (
𝑁𝑢,𝑃𝐹
𝑉𝐶

∙ (
2 ∙ 𝐷𝑃𝑊𝐹

𝑣
+ 𝑡𝑙𝑜𝑎𝑑) + 𝑡𝑑𝑒𝑐𝑜𝑚) ∙

𝐷𝑅

24
    [€]  

(4.48) 

 

In the case of the inter-array and export pipelines, the removal rate increases, reducing 

the total time for decommissioning compared to the installation, with a removal rate of 10 km/d 

for inter-array as shown in Equation (4.49) and 5 km/d as shown in Equation (4.50). 

 

𝐷𝐸𝐶𝐸𝑋𝐼𝐴𝑃 = 
𝐿𝐼𝐴𝑃
10,000

∙ 400 ∙ 103   [€]  
(4.49) 

𝐷𝐸𝐶𝐸𝑋𝐸𝑃 = 
𝐿𝑇𝑅
5
∙ 700 ∙ 103   [€]  

(4.50) 

 

 Lastly, in the case for the decommissioning costs for the inter-array cables and export 

cables for both HVAC and HVDC, they are considered to be equal to half of the installation 

costs as shown in Equations (4.51), (4.52), and (4.53) respectively. 

 

𝐷𝐸𝐶𝐸𝑋𝐼𝐴𝐶 = 0.5 ∙ 𝐶𝐴𝑃𝐸𝑋𝐼𝐴𝐶𝐼𝐶    [€]  (4.51) 

𝐷𝐸𝐶𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶 = 0.5 ∙ 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐴𝐶,𝐸𝐶𝐼𝐶     [€]  (4.52) 

𝐷𝐸𝐶𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶 = 0.5 ∙ 𝐶𝐴𝑃𝐸𝑋𝐻𝑉𝐷𝐶,𝐸𝐶𝐼𝐶    [€]  (4.53) 

 

 These decommissioning costs are placed as a total amount in the final year of the project 

in year 25. Applying the DECEX costs at the end of the life simulated a one-time payment for 

the removal and site restoration when the money is being spent in its proper timing, as 

mentioned similarly with the CAPEX and OPEX previously to discount the money according 

to the rate of return and year to establish the NPV of the project and calculate the lifetime costs 

along the years for the final project LCOH. 

 

4.1.2. Technical Model Estimation 

The second step in the calculation of the LCOH for each of the implementation scenarios 

corresponds to the calculation of the total energy production for the project determined by the 

amount of hydrogen produced along the years. This will be done by modelling an estimation of 

the power generated from the wind turbine by considering the MERRA-2 (global) hourly wind 

speed dataset recorded during the whole year in the location of the case study of Viana do 
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Castelo [147]. To determine the power curve used for energy production coming from wind 

resources, the 15 MW wind turbine Vestas V236-15.0 was considered as described in  

Table 4.10 is used along Equation (4.54) that describes the power generated per hour as shown 

in Figure 4.4. 

𝑃𝑝𝑟𝑜𝑑(𝑡) =

{
 
 

 
 0,                                          𝑖𝑓 𝑣(𝑡) < 𝑣𝑐𝑢𝑡−𝑖𝑛 𝑜𝑟 𝑣(𝑡) ≥ 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡

𝑃𝑊𝑇 ∙ (
𝑣(𝑡)3 − 𝑣𝑐𝑢𝑡−𝑖𝑛

3

𝑣𝑟𝑎𝑡𝑒𝑑
3 − 𝑣𝑐𝑢𝑡−𝑖𝑛

3 ) , 𝑖𝑓 𝑣𝑐𝑢𝑡−𝑖𝑛 ≤ 𝑣(𝑡) < 𝑣𝑟𝑎𝑡𝑒𝑑  [𝑘𝑊ℎ]

𝑃𝑟𝑎𝑡𝑒𝑑,                                    𝑖𝑓 𝑣𝑟𝑎𝑡𝑒𝑑 ≤ 𝑣(𝑡) < 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡             

   (4.54) 

 

Table 4.10: Vestas V235-15.0 main parameters for power generation. 

Source: [176]. 

Parameter Value 

Rated Capacity [kW] 15,000 

Cut-in Wind Speed [m/s] 3 

Rated Wind Speed [m/s] 11.1 

Cut-out Wind Speed [m/s] 31 

 

 

Figure 4.4: Power Curve approximation through Equation (4.54). Parameters adjusted for Vestas 

V236-15.0.  

Source: See  

Table 4.10. 

 

 The power generated by the wind turbines have energy losses when going in the 

transmission and conversion phase, which reduces the energy generated. For the conversion 

phase, the PEM electrolyser and its balance of plant have a certain efficiency when producing 

hydrogen from the electrolysis process. The characteristics of the PEM electrolysers considered 

in this case correspond to Siemens Silyzer 300, as shown in Table 4.11. 
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Table 4.11: PEM Electrolyser Parameters: Siemens Silyzer 300. 

Source: [169], [177]. 

Parameter Value 

Centralized PEM Electrolysis Module Capacity [MW] 100 

Decentralized PEM electrolyser Capacity [MW] 15 

Efficiency (LHV) [%] 63.80 

Stack Lifetime [h] 80,000 

Minimum Load [%] 5 

Stack Degradation [%/1,000 h] 0.12 

  

PEM electrolysers require a minimum load for safe and efficient operation of 5% of the 

total rated power. This implies that when reaching the minimum load threshold of the 

electrolyser, a start-stop cycle occurs and can induce an acceleration of degradation and 

shortening the operating life. In the centralized configuration, constant production can be 

managed by redirecting the total collected energy from the wind farm to a certain number of 

electrolysers to not have to completely stop production and to try and avoid entering a restart 

from cold conditions. However, in the decentralized configuration, the electrolyser only has 

access to the wind turbine it is connected to, which means that any wind turbine production 

below this threshold must enter into a start-stop cycle and not produce any energy, as calculated 

in Equation (4.55). 

 

𝑃𝑝𝑟𝑜𝑑,𝐷(𝑡) =  {
𝑃𝑝𝑟𝑜𝑑(𝑡),        𝑖𝑓 𝑃𝑝𝑟𝑜𝑑(𝑡) ≥ 5% ∙ 𝑃𝐸𝑙𝑒𝑐,𝐷
0,                     𝑖𝑓 𝑃𝑝𝑟𝑜𝑑(𝑡) < 5% ∙ 𝑃𝐸𝑙𝑒𝑐,𝐷

   [𝑘𝑊ℎ]  
(4.55) 

  

 Additional energy losses occur in the transmission of the energy from the inter- array 

and export of both cables and pipelines. In the case of HVDC export cables and pipelines, the 

percentage value of the transmission losses depends on the total length of each of the elements, 

as shown in Table 4.12. Equation (4.56) is used to calculate the efficiency for each of the 

transmission elements in the considered configuration.  

 

𝜂
𝑙𝑜𝑠𝑠,𝑇𝑅

= 1 −
𝑃𝑙𝑜𝑠𝑠,𝑇𝑅

1,000 𝑘𝑚
∙ 𝐿   [%]  

(4.56) 

 

 In the case of the HVAC cables, the energy losses 𝑃𝑙𝑜𝑠𝑠,𝐻𝑉𝐴𝐶(𝑡) (kWh) produced 

throughout the year depend on the amount of power flowing through the cable at a certain time 
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𝑃𝑝𝑟𝑜𝑑(𝑡) (kWh) as shown in Equation (4.57). The power energy losses at each time step of an 

hour can be estimated using Equation (4.58) according to the characteristics of each of the 

cables by considering the cable tension 𝑈 (kV), the cable resistance 𝑅 (ohm/km) and the total HVAC 

cable length 𝐿𝐻𝑉𝐴𝐶 (km). 

 

𝜂
𝐻𝑉𝐴𝐶

= 1 −∑
𝑃𝑙𝑜𝑠𝑠,𝐻𝑉𝐴𝐶 (𝑡)

𝑃𝑝𝑟𝑜𝑑(𝑡)
𝑡

   [%]  
(4.57) 

𝑃𝑙𝑜𝑠𝑠,𝐻𝑉𝐴𝐶(𝑡) = (
𝑃𝑝𝑟𝑜𝑑(𝑡)

𝑈
)

2

∙ 𝑅 ∙ 𝐿𝐻𝑉𝐴𝐶  ∙ 10
3   [𝑘𝑊ℎ]  

(4.58) 

 Besides the energy lost due to the transmission of the energy, losses can also come from 

not being able to transmit any of the produced energy due to failures in the transmission chain. 

To be able to quantify and estimate the impact of these failures, efficiency will be considered 

according to Equation (4.59), for which the failure rates 𝜆𝑓𝑎𝑖𝑙 (f/yr/km) and the subsequent 

repair time 𝑡𝑟𝑒𝑝 (d) is shown in Table 4.12. For this, the number of affected wind turbines 𝐹𝑊𝑇 

from the transmission element failure is considered, compared with the total number of wind 

turbines 𝑁𝑊𝑇 to determine the amount of time not working in the year and consider the 

efficiency. The affected wind turbines correspond to the whole wind farm for export cable and 

pipelines, half of an array for inter-array cables, and failure per stage in the inter-array pipelines. 

 

𝜂𝑓𝑎𝑖𝑙 = 1 − 
𝜆𝑓𝑎𝑖𝑙 ∙ 𝑡𝑟𝑒𝑝 ∙ 𝐹𝑊𝑇

365 ∙ 𝑁𝑊𝑇
    [%]  

(4.59) 

 

Table 4.12: Failure rates and repair times for transmission components. 

Source: [12]. 

Element 
Losses 

[%/1000km] 

Failure rate 

[f/yr/km] 

Repair time 

[d] 

HVAC IA Cable Equation (4.58) 0.003 40 

HVAC Export Cable Equation (4.58) 0.003 60 

HVDC Export Cable 3.0 0.0015 60 

Flexible Pipe 0.03 0.001 40 

Rigid Pipe 0.03 0.0001 60 

 

 Additional efficiencies must be considered along the hydrogen production chain for the 

other elements involved in the conversion of energy. The efficiency values for each of the 

conversion elements are shown in Table 4.13, in which it also included the global availability 

of the wind farm of 94% with the O&M strategy considered. 
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Table 4.13: Efficiency values along the hydrogen production chain for conversion. 

Source:[12], [169]. 

Element Efficiency 

Global Availability [%] 94 

HVDC substation [%] 99 

Power converters [%] 99.5 

Desalinator [%] 99.9 

PEM Electrolyser (LHV) [%] 63.80 

 

 Once calculated all resulting efficiencies from the energy losses from both transmission 

and conversion elements, the total power generated 𝑃𝐺𝑒𝑛 (kWh) can be computed according 

with Equation (4.60) to the total produced energy from wind turbines and applying the total 

efficiency 𝜂𝑡𝑜𝑡𝑎𝑙 (%) for each of the configurations accordingly. From this generated power, it 

is possible to finally compute the total hydrogen produced per year 𝐸𝑡 (kgH2) with Equation 

(4.61) using the LHV of hydrogen which is equal to 33.33 kWh/kg. 

 

𝑃𝐺𝑒𝑛 = (∑ 𝑃𝑝𝑟𝑜𝑑(𝑡)

8760

𝑡=1

) ∙ 𝜂𝑡𝑜𝑡𝑎𝑙     [𝑘𝑊ℎ]  (4.60) 

𝐸𝑡 =
𝑃𝐺𝑒𝑛
33.33

    [𝑘𝑊ℎ]  
(4.61) 

  

 Lastly, additional efficiency is considered for the performance of the electrolyser stack, 

which corresponds to the degradation of the stack. This efficiency changes throughout the hours 

operated during lifetime of the electrolyser, with an estimated linear degradation rate of 0.12% 

per 1000 h of operation [177]. This turns into an additional discount to the total hydrogen 

produced 𝐸𝑡 (kgH2) with a linear decrease in efficiency depending on the amount of operational 

lifetime 𝑡𝑙𝑖𝑓𝑒 (h) considered over the years. This operational lifetime gets restarted once 

performing the stack replacement, which will be done in the year 15 as shown in Equation 

(4.62). 

 

𝜂𝑆𝐷(𝑡) = 1 −
0.12%

1000 ℎ
∙ 𝑡𝑙𝑖𝑓𝑒  [%]  (4.62) 
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4.2. Case Analysis and Results 

Building from the techno-economic model developed previously in Section 4.1 and the 

implementation scenarios established in Section 3.2, this section applies the costs, performance, 

and technical evaluation framework to the Viana do Castelo case study chosen previously in 

Section 3.1. The following analysis interprets the model outputs for each of the implementation 

scenarios configurations and highlights how the capital, operational, and decommissioning 

expenditures combine to form the total lifetime costs and how these coupled with the technical 

performance for the hydrogen generation influence the LCOH. These results will firstly be 

structured by considering a cost breakdown in 5 sub-systems, as shown in Table 4.14. These 

subsystems are divided into wind turbines, corresponding to the turbine equipment and 

foundations, inter-array, corresponding to the cables or pipelines needed to inter-connect the 

turbines, central platform, corresponding to the foundation needed in the centralized 

configurations, conversion, corresponding to the electrical substations, power converters, and 

the electrolysis plant, and finally the transmission, corresponding to the export cable or pipeline 

to shore. 

Table 4.14: Cost breakdown of sub-systems for each implementation scenario. 

Implementation 

Scenario 
Sub-System CAPEX [M€] OPEX [M€] DECEX [M€] 

Lifetime 

Costs [%] 

Centralized 

Onshore 

Wind 

Turbines 
1,300.52 827.49 18.19 65.58% 

Inter-Array 64.35 14.13 7.31 2.62% 

Central 

Platform 
36.90 11.64 6.18 1.67% 

Conversion 507.78 441.85 - 29.02% 

Transmission 20.16 12.26 3.89 1.11% 

Centralized 

Offshore 

Wind 

Turbines 
1,300.52 827.49 18.19 56.57% 

Inter-Array 64.35 14.13 7.31 2.26% 

Central 

Platform 
95.57 11.64 6.18 2.99% 

Conversion 594.79 821.34 - 37.32% 

Transmission 13.46 17.11 2.02 0.86% 

Decentralized 

Offshore 

Wind 

Turbines 
1,432.38 830.40 18.19 57.05% 

Inter-Array 68.07 46.48 2.96 2.94% 

Central 

Platform 
- - - 0.00% 

Conversion 654.14 910.30 - 39.13% 

Transmission 13.46 20.02 2.02 0.89% 
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When looking at the subsystem level costs coming from the techno-economic model 

across all scenarios, the dominance of the lifetime costs comes from wind turbines due to their 

linear dependence of the 510 MW installed capacity of the wind farm. The Off,D has higher 

costs due to the model allocating additional foundation costs to integrate the electrolysers and 

its BoP at each turbine, increasing both procurement and installation expenses. Inter-Array costs 

are less for the AC cables in centralized scenarios while higher in pipelines due to higher OPEX 

costs. Central platform costs vary across the scenarios, having minimal impact on On,C, a 

substantial impact on Off,D due to the larger footprint of electrolysis plant, and none for Off,D 

due to not requiring a central platform. Conversion costs are also dominant behind wind 

turbines and scale up when having to do installation and reparation offshore, as well as 

considering extra BoP in-turbines for the Off,D case. Lastly, transmission costs are modest in 

the case of pipeline export for offshore scenarios and slightly higher when considering HVAC 

export for onshore. CAPEX and OPEX drivers are mainly from wind turbines followed by 

conversion, which are particularly higher in offshore cases. DECEX remains a small fraction 

of the total costs since they are proportional to a fixed percentage of the installation costs. 

The lifetime cost composition reinforces the cost drivers identified above, as shown in 

Table 4.15 and Figure 4.5, for which the total amounts through the life of the project are 

considered according to the techno-economic framework without applying any discount rates. 

On,C benefits from the absence of the large offshore platforms and the reduced O&M burden 

of electrolysis onshore, which yields the lowest lifetime cost across all implementation 

scenarios. This techno-economic model assigns various multipliers for maintenance and 

installation offshore, which means that shifting electrolysis to offshore for both centralized and 

decentralized scenarios increase both the CAPEX and OPEX significantly. Off,D scenario 

pushes it even further by distributing and multiplying the number of electrolysers and BoP 

needed with its own maintenance and spare parts but eliminates the use of a centralized platform 

and adds more flexibility and robustness to the system. In all scenarios, DECEX accounts for a 

small percentage of around 1% of the lifetime costs which is consistent with the model’s 

proportional estimation method based on installation costs which are dependent on the distance 

to port, which in this case is relatively close. This balance between CAPEX and OPEX shifts 

subtly offshore, with CAPEX share dropping and OPEX increasing due to higher operational 

intensity of the marinized assets offshore. 
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Table 4.15: Lifetime cost overview without NPV correction for each implementation scenario. 

Implementation Scenario 
Lifetime Costs 

[M€] 

CAPEX 

[M€ / %] 

OPEX 

[M€ / %] 

DECEX 

[M€ / %] 

Onshore Centralized 

(On,C) 
3,272.64 1,929.71 59.0 1,307.36 39.9 35.57 1.1 

Offshore Centralized 

(Off,C) 
3,794.10 2,068.69 54.5 1,691.70 44.6 33.70 0.9 

Offshore Decentralized 

(Off,D) 
3,998.42 2,168.05 54.2 1,807.20 45.2 23.16 0.6 

 

From a performance point of view, the differences between each of the implementation 

scenarios are relatively small in the case study as shown in Table 4.16. The techno-economic 

framework calculates the total efficiency as the product of the wind-to-hydrogen transmission 

chain, the electrolyser efficiency and the wind farm availability for production. Offshore 

scenarios achieve slightly higher total efficiency when compared against onshore scenarios due 

to the near lossless hydrogen pipeline export compared to the HVAC transmission losses. This 

translates into about 1% more lifetime hydrogen output. Off,D gains a further minimal 

advantage by avoiding inter-array electrical losses. Annual and lifetime hydrogen outputs trach 

these efficiencies since wind farm availability and electrolyser efficiency are held constant 

across the scenarios in this model. Key takeaway for this location is that while offshore 

configurations can achieve an extra 1-1.2% in hydrogen yield, the absolute gain is small 

compared to the cost penalties identified earlier, making LCOH increase for offshore. 

Table 4.16: Technical Performance and Hydrogen Output across implementation scenarios. 

Implementation 

Scenario 
Onshore 

Centralized (On,C) 
Offshore 

Centralized (Off,C) 
Offshore 

Decentralized (Off,D) 
WF Availability [%] 94.00 94.00 94.00 

PEM Efficiency (LHV) 

[%] 
63.80 63.80 63.80 

Transmission Chain Loss 

and Failure [%] 
97.65 98.82 99.34 

Total Efficiency [%] 58.56 59.27 59.58 
Total Power Produced 

[MWh] 
1.17E+06 1.18E+06 1.18E+06 

Annual H2 output [kgH2] 3.51E+07 3.55E+07 3.55E+07 
Lifetime H2 output [kgH2] 8.77E+08 8.88E+08 8.87E+08 

 

The LCOH results are where the lifetime costs and technical performance come 

together, as shown in Table 4.17, while the detailed calculations and considerations for LCOH 

across the project’s lifetime is shown in Appendix 8.6. These results were separated into 2 cases 

across all implementation scenarios in which stack degradation of 0.12% every 1000 hours is 
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considered in the calculation of the LCOH, by considering an extra linear efficiency term across 

the years accounting for the lifetime of the stack and changing at the 15-year mark. Without 

degradation, On,C delivers the lowest LCOH by reflecting its significant lower lifetime costs 

despite the lower technical efficiency compared to offshore configurations. Introducing 

degradation into the hydrogen output calculation as a gradual decline in efficiency, the LCOH 

increases on all implementation scenarios by roughly 0.10 to 0.13 €/kg, or around a total 

efficiency of ~97.45%. This is because the same annual costs are spread over a smaller output 

along the years before the replacement restores the electrolyser performance.  

Table 4.17: LCOH results comparison with and without stack degradation across implementation 

scenarios. 

Implementation Scenario 
LCOH w/o degradation 

[€/kg] 

LCOH with degradation 

[€/kg] 

Onshore Centralized (On,C) 3.90 4.00 

Offshore Centralized (Off,C) 4.45 4.57 

Offshore Decentralized 

(Off,D) 
4.69 4.82 

 

The Viana do Castelo case study confirms that for a deep-water Atlantic site with strong 

wind resources and a relatively close port and shore distances, Centralized Onshore electrolysis 

offers the most economical pathway at 4.00 €/kg considering stack degradation. Its cost 

advantages come from having to avoid any large offshore platforms containing the electrolysis 

plant and minimizing the marine O&M while also having a short HVAC export distance that 

keeps transmission losses low due to its short distance to port and shore respectively. 

Centralized Offshore scenario gains modest efficiency and hydrogen output benefits 

coming from avoiding electrical transmission losses by using export pipeline but are 

outweighed by the CAPEX of a large floating platform and a higher offshore O&, resulting in 

a 14% higher LCOH than On,C at 4.57 €/kg. For Decentralized Offshore, it achieves the highest 

technical efficiency across all implementation scenarios and eliminates the central platform and 

any electrical losses, but the need for a distributed conversion units and extra BoP for each 

electrolysis system per turbine drives both the CAPEX and OPEX up, resulting in the highest 

LCOH at 4.82 €/kg for a 20% increase against On,C. 

Across all scenarios, DECEX is considered as a minor cost component, while the 

difference in the lifetime hydrogen output remains small. The choice between the different 

configurations established for this framework relies on the trade-off between CAPEX and 

OPEX and the minimum efficiency gains for sites with similar characteristics to Viana do 

Castelo/ This suggests that keeping electrolysis onshore is the most cost-effective strategy for 
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sites near shore, while offshore options may be justified where export distances or grid 

constraints make electrical transmission less viable. 

Bringing it all together, the techno-economic model makes it clear that for a site like 

Viana do Castelo that presents a deep water site with strong winds and close to the port and 

shore, the marginal efficiency gains of offshore electrolysis do not offset the substantial increase 

in CAPEX and OPEX, as shown in Figure 4.5 where the results for LCOH and lifetime costs 

are summarized across all implementation scenarios. Onshore Centralized electrolysis remains 

as the most cost-effective with lowest LCOH over both the Offshore Centralized and 

Decentralized cases that have increased costs due to offshore O&M and multiple BoP 

respectively. The model’s sensitivity to OPEX multipliers and platform CAPEX suggests that 

these conclusions could shift in contexts where offshore servicing costs are lower, export 

distances are much greater, or grid connection is constrained. However, for this case the optimal 

balance of cost and performance lies firmly onshore, due mainly to the proximity to port and 

shore and the strong wind resource available at site. 

 



113 

 

 

Figure 4.5: Lifetime cost structure and LCOH overview across all implementation scenarios in Viana 

do Castelo Case Study. 

 

The comparative results presented underscore how the interplay between the capital 

intensity, operational demands, and efficiency gains shape the economic viability across each 

of the implementation scenarios and configurations. While the study case model offers a clear 

ranking for the Viana do Castelo site, these outcomes are inherently sensitive to the shifts in 

key parameters corresponding to the specific site location which influence the equipment costs, 

offshore O&M multipliers and electrolyser performance. To fully understand the robustness of 

the conclusions and to explore under what conditions alternative configurations might become 

competitive, the following section conducts a targeted sensitivity analysis. This next step tests 

the resilience of the preferred option and maps the boundaries withing the techno-economic 

advantages identified to determine the influence of each of the key parameters that are related 

to a site-specific location. 
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4.3. Sensitivity Analysis 

A sensitivity study was conducted to assess robustness and the impact of the location selection 

on the LCOH results from the techno-economic model for floating offshore hydrogen 

production This study consisted in changing 4 key site-specific parameters, which correspond 

to water depth (m), distance to shore (km), distance to port (km), and wind potential (h/yr). The 

sensitivity methodology was done by considering the base case values as the LCOH results 

coming from the case study carried out in the site-specific location chosen in Viana do Castelo. 

Each of the analyzed parameters will be changing in a series of 20 steps in the whole range 

chosen, while the rest of the parameters will remain fixed according to the base case, as shown 

in Table 4.18. For each of the steps, the LCOH was recomputed for the three configurations to 

isolate the parameter’s influence in the techno-economic performance and plotted each of these 

values as a function of the varied parameter. 

Table 4.18: Sensitivity methodology for site-specific parameters. 

Parameter Min Range Max Range Step Base Case 

Water Depth [m] 55 150 5 100 

Distance to Shore [km] 10 200 10 12 

Distance to Port [km] 10 200 10 12.7 

Wind Potential [h/yr] 2,650 5,500 150 3,915 

 

 

Figure 4.6: LCOH sensitivity analysis with Water Depth parameter for implementation scenarios. 

 

As the water depth increases from the defined range of 55 to 150 meters, corresponding 

to the cost-effective range of semi-submersible platforms, the LCOH of the three scenarios rises 
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connections depending on water depth. Figure 4.6 presents the LCOH results for each of the 

implementation scenarios, in which the On,C ranges from 3.95 to 4.04 €/kg with a ±1.2% 

change, Off,C ranges from 4.52 to 4.62 €/kg with a ±1.1% change, and the lowest slope coming 

from Off,D with a range from 4.78 to 4.86 €/kg with a ±0.9% change from base case. This 

difference in the behavior from both centralized configurations comes from the cost from the 

offshore platform dedicated to the substation or electrolysis plant and the decentralized not 

requiring one and having the inter-array pipeline be less costly according to water depth than 

inter-array cables. 

 

Figure 4.7: LCOH sensitivity analysis with Distance to Shore parameter for implementation scenarios. 

Now looking at the distance to shore from the defined range of 10 to 200 km, the 

transmission length for both cables and pipelines increases. This export length strongly 

penalizes onshore electrolysis due to the subsea cable length and the associated transmission 

losses presented. Figure 4.7 presents the LCOH results for each of the implementation 

scenarios, in which the On,C ranges from 3.99 to 4.97 €/kg for a significant increase of 24% 

due to the cumulative cable losses in the export cable and the increased failure rates due to the 

extra length, with a change in the trend at 120 km due to a change into HVDC export cable 

from then onwards. In the case of the offshore implementation scenarios, hydrogen transport 

via pipelines presents much less sensitivity due to the distance to shore, with Off,C ranges from 

4.56 to 4.97 €/kg with an 8.8% increase and Off,D ranges from 4.81 to 5.22 €/kg with an 8.4% 

increase. It is possible to observe that as distance to shore grows, the onshore electrolysis has 

less advantage than the offshore configurations and that the base case was near the best-case 

scenario in the range considered for the parameter. 
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Figure 4.8: HVAC vs. HVDC comparison in Onshore Centralized Scenario. 

 

The influence on the type of transmission system coming from distance to shore can be 

seen in Figure 4.8, for which the LCOH for both HVAC and HVDC are compared. This shows 

that HVAC export cables are optimal in this case for distances below 120 km but beyond HVDC 

become more feasible due to a higher substation CAPEX, but a lower linear losses and cost 

compared to HVAC systems. Additionally, the reason for the bumps in the linear trend for 

HVAC cables corresponds to the need for additional power cable lines to be able to transport 

the capacity of the wind farm. This makes HVDC a preferred option for very long transmission 

routes or for high-capacity projects. 

 

Figure 4.9: LCOH sensitivity analysis with Distance to Port parameter for implementation scenarios. 

 

In the case of changing the distance to port parameter from the chosen range of 10 to 
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cost for CTVs until it reaches a more stable trend once the chartering of an SOV becomes 

feasible at 150 km and a lower influence coming from the vessel costs due to installation and 

decommissioning costs. This same trend can be observed in the case for the LCOH of all 3 

implementation scenarios, as On,C ranges from 3.98 to 4.83 €/kg for an increase of 20.9%, 

Off,C climbs from 4.55 to 5.39 €/kg for an increase of 18.1%, and Off,D from 4.80 to 5.64 €/kg 

with an increase of 17.2%. This makes the distance to port a significant parameter until 150 km, 

considering as a turning point when SOV becomes feasible and drives a step change in OPEX. 

 

Figure 4.10: LCOH sensitivity analysis with Wind Potential parameter for implementation scenarios. 

 

Lastly, the influence of the wind potential parameter in the range from 2,650 to 5,500 

h/yr nearly halves all LCOH values for the implementation scenarios. For On,C it falls from 

5.77 to 2.94 €/kg for a 49.1% change, Off,C ranges from 6.57 to 3.36 €/yr for a decrease of 

48.9%, and Off,D from 6.94 to 3.54 €/yr for a decrease of 49.0%. All three implementation 

scenarios track almost in parallel in a decrease in LCOH due to having fixed costs of turbines, 

platforms and electrolysers and spread over more hydrogen output due to an increased capacity 

factor coming from the wind resource. 

This sensitivity study reinforces the multicriteria decision to choose Viana do Castelo 

as the option for hydrogen production using floating offshore wind due to its site-specific 

parameters at the Atlantic by being characterized by a moderately deep-water site with strong 

winds and short port and shore distances. Among the four location parameters, wind potential 

exerts the biggest influence and lever on the resulting LCOH, making it important to consider 

the capacity factor in the site selection. Additionally, distance to port induces significant cost 

escalations via the CAPEX and OPEX logistic equations below 150 km and tends to stabilize 

2.50

3.50

4.50

5.50

6.50

7.50

2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000

L
C

O
H

 [
€

/k
g

]

Wind Potential [hr/yr]

On,C Off,C Off,D



118 

 

above this turning point, while distance to shore increases the transmission distance which 

critically influences onshore power export from offshore hydrogen export, for which subsea 

pipelines outperform both HVAC and HVDC cables in long distances. Finally, water depth 

affects the least as a parameter in this techno-economic model when only considering the range 

where semi-submersibles are economically feasible. 
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5. CONCLUSIONS AND FUTURE WORK 

The objective set for this work was to evaluate the coupling of floating offshore wind with 

electrolysers for green hydrogen production, which demands careful alignment in between the 

technology choice, foundation design, configuration scheme, storage and transmission logistics, 

site selection and economic suitability. This chapter synthesizes the main conclusions to 

highlight how these findings address the original research objectives and summarizes the 

performance trade-offs, practical constraints, and strategic takeaways for the techno-economic 

design and framework for floating wind-to-hydrogen systems. 

AWE remains the most mature technology with the lowest CAPEX for large scale 

hydrogen production. However, their reliance on corrosive KOH electrolyte, bulky cell stacks, 

and a limited dynamic flexibility with a high minimum load of 20%, slow start-up and ramp-up 

times render them not suitable for floating offshore wind due to the space constraints and the 

intermittency and variability of the wind resource. In contrast, PEM electrolysis offers a 

compact footprint, fast dynamic response, high current densities around 1 to 2.2 A/cm2,, low 

minimum load of 5%, and pressurized output of hydrogen around 30 bar makes it a current 

leading candidate for offshore readiness despite its reliance on PGM metals and fluorinated 

membranes. Emerging technologies like AEM and SOEC hold long term promise. AEM 

combines advantages from both AWE and PEM by using non-PGM catalysts with pressurized 

hydrogen output but faces challenges in membrane durability. SOEC has high electrical 

efficiencies reaching around 88 to 95% and can be paired with industrial heat waste or reversible 

SOFC operation but faces challenges with high-temperature material degradation due to its 

operation at 700-850 °C and thermal cycling, which limits its deployment for both technologies 

without any further advances in the technology. 

On the foundation side, fixed structures excel in shallow water up to around 55 meters 

but are not economically suitable deeper, making floating foundations suitable for deeper 

depths. Semi-submersibles stand out for depths between 50 to 150 meters and offer a mature 

design suitable for high sea states and ample deck space to accommodate PEM electrolyser 

modules. Transmitting electricity or hydrogen onshore presents 3 different configuration 

schemes with some being more suitable depending on site-specific parameters. Centralized 

Onshore electrolysis via HVAC or HVDC cables leverages mature power export technologies 

but has electrical line losses which increase with the length of the export cable, making it 

suitable for near-shore. Centralized Offshore electrolysis collects the power from the wind farm 

through inter-array cables and concentrates it into a centralized offshore platform with an 

electrolysis plant and transmits the hydrogen produced to shore through subsea pipelines. For 
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Decentralized Offshore electrolysis, in-turbine electrolysis maximizes the network resilience 

by avoiding single point of failure and uses inter-array and export pipeline for collection and 

transmission but complicates O&M and raises CAPEX due to electrolyser BoP redundancy. 

The combined multi-criteria decision analysis of AHP, Entropy, and TOPSIS identified 

Viana do Castelo as the best location in the Atlantic European coastline for floating offshore 

hydrogen production with a 500 MW capacity, with a strong wind resource of around 3,894 

h/yr, a deep-water depth of 100 m, and a close distance of shore and port facilities of around 12 

km. The integration of PEM electrolysers into offshore platforms needs to consider mechanical, 

hydrodynamic, operational and environmental considerations. Hexapod experiments validated 

that with reinforced skid mounts, PEM electrolysers maintained correct operational 

performance and hydrogen crossover risks across static, dynamic and simulated profiles. A 

hydrodynamic modeling of a 500 MW centralized platform confirmed that locating modules on 

the upper deck yields acceptable motion responses, with only occasional vertical acceleration 

exceeding that can be mitigated by refined damping assumptions, inclusion of mooring 

dynamics, adding partial operation control strategies when exceedance, or rearrangement of 

general platform, equipment, and PEM modules layout. The inherently intermittent nature of 

offshore wind requires further fast-ramping control strategies, transient buffering via batteries 

or water recovery tanks and coordinated power management to guard against membrane 

dehydration and efficiency losses. Additionally, the corrosive marine atmosphere and ultra-pure 

water demand of PEM electrolysis requires marine-grade enclosures, protective coatings, 

cathodic protection, and integrated water treatment with desalination and de-ionization systems 

to preserve stack integrity and ensure long term durability.  

The three configuration schemes were modeled with a techno-economic framework to 

capture the influences in lifetime costs and technical operation at the chosen Viana do Castelo 

site. This techno-economic assessment yields LCOH ranges of 4.00 €/kg for Onshore, 4.57 €/kg 

for Centralized Offshore, and 4.82 €/kg for Decentralized Offshore electrolysis, assuming a 

0.12% per 1000 hours stack degradation rate. Sensitivity to wind availability between 2,650 to 

5,500 h/yr shifts LCOH around ~49%, identifying the capacity factor as the dominant lever. 

Export distances beyond ~120 km makes HVAC export cables economically and technically 

unfeasible due to electrical losses, tipping the balance towards HVDC transmission or hydrogen 

pipelines. Similarly, port distances escalating towards 150 km increase linearly O&M costs 

when considering CTV which represents around a ~20% change in LCOH until an SOV 

becomes economically suitable and stabilizes the LCOH increase. Conversely, water depths 

between 55 to 150 m where semi-submersible foundations are economically feasible only 
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influence around ~1%, indicating that floating foundation expenses are a minor driver in this 

techno-economic framework for the deep-water ranges considered. 

Taken together, this comprehensive analysis confirms that PEM electrolysis integrated 

with semi-submersible platforms offers the most resilient, flexible, and low carbon route for 

floating offshore wind-to-hydrogen production. These findings confirm that centralized onshore 

electrolysis remains the most cost-effective pathway for Atlantic sites with a strong wind regime 

and short port and shore distances. Additionally, offshore electrolysis configurations become 

advantageous when grid or export constraints extend beyond approximately 120 km, or when 

onshore space is unavailable. With continuous advancements in catalyst loading, membrane 

durability, and integrated control, PEM electrolysis plants may be the optimal technology for 

integration with offshore wind resources and charting a path towards a decarbonized energy 

system. 

 

5.1. Future Work and Recommendations 

This study has established a techno-economic framework for integrating offshore wind with 

hydrogen production and the impact and specific requirements in offshore environments. To 

expand deeper towards this analysis, some future works and research streams are included. 

Firstly, expanding hydrodynamic studies to capture detailed equipment layout, mooring 

line stiffness, and platform motions under extreme storm cases to determine operation and 

survivability for both centralized and in-turbine electrolysers. This will pinpoint tilt and 

acceleration limits according to a more realistic case and will result in design guidance to 

optimize the component placement and mooring configurations that shield the BoP from 

damaging motions. The detailed equipment and mooring can also be used for cost assumptions. 

Second, applying and refining the multi-criteria decision matrix for site-selection to 

consider other European regions and import corridors to consider and compare fixed 

foundations performance against floating foundation projects with various spectrum of water 

depths, wind climates, and grid distances. These comparative rankings will reveal region-

specific priorities according to the ranges of site-specific key parameters. 

Finally, combining the CAPEX and OPEX assumptions with real market data is 

essential for industry. Gathering market quotes or public tender figures for turbines, 

electrolysers, foundations, and topsides can be fed into a simple cash-flow model that 

incorporates the loan schedules, subsidy regimes, and carbon-pricing scenarios. This outcome 

will be a more realistic LCOH result that can be adapted according to the local financing and 

incentive structures and be used as a decision maker tool by investors and policymakers. 
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8. APPENDICES 

8.1. Electrolyser Commercial Database 

 

Figure 8.1: Commercial Database: Stack Power Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
 

 

Figure 8.2: Commercial Database: Electrolyser Power Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
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Figure 8.3: Commercial Database: Nominal H2 Production Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
 

 

Figure 8.4: Commercial Database: Specific H2 Production Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
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Figure 8.5: Commercial Database: H2 Output Pressure Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
 

 

Figure 8.6: Commercial Database: Electrolyser Electrical Consumption Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
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Figure 8.7: Commercial Database: Minimum Load Boxplot. 

Sources: All references for the Commercial Database sources are available upon request. 
 

 

*: Efficiency for AWE, PEM, and AEM is calculated with HHV and SOEC used LHV. 

 

Figure 8.8: Commercial Database: Electrolyser Electrical Efficiency. 

Sources: All references for the Commercial Database sources are available upon request. 
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8.2. Hydrogen Carriers Storage and Transportation 

Compressed hydrogen storage is the most established and widely used method due to its 

simplicity, cost effectiveness, and fast charging and discharging capabilities. It involves 

pressurizing gas at a range of 350 to 700 bar to increase its density while reducing its volume. 

This process consumes 5-20% of the hydrogen’s energy content and requires control of the 

temperature and durable tank materials to prevent any leakage or structural failure that can 

present an explosive risk [1]. 

There are four main storage tanks that vary according to their material and pressure 

capacity. Type I tanks are fully metallic, with pressure capacities of 200 bar, which offer good 

strength but being heavy. Type II tanks use a metal liner with a partial hoop-wrapped composite 

reinforcement. Type III tanks further enhance this by fully wrapping a metal liner, with capacity 

of 350 bar. Type IV tanks are the most advanced with a polymer liner fully encased in composite 

fiber, which offers highest pressure capacity and lowest weight, which is ideal for offshore 

applications but is the most costly and sensitive to hydrogen permeation [2]. 

Cryogenic or liquified hydrogen storage increases hydrogen’s volumetric energy density 

compared to pressurized by cooling it to -253 °C, turning up to 800 liters of gas into one liter 

of liquid. This method is ideal for large-scale and long-distance transportation, but it must be 

considered that the liquefaction process consumes around 30-40% of hydrogen’s energy content 

and limits the space efficiency it offers, as well as having specific conditions for its storage [3]. 

Infrastructure involves complex double-walled and vacuum-insulated spherical tanks 

with materials that can withstand extreme cryogenic conditions. This can make it suitable for 

centralized offshore with high capacity but are limited for small-scale applications. Future 

innovations look for cryo-compressed hydrogen that aim to enhance efficiency and make it 

more viable for mobile and offshore hydrogen storage [4]. 

Solid-state hydrogen storage uses primarily metal hydrides by capturing hydrogen 

within the crystal lattice of alloys to offer exceptionally high volumetric energy densities. 

Hydrogen molecules dissociate on the alloy surface, allowing atoms to diffuse into interstitial 

sites and form reversible hydrides. This technology is attractive for offshore where space, safety 

and compactness are critical, since it operates at low pressures and moderate temperatures. 

Some of the compounds commonly used are disk-shaped cartridges of MgH2. However, some 

challenges exist in using this technology as hydride cycling degrades the material structure, 

adds significant weight, and requires a heat input for hydrogen release, as well as problems with 
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contaminants of O2 and CO. Despite this, it can be a safe and efficient option when integrated 

with waste-heat recovery systems [5]. 

Hydrogen energy carriers are compounds capable of chemically storing and releasing 

hydrogen in a safe, efficient and compact form. These carriers present a solution towards 

hydrogen’s low volumetric energy density for applications offshore where space and storage 

efficiency are critical. Hydrogen carriers offer a denser and more manageable alternative in 

which the hydrogen is stored in a chemical form and released when needed. These carriers can 

be reversible, for which hydrogen is bonded temporarily and recovered by a reverse reaction, 

or irreversible, where it is converted into another fuel for direct use [6]. This technology 

facilitates practical storage while supporting broader hydrogen integration with renewable 

energy. Some of the most promising hydrogen carriers are liquid organic hydrogen carriers 

(LOHCs), ammonia, and methanol. 

LOHCs are an innovative hydrogen storage method that uses a reversible chemical 

reaction. These organic compounds absorb hydrogen through an exothermic process at 

moderate conditions in a range of 100-250 °C in temperature and 30-50 bar of pressure. The 

reversibility is done via an endothermic reaction at higher temperatures, for which the hydrogen 

is released and allows for a repeated use of the carrier. These key advantages make it suitable 

for offshore use due to the compatibility it has with the existing liquid fuel infrastructure, safe 

handling properties, ease of transport and long-term storage stability, with one of the most 

suitable for international renewable energy transport being dibenzyl toluene (DBT) [6]. 

Ammonia (NH3) is a highly promising hydrogen carrier due to its 17.6% hydrogen 

content, storing more than 50% of hydrogen per volume than liquid hydrogen. Additionally, the 

conditions for storage are less extreme, needed either -33 °C at atmospheric pressure or 10 bar 

at room temperature, making it easier to handle. Ammonia is produced via de Haber-Bosch 

process as shown in Equation (8.1), and benefits having a mature infrastructure for its handling 

globally [7]. It is compatible with refrigerated tankers and LNG tanks, making it suitable for 

offshore hydrogen transport even though it suffers from the drawback of requiring additional 

equipment [8]. 

 

𝑁2 + 3𝐻2 ↔ 2𝑁𝐻3      𝛥𝐻298𝐾
𝑜 = −92.28𝑘𝐽 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑁2  (8.1) 
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Methanol (CH3OH) is a versatile hydrogen carrier with 12.5% hydrogen content. It also 

works as an industrial chemical widely used in the production of plastics, adhesives and 

alternative fuels like biodiesel. It is synthesized by exothermic reactions form hydrogen and 

CO or CO2 at high pressures as seen in Equations (8.2) and (8.3) [9]. It has important advantages 

for offshore applications such as being a liquid at ambient conditions and having the versatility 

to be used as marine fuel in internal combustion or through fuel cells or reformed into hydrogen 

on demand [10]. 

 

𝐶𝑂2 + 3𝐻2 ⟶ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂          ΔH298𝐾
o = −40.9 𝑘𝐽/𝑚𝑜𝑙  (8.2) 

𝐶𝑂 + 2𝐻2 ⟶ 𝐶𝐻3𝑂𝐻 ΔH298𝐾
o = −90.7 𝑘𝐽/𝑚𝑜𝑙  (8.3) 

 

Table 8.1: Pairing of Storage and Transportation of Hydrogen 

Storage Type 
Paired 

Transport 
Best Use Case 

Gravimetric 

Energy Density 

[MJ/kg] 

Volumetric 

Energy Density 

[MJ/L] 

Compressed 

Hydrogen 

(Type I–IV) 

Pipelines, 

pressurized 

cylinders 

Fast-response storage, 

mobile/offshore with weight 

limits 

~120 

~2.7 (350 bar) 

~4.7 (700 bar) 

[4] 

Cryogenic 

Hydrogen 

(LH₂) 

Insulated 

tankers, ships 

Large-scale offshore or 

transoceanic transport 
~120 ~8.5 [11] 

Solid-State 

(Metal 

Hydrides – 

MgH2) 

Modular 

cartridges, 

containers 

Compact, safe offshore 

buffering on platforms or 

vessels 

~9 [12] ~13.2 [13]  

LOHC 

(DBT) 

Liquid 

tankers, 

pipelines 

Long-term offshore storage, 

port/maritime infrastructure 
~7.5 ~6.8 [6] 

Ammonia 

(NH₃) 

Refrigerated 

ships, LNG-

type tanks 

Offshore shipping, long-

distance hydrogen energy 

transport 

~18.6 ~12.7 [14] 

Methanol 

(CH₃OH) 

Standard fuel 

infrastructure 

Marine fuel, reformed H₂ 

source for offshore applications 
~19.9 ~15.8 [11] 
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8.3. Demonstration and Pilot Projects Overview 

Table 8.2: State-of-the-art in industry for hydrogen production platforms. 

*: Initial expected operation date for projects currently in development 

Project Name Capacity Site Country 
Operation 

Date 
Project Scope 

SeaLhyfe Project 

[1] 
1 MW 

Le Croisic, 

SEM-REV 
France 2022 

The world's first offshore hydrogen production pilot, launched in 2022, has 

completed sea trials and achieved all set objectives by demonstrating the 

reliability of an electrolyser at sea. 

OceanH2 Project 

[2] 
- 

Canary 

Islands 
Spain 2023 

It is a completed industrial research initiative led by ACCIONA to develop 

Spain's first offshore green hydrogen plant, aiming to integrate floating wind 

and photovoltaic technologies. 

PosHYdon 

Project [3] 
1 MW 

Dutch 

North Sea 
Netherlands 2024 

The pilot project currently being successfully tested onshore and be tested 

offshore located 13 km off the coast of Scheveningen aiming to produce green 

hydrogen on an operational gas platform integrating offshore wind, gas and 

hydrogen at the first fully electrified platform in the Dutch North Sea. 

China Energy 

Offshore Platform 

Pilot [4] 

- Yantai China 2025 

The world's first offshore platform to produce green hydrogen, ammonia, and 

methanol has been completed, aiming to refuel ocean-going ships at sea. The 

storage and transportation issues are then resolved by converting hydrogen into 

methanol and ammonia. 

Green Hydrogen 

Shore Power 

Demonstrator [5] 

- Leith 
Scotland, 

UK 
2025 

A green hydrogen shore demonstration project was shown at the Port of Leith, 

integrating water treatment, waste heat utilization, offshore wind and hydrogen 

production to provide clean shore power for maritime operations. 

OYSTER Project 

[6] 
MW scale Grimsby UK 2025 

The project aims to develop a marinized electrolyser designed for integration 

with offshore wind turbines. And conducting planning and permitting work for 

a larger-scale offshore demonstration. Orsted´s withdrawal has impacted the 

project´s scope and was terminated on the 5th of May of 2025. 

Hyport Oostende 

Project [7] 
50 MW Oostende Belgium 2025* 

A demonstration project with an innovative electrolyser of 50 MW expected 

to be finalized by 2025. It is a shore-based hydrogen production facility using 

offshore wind as a power source. 
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H2Mare Project 

[8]  
- North Sea Germany 2025* 

A German initiative to develop autonomous offshore hydrogen production 

systems, integrating wind turbines with compact PEM electrolysers capable of 

efficient operation under harsh offshore conditions. 

HOPE Project [9] 10 MW North Sea Belgium 2026* 

Aiming to develop, build, and operate the first 10 MW offshore PEM 

electrolyser unit in the North Sea by 2026, building the continent’s first 

infrastructure for large-scale production of renewable hydrogen offshore. 

GET H2 Nukleus 

Project [7] 
300 MW Lingen Germany 2027* 

RWE is planning to build an electrolysis capacity of 300 MW on the site of a 

gas-fired power plant, primarily using offshore power. In summer 2024, RWE 

commissioned a 14 MW (10 ALK + 4 PEM) electrolysis pilot plant on site.  

The Salamander 

Project [10] 
200 MW Peterhead 

Scotland, 

UK 
2028* 

Proposes 100 MW floating wind + 100 MW onshore battery for hydrogen 

production on a floating wind platform and transported to shore via pipeline. 

HØST PtX 

Esbjerg Project 

[11] 

1 GW Esbjerg Denmark 2028/29* 

The project is one of Europe´s most advanced Power-to-X projects, focusing 

on producing green hydrogen with large scale electrolysis powered by 

renewable energy, primarily offshore wind and solar energy. 

H2opZee [12] 500 MW 
Dutch 

North Sea 
Netherlands 2030* 

Aiming to develop a 500 MW offshore hydrogen production facility in the 

Dutch North Sea by 2030. The project is currently in the feasibility study 

phase, was expected to be completed by the end of 2023. 

AquaSector 

Project 

 [12] 

300 MW 
German 

North Sea 
Germany 2030* 

It is a key component of the Aquaventus initiative focusing on large-scale 

offshore green hydrogen production to be the frontrunner for solving critical 

technical challenges for gigawatt-scale offshore hydrogen projects. 

DOLPHYN 

Project [13] 
4 GW 

South 

Wales & 

Scotland 

UK 2035* 

A UK-based project conducting sea trials for offshore hydrogen production 

technology in South Wales to demonstrate safe and reliable hydrogen 

production from seawater. It has planned 10 MW Demonstrator, 100-300MW 

commercial developments for 2028 and expanding to GW-scale by 2035. 

AquaVentus 

Project [14] 
10 GW Helgoland Germany 2035* 

It is an initiative focused on developing and expanding large-scale offshore 

green hydrogen production in Germany with projects like AquaDuctus, 

AquaPrimus and SEN-1 area for demonstration area for 1 GW. 

NortH2 [15] 10 GW North Sea Netherlands 2035* 
The project's aim is to realize a GW-scale green hydrogen factory with which 

NortH2 can supply the industry with green hydrogen between 2030 and 2035. 
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8.4. Semi-Submersible Centralized Platform 2D Layout 

 

Figure 8.9:  Deck #1 2D Layout at 23 meters (Cable Deck) 
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Figure 8.10: Deck #2 2D Layout at 28 meters (Main Deck) 
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Figure 8.11: Deck #3 2D Layout at 38 meters (PEM Deck #1) 
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Figure 8.12: Deck #4 2D Layout at 43 meters (PEM Deck #2) 
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8.5. Semi-Submersible Centralized Platform RAOs for Motion and 

Acceleration 

 

 

Figure 8.13: Centralized platform Hydrostar RAO for surge 

 

 

Figure 8.14: Centralized platform Hydrostar RAO for sway 
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Figure 8.15: Centralized platform Hydrostar RAO for heave 

 

 

Figure 8.16: Centralized platform Hydrostar RAO for roll 
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Figure 8.17: Centralized platform Hydrostar RAO for pitch 

 

 

Figure 8.18: Centralized platform Hydrostar RAO for surge 
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Figure 8.19: Centralized platform Hydrostar RAO for acceleration in surge 

 

 

Figure 8.20: Centralized platform Hydrostar RAO for acceleration in sway 



156 

 

 

Figure 8.21: Centralized platform Hydrostar RAO for acceleration in heave 

 

 

Figure 8.22: Centralized platform Hydrostar RAO for acceleration in roll 
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Figure 8.23: Centralized platform Hydrostar RAO for acceleration in pitch 

 

 

Figure 8.24: Centralized platform Hydrostar RAO for acceleration in yaw 
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8.6. LCOH Calculations for Case Study 

 

 

Figure 8.25: Detailed LCOH calculations across the project’s lifetime at Viana do Castelo case study 

for Centralized Onshore scenario 
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Figure 8.26: Detailed LCOH calculations across the project’s lifetime at Viana do Castelo case study 

for Centralized Offshore scenario 
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Figure 8.27: Detailed LCOH calculations across the project’s lifetime at Viana do Castelo case study 

for Decentralized Offshore scenario 


