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ABSTRACT 

Establishing hydrogen production infrastructure from renewable energy is a high 

priority for the energy transition. This project analyses options for deployment 

using offshore wind generation to power electrolysis for green hydrogen 

production. A case example of northern Spain is used to examine the 

optimisation and sensitivity of trade-offs between generator and electrolysis 

locations, as well as electricity and hydrogen transport. Both, onshore and 

offshore electrolyser locations are analysed. 

Using this case example enables demonstration of the logical sequence of 

infrastructure development priorities; an assessment of the critical locations for 

renewable energy; and most importantly an improved understanding of the 

sensitivity of different assumptions used to complete the whole system analysis. 

To this end, a sensitivity analysis is carried out using @RISK software to define 

the reliability of the results obtained, as well as the key factors that dominate the 

decision-making in the system design. 

The study concludes by presenting a decision-making tool to determine the 

optimum location of both the wind farm and the electrolyser, as well as the 

transport method for the case site to achieve the established requirements and 

an assessment of resilience for the outline system design.  

 

Keywords:  

Offshore wind energy, floating offshore wind, levelized cost of energy (LCOE), 

feasibility study, site selection, green hydrogen, PEM electrolysis, alkaline 

electrolysis, energy transport, sensitivity analysis. 
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1 INTRODUCTION 

1.1 Background of study 

Renewable hydrogen is a key energy carrier for the decarbonisation of the 

economy, which will make it possible to achieve climate neutrality by 2050 and 

develop a high-value-added economy in both the European Union (EU) and 

Spain.  

Hydrogen is expected to penetrate sectors that are difficult to decarbonise and 

electrify, such as high-temperature processes, maritime transport, and 

hydrogen-intensive industry, among others. In the short term, industries that use 

hydrogen as feedstock, mainly oil refineries and chemical industries, have great 

potential to boost green hydrogen [1]. 

Within this context, Petronor, the largest refinery in Spain [2], has developed the 

Petronor Sustainability Plan 2021-2025 [3] which describes the company’s 

strategy to meet its objective of supplying energy in a safe, efficient, accessible, 

and sustainable manner in line with the United Nations Sustainable 

Development Goals.  

To this end, Petronor expects to achieve an 80-90% reduction in net emissions 

through improved energy efficiency, the use of carbon capture, and the 

production of renewable hydrogen, among others [3]. Concerning hydrogen 

production, three targets have been set [4]: 

- 2021: installation of a 2.5 MW electrolyser, the first step towards the 

development of renewable hydrogen in the Basque Country (Spain). 

- 2024: installation of a 10 MW electrolyser to supply Petronor’s synthetic 

fuels manufacturing plant. 

- 2025: installation of a 100 MW electrolyser to tackle Petronor’s 

decarbonisation process and supply the needs of the Basque Hydrogen 

Corridor (BH2C). 

The BH2C [5] is a cluster made up of 78 organisations, including Petronor, 

whose aim is to boost the decarbonisation of strategic sectors such as energy, 
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mobility, industry, and services. The creation of clusters will play a crucial role in 

the development of renewable hydrogen, since, by taking advantage of 

economies of scale, the technology can be developed to optimise its production, 

transport, and consumption [1]. 

At the same time, to enable renewable hydrogen production growth, it is 

essential to increase renewable electricity generation through technologies such 

as solar or wind [1]. This project analyses the feasibility of coupling offshore 

wind power generation and hydrogen production in the North-Atlantic region of 

Spain. 

1.2 Aims and objectives 

This project aims to understand the dominant factors that influence the 

decision-making on designing a hydrogen production system from renewable 

energy, as well as the interconnections between them.  

The following objectives have been set to achieve this aim: 

1. Design a 50 MW electrolyser by defining its characteristics and energy 

demand; and study the possible locations, including offshore installation. 

2. Design a renewable electricity generation system according to site 

characteristics: evaluation of the available wind resource on the Spanish 

Cantabrian and Atlantic Coasts. 

3. Optimisation of trade-offs between energy generation and electrolysis 

location, as well as electricity and hydrogen transport. 

4. Evaluation of the uncertainty and resilience of the project, as well as the 

parameters that dominate the system. 

1.3 Thesis structure 

The decarbonisation of the economy implies fossil fuel use reduction and 

energy carriers development, which directly affects the Oil and Gas companies’ 

operations that must adapt to the energy transition. This project contributes to 

this transition by analysing options for the deployment of green H2 production 

from offshore wind energy. 



 

3 

A literature review has been carried out in Chapter 2, beginning with an 

understanding of the EU and Spanish legislative framework to decarbonise the 

economy by 2050. Besides, offshore wind technology, electrolysers types, and 

hydrogen transport are analysed. 

Chapter 3, corresponding to the Methodology, details the procedure carried out 

in this project. Starting with the definition of the electrolyser’s energy demand, 

passing through the sizing of the wind offshore farm, as well as the study of the 

viability of offshore H2 production, and ending with an assessment of the system 

resilience. 

Chapter 4, Results and Discussion, shows the outcomes of the study, such as 

the evaluation of the different sites for power generation and H2 production, as 

well as a general discussion. Finally, Chapter 5 gives concluding remarks and 

recommendations for future work. 
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2 LITERATURE REVIEW 

2.1 Regulatory framework 

This section analyses the targets and measures established at European Union 

(EU) and Spanish levels to achieve climate neutrality by 2050. Additionally, the 

role of renewable hydrogen and offshore wind in meeting these targets is 

studied. 

2.1.1 Framework for achieving Net-Zero emissions by 2050 

Through the European Green Deal [6] and following the Paris Agreement [7] the 

EU aims to be climate neutral by 2050, meeting the objective of keeping 

average global temperature growth below 2 ºC and striving to limit the increase 

to 1.5 ºC, compared to pre-industrial levels (1990). To this end, the Member 

States have developed an action plan with a minimum time horizon of 30 years 

[8]. 

In this context, the Spanish Government has composed two roadmaps: the 

Integrated National Energy and Climate Plan 2021-2030 [9] for the short-

medium term, and the Long-Term Decarbonisation Strategy 2050, which sets 

targets for 2050 [8].  

Among the objectives of the Integrated National Energy and Climate Plan 2021-

2030 [9] are to achieve 74% renewable electricity generation and 42% 

renewable energy production out of final energy consumption, achieving a 23% 

reduction of greenhouse gas (GHG) emissions compared to 1990. Besides, 

energy efficiency is expected to improve by 39.5%. These measures will also 

lead to a reduction in energy and fossil fuel dependency.  

The Long-Term Decarbonisation Strategy 2050 [8] provides a roadmap for 

achieving climate neutrality by 2050, setting targets to be completed by 2030, 

2040, and 2050. The main milestones to be achieved by 2050 are a 90% 

reduction of GHG emissions (compared to 1990), electrification of 50% of the 

economy, 97% contribution of renewable energies to final energy, and 100% 

renewable electricity production. All this leads to a significant reduction in 
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external energy dependence, from 74% of energy imports in 2018 to 61% in 

2030 and 13% in 2050. To achieve these targets, it is required to increase 

renewable power capacity (around 250 GW will be installed) and to develop 

hydrogen and renewable fuels. 

2.1.2 Green hydrogen development  

The European Green Deal [6] and the European Union Hydrogen Strategy [10] 

outline guidelines for the development of renewable hydrogen in the coming 

years in the EU, setting out three-time horizons: 

- First phase 2020-2024: installation of at least 6 GW of electrolysers and 

production of up to 1 million tonnes of green H2 with the objective of 

decarbonising current hydrogen consumption, mainly in refineries and 

steel and chemical production plants. 

- Second phase 2025-2030: installation of at least 40 GW of electrolysers 

and production of up to 10 million tonnes of H2, allowing hydrogen to 

penetrate the economy and become an indispensable mainstay. 

- Third phase 2030-2050: the technology is expected to reach maturity 

penetrating sectors difficult to decarbonise. 

The increase in electrolyser power implies the growth of renewable electricity 

generation, as it is expected that by 2050, around 25% of the electricity 

generated will be used for H2 production [8].  

In Spain, the Hydrogen Roadmap [1] describes the country’s opportunities and 

objectives for developing this energy carrier. In addition to reducing pollutant 

emissions, hydrogen contributes to improving the degree of manageability of 

renewable energies. By 2030, an installed electrolyser capacity of 4 GW is 

foreseen, reaching a minimum renewable H2 contribution of 25% of total 

industry H2 consumption in Spain. This will reduce GHG emissions by 4.6 Mt in 

the 2020-2030 period. To achieve these targets, investments of up to 8.9 B€ are 

planned and the creation of hydrogen clusters is encouraged. 

Furthermore, it is essential to increase renewable energy generation, for which 

Spain has advantageous climatic conditions, both solar and wind [1]. Moreover, 
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the Roadmap Offshore Wind and Marine Energy in Spain report [11] points to 

Spain as one of the European countries with the greatest potential for exporting 

renewable energy, including hydrogen.  

2.1.3 Offshore wind development 

The EU Offshore Renewable Energy Strategy [12] sets out the roadmap for 

offshore wind and ocean energy (tidal and wave). Europe currently has 12 GW 

of offshore wind and 13 MW of marine energy, and this is expected to increase 

to 300 GW and 40 GW respectively by 2050 [12] which represents 15% and 

11% of the projected global capacity [13]. 

The Roadmap Offshore Wind and Marine Energy in Spain [11] defines the 

Spanish strategy for the development of these technologies. Although marine 

energy is still in a pre-commercial stage, the development of offshore wind and 

floating platforms is making its installation on Spain’s deep coast viable.  

Spain is the second European country and the fifth in the world with the largest 

installed wind capacity and is among the three European countries with the 

highest R&D investment in the sector. Therefore, the knowledge acquired in the 

development of onshore wind could be applied to boost offshore wind 

deployment [11]. 

Although to date there is no offshore wind power installed in Spain, due to the 

narrow Spanish continental shelf [11], new floating concepts have made it 

possible to extend the geographical limits of exploitable marine areas beyond 

the depths of around 50 m [14] allowed by fixed foundations, reaching depths of 

up to 1,000 m [14], multiplying the areas of potential development off the 

Spanish coast. 

Table 2-1: Targets for offshore wind installation in Spain [11] 

 Objectives Spain 2030 Reference 2030 

Offshore wind 1-3 GW (floating) 

5-30 GW global floating               

7 GW Europe floating                

60 GW Europe fixed + floating 
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The Spanish coast is divided into 5 marine demarcations (Figure 2-1) in which 

renewable technologies could be implemented maximising the use of resources 

and protecting the marine environment. This project focuses on the analysis of 

the North-Atlantic subdivision.  

 

Figure 2-1: Spanish marine subdivisions [11] 

2.2 State of the art 

2.2.1 Offshore wind technology 

Offshore wind turbines operate on the same principle as onshore wind turbines, 

although have been modified to withstand marine climatic conditions, especially 

corrosion. Besides, the support structure and tower have temperature and 

humidity regulation systems to reduce the internal corrosion risk [11]. 

The quality of offshore wind is superior to onshore in terms of average speed, 

energy density, and regularity due to the lack of obstacles, allowing the turbines 

to generate energy for longer periods. Therefore, to obtain the same power as 

on land, towers of lower height and blade dimensions are sufficient  [11].  

The wind map in Figure 2-2 shows the average wind speed in Spain and 

Portugal. As can be seen, on average, the wind speed is higher offshore than 

onshore and large areas with the same resource are available. To deploy an 
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offshore wind farm, an average speed of 7 m/s is needed (at 100 m height), 

instead of the 6 m/s that would be sufficient to realise the project on land [15], 

[16]. 

 

Figure 2-2: Wind map of Spain and Portugal [17] 

Due to reduced spatial constraints, both turbine size and spacing can be 

increased, reducing wake losses. Therefore, new 10-12 MW turbines could 

reach capacity factors of over 50% [18], while in 2018 the global average 

capacity factor for offshore wind was 33%, 25% in the case of onshore wind, 

and compared to other renewables, solar photovoltaics only reached 14% [11]. 

In addition to increased power generation, a high capacity factor offers greater 

uniformity in production, contributing to the security of supply and better and 

more consistent utilisation of infrastructure. 

The main difference between onshore and offshore wind turbines lies in the 

support structure, which can be classified into two main groups: fixed and 

floating. Their use depends mainly on the depth of the site. Fixed structures 

(monopile, jacket, or tripod [19]) are valid for locations up to 50 m deep [14], 

while floating structures can be installed on sites up to 1,000 m depth [20]. 

Figure 2-3 shows a map of bathymetry in Europe. As can be seen, only floating 

systems can be installed on the Spanish coast, due to its great depth.  
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Figure 2-3: Bathymetry map of Europe [m] [21] 

Floating structures can be further classified into three main groups (Figure 2-4) 

according to the stability principle used [22]: semisubmersible, tension leg 

platforms (TLP), and spar platforms. 

 

Figure 2-4: Classification of floating offshore structures [23] 

Semi-submersible platforms rely on the buoyancy principle and use catenary 

mooring lines to support the turbine. The main advantages of this system are 
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depth independency [22] and ease of installation, as they can be installed on 

land for subsequent wet transport [23]. 

TLPs use mooring lines with suction pile anchors to stabilise the system. These 

structures are suitable for depths between 50 m and 120 m [14] and have low 

wave sensitivity and footprint [22]. Installation is challenging and the anchors 

used are expensive and complex [22], [23].  

Spar platforms are ballasted with embedded catenary drag anchors, being 

suitable for deep water (> 120 m [14]). However, assembly, transport, and 

installation are difficult [23].  

In addition to wind characteristics and bathymetry, other considerations such as 

navigation corridors, fishing banks, fishing grounds, seismic fault lines, 

environmental protected areas, rocky areas, distance to ports, and distance to 

shipyards must be considered to determine suitable areas for wind farms [20], 

[24], [25].  

Several articles study both, the location constraints and the economic costs 

associated with the installation of a floating offshore wind farm in the North-

Atlantic subdivision of Spain. However, the results obtained are very disparate, 

which creates the need to carry out a location study considering the specific 

data of the project to be developed. 

In a study published in 2019, Castro-Santos et al. [26] analysed suitable areas 

for the installation of an offshore wind farm on the Galician coast (Atlantic 

region). The study was carried out to meet the restrictions mentioned above 

(Figure 2-5) and considered only semi-submersible platforms. Maximum NPV of 

around 350 M€ and minimum payback periods of 7 years were obtained for an 

installed power of 107 MW. Nonetheless, a second study [20] for the same wind 

farm, but considering different floating platforms, led to NPVs of 71.4 M€ for 

semisubmersible, 63.76 M€ for spar, and 38.73 M€ for TLP structures. In 

neither of the three solutions, not even 20.4% of the first study results were 

matched even though no location restrictions were considered in this case.  
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Furthermore, a third study [21]  investigated floating offshore wind farm costs on 

the European Atlantic Coast. In this analysis, a wind farm composed of a 

hundred 10 MW turbines supported on semisubmersible platforms was studied 

without taking into account environmental restrictions, fishing areas, or 

navigation corridors, among others. This study resulted in LCOE values ranging 

between 100 and 135 €/MWh, while in the Gulf of Biscay values of 160 €/MWh 

were achieved. If these values are compared with the second study on the 

Galician coast the difference ranges from 42.1% to 84% (in the Gulf of Biscay) 

highlighting the need for more specific and actual research on the location for 

this project. 

 

Figure 2-5: Suitable areas for offshore wind farm installation [25]  

2.2.2 Renewable hydrogen production 

The production of renewable hydrogen from offshore wind energy is an 

alternative that contributes to the coupling of sectors, increasing their efficiency 

and grid flexibility [11]. Hydrogen is not a primary energy source but an energy 

carrier that requires an energy input to be obtained and can store and release 

energy [1]. 

Hydrogen can be classified into different types depending on the materials used 

and the CO2 emissions generated in its production. Green or renewable 

hydrogen is mainly obtained from water and electricity through the electrolysis 

Galicia 
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process, which consists of the dissociation of the water molecule into oxygen 

and hydrogen through an electricity supply [1], [26]. Approximately 10 kg of 

high-purity water is required for each kilogram of hydrogen produced [27]. 

The main types of electrolysers are as follows: 

- Alkaline Electrolyser (AE): 

The electrolyte is an alkaline solution, usually NaOH or KOH [26], [28]. It is the 

most common and mature technology offering the lowest capital cost [28]. 

However, disadvantages include leakage problems [28], lower achievable 

current density [26], performance deterioration under part-load performance, 

and lower hydrogen production [28]. 

- Proton Exchange Membrane Electrolyser (PEM):  

A solid polymer is used as the electrolyte, solving the leakage problem of 

alkaline-type electrolysers [28]. This type is also more compact [26], offers high 

current density and hydrogen can be produced at high pressures, omitting the 

use of a compressor. Besides, it can operate even under partial load conditions. 

However, it requires high voltage and distinct materials to operate under acidic 

conditions [28]. 

- Solid Oxide Electrolyser (SOE): 

It has a solid electrolyte made from ceramic materials, reducing manufacturing 

costs and offering a more compact design [26]. It also eliminates the leakage 

problem. This type of electrolyser operates at high temperatures, which reduces 

the electricity requirements [28]. 

The electrolysers mentioned above require extremely pure water for their 

operation [27]. Therefore, if seawater is to be used as feedstock, it must first be 

desalinated by reverse osmosis (RO), multi-stage flash distillation, 

electrodialysis, or multiple effect desalination in addition to an ion-exchange 

electrodeionisation process [27]. 

On the other hand, direct electrolysis of seawater (DES) has the advantage that 

the electrolyte is the seawater itself. However, the current density is low, 
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expensive materials are used (platinum and ruthenium) and the technology is 

under development [26]. 

Table 2-2 shows a comparison of the above-mentioned electrolyser types:  

Table 2-2: Comparison of electrolyser types [26], [27] 

 DES AE PEM SOE 

Cell voltage [V] 4 1.7-1.8 1.7-1.8 1.3 

Current density [mA/cm2] 10 100-300 1,000-2,000 1,000 

System efficiency [%] - 65-71 63-68 74-81 

Lifetime [h] 10,000 100,000 100,000 10,000 

Investment cost [€/kW] 6,000 400-850 600-1,300 2,000 

O&M costs per annum [%] 4-5 2-6 3-5 - 

Pressure [bar] - < 30 30-80 - 

Temperature [ºC] 20 60-90 20-80 700-1,000 

Moreover, the resistance to impurities in the feed water, the specific energy for 

hydrogen production at sea, and the swiftness of response to sudden power 

changes should also be analysed [28]. This last point is of special interest when 

the electrolyser is supplied with electricity produced by renewable technologies, 

as the power output is not constant but source dependent. 

Thus, the coupling of wind turbine technology and electrolysis systems raises 

several challenges in terms of power supply. Since the wind speed is not 

constant, there are fluctuations in the power produced by the turbine. When the 

power is lower than that of the electrolysers, they would operate at partial load, 

which could deteriorate their performance (this effect affects mainly alkaline 

electrolysers) [28]. 

On the other hand, it can also happen that the power produced by the turbines 

is higher than the nominal power of the electrolyser, since, the nominal power of 

the wind farm must be higher than that of the electrolyser, for it to operate as 
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many hours as possible. The system must be designed to maximise the power 

used and minimise the power wasted [28]. 

2.2.3 Hydrogen storage and transport 

Hydrogen can be transported in a gaseous or liquid state, or by liquid carriers:  

- Compressed hydrogen (CGH2): H2 is a very low-density gas, which 

makes it expensive to store on a large scale and transport over long 

distances [1], [29]. However, this property facilitates its storage under 

pressure (compressed hydrogen). It could also be injected into the gas 

grid by blending, although this would imply a loss of the renewable 

character of hydrogen and the separation of the gases would pose 

technical difficulties.  

- Liquid hydrogen (LH2): Similar to liquefied natural gas (LNG), hydrogen 

can be transported and stored by liquefying it at -253 ºC, improving 

energy density and storage efficiency [30]. 

- Hydrogen carriers such as ammonia or organic liquids (LOHC): 

Hydrogen can be transformed into easily transportable liquid substances 

(methanol, octane, or ammonia and organic liquids) using existing supply 

lines. When hydrogen is to be used, the liquid is dehydrogenated [29].  

Hydrogen is typically transported and stored as CGH2 or LH2 [29]. 

Disadvantages of CGH2 include high tank costs and low energy density, 

whereas LH2 has a higher energy density, but the liquefaction costs are very 

high [29]. 

Small-scale hydrogen storage, for short-term use, is mainly done by high-

pressure tanks (200-1,000 bar), although the main limitation is their reduced 

volume [1], [30]. Sometimes metals are used, which in the presence of 

hydrogen, form metal hydrides that store hydrogen. The suitability of the 

compound to absorb/release hydrogen depends on parameters such as 

charge/discharge pressure and temperature or process speed [1].  
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When H2 volumes are too large to be stored in reservoirs, the use of natural 

geological storage such as salt caverns, aquifers, or depleted natural gas or oil 

reservoirs is considered, suitable for the long-term  [1], [31]. 

When deciding on the most appropriate transport method to be used in a 

project, both the hydrogen status and the transport method must be considered. 

Figure 2-6 shows the transport costs based on the distance and the volume of 

H2 transported: 

 

Figure 2-6: Hydrogen transport costs based on the distance and volume [$/kg] 

[31] 

Transport methods [1]: 

- Road transport: Hydrogen is transported in tanks on trucks in a liquid or 

compressed state. A truck can transport up to 4,300 kg of LH2 and up to 

360 kg of CGH2. In the case of CGH2, losses in the production, 

distribution, and sales chain are around 4%. Besides, in the tanks’ 

decompression, a small amount remains inside [32]. 

- Rail transport: Tanks have a capacity of 2,900 – 9,100 kg. 
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- Sea transport: Hydrogen, in form of ammonia, is transported in tanks of 

up to 70 tonnes. 

- Gas pipelines: By adapting the existing infrastructure, CGH2 could be 

transported via existing pipelines. 

- H2 pipelines: A new pipeline network would have to be installed for the 

transport of CGH2, which would also require large investments. It is 

similar to the gas system, although due to pressure losses the hydrogen 

has to be recompressed every 100 km [32]. 
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3 METHODOLOGY  

This section presents the methodology carried out in the project, beginning with 

the electrolyser analysis that has been the starting point for the wind farm 

design. To this end, the wind resource at the locations of interest, the use of 

different turbine models, and the system cost have been studied. Next, the 

possible offshore installation of the electrolyser has been analysed, in addition 

to the real hydrogen production, energy transport methods, and cost. Thus, 

obtaining the hydrogen and electricity production, as well as its LCOE. Finally, a 

sensitivity analysis has been carried out to determine the results reliability and 

which variables dominate and, therefore, mainly affect the system design 

(Figure 3-1): 

 

Figure 3-1: Overview of the methodology followed in the project 
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3.1 Preliminary design of the electrolyser 

A first estimation of the energy consumption and the amount of H2 produced by 

a 50 MW electrolyser has been performed, comparing the alkaline and the 

proton exchange membrane (PEM) electrolysers. Table 3-1 and Table 3-2 show 

the data used in the calculations: 

Table 3-1: Technical data of the alkaline and PEM electrolysers [33], [34] 

 Alkaline PEM 

CAPEX [€/kWe] 480 700 

OPEX [% CAPEX/year] 3 3 

OPEX stack replacement [€/kWe] 270 250 

Stack lifetime [h] 100,000 90,000 

System lifetime [years] 20 20 

Electrical efficiency [%, LHV] 68 65.5 

Electrical efficiency [kWh/kg] 49.9 51.8 

Table 3-2: Baseline data [33], [35] 

Electricity price [€/MWh] 165.5 

AC/DC converter efficiency [-] 0.95 

Obligatory stops [%] 8 

Maximum operating hours [h] 8,147 

The H2 production is calculated by the equation (3-1): 

𝐻2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐿𝐻𝑉) ∗ 𝑃𝑜𝑤𝑒𝑟

𝐿𝐻𝑉𝐻2

 
(3-1) 

Where 𝐻2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the H2 produced by the electrolyser in kg/h, 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐿𝐻𝑉) is the electrolyser efficiency to the low heating value, 𝑃𝑜𝑤𝑒𝑟 

is the electrolyser nominal power and 𝐿𝐻𝑉𝐻2
 is hydrogen's low heating value 
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(33.93 kWh/kg). The annual H2 production is obtained by multiplying the hourly 

production by the annual operating hours of the electrolyser. 

The electrolyser annual energy demand is calculated following the equation 

(3-2): 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 =  
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 ∗ 𝑃𝑜𝑤𝑒𝑟

𝐴𝐶/𝐷𝐶 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 

(3-2) 

Where 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 is the number of hours per year the electrolyser is 

working and 𝐴𝐶/𝐷𝐶 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 is the rectifier’s efficiency, as the electrolyser 

operates on direct current and the electricity supplied by the grid is alternating 

current. 

3.2 Wind resource analysis 

Section 2.2.1 defines the criteria to be met for an area to be considered suitable 

for the deployment of a wind farm. Considering these premises, two possible 

locations are proposed, one in Galicia (Atlantic Coast) and the other on the 

Cantabrian Coast, near Bilbao.  

The advantage of the former is that it has greater wind potential, while the latter 

despite having a scarcer wind resource, offers the advantage of being located 

close to the final hydrogen consumption location, the Petronor refinery. Figure 

3-2 shows the possible location of the wind farm and Table 3-3 shows their 

distance to the shore. 

Table 3-3: Distance to the shore of the wind farms [36] 

Location Distance to the shore [km] 

Galicia 38.93 

Bilbao 29.01 
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Figure 3-2: Location of the wind farm in Galicia and Bilbao [36] 

Data provided by the Puertos del Estado model, owned by the Spanish 

Government [37], are available to study the available wind resource. The 

closest model points to the previously defined locations have been identified 

and their characteristics are shown in Table 3-4 : 

Table 3-4: Information on the chosen model points [37] 

Location Model code Longitude Latitude 

Galicia SIMAR 3032048 8.17º O 44.00º N 

Bilbao SIMAR 3155039 3.04º O 43.63º N 

The model provided by Puertos del Estado [37], offers the hourly distribution of 

wind speed at a 10 m height above sea level. To study the suitability of the wind 

resource for the deployment of a wind farm, the distribution of wind speeds at 

the hub height is needed (around 100 m above sea level). For this purpose, 

equation (3-3), known as the Hellmann exponential law, which relates the wind 

speed at different heights is used [38]. 

Cantabrian 
Coast 

Atlantic 
Coast 
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𝑉 =  𝑉0 ∗ (
𝑍

𝑍0
)

𝑛

 
(3-3) 

Where 𝑉 is the wind speed at height 𝑍, 𝑉0 is the wind speed at the height 𝑍0 and 

𝑛 is a coefficient for correcting the roughness of the terrain. For offshore 

locations, it ranges from 0.1 to 0.13 [38], [39]. Applying this equation and the 

data provided by Puertos del Estado [37], the seasonal and annual wind speed 

distribution for both locations is obtained. 

The wind is defined by its speed and direction. The wind turbines are positioned 

in the direction of the prevailing wind, making maximum use of the available 

wind resource. Figure 3-3 and Figure 3-4 show the wind rose for SIMAR 

3032048 and SIMAR 3155039 points respectively. 

 

Figure 3-3: Wind rose of point SIMAR 3032048 [37] 
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Figure 3-4: Wind rose of point SIMAR 3155039 [37] 

From Figure 3-3 it can be seen that the main wind directions are ENE and 

WSW, with ENE being dominant. In the second case, it is clear that the 

predominant wind direction is from the west. These directions must be 

considered when selecting the wind turbines’ orientation. 

3.3 Comparison of different wind turbine models 

In order to analyse the suitability of different wind turbines in both locations, four 

offshore wind turbines with different power ratings have been chosen.  

Table 3-5 presents the main characteristics of the selected models and Figure 

3-5 shows their power curves. 
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Table 3-5: Main characteristics of the selected turbine models [40]–[43] 

Model V164/9500 SG 8.0-167 DD SWT-6.0-154 SWT-4.0-130 

Manufacturer Vestas 
Siemens-

Gamesa 

Siemens-

Gamesa 

Siemens-

Gamesa 

Rated power [kW] 9,500 8,000 6,000 4,000 

Rotor diameter [m] 164 167 154 130 

Wind class IEC S IEC S/IB IEC IA IEC IB 

Swept area [m2] 21,125 21,904 18,627 13,274 

Specific area [m2/kW] 2.23 2.74 3.11 3.32 

Nº of blades 3 3 3 3 

Power control Pitch Pitch Pitch Pitch 

Cut-in wind speed 

[m/s] 
3.5 3.5 3.5 2.5 

Rated wind speed 

[m/s] 
14 12 13 12 

Cut-off wind speed 

[m/s] 
25 25 25 25 

Tower height [m] * 92 * * 89.5* 

*Site-specific 
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Figure 3-5: Selected turbine models power curves comparison [44]–[47] 

The power curves of the V164-9.5 and SG 8.0-167DD models are very similar 

in the wind speed-dependent curve section, but the former achieves 1.5 MW 

more rated power than the latter. The 6 MW rated power turbine generates less 

power than the two previous turbines for any wind speed. Finally, the SWT-4.0-

130 model has a lower cut-in speed than the other models, which allows the 

turbine to produce power at lower speeds. 

3.3.1 Energy production 

The energy produced annually by the wind turbine is obtained by the distribution 

of the wind speed at the location and the wind turbine’s power curve. Thus, 

knowing the hourly wind speed distribution, the power curve of the wind turbine 

is used to obtain the power generated by the wind turbine at any given time. 

3.3.2 Capacity factor 

The capacity factor of an energy generation system is defined as the ratio 

between the energy generated and the energy that would have been produced 

if the power plant had been operating at full load for a specific period of time 

(3-4): 
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𝐶𝑝 =  
𝑅𝑒𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡

𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑢𝑡𝑝𝑢𝑡
=

𝑅𝑒𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∗ 𝐻𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟
 

(3-4) 

New offshore wind farms' capacity factors range from 40% to 50% [18], which is 

much lower than the electrolysers’ capacity factor (around 95%, reduced only 

by the availability factor due to maintenance). This means that for the wind farm 

to generate the electricity demanded annually by the electrolyser, its power 

rating must be higher than that of the electrolyser. 

3.4 Initial sizing of the wind farm 

Knowing the electrolyser annual energy demand and the energy produced by 

each wind turbine, it is calculated the number of wind turbines that should 

compose the wind farm to ensure that the energy produced by the wind farm is 

equal to the energy demanded by the electrolyser. Four wind farm designs are 

obtained, one for each turbine model. It has also been assumed that the wake 

phenomenon reduces the annual wind farm electricity production by 3% [48]. 

This effect occurs because the turbines in the front rows shade the turbines in 

the rear rows, as well as modify the wind characteristics.  

Depending on the year season, the distribution of wind speeds at the site is 

different, which means that the electricity production is not uniform and, 

therefore, the electrolyser does not operate for the expected number of hours, 

nor always at full load. Thus, the energy storage requirement can be 

determined in each case as the difference between the energy demanded by 

the electrolyser and the energy produced by the wind farm.  

3.5 Analysis of electricity and hydrogen production 

The annual electricity produced by the wind farm has been calculated, however, 

as already mentioned, the energy production is not constant. There are valleys 

when the wind energy production is lower than the electrolyser demand, and 

there are peaks when the energy produced is higher than the required by the 

electrolyser.  
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For the calculation of the annual hydrogen production and the electricity excess, 

it has been assumed that the electrolyser has the efficiency shown in Table 3-1 

and the operating range shown in Table 3-6: 

Table 3-6: Operating range of the electrolyser [33], [34] 

 Alkaline PEM 

Operating range [%] 10-100 0-100 

Therefore, for the alkaline electrolyser, if the energy produced by the wind farm 

does not exceed 10% of its maximum capacity, it will not operate and the 

electricity produced in this situation will be considered excess. 

In addition, it has been considered that 2% [49] of the electricity produced by 

the wind farm is lost in the electricity transmission process.  

Applying these considerations, the hydrogen and excess electricity produced by 

each wind farm are calculated for both types of electrolysers. 

3.6 Wind farm design analysis, turbine number modification 

This section studies the effect that increasing or decreasing the number of 

turbines that constitute the wind farm would have on both hydrogen production 

and excess electrical energy. If the wind farm has a higher number of turbines 

than the number calculated as ideal, the electrolyser will be operating for more 

hours and at a higher load, however, this will also result in a greater surplus of 

electricity.  

On the contrary, if the number of turbines is reduced, less electrical energy will 

be available for the operation of the electrolyser, but the excess will also be 

reduced, providing a better adjustment in case the excess electricity is not used 

for other purposes. 

To carry out this analysis, the number of wind turbines per wind farm has been 

reduced and increased by four, obtaining for each case the hydrogen and 

electricity production following the procedure shown in Section 3.5. 



 

27 

3.7 Wind farm cost calculation 

3.7.1 CAPEX 

Capital expenditures are the costs before the operation of an energy generation 

plant. It includes the costs associated with environmental studies, development 

and consenting, turbines and floating platforms, mooring, electricity 

transmission system, as well as the installation and decommissioning costs of 

the facility. However, the costs related to the financing of the project itself have 

not been included. 

- Development and consenting:  

It includes environmental and seabed surveys, project management, and 

development services. A cost of 210 k€/MW has been estimated for these 

services [21]. 

- Turbines and substructures: 

In floating offshore wind farms, it can be assumed that the turbines cost 1.6 

M€/MW [21] and, unlike for fixed offshore technology, the cost of the floating 

platform on which the turbine is supported is independent of the water depth.  

It has been assumed that the WindFloat [50] semi-submersible platform will be 

used, as it is suitable for supporting 3 to 10 MW turbines at water depths 

greater than 40 m [51]. The cost per turbine of this type of semi-submersible 

platform is around 8 M€ [21]. 

- Mooring: 

The WindFloat platform has 4 catenary mooring lines, each connected to an 

anchor [51]. Drag Embedment Anchors, used in this project, are the most 

commonly used model and cost 123 k€/anchor [51]. 

Mooring lines are made of steel wire and chain. The length of the lines depends 

mainly on the site depth. Considering that for a 100 m deep location a 500 m 

line is needed and that for every 100 m the depth increases, 150 m more line is 

needed, the line length can be determined. In addition, an extra 60 m has been 
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considered to cope with draught differences [51]. The length of the line follows 

the equation (3-5): 

𝐿𝑙𝑖𝑛𝑒 =  1.5 ∗ 𝐷𝑒𝑝𝑡ℎ + 410 (3-5) 

To increase friction and ensure long-term contact with the seabed, 50 m of the 

chain is used in each mooring line, at 270 €/m [21]. 

Thus, equation (3-6) is used to calculate the mooring costs for each WindFloat 

platform: 

𝐶𝑚𝑜𝑜𝑟𝑖𝑛𝑔 =  𝑛𝑙𝑖𝑛𝑒𝑠 ∗ (𝐶𝑎𝑛𝑐ℎ𝑜𝑟 + 𝐿𝑙𝑖𝑛𝑒 ∗ 𝐶𝑙𝑖𝑛𝑒 + 50 ∗ 𝐶𝑐ℎ𝑎𝑖𝑛) (3-6) 

Where 𝑛𝑙𝑖𝑛𝑒𝑠 are the number of mooring lines per platform, 𝐶𝑎𝑛𝑐ℎ𝑜𝑟 is the anchor 

cost and 𝐶𝑙𝑖𝑛𝑒 and 𝐶𝑐ℎ𝑎𝑖𝑛 are the line and chain costs, respectively. The unit cost 

of the line is 48 €/m [21]. 

Multiplying this result by the total number of turbines that make up the wind farm 

the total mooring costs are obtained. 

- Electricity transmission: 

The transmission of electricity to shore is carried out by the following steps: the 

power generated by the turbine, of around 1 kV, is increased to 33 kV [52] by a 

transformer located in the nacelle. The electricity is then transmitted to an 

offshore substation where its voltage is raised (115 kV [49]) and from where the 

electricity is exported to shore. The cost of the offshore platform is around 39 

M€ [21]. 

The inter-array cable connects the turbines in the same row and the row to the 

offshore platform. Therefore, the length of the cable to be used depends on the 

layout of the wind farm, i.e. the number of turbines, the spacing between 

turbines, and the number of turbines per row. 

Optimising the wind farm is a complex process, for simplicity it has been 

assumed that the turbines are evenly distributed in rows of 5 to 7 turbines [21], 

[49]. The distance between turbines in the same row has been set at 5 times 

the rotor diameter [53], while the distance between rows has been estimated at 
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7 times the rotor diameter [54]. Therefore, a compromise is sought between the 

reduction of the wake effect and the excessive increase of the transmission 

lines' cost. In addition, an extra length of 400 m has been considered for each 

turbine connection [52]. The length of the linking of each row of turbines to the 

substation has been estimated at 4 km [49].  

Based on these considerations and assuming that the cost of inter-array cable 

is 148.98 k€/km [49], the cabling cost is obtained. 

The export of electricity from the offshore substation to land is carried out by a 

high voltage alternating current (HVAC) cable, which is suitable when the 

distance to the coast is less than 56 km [21], which is the case of the wind farm 

to be designed. For longer distances, the use of high-voltage direct current 

(HVDC) is suggested, as the power losses are lower [21]. The unit cost of the 

export cable has been estimated at 236.2 k€/km [49]. 

- Installation: 

The costs related to the installation of offshore wind farms have a high degree 

of variability due to the early stage of development, which will allow for 

significant cost reductions in the future [21]. Installation costs can be divided 

into turbines, mooring, and electrical infrastructure, which is further divided into 

inter-array cables, substation, and export cable installation.  

For the installation of the turbines it has been assumed that a tug boat is used 

and that the installation cost per turbine follows the equation (3-7) [21]: 

𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛_𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = (𝑇𝑖𝑛𝑠𝑡𝑎𝑙𝑙 + 2 ∗
𝑑𝑠ℎ𝑜𝑟𝑒

𝑉𝑏𝑜𝑎𝑡
) ∗

𝐶𝑏𝑜𝑎𝑡

𝑛𝑡𝑢𝑟𝑏𝑖𝑛𝑒_𝑡𝑟𝑖𝑝
 

(3-7) 

Where 𝑇𝑖𝑛𝑠𝑡𝑎𝑙𝑙 is the turbine installation time, 𝑑𝑠ℎ𝑜𝑟𝑒 is the distance to the coast, 

𝑉𝑏𝑜𝑎𝑡 is the tug boat's average speed, 𝐶𝑏𝑜𝑎𝑡  is the tug boat cost and 𝑛𝑡𝑢𝑟𝑏𝑖𝑛𝑒_𝑡𝑟𝑖𝑝 

is the number of turbines that can be transported on each trip. The values of 

these parameters are shown in Table 3-7: 
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Table 3-7: Turbines installation costs parameters [21] 

𝑻𝒊𝒏𝒔𝒕𝒂𝒍𝒍 [days] 2 

𝑽𝒃𝒐𝒂𝒕 [km/h] 20 

𝑪𝒃𝒐𝒂𝒕 [k€/days] 19.5 

𝒏𝒕𝒖𝒓𝒃𝒊𝒏𝒆_𝒕𝒓𝒊𝒑 [-] 5 

The installation cost of the mooring lines has been estimated at 240 k€/turbine 

[51]. 

The unit costs associated with the installation of the electricity infrastructure are 

shown in Table 3-8. By multiplying the total length of the cable by its unit cost, 

the cabling installation cost is obtained. 

Table 3-8: Electrical infrastructure installation costs parameters [21], [52]   

Export cable [k€/km] 400 

Inter-array cable [k€/km] 190 

Substation [M€] 20 

 

- Decommissioning:  

Although offshore wind projects’ decommissioning has not been carried out to 

date, its cost must be estimated. Onshore wind farm decommissioning costs are 

insignificant, due to the high return value of scrap metal [21], however, offshore 

operations and maritime transport imply higher costs. Some studies show that 

the value of scrap could offset the decommissioning cost [52], but since the 

value of scrap is highly variable, a decommissioning cost of around 5% of 

CAPEX is estimated in this project [21]. 

3.7.2 OPEX 

Due to the lack of large-scale floating offshore projects, it is difficult to 

accurately estimate O&M costs, although they could be around 25% of the total 
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life cycle costs [55]. According to Ref. [52], a floating offshore wind farm located 

200 km from the shore would have an annual O&M cost of 131 k€/MW. 

However, the wind farm under study is located at a shorter distance, and 

therefore this value has been recalculated and estimated at 70 k€/MW, 

accounting for around 25% of the farm’s costs. In addition, a variable 

component dependent on the distance to the coast of 40 €/MW*km*year has 

been considered [21]. 

3.7.3 Electricity LCOE calculation 

The levelized cost of energy is the current cost of developing and operating a 

power generation facility over its lifetime. For this purpose, the total lifetime 

costs are calculated and divided by the total energy production (equation (3-8) 

[56]). 

𝐿𝐶𝑂𝐸 =

∑
𝐶𝐴𝑃𝐸𝑋𝑖 + 𝑂𝑃𝐸𝑋𝑖

(1 + 𝑟)𝑖
𝑛
𝑖=1

∑
𝐸𝑖

(1 + 𝑟)𝑖
𝑛
𝑖=1

 

(3-8) 

Where 𝐶𝐴𝑃𝐸𝑋𝑖 is the initial cost of investment expenditures, 𝑂𝑃𝐸𝑋𝑖 is the 

maintenance and operations expenditures, 𝐸𝑖 is the energy generated, 𝑟 is the 

project discount rate and 𝑛 is the system lifetime. The discount rate ranges from 

8 to 12% [21] for offshore wind projects, and an intermediate value of 10% has 

been assumed. The wind farm lifetime has been set at 20 years.  

3.8 Hydrogen production cost calculation 

This section analyses the cost of onshore and offshore green H2 production. It 

has been assumed that the electrolyser cost is the same regardless of whether 

it is located. Furthermore, in both cases, seawater is used in the process, so it 

must first be desalinated by a reverse osmosis process. The offshore H2 

production implies a series of additional costs such as H2 transport to land or 

the construction and operation of the offshore platform. However, the on-land 

construction cost is avoided. This procedure allows for deciding which solution 

is more cost-effective today. 
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3.8.1 Reverse osmosis 

Reverse osmosis seawater desalination has developed rapidly over the last 20 

years. The optimisation and improvement in the efficiency of the devices have 

reduced their energy demand, as well as the CAPEX and O&M costs. This 

leads to a reduction in the levelized cost of desalinated water, reaching 0.6 $/m3 

[27]. Known that an electrolyser requires approximately 10 kg of water for every 

kg of H2 produced, the water demand is estimated, as well as its desalination 

cost. 

Currently, a reverse osmosis plant requires 3 kWh per m3 of desalinated water 

[27], knowing the electrolyser water demand, the energy consumption of the 

desalination plant is calculated. 

3.8.2 Compressor 

If the pressure at which hydrogen is produced and the supply pressure are 

different, a compressor is required to raise the pressure. Moreover, if hydrogen 

is produced offshore, the pressure must be increased to make transport 

possible. The compressor energy demand is calculated by equation (3-9) [57]: 

𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 =
𝑛 ∗ 𝑅 ∗ 𝑇 ∗ 𝑙𝑛 (

𝑃2

𝑃1
)

η 
 

(3-9) 

Where 𝑛 is the molar flow of hydrogen, 𝑅 is the universal gas constant (8.314 

J/mol*K), η is the compressor efficiency and  𝑃1 and 𝑃2 are the compressor inlet 

and outlet pressures.  

Usually, the compressor efficiency is close to 70%, however, as it will be 

working at a variable load, an efficiency of 50% has been considered [57], [58]. 

Table 3-9 shows the compressor inlet and outlet pressure for each possible 

scenario. It has been assumed that if the electrolyser is onshore, the 

compressor raises the output of the alkaline electrolyser to that of the PEM. 
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Table 3-9: Compressor inlet and outlet pressure [27], [58]   

 Onshore Offshore 

 Alkaline PEM Alkaline PEM 

𝑷𝟏 [bar] 30 50 30 50 

𝑷𝟐 [bar] 50 50 75 75 

The cost of the compressor has been assumed to be 10% of the total CAPEX of 

the electrolyser [59], so it depends on the type of electrolyser. 

3.8.3 Offshore H2 production costs 

There are some extra costs due to offshore hydrogen production. It requires the 

construction of a platform containing the necessary equipment and a 

transportation method to bring the hydrogen to shore. 

- Offshore platform: 

Based on the literature [57], it has been estimated that the offshore platform is 

2.5 times the size of the conventional platform designed for the wind farm and, 

therefore, its cost has also been assumed to be 2.5 times higher (97.5 M€). 

- H2 transport:  

According to Figure 2-6, the most appropriate method for transporting H2 to the 

shore is by pipelines, which is also a common solution used by Oil & Gas 

companies to transport gas [57]. In a simplified way, it can be assumed that the 

unit cost of the pipeline will be 474.3 k€/km [57]. 

3.8.4 Onshore H2 production costs 

The only additional cost of installing the electrolyser on land is its construction. 

Civil works usually account for around 24% of the CAPEX of the electrolyser 

and include tasks such as foundation work, lighting, and building construction 

[59]. 

By comparing the offshore and onshore H2 production costs, the most 

appropriate solution is determined.  
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3.8.5 Hydrogen LCOE calculation 

The hydrogen cost calculation can be broken down into 3 sections: electrolyser, 

electricity, and seawater desalination cost. 

Reverse osmosis seawater desalination costs 0.006 €/kg H2 [27] and the cost of 

electricity consumed by the electrolyser, per hydrogen kg, is calculated using 

equation (3-10): 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡 =
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐿𝐶𝑂𝐸 ∗ 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝐴𝐶/𝐷𝐶 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 
 

(3-10) 

Where 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐿𝐶𝑂𝐸 is the electricity cost, 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 is the 

electrolyser efficiency and 𝐴𝐶/𝐷𝐶 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  is the rectifier efficiency.  

The cost of the electrolyser is further divided into CAPEX and OPEX (Table 

3-1). The method for calculating the annual H2 production has been defined in 

Section 3.5. Therefore, knowing the electrolyser cost and its production, 

equation (3-8) is applied to obtain the unit cost of the hydrogen produced. To 

this result, the cost of electricity consumption and water desalination is added, 

obtaining the hydrogen LCOE. 

3.9 Analysis of energy transport from generation to 

consumption 

If electricity is produced at the wind farm located in Galicia, it has to be defined 

how the energy will be transported to the consumption place at Petronor, 

approximately 500 km away. 

The energy could be transported to Petronor as electricity, where an 

electrolyser would produce hydrogen, or it could be produced in Galicia and 

then transported. The approximate cost of both solutions has been calculated 

based on previously constructed transmission lines (electricity or hydrogen) in 

each case. 
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3.9.1 Electricity transport 

In long distances, the transport of electricity can be carried out by HVAC or 

HVDC systems, as already seen in Section 3.7.1. The cost of electricity 

transmission substantially increases when substations are needed. 

In the use of HVAC cable, it may be necessary to increase the electricity 

voltage for transport and then reduce it, so it can be used in the electrolyser. 

The cost of these substations has been assumed to be 27.02 M€ [60]. As 

regards the cost of the HVAC transmission lines, a wide range of values is 

available, from 214.4 k€/km to 740.9 k€/km (230 kV) [60], [61]. An intermediate 

value of 477.66 k€/km has been assumed for the calculations. 

If HVDC cables are used, in addition to the voltage changes, an AC/DC 

conversion of the wind farm electricity has to be undertaken. The cost of the 

substations varies between 169 and 78 M€ [21], [60], and an intermediate cost 

of 125 M€ has been established. The cost of HVDC lines ranges between 77.5 

k€/km and 407.5 k€/km (400 kV) [60], [61], and an average value of 250 k€/km 

has been used. 

In addition to the system cost, it is crucial to consider the electricity losses of 

each technology. Figure 3-6 shows the total power losses of HVAC and HVDC 

transmission: 

 

Figure 3-6: Total power loss of HVAC and HVDC transmission systems of a 117 

MW plant [62] 
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As can be seen, the HVAC system losses are much higher than those of HVDC. 

Moreover, this difference increases with the cable length. It has been assumed 

that the HVAC transmission losses are 19% and 5% for HVDC transmission. 

3.9.2 Hydrogen transport 

According to Figure 2-6, considering the electrolyser hydrogen production and 

the distance to be transported (500 km), pipelines are the most suitable 

transport method.  

The pressure of hydrogen transport pipelines ranges from 10 to 300 bar [57], 

[63] and the installation cost range from 183.77 to 1,104 k€/km [61], [63]. An 

average value of 531 k€/km has been considered. 

O&M costs are mainly due to the compressor’s energy consumption and 

maintenance [63]. The hydrogen piping cost from the generation to the 

consumption location ranges from 0.3 to 0.93 €/kg [63]. A cost of 0.6 €/kg has 

been estimated for the calculations.  

It has been considered that energy losses could occur in the process, 

accounting for 1% of the H2 produced [63]. Given the cost and energy losses of 

each transport method, the final hydrogen cost is calculated. 

3.10 Sensitivity and risk analysis 

Once the system costs have been calculated, it is crucial to analyse the 

uncertainty and risk associated with these results, obtaining their reliability. This 

section shows the procedure carried out, starting with a sensitivity analysis of 

the system costs and ending with the maximum and minimum costs that could 

be achieved.  

3.10.1 Sensitivity analysis 

Palisade’s @RISK software [64] has been used to determine the probability of 

meeting the calculated budget. This software performs Monte Carlo simulations 

to obtain the probability of occurrence of a given scenario, defining the reliability 
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of the results obtained. It also allows defining the distribution that characterises 

each budget item and, therefore, its effect on the final result. 

The variables that contribute most to the variance of the system have also been 

analysed. In this way, the wind farm, the electrolyser, and energy transport have 

been studied separately, to subsequently analyse the implications of each of 

them on the total cost of the system. 

- Wind farm: 

Table 3-10 shows the unitary costs of the wind farm, from the development and 

consenting costs to the installation costs of the equipment used.  

Table 3-10: Wind farm unitary costs [21], [49], [51], [52] 

 Wind farm 

 Minimum Mean Maximum 

Development and consenting [k€/MW] 153.30 210.00 252.00 

Turbine [M€/MW] 1.28 1.60 1.73  

Substructure [M€/turbine] 8.00 8.00 8.00 

Mooring [M€/turbine] 0.51 0.68 0.85 

Export cable [M€/km] 0.22 0.24 0.53 

Offshore platform [M€] 31.20 39.00 50.00 

Inter-array cable [k€/km] 140.00 148.98 323.15 

Turbine installation [M€/turbine] 0.02 0.02 0.47 

Mooring installation [k€/turbine] 192.00 240.00 288.00 

Export cable installation [k€/km] 354.00 400.00 826.00 

Inter-array cable installation [k€/km] 171.00 190.00 209.00 

Offshore platform installation [M€] 18.60 20.00 21.40 
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The costs have been defined per wind farm power, turbine, or cable length so 

that knowing the specific characteristics of the wind farm, the total CAPEX is 

obtained. For simplicity, decommissioning costs have not been considered in 

this analysis, as studies show that they could be negligible due to steel sales 

[21], [52]. 

- Electrolyser: 

Table 3-11 shows the parameters that define the minimum, mean and 

maximum costs of the two types of electrolysers studied in this project. 

Table 3-11: Alkaline electrolyser unitary costs [1], [33], [34] 

 Alkaline 

 Minimum Mean Maximum 

CAPEX [€/kWe] 400 480 850 

OPEX [% CAPEX/year] 2 3 6 

OPEX stack replacement [€/kW] 270 270 270 

Electrical efficiency [%, LHV] 71 68 65 

Table 3-12: PEM electrolyser unitary costs [1], [33], [34] 

 PEM 

 Minimum Mean Maximum 

CAPEX [€/kWe] 600 700 1,300 

OPEX [% CAPEX/year] 3 3 5 

OPEX stack replacement [€/kW] 250 250 250 

Electrical efficiency [%, LHV] 68 65.5 63 

For this comparison, it has been assumed that the electrolyser has a 20 years 

lifetime and that the stack will be replaced once in this period. In addition, it has 
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been assumed that both systems will operate for the maximum possible time, 

92% capacity factor. 

- Energy transport: 

Table 3-13, Table 3-14, and Table 3-15 show the unit costs that define the 

CAPEX of transporting energy from the production to the consumption 

locations, considering the transport of electricity through HVDC land HVAC lines 

and hydrogen pipelines, respectively. 

Table 3-13: HVDC transmission unitary costs [21], [60], [61] 

 HVDC transmission line 

 Minimum Mean Maximum 

HVDC cable [k€/km] 77.50 250.00 407.50 

Substation [M€] 78.00 125.00 169.00 

Table 3-14: HVAC transmission unitary costs [60], [61] 

 HVAC transmission line 

 Minimum Mean Maximum 

HVAC cable [k€/km] 214.40 477.66 740.90 

Substation [M€] 22.96 27.02 31.07 

Table 3-15: H2 transmission unitary costs  [61], [63] 

 H2 pipeline 

 Minimum Mean Maximum 

H2 pipeline [k€/km] 183.77 531.00 1,104.00 

Once the system specifications are known the minimum, the most likely, and 

maximum cost of each budget item is obtained from the unitary cost. 

Knowing these results, the next step is to define the distribution that 

characterises the behaviour of each variable. @RISK software [64] provides 
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several distribution options, both discrete and continuous. A Pert distribution 

has been used to define each variable, as this type of distribution is widely used 

in cost and risk analysis.  

Defined the distribution of each budget item, the total budget is determined, 

which is set as the output of the simulation. Simulating 10,000 iterations, the 

probability of meeting the estimated budget is obtained, as well as the possible 

minimum and maximum budget, defined as the results that have a 5% and 95% 

probability of being met, respectively. The contribution to the variance of each 

variable has also been calculated. 

This procedure has been followed for each system (wind farm, electrolyser, and 

energy transport), as well as for the whole system. 

3.10.2 Comparison of maximum and minimum results 

Once the cost uncertainty of each system has been calculated, the most 

favourable and most unfavourable scenarios have been defined: 

- Most favourable: the lowest budget that could be met, assuming a 5% 

probability of staying in the budget. 

- Most unfavourable: the most conservative budget, assuming a 95% 

probability of being met.  

The total minimum and maximum CAPEX of the system are obtained by 

applying equations (3-11) and (3-12) respectively: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝐴𝑃𝐸𝑋 (5%)

= 𝑊𝑖𝑛𝑑 𝑓𝑎𝑟𝑚 (5%) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟 (5%)

+ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 (5%) 

(3-11) 

𝑇𝑜𝑡𝑎𝑙 𝐶𝐴𝑃𝐸𝑋 (95%)

= 𝑊𝑖𝑛𝑑 𝑓𝑎𝑟𝑚 (95%) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟 (95%)

+ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 (95%) 

(3-12) 
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Knowing the system CAPEX and the annual electricity and hydrogen 

production, the LCOE of each product is recalculated. This allows for 

comparison and validates the results obtained. 
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4 RESULTS AND DISCUSSION 

4.1 Preliminary design of the electrolyser 

Based on the characteristics shown in Table 3-1 and Table 3-2 and using 

equations (3-1) and (3-2), the annual electricity demand, CAPEX, and hydrogen 

production of a 50 MW alkaline and PEM electrolyser have been obtained.  

The energy requirement of both electrolyser types is identical, as it does not 

depend on the electrolyser efficiency, and has been estimated at 424.17 

GWh/year. However, the maximum hydrogen production and the CAPEX does 

depend on its characteristics, obtaining results shown in Table 4-1: 

Table 4-1: Annual maximum hydrogen production and CAPEX 

 Alkaline PEM 

H2 production [tonne/ year] 8,075.83 7,778.92 

CAPEX [M€] 24 35 

The alkaline electrolyser produces annually 3.7% more than the PEM, so the 

energy demand of the RO process is also higher, 0.24 and 0.23 GWh, 

respectively. Table 4-2 shows the annual compressor electricity demand: 

Table 4-2: Annual compressor energy demand  

 Onshore Offshore 

 Alkaline PEM Alkaline PEM 

Energy demand [GWh/year] 2.70 0.00 4.89 2.08 

Although a priori the alkaline electrolyser seems to have better characteristics, 

calculations have been carried out for both types, as the PEM has the 

advantage of having a higher operating range and lower compression need. 

4.2 Wind farm design 

This section shows the results obtained in the wind farm design process. 

Starting with the wind resource analysis, followed by the annual electricity 
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generation and the capacity factor of different wind turbine models’ calculations, 

as well as the wind farm sizing. The final use of the produced electricity, i.e. 

whether it is used for hydrogen production or whether, if it is greater than the 

electrolyser demand, it should be managed or sold to the grid. Finally, the 

project costs and the electricity LCOE have been defined. 

4.2.1 Wind resource analysis 

Figure 4-1 and Figure 4-2, show the wind speed distribution on the Atlantic 

Coast, Galicia, and on the Cantabrian Coast, Bilbao, obtained from data 

provided by the Spanish Government [37] and applying equation (3-3): 

 

Figure 4-1: Annual wind speed distribution at SIMAR 3032048 point (Atlantic 

Coast, Galicia) at 100 m above sea level 

 

Figure 4-2: Annual wind speed distribution at SIMAR 3155039 point (Cantabrian 

Coast, Bilbao) at 100 m above sea level 
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Based on Figure 4-1 and Figure 4-2, the wind speed distribution is more uniform 

on the Galician coast, accounting for wind speeds between 6 and 16 m/s for 

70% of the year and reaching a maximum of 453 hours per year at a wind 

speed of 7.1 m/s. However, in the second location, the speed distribution is 

sharper, concentrating on speeds between 4 and 8.1 m/s. These lead to an 

average wind speed of 9.92 and 7.3 m/s, in each location. Therefore, the 

Atlantic Coast has a better wind resource than the Cantabrian Coast.  

Appendix A shows the distribution of seasonal wind speeds for each site, as the 

wind resource available depends on the time of the year. It is mainly observed 

that summer and winter have the lowest and the highest wind resource 

respectively, being this difference more noticeable on the Cantabrian Coast 

than on the Atlantic Coast. 

4.2.2 Electricity production and capacity factor per turbine 

Table 4-3 shows the annual production of the four turbine models described in 

Section 3.3, while Table 4-4 shows the seasonal distribution of the production. 

Table 4-3: Annual electricity generation per turbine 

 Annual electricity generation per turbine [GWh] 

Location V164-9.5 SG8.0-167DD SWT-6.0-154 SWT-4.0-130 

Galicia 43.67 40.23 27.22 22.99 

Bilbao 25.25 24.18 13.85 15.65 

In both locations V164-9.5 model offers the maximum electricity generation, 

being 42.2% higher in Galicia. However, the minimum result in Galicia is 

obtained with the 4 MW turbine, while in Bilbao it is achieved with the SWT-6.0-

154 model. This is because the power curve of the SWT-4.0-130 is better 

adjusted to the wind characteristics in Bilbao, with higher power at low wind 

speeds. 
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Table 4-4: Seasonal distribution of electricity production 

 Seasonal distribution of electricity production [%] 

Location V164-9.5 SG8.0-167DD SWT-6.0-154 SWT-4.0-130 

Galicia 

Spring 25% 26% 25% 25% 

Summer 20% 21% 20% 22% 

Autumn 25% 25% 25% 25% 

Winter 30% 28% 30% 28% 

Bilbao 

Spring 26% 26% 26% 26% 

Summer 17% 17% 16% 19% 

Autumn 25% 25% 25% 25% 

Winter 32% 32% 33% 30% 

As expected from the seasonal wind speed distribution analysis, the maximum 

electricity production is obtained in winter and the minimum in summer. Overall, 

smaller turbines adjust better to resource variations, offering a more uniform 

production. However, in Bilbao, the 6 MW rated turbine offers a less 

homogeneous production.  

This phenomenon implies the use of energy storage if the electrolyser is 

required to operate during the estimated design hours. However, in this project, 

energy storage has not been considered and the final hydrogen production and 

electricity excess have been estimated in each case. 

Table 4-5 shows the capacity factor of each turbine model at both locations:  
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Table 4-5: Turbine capacity factor 

 Turbine capacity factor [%] 

Location V164-9.5 SG8.0-167DD SWT-6.0-154 SWT-4.0-130 

Galicia 52% 57% 52% 66% 

Bilbao 30% 35% 26% 45% 

The capacity factor indicates the utilisation of the installation, so a high capacity 

factor means that the turbines are in operation for a longer time. The highest 

capacity factor has been obtained with the lowest rated power model, as it 

requires a lower wind speed to produce electricity.  

However, it should be noted that the model SWT-6.0-154, with a rated power of 

6 MW, has a low capacity factor. This is due to the shape of its power curve, 

producing lower power than other models in the speed-dependent part of the 

curve. Due to the low capacity factor and power output, and the non-uniformity 

of the output, it has been decided to exclude this model. 

4.2.3 Wind farm sizing 

Once the electrolyser annual demand and the turbine electricity generation are 

known, the number of turbines that make up the wind farm is defined. Losses of 

3% due to the wake effect have been considered. As expected, fewer turbines 

are needed when high-quality wind resources and high-power wind turbines are 

available (Table 4-6).  

Table 4-6: Minimum turbine number  

 Minimum turbine number  

Location V164-9.5 SG8.0-167DD SWT-4.0-130 

Galicia 11 12 20 

Bilbao 18 19 29 
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Table 4-7 shows the annual electricity production of each wind farm, 

considering also the electricity transmission losses.  

Table 4-7: Annual electricity generation per wind farm 

 Annual electricity generation per wind farm [GWh] 

Location V164-9.5 SG8.0-167DD SWT-4.0-130 

Galicia 456.38 458.57 436.86 

Bilbao 431.81 436.49 431.10 

Based on the characteristics of the electrolysers (Table 3-1 and Table 3-6) 

electricity usage is defined: as hydrogen production or sold to the grid. Figure 

4-3 shows the annual hydrogen production of each wind farm comparing the 

use of PEM and alkaline electrolysers.  

 

Figure 4-3: Annual hydrogen production  
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The annual hydrogen production of the alkaline electrolyser is higher than the 

PEM due to its higher efficiency, even though the operating range is 10% lower. 

As the PEM cost is higher, an alkaline electrolyser is used in this project. 

At both locations, hydrogen production increases when smaller turbines are 

used, even though the total electricity supplied by the turbines is lower (Table 

4-7). This is because at low wind speeds their electricity production is higher, 

allowing the electrolyser to run for a longer time. Therefore, the electricity 

produced and not used for hydrogen production is less (Figure 4-4). 

 

Figure 4-4: Annual electricity excess production 
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4.2.4 Wind farm turbine number variation effect 

From the base case shown above, in which the wind farm is designed to 

produce the electricity demanded by the electrolyser annually, the effect of 

increasing and decreasing the number of turbines that make up the wind farm 

has been analysed. Table 4-8 and Table 4-9 show the number of turbines that 

would make up the field in each location: 

Table 4-8: Number of turbines for each scenario Galicia  

 Number of turbines in Galicia 

Scenario V164-9.5 SG8.0-167DD SWT-4.0-130 

G_-4 7 8 16 

G_-3 8 9 17 

G_-2 9 10 18 

G_-1 10 11 19 

G_0 11 12 20 

G_1 12 13 21 

G_2 13 14 22 

G_3 14 15 23 

G_4 15 16 24 

 

 

 

 

 

 

 



 

50 

Table 4-9: Number of turbines for each scenario Bilbao 

 Number of turbines in Bilbao 

Scenario V164-9.5 SG8.0-167DD SWT-4.0-130 

B_-4 14 15 25 

B_-3 15 16 26 

B_-2 16 17 27 

B_-1 17 18 28 

B_0 18 19 29 

B_1 19 20 30 

B_2 20 21 31 

B_3 21 22 32 

B_4 22 23 33 

Following the same procedure as in the reference scenario, the total annual 

electricity production has been determined, as well as that for hydrogen 

production and that which is fed into the grid or used for other purposes. 

Figure 4-5 shows the electricity use in the possible scenarios in Bilbao, 

increasing and decreasing by 4 the number of turbines when the V164-9.5 

model is used. As can be seen, as the number of wind turbines increases, the 

total electricity production, the hydrogen production, and, also, the electricity 

that cannot be used for hydrogen production increase. Furthermore, it is worth 

noting that while hydrogen production increases slowly, electricity excess 

increases at a much steeper rate. So that in scenario B_-4, around 64% of the 

electricity produced is used for hydrogen production, while in B_4, only 47% is 

used for hydrogen production. 
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Figure 4-5: Electricity use in the Bilbao scenarios using the V164-9.5 turbine, 

alkaline electrolyser 

Figure 4-6 shows the results obtained for different scenarios using the SWT-

4.0-130 model in Galicia. The same trend explained in the previous case is 

observed: in scenario G_-4, 88% of the electricity is used for hydrogen 

production, while in G_4 it is reduced to 66%. 

 

Figure 4-6: Electricity use in the Galicia scenarios using the SWT-4.0-130 turbine, 

alkaline electrolyser 
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All the scenarios analysed follow the same trend, so it is necessary to analyse 

in each case whether, it is more appropriate that most of the electricity is used 

for hydrogen production or whether it is better to increase the electricity 

production, with the consequences that this entails. A cost analysis has been 

carried out to analyse which option is the most economically viable. 

4.3 Wind farm cost analysis 

4.3.1 CAPEX 

The construction, commissioning, and decommissioning costs of the wind farm 

are presented below.  

Table 4-10 shows the development and consenting costs, as well as the 

equipment cost, per turbine unit. To obtain the total cost, these results have 

been multiplied by the number of turbines in the wind farm (results in Appendix 

B).  

Table 4-10: Wind farm costs defined per turbine unit 

 Cost [M€/turbine]  

Cost type V164-9.5 SG8.0-167DD SWT-4.0-130 

Development and consenting 2.00 1.68 0.84 

Turbine and substructure 23.2 20.8 14.4 

Mooring 0.68 0.68 0.68 

Mooring costs are identical for the three types of turbines, as the same mooring 

system has been used. However, the turbines and D&C costs depend on the 

turbine power. WindFloat platform has been used for the three models, at 8 M€. 

Electricity transmission costs are divided into three groups: inter-array cabling, 

offshore platform, and export cable.  
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The offshore platform costs 39 M€ and the export cable cost is the same for all 

scenarios at the same location, as it only depends on the unit cost of the cable 

and its length (Table 4-11). 

Table 4-11: Electricity export cost: export cable and offshore platform 

 Cost [M€]  

Cost type Galicia Bilbao 

Export cable and offshore platform 48.20 45.85 

As detailed in Section 3.7.1, the inter-array cabling cost depends on the number 

and length of connections. Appendix B.4.2 shows the length of the cable used 

and the total cost. Table 4-12 shows the results obtained for the reference case, 

i.e. G_0 and B_0:  

Table 4-12: Inter-array cabling costs for the reference cases in Galicia and 

Bilbao, G_0 y B_0 

 Inter-array cabling cost [M€]  

Scenario V164-9.5 SG8.0-167DD SWT-4.0-130 

G_0 2.83 3.03 4.45 

B_0 4.51 4.73 6.73 

As the number of turbines on the wind farm increases, the inter-array cable cost 

increases, however, this relationship is not proportional between wind farms 

composed of different types of turbines, as the spacing between turbines is 

proportional to the diameter of the turbine rotor. Therefore, smaller turbines 

require shorter spacing and connection cables. 

The installation costs are divided into three main groups: turbines, mooring, and 

electrical infrastructure as defined in Section 3.7.1. Table 4-13 shows the G_0 

and B_0 scenarios’ results. The results obtained for the rest of the scenarios 

are available in Appendix B. 
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Table 4-13: Total installation cost for the base cases in Galicia and Bilbao, G_0 

and B_0 

 Total installation cost [M€]  

Scenario V164-9.5 SG8.0-167DD SWT-4.0-130 

G_0 42.05 42.57 46.46 

B_0 42.05 42.59 47.74 

The installation costs are very similar in Bilbao and Galicia, as although more 

turbines are deployed in Bilbao, they are closer to the shore. The electrical 

installation accounts for around 85% of the installation cost and the offshore 

platform installation is the most expensive task (20 M€). 

Figure 4-7 presents the wind farm CAPEX against the wind farm power in both 

locations. For the same wind farm capacity, high-rated power turbine wind 

farms have a lower CAPEX, since they are made up of fewer turbines and 

therefore, costs that depend on the number of turbines (mooring costs, 

substructures, and inter-array cabling and their installation) are lower.  

It is also observed that for the same installed capacity if the wind farm is located 

in Galicia, the CAPEX is slightly higher than if it were located in Bilbao. This is 

because it is further from the shore, increasing the cost of electricity export 

cable.  
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Figure 4-7: Wind farm CAPEX, Galicia and Bilbao 
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4.3.3 Electricity LCOE  

Knowing the CAPEX, OPEX, and total electricity production for each scenario, 

using equation (3-8) the electricity LCOE is calculated for each alternative 

(Figure 4-8). 

 

Figure 4-8: LCOE against wind farm electricity generation 
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Results obtained for the reference scenario are shown in Table 4-15: 

Table 4-15: Electricity LCOE for the reference case, G_0 and B_0 

 LCOE [€/MWh] 

Scenario V164-9.5 SG8.0-167DD SWT-4.0-130 

G_0 118.71 115.21 131.28 

B_0 188.01 175.83 180.35 

The LCOEs obtained in Galicia are between 20.68% and 30.39% below the 

considered grid electricity price (165.5 €/MWh [35]), while in Bilbao they are 

greater (between 6.24% and 13.6%). 

4.4 Hydrogen production cost 

The costs associated with hydrogen production are mainly divided into three 

groups: electrolyser, electricity, and reverse osmosis cost. However, if hydrogen 

is produced offshore, there are additional costs to consider. In a simplified way, 

the increase in the size of the offshore platform and the hydrogen transport to 

the consumption location can be considered, although the cost of the onshore 

construction of the electrolyser has to be discounted. Figure 4-9 shows the total 

CAPEX of onshore and offshore alkaline electrolyser: 

 

Figure 4-9: Comparison of offshore and onshore H2 production system CAPEX 
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The deployment of an offshore facility is much more expensive than onshore, as 

the cost of the onshore civil work is less than 10% of the offshore platform cost. 

The pipeline cost depends on the distance to the shore, accounting for 18.3% 

and 14.3% of the total cost respectively in Galicia and Bilbao. 

In addition, a more powerful compressor unit would be required for hydrogen 

transport, which would further increase the cost, in addition to increased O&M 

work. For these reasons, with the technology and costs currently available, the 

onshore installation of the plant has been chosen. 

4.4.1 Hydrogen LCOE 

Figure 4-10 shows the hydrogen LCOE breakdown for the reference scenarios 

(G_0 and B_0). For this comparison, it has been considered that hydrogen is 

generated in an electrolyser that would be located near the coast: in Bilbao, at 

the consumption site in Petronor, and in Galicia, Atlantic Coast. Therefore, the 

cost of transporting energy from Galicia to Bilbao has not been considered in 

this comparison, although it will be defined in the following sections. 

 

Figure 4-10: Hydrogen LCOE breakdown 
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The main cost is due to the electrolyser's high electricity consumption and it is, 

therefore, related to the electricity cost. In the six scenarios shown, this item 

accounts for around 90% of the hydrogen LCOE. Therefore, reducing the 

electricity cost has a major impact on the final cost of hydrogen. 

Figure 4-11 shows the hydrogen LCOE for all the studied scenarios. For the 

scenarios in which the wind farm is located in Galicia, without considering the 

cost of transporting the energy to the hydrogen consumption site.  

The minimum LCOE is obtained by situating the wind farm in Galicia and using 

the SG 8.0-167 DD turbine model, achieving 6.42 €/kg LCOE and reaching a 

hydrogen production of 6,428.8 tonnes/year. The maximum production is 

achieved by the wind farm located in Galicia and with 4 MW turbines, 

generating 6,935.21 tonne/year, at 7.31 €/kg. To these results must be added 

the energy transporting cost to obtain the hydrogen final LCOE. 

If the wind farm is located in Bilbao, the maximum production is also obtained 

using the SWT-4.0-130 model (6,058.10 tonne/year, 10.04 €/kg), while the 

lowest LCOE is achieved using the SG8.0-167DD turbine (5,095.30 tonne/year, 

9.87 €/kg). 

 

Figure 4-11: Hydrogen LCOE against hydrogen annual generation 
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As mentioned, if the wind farm is located in Galicia, the energy will have to be 

transported to Petronor, 500 km away. To carry out this transport, two solutions 

are proposed: to locate the electrolyser on the Galician coast and transport 

hydrogen by pipeline or to transport the electricity to Petronor and locate the 

electrolyser at that site. Table 4-16 shows the CAPEX of each solution, 

considering that the electricity transport can be carried out by HVAC or HVDC 

technologies, as well as the losses associated with each system. 

Table 4-16: CAPEX and energy losses of energy transport from Galicia to the 

hydrogen consumption site 

Solution CAPEX [M€] Energy losses [%] 

Electricity: HVAC 265.85 19 

Electricity: HVDC 249.66 5 

Hydrogen 265.5 1 

The use of HVAC transmission lines is excluded as the cost and losses are the 

highest. The hydrogen transport entails an extra cost due to the compression 

units needed along the pipeline, estimated at 0.6 €/kg. 

Figure 4-12 shows the final hydrogen LCOE considering energy transport cost. 

It should be noted that the following assumptions have been made in these 

calculations: 

- Electricity transport: electricity transport cost has been added to the wind 

farm CAPEX, thus, increasing the LCOE of the produced electricity. 

- Hydrogen transport: transport costs have been added to the electrolyser 

CAPEX, assuming that the electricity LCOE remains unchanged. 

For the same hydrogen production, electricity transmission is cheaper than 

using hydrogen pipes. For example, if is desired to obtain 6,000 tonnes of 

hydrogen per year, the most appropriate solution would be to use V164-9.5 

turbines, achieving an LCOE of 10.08 €/kg H2. 
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Figure 4-12: Hydrogen LCOE against hydrogen annual generation considering 

energy transport (Galicia) 

The following figures show the final results obtained in terms of hydrogen 

production, annual electricity excess, and hydrogen and electricity LCOEs.  

- Figure 4-13 shows a comparison of the hydrogen LCOE, assuming that 

electricity is produced in Galicia or Bilbao and that the electrolyser is 

located in Petronor. 

- Figure 4-14 shows the electricity excess against hydrogen production. 

- Figure 4-15 shows the electricity LCOE as a function of the electricity 

surplus. 

To evaluate the results, a specific scenario has been considered, in which 6,000 

tonnes of hydrogen are to be produced annually. 
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 Figure 4-13: Hydrogen LCOE against hydrogen annual generation, Bilbao vs 

Galicia 
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Figure 4-14: Annual electricity excess against hydrogen annual generation, 

Bilbao vs Galicia 
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Figure 4-15: Electricity LCOE against annual electricity excess, Bilbao vs Galicia 
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If the electricity excess management is a problem, a fourth solution could be 

considered using SWT-4.0-130 turbines in Galicia, as although the hydrogen 

LCOE is 12.94 €/kg H2, the excess electricity is reduced to 29.12 GWh. 

4.5 Sensitivity and cost analysis 

The following section shows the results obtained from the cost analysis carried 

out using the @RISK software [64]. Firstly, of the individual subsystems (wind 

farm, electrolyser, and energy transport) and, then, of the overall system. 

- Wind farm: 

Scenarios G_0 and B_0 have been analysed for the three turbine models 

studied throughout the project: V164-9.5, SG 8.0-167 DD, and SWT-4.0-130. 

Figure 4-16, as an example, shows the result obtained for the B_0 scenario and 

V164-9.5 turbine model: 

 

Figure 4-16: Probability of meeting the estimated budget for scenario G_0 and 

V164-9.5 turbine 

Performing this analysis for each scenario provides the results shown in Table 

4-18: 
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Table 4-18: Probability of staying within the wind farm budget 

 Probability of meeting the budget 

Scenario V164-9.5 SG 8.0-167 DD SWT-4.0-130 

G_0 38.8% 37.2% 30.3% 

B_0 47.5% 45.3% 37.8% 

The probability that the CAPEX remains equal to or lower than the calculated 

value ranges between 30.3% and 47.5%, this percentage is higher when the 

turbines’ rated power is higher, probably because fewer turbines are needed to 

generate the same annual electricity. However, it should be noted that it is more 

likely to stay within the budget when the wind farm is located in Bilbao than in 

Galicia.  

The contribution to the variance of each variable has been obtained to 

determine which variables dominate the results. Figure 4-17 shows the results 

obtained for the example shown above (Figure 4-16): 

 

Figure 4-17: Contribution to variance for scenario G_0 and V164-9.5 turbine 

The most influential variable is the turbine cost, because although the unit cost 

does not vary significantly (+8%, -20%), the nominal capacity of the wind farm is 
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high, which makes the total turbines cost high. In the second place, with 5.3%, 

is the cost of the offshore platform, which remains constant for all scenarios, but 

has high variability, around +29% and -20%. Development and consenting 

costs also depend on the wind farm capacity and have a variability of +20% and 

-27%. 

Table 4-19 and Table 4-20 show the contribution to the variance of the budget 

items: 

Table 4-19: Contribution to variance, wind farms located in Galicia 

 Contribution to Variance (G_0) 

Turbine model Turbine 
Offshore 

platform 

Development 

and consenting 

Export cable 

installation 

V164-9.5 73% 10% 3.7% 3.7% 

SG 8.0-167 DD 83.4% 6.6% 4.3% 2.6% 

SWT-4.0-130 85.4% 5.8% 4.2% 2.1% 

Table 4-20: Contribution to variance, wind farms located in Bilbao 

 Contribution to Variance (B_0) 

Turbine model Turbine 
Offshore 

platform 

Export cable 

installation 

Export 

cable 

Development 

and consenting 

V164-9.5 59% 16% 11% 4.4% 2.9% 

SG 8.0-167 DD 68.2% 13.4% 9.4% 3.6% 3.4% 

SWT-4.0-130 71.1% 12.3% 8.2% 3.2% 3.6% 

In all cases, the dominant variable is the turbine cost; however, this value is 

reduced as the power of the wind farm decreases and is lower in Galicia than in 

Bilbao. This may be since by reducing the turbine number, the proportion of the 

budget allocated to this item is lower, reducing its variability. Secondly, the 
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offshore platform cost, which remains constant in all scenarios, has a greater 

impact when the total cost of the wind farm is lower.  

The next most influential parameters vary from one location to another. 

Development and consenting costs depend on the wind farm capacity, as does 

the turbine cost, following the same trend. On the other hand, both the export 

cable cost and its installation depend on the cable length, being constant for 

each location and gaining importance when the wind farm total cost is lower. 

- Electrolyser: 

Figure 4-18 shows the probability of meeting the calculated hydrogen LCOE 

when the electrolyser is operated at the maximum capacity factor (92%) and the 

grid electricity price is considered. It can be seen that the probability of staying 

within the budget is higher if the alkaline electrolyser is used and, in addition, 

the maximum LCOE is lower. 

 

Figure 4-18: Probability of meeting the hydrogen LCOE: alkaline vs PEM 

Electrolyser efficiency is the variable that most significantly affects the variance 

(91.9% and 83.2% for the alkaline and PEM electrolyser), followed by CAPEX 

and finally OPEX (2.1% and 0.8%, respectively).  

- Energy transport: 

Figure 4-19 shows the results obtained for the electricity transport cost when 

the type of cable used is HVDC or HVAC. If the HVDC technology is used, the 

cost is bounded in a narrower range, achieving a 51.7% probability of staying 

within the budget, compared to 50% for HVAC. 
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Figure 4-19: Probability of achieving estimated CAPEX for HVDC and HVAC 

technologies 

The CAPEX variance is dominated by the cable cost, achieving 76.8% for 

HVDC transmission lines and 99.9% for HVAC, which shows that the substation 

cost hardly affects the result. Based on this analysis, the HVDC system is more 

appropriate for this project.  

As for hydrogen transport, the probability of staying within the budget is 44% 

and the 95% expected budget is 432.7 M€, higher than any of the electricity 

transmission options.  

- Total: 

Once the analysis by subsystems has been carried out, how each subsystem 

affects the total cost has been analysed. As an example, Figure 4-20 and 

Figure 4-21 show the results obtained when using V164-9.5 turbines in Galicia 

and Bilbao. 
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Figure 4-20: Probability of meeting total CAPEX (Galicia, turbine model V164-9.5) 

If the wind farm is located in Galicia and the electrolyser in Bilbao, with the 

electricity being transmitted from one location to the other via an HVDC line, the 

total CAPEX of the system varies greatly, ranging from 463.04 to 870.23 M€.  

Electricity transport is the variable that contributes most to the variance (80.5%), 

followed by the wind farm (18.9%) and, lastly, the electrolyser (0.6%). 

 

Figure 4-21: Probability of meeting total CAPEX (Bilbao, turbine model V164-9.5) 



 

71 

If the wind farm is located in Bilbao, the total CAPEX ranges between 500.5 and 

689.3 M€, which is a narrower range than in the previous scenario. This is 

because the HVDC transmission line, which is a major source of uncertainty, is 

not required. In this case, the contribution to the variance is dominated by the 

wind farm, reaching 98.2%. Figure 4-22 shows how different the two probability 

distributions are: 

 

Figure 4-22: Comparison of the probability distributions, Galicia vs Bilbao 

4.5.1 Comparison of minimum and maximum scenarios 

Once the variability of the systems’ cost has been analysed, the best and worst 

results that could be achieved in each scenario have been studied. In other 

words, what would be the lowest and the highest LCOE that could be obtained 

according to the assumptions indicated in Section 3.10.2. 

Table 4-21 and Table 4-22 show the electricity LCOE at the generation place, 

i.e. without considering the electricity transport to the consumption location.  

Table 4-21: Electricity LCOE at the electricity generation location (Galicia) 

 Electricity LCOE Galicia [€/MWh] 

Probability V164-9.5 SG 8.0-167 DD SWT-4.0-130 

5% 114.62 111.64 128.41 

G_0 118.71 115.21 131.28 

95% 123.72 120.11 136.5 
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Table 4-22: Electricity LCOE at the electricity generation location (Bilbao) 

 Electricity LCOE Bilbao [€/MWh] 

Probability V164-9.5 SG 8.0-167 DD SWT-4.0-130 

5% 151.73 169.39 175.69 

B_0 188.01 175.83 180.35 

95% 194.65 181.91 186.27 

As can be seen, in any case, the electricity LCOE, excluding transport cost, is 

lower if the wind farm is located in Galicia, as the maximum LCOE that can be 

obtained in this location (136.5 €/MWh) is lower than the minimum that could be 

obtained in Bilbao (151.73 €/MWh).  

As for the hydrogen LCOE, Table 4-23 shows the results obtained when the 

wind farm is located in Galicia and energy is transported to Petronor by HVDC 

lines or H2 pipelines: 

Table 4-23: Hydrogen LCOE if the wind farm is located in Galicia 

 H2 LCOE HVDC line [€/kg H2] H2 LCOE H2 pipeline [€/kg H2] 

Probability V164-9.5 
SG 8.0-

167 DD 

SWT-4.0-

130 
V164-9.5 

SG 8.0-

167 DD 

SWT-4.0-

130 

5% 9.76 10.30 10.55 11.21 10.99 11.4 

G_0 10.85 11.06 11.62 14.33 14.06 14.12 

95% 11.93 12.63 12.75 18.86 18.32 18.16 

From this comparison, it can be deduced that, although a lower LCOE could be 

obtained using pipelines, the probability of reaching this result is only 5%, so its 

use in this project is ruled out. 

Table 4-24 shows the hydrogen LCOE when the wind farm is located in Bilbao: 
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Table 4-24: Hydrogen LCOE if the wind farm is located in Bilbao 

 H2 LCOE Bilbao [€/kg H2] 

Probability V164-9.5 SG 8.0-167 DD SWT-4.0-130 

5% 8.88 9.78 9.96 

B_0 10.78 10.12 10.21 

95% 11.13 10.44 10.52 

For the same probability of achievement, lower LCOEs are obtained if the wind 

farm is located in Bilbao and it can therefore be concluded that this should be 

the wind farm location.  

It is also interesting to analyse what the optimum solution would be if the 

hydrogen demand were to be transferred to Galicia. In this new context, the 

infrastructure needed to transport energy from Galicia to Bilbao would not be 

required and the results shown in Table 4-25 would be obtained: 

Table 4-25: Hydrogen LCOE if the wind farm and hydrogen demand are in Galicia 

 H2 LCOE Galicia [€/kg H2] 

Probability V164-9.5 SG 8.0-167 DD SWT-4.0-130 

5% 6.75 6.57 7.39 

G_0 6.96 6.76 7.54 

95% 7.23 7.01 7.81 

Results obtained for this new context are more competitive, as regardless of the 

turbine model used and with a 95% probability of staying within the budget, the 

hydrogen LCOE is lower than the results shown in Table 4-24, corresponding to 

placing the wind farm in Bilbao. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

Establishing hydrogen production infrastructure from renewable energy is a high 

priority for the energy transition, for which both the possible demands and 

location of electrolysis and energy generation must be analysed. The 

development of green hydrogen production will be driven mainly by industries 

that currently use hydrogen, especially oil refineries such as Petronor, located 

on the Cantabrian Coast (Spain). As for the source of renewable generation, 

although there is currently no offshore wind installed in Spain, due to the narrow 

Spanish continental shelf, the development of new floating systems will make it 

possible to develop this technology in sites up to 1,000 m deep.  

Within this context, the coupling of both systems and their possible 

development in the Spanish North-Atlantic area is studied in this project, in 

addition to analysing the resilience of the results obtained and the main 

variables that dominate design decision-making. This last is especially 

important because floating offshore wind technology is still under development, 

no commercial-scale plant has been deployed in Spain, and, therefore, neither 

has the coupling of both technologies. Consequently, the study of the 

uncertainty of the project cost is critical in the analysis of the feasibility of the 

project. 

@RISK software has been used to carry out the sensitivity analysis, which 

through Monte Carlo simulations, provides the probability of staying within the 

calculated budget, defining its reliability. The variables that contribute most 

significantly to the system cost variance have also been analysed. To do so, the 

wind farm, the electrolyser, and the energy transport have been studied 

separately. 

Firstly, the wind resource potential and the wind farm design have been studied, 

analysing turbines of different rated power. In addition to being greater, the wind 

resource on the Atlantic Coast is more uniform than on the Cantabrian Coast, 

allowing higher capacity factors to be achieved. The highest capacity factors are 
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obtained with small turbines (around 65% on the Atlantic Coast), while high-

rated power turbines offer a higher annual electricity production, almost double.  

The number of wind turbines that make up the farm has been estimated on the 

assumption that it should cover the annual energy demand of a 50 MW 

electrolyser (424.17 GWh/year). Thus, fewer turbines are needed when high-

quality wind resources and high-power wind turbines are available, which 

results in a decrease in the electricity LCOE (from 27.2% to 36.9% for SWT-4.0-

130 and V164-9.5 turbine models, respectively). For a certain location and 

turbine model, increasing the wind farm turbine number reduces the electricity 

LCOE due to the effect of fixed costs. Taking the Atlantic Coast and the SG 8.0-

167 DD turbine model as an example, increasing 8 the number of turbines, 

reduces the electricity LCOE by 13.5%. In addition, the economies of scale 

reduce the project costs, although their impact has not been considered in this 

project. 

The probability of staying within the calculated wind farm CAPEX ranges from 

30.3% to 47.5%, obtaining higher results when the rated power of the turbines 

is higher. In fact, it is the cost of the turbines that contributes most to the 

deviation (between 59.0% and 85.4%), as although the unit cost variation is low, 

the power capacity of the wind farm is high, making the total cost of the turbines 

the most important item in the CAPEX. The next most significant variable is the 

offshore platform cost, which has been considered constant, and therefore 

becomes more important when the total cost of the wind farm is lower.  

With regard to the type of electrolyser to be used, proton exchange membrane 

(PEM) and alkaline electrolysers have been studied in this project. With the 

technology available today, the alkaline electrolyser offers better performance, 

obtaining higher hydrogen production at a lower cost, despite having a lower 

operating range. In addition, the probability of staying within the calculated 

LCOE is higher (42.8% and 37.5% for alkaline and PEM electrolysers, 

respectively).  

However, it is worth mentioning that it has been assumed that the only power 

source for the electrolyser is the wind farm and that no energy storage is used. 
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This implies that the capacity factor of the electrolyser decreases and that it will 

only operate at full load for around 38.8-56.3% of the year. Working at partial 

load deteriorates the performance of the electrolyser, especially in alkaline 

electrolysers. This effect has not been considered in the project but it would be 

interesting to analyse it in future studies since depending on the degree of 

degradation, it could be more interesting to use a PEM electrolyser, which 

works better at partial load, or to consider a combined power supply: using the 

wind farm electricity when possible and when not, supplying the electrolyser 

with grid electricity, even if this would mean that the hydrogen produced would 

not be fully renewable, as electricity from the Spanish grid is not renewable at 

the moment.  

As mentioned, installing the wind farm on the Atlantic Coast offers several 

advantages, however, it is located about 500 km from the hydrogen 

consumption location. Two possible alternatives have been studied: 

transporting the electricity to Petronor, where an electrolyser would produce 

hydrogen, or producing it in Galicia and transporting it via pipelines. For 

electricity transmission, HVDC lines are the most suitable technology, offering 

advantages such as simplicity of construction or fewer corona losses than 

HVAC. However, substations are costlier and more complex. Compared to this 

technology, hydrogen pipelines have a higher cost and greater variability, which 

increases the risk and uncertainty of the technology. The construction of energy 

transmission systems, for both electricity and hydrogen, involves extra risks 

associated with environmental constraints, including social implications. 

Within this context, being Petronor the hydrogen demand location, several 

options are considered when determining the optimal solution: both in terms of 

location and system characteristics. If the wind farm is located on the 

Cantabrian Coast, energy transport is not required, which significantly reduces 

the variability of the project CAPEX and, therefore, its resilience. Indeed, if the 

wind farm is located on the Cantabrian Coast, the variability of the project 

CAPEX is around +/-15%, while if it is located on the Atlantic Coast, it is +/-

30%. 
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However, to produce the same annual electricity on the Cantabrian Coast as on 

the Atlantic Coast, a greater number of turbines is required (around 50%), the 

nominal capacity of the wind farm being much higher than that of the 

electrolyser. This means that of the annual electricity production, the fraction 

destined for hydrogen production is lower, increasing the surplus electricity that 

has to be managed (it could be sold to the grid or used for other purposes in the 

refinery). Thus, the number of turbines to be installed depends on the hydrogen 

demand and the capacity to manage the surplus electricity.  

On the other hand, it is interesting to analyse what would happen if the context 

of the project would change, and instead of requiring the hydrogen in Petronor 

(Bilbao), the demand would be transferred to the region of Galicia. The LCOE of 

the electricity produced by a wind farm located on the Atlantic Coast is lower 

than that obtained on the Cantabrian Coast and the production is also more 

uniform. These characteristics would make Galicia an attractive location for the 

development of the coupling of offshore wind and hydrogen production by 

electrolysis, as competitive LCOEs of about 115.21 €/MWh for electricity and 

6.76 €/kg for hydrogen could be achieved. 

From developing the initial methodology of the project, aimed at proposing the 

optimum design for powering a 50 MW electrolyser using offshore wind energy, 

being Petronor the final destination of hydrogen consumption, the research then 

examines the sensitivity of the results obtaining a decision-making tool for 

designing a system of these characteristics in northern Spain. In each case, this 

decision tool allows consideration of the possible options for the location and 

design of the wind farm, as well as the electrolyser, determining the annual 

hydrogen and electricity production. It also enables the definition of the 

products' LCOE, as well as their probability of achievement, which is of 

particular importance as it indicates the project's viability. 
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APPENDICES 

Appendix A – Seasonal wind speed distribution 

 

Figure A-1: Seasonal wind speed distribution SIMAR 2032048 (Galicia) 

 

Figure A-2: Seasonal wind speed distribution SIMAR 3155039 (Bilbao) 
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Appendix B – Wind farm cost breakdown 

B.1 Development and consenting 

Table B-1: Development and consenting cost Galicia 

GALICIA 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 13.97 13.44 13.44 

G_-3 15.96 15.12 14.28 

G_-2 17.96 16.80 15.12 

G_-1 19.95 18.48 15.96 

G_0 21.95 20.16 16.80 

G_1 23.94 21.84 17.64 

G_2 25.94 23.52 18.48 

G_3 27.93 25.20 19.32 

G_4 29.93 26.88 20.16 

Table B-2: Development and consenting cost Bilbao 

BILBAO 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 27.93 25.20 21.00 

B_-3 29.93 26.88 21.84 

B_-2 31.92 28.56 22.68 

B_-1 33.92 30.24 23.52 

B_0 35.91 31.92 24.36 

B_1 37.91 33.60 25.20 

B_2 39.90 35.28 26.04 

B_3 41.90 36.96 26.88 

B_4 43.89 38.64 27.72 
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B.2 Turbines and substructures 

Table B-3: Turbines and substructures cost Galicia 

GALICIA 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 162.40 166.40 230.40 

G_-3 185.60 187.20 244.80 

G_-2 208.80 208.00 259.20 

G_-1 232.00 228.80 273.60 

G_0 255.20 249.60 288.00 

G_1 278.40 270.40 302.40 

G_2 301.60 291.20 316.80 

G_3 324.80 312.00 331.20 

G_4 348.00 332.80 345.60 

Table B-4: Turbines and substructures cost Bilbao 

BILBAO 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 324.80 312.00 360.00 

B_-3 348.00 332.80 374.40 

B_-2 371.20 353.60 388.80 

B_-1 394.40 374.40 403.20 

B_0 417.60 395.20 417.60 

B_1 440.80 416.00 432.00 

B_2 464.00 436.80 446.40 

B_3 487.20 457.60 460.80 

B_4 510.40 478.40 475.20 

B.3 Mooring 

Table B-5: Mooring cost Galicia 

GALICIA 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 4.78 5.46 10.92 

G_-3 5.46 6.14 11.60 

G_-2 6.14 6.82 12.28 

G_-1 6.82 7.51 12.96 

G_0 7.51 8.19 13.65 

G_1 8.19 8.87 14.33 

G_2 8.87 9.55 15.01 

G_3 9.55 10.23 15.69 

G_4 10.23 10.92 16.38 
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Table B-6: Mooring cost Bilbao 

BILBAO 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 9.55 10.23 17.06 

B_-3 10.23 10.92 17.74 

B_-2 10.92 11.60 18.42 

B_-1 11.60 12.28 19.10 

B_0 12.28 12.96 19.79 

B_1 12.96 13.65 20.47 

B_2 13.65 14.33 21.15 

B_3 14.33 15.01 21.83 

B_4 15.01 15.69 22.52 

B.4 Electrical infrastructure  

B.4.1 Export cable and offshore platform 

Table B-7: Export cable and offshore platform cost 

Export cable + offshore platform cost [M€]  

Galicia Bilbao 

48.2 45.85 

B.4.2 Transmission 

Table B-8: Inter-array cable length Galicia 

GALICIA 
Inter-array cable length [km] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 11.32 15.41 25.65 

G_-3 15.32 16.65 26.70 

G_-2 16.54 17.88 27.75 

G_-1 17.76 19.12 28.80 

G_0 18.98 20.35 29.85 

G_1 20.20 21.59 30.90 

G_2 21.42 22.82 34.90 

G_3 22.64 26.82 35.95 

G_4 26.64 28.06 37.00 
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Table B-9: Inter-array cable length Bilbao 

BILBAO 
Inter-array cable length [km] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 22.64 26.82 38.05 

B_-3 26.64 28.06 43.10 

B_-2 27.86 29.29 44.15 

B_-1 29.08 30.53 45.20 

B_0 30.30 31.76 45.20 

B_1 31.52 33.00 46.25 

B_2 32.74 34.23 47.30 

B_3 33.96 38.23 48.35 

B_4 37.96 39.47 53.40 

Table B-10: Transmission cost Galicia 

GALICIA 
Transmission costs [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 1.69 2.30 3.82 
G_-3 2.28 2.48 3.98 
G_-2 2.46 2.66 4.13 
G_-1 2.65 2.85 4.29 
G_0 2.83 3.03 4.45 
G_1 3.01 3.22 4.60 
G_2 3.19 3.40 5.20 
G_3 3.37 4.00 5.36 
G_4 3.97 4.18 5.51 

Table B-11: Transmission cost Bilbao 

BILBAO 
Transmission costs [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 3.37 4.00 5.67 
B_-3 3.97 4.18 6.42 
B_-2 4.15 4.36 6.58 
B_-1 4.33 4.55 6.73 
B_0 4.51 4.73 6.73 
B_1 4.70 4.92 6.89 
B_2 4.88 5.10 7.05 
B_3 5.06 5.70 7.20 
B_4 5.66 5.88 7.96 
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B.4.3 Total 

Table B-12: Total electricity transport cost Galicia 

GALICIA 
Total electricity transport costs [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 49.88 50.49 52.02 
G_-3 50.48 50.68 52.17 
G_-2 50.66 50.86 52.33 
G_-1 50.84 51.04 52.49 
G_0 51.02 51.23 52.64 
G_1 51.20 51.41 52.80 
G_2 51.39 51.59 53.39 
G_3 51.57 52.19 53.55 
G_4 52.16 52.37 53.71 

Table B-13: Total electricity transport cost Bilbao 

BILBAO 
Total electricity transport costs [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 49.23 49.85 51.52 
B_-3 49.82 50.03 52.27 
B_-2 50.00 50.22 52.43 
B_-1 50.18 50.40 52.59 
B_0 50.37 50.58 52.59 
B_1 50.55 50.77 52.74 
B_2 50.73 50.95 52.90 
B_3 50.91 51.55 53.06 
B_4 51.51 51.73 53.81 

B.5 Installation  

Table B-14: Installation cost Galicia 

GALICIA 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 39.55 40.59 44.62 

G_-3 40.57 41.08 45.08 

G_-2 41.06 41.58 45.54 

G_-1 41.55 42.07 46.00 

G_0 42.05 42.57 46.46 

G_1 42.54 43.06 46.92 

G_2 43.03 43.56 47.94 

G_3 43.52 44.58 48.40 

G_4 44.54 45.07 48.86 
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Table B-15: Installation cost Bilbao 

BILBAO 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 39.55 40.61 45.34 

B_-3 40.57 41.10 46.56 

B_-2 41.06 41.60 47.02 

B_-1 41.56 42.09 47.48 

B_0 42.05 42.59 47.74 

B_1 42.54 43.08 48.20 

B_2 43.03 43.58 48.66 

B_3 43.52 44.60 49.12 

B_4 44.54 45.09 50.34 

B.6 Decommissioning 

Table B-16: Decommissioning cost Galicia 

GALICIA 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 14.24 14.55 18.49 

G_-3 15.69 15.80 19.36 

G_-2 17.09 17.06 20.24 

G_-1 18.48 18.31 21.11 

G_0 19.88 19.57 21.98 

G_1 21.28 20.82 22.85 

G_2 22.67 22.08 23.77 

G_3 24.07 23.38 24.64 

G_4 25.52 24.63 25.51 

Table B-17: Decommissioning cost Bilbao 

BILBAO 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 23.74 23.05 26.05 

B_-3 25.19 24.30 26.99 

B_-2 26.58 25.56 27.86 

B_-1 27.98 26.81 28.73 

B_0 29.38 28.07 29.58 

B_1 30.78 29.32 30.45 

B_2 32.17 30.58 31.32 

B_3 33.57 31.88 32.19 

B_4 35.02 33.13 33.14 

 



 

93 

B.7 CAPEX 

Table B-18: CAPEX Galicia 

GALICIA 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 284.81 290.92 369.89 

G_-3 313.75 316.02 387.30 

G_-2 341.70 341.11 404.70 

G_-1 369.65 366.21 422.11 

G_0 397.60 391.31 439.52 

G_1 425.55 416.40 456.93 

G_2 453.50 441.50 475.40 

G_3 481.45 467.58 492.80 

G_4 510.39 492.68 510.21 

Table B-19: CAPEX Bilbao 

BILBAO 
Cost [M€] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 474.80 460.93 520.97 

B_-3 503.74 486.03 539.81 

B_-2 531.69 511.13 557.22 

B_-1 559.64 536.22 574.62 

B_0 587.58 561.32 591.66 

B_1 615.53 586.42 609.07 

B_2 643.48 611.51 626.48 

B_3 671.43 637.59 643.89 

B_4 700.37 662.69 662.72 

B.8 OPEX 

Table B-20: OPEX Galicia 

GALICIA 
Cost [M€/year] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

G_-4 4.76 4.58 4.58 

G_-3 5.44 5.15 4.87 

G_-2 6.12 5.72 5.15 

G_-1 6.80 6.30 5.44 

G_0 7.48 6.87 5.72 

G_1 8.16 7.44 6.01 

G_2 8.84 8.01 6.30 

G_3 9.52 8.59 6.58 

G_4 10.20 9.16 6.87 
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Table B-21: OPEX Bilbao 

BILBAO 
Cost [M€/year] 

V164-9.5 SG 8.0 - 167 DD SWT - 4.0 - 130 

B_-4 9.46 8.54 7.12 

B_-3 10.14 9.11 7.40 

B_-2 10.82 9.68 7.69 

B_-1 11.49 10.25 7.97 

B_0 12.17 10.82 8.25 

B_1 12.84 11.39 8.54 

B_2 13.52 11.95 8.82 

B_3 14.20 12.52 9.11 

B_4 14.87 13.09 9.39 

 


