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Abstract

:

In Poland, hydrogen production should be carried out using renewable energy sources, particularly wind energy (as this is the most efficient zero-emission technology available). According to hydrogen demand in Poland and to ensure stability as well as security of energy supply and also the realization of energy policy for the EU, it is necessary to use offshore wind energy for direct hydrogen production. In this study, a centralized offshore hydrogen production system in the Baltic Sea area was presented. The goal of our research was to explore the possibility of producing hydrogen using offshore wind energy. After analyzing wind conditions and calculating the capacity of the proposed wind farm, a 600 MW offshore hydrogen platform was designed along with a pipeline to transport hydrogen to onshore storage facilities. Taking into account Poland’s Baltic Sea area wind conditions with capacity factor between 45 and 50% and having obtained results with highest monthly average output of 3508.85 t of hydrogen, it should be assumed that green hydrogen production will reach profitability most quickly with electricity from offshore wind farms.
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1. Introduction


Decarbonization of the energy sector is a strategic priority required to fulfill the climate goals of the Paris Agreement in 2015 [1]. The International Energy Agency (IEA) estimates that in 2019, almost 84% of the world’s primary energy originated from non-renewable sources. Oil accounted for 36% of this supply, followed by coal and natural gas at about 27% and 17%, respectively. The primary causes of climate change are fossil fuels, which when burned emit a tremendous amount of greenhouse gases. [2]. The European Union (EU) has established a long-term policy of comprehensive decarbonization by 2050 to meet these long-term climate goals by transitioning its economy from utilizing fossil-based energies to alternative energy sources and technology [3,4]. Individual objectives have been set by European Union nations, including Poland, to increase the percentage of energy derived from renewable sources [5]. Many European countries have opted to radically rearrange their power production mix with offshore wind being one of its important aspects. It is generally necessary to reduce global greenhouse gas emissions and, especially due to the changing geopolitical circumstances linked with the crisis in Ukraine, ensure energy security in Europe [6,7]. One of the most widely used renewable energy sources is wind, as seen by the swift increase in installed wind turbine capacity in numerous nations [5]. Wind energy generation has increased rapidly during the last few decades. Its utilization climbed from 0.2% to 4.8% of total power output between 2000 and 2018, and is anticipated to reach more than 12% by 2040 [8]. Many European countries have turned their focus to the study and development of offshore renewable energy, citing various benefits over onshore energy resources. The availability of greater and continuous wind speeds, as well as unrestricted area for building renewable energy systems, are the primary benefits of offshore location. However, the installation and operational costs, as well as the advanced technology needs for power transmission and integration into the onshore electric grid, may pose some challenges for offshore renewable energy development [2]. Offshore wind installed capacity is predicted to double globally during the next decade, rising from around 50 GW in 2021 to 225 GW in 2030. In 2030, Europe will account for nearly half of worldwide offshore wind capacity; Asia will account for around 40% of global installed capacity, and the United States will account for the remaining 10%. Offshore wind is considered as a logical transition for many oil and gas corporations, who have decades of offshore technical knowledge and are increasingly focused on shifting their operations away from fossil fuels and toward renewable energy. Offshore wind may be utilized to power offshore platforms, reduce carbon emissions from oil and gas production, and generate hydrogen [9]. For some years, in Europe and also in Poland, there has been a tremendous interest in offshore wind energy. It is supported by significantly superior wind conditions at sea than on land, as well as steadily lowering off-shore farm investment costs.



The Baltic Sea region, including Poland’s exclusive economic zone, has been identified as having particularly ideal circumstances for offshore wind production. The entire installed offshore wind capacity in the Baltic Sea is just 2.8 GW, accounting for around 10% of European and 5% of global installed capacity. However, the Baltic Sea, along with the North Sea, is expected to become a significant offshore wind European hub in the near future. The Baltic Sea has a total size of 397,978 km2 and is surrounded by nine nations [6]. The Baltic Sea provides highly favorable circumstances, such as shallow seas (average depth of around 54 m), high average wind speeds (approximately 9 m/s at 100 m amsl), low wave heights, and weak tides, resulting in relatively low costs for offshore wind energy generation. By 2030, the offshore wind capacity installed in the Baltic Sea will account for about 22% of the volume commissioned in Europe. Poland has tremendous potential for offshore wind development [6]. The estimates range from 28 GW to 45 GW for offshore wind turbines in the Polish section of the Baltic Sea in 2050 [10]. Offshore wind energy (OWE) technology has the potential to become the leading source of renewable energy in Poland’s energy mix by 2040. Poland’s current Energy Policy till 2040 states a target of at least 23% RES in gross final energy consumption by 2030 [10]. In the event that its total estimated potential is used, by 2040 OWE could meet as much as 57% of Poland’s total electricity demand. Offshore wind energy is a technology that can provide a significant volume of generation capacity with good parameters related to the stability of energy production. The offshore wind projects with a total capacity of about 8.4 GW are being developed in Polish marine areas, including [7]:




	−

	
Phase I development projects with a total capacity of 5.9 GW (for which start-up dates are indicated by investors for 2025–2027),




	−

	
Phase II development projects with a total capacity of 2.5 GW (which, according to the law, will be entitled to apply for the right to offset the negative balance in auctions scheduled for 2025 and 2027).









The area of Poland, in terms of weather conditions conducive to the use of wind en-ergy, is divided into zones, where the criterion for division is wind speed. The best wind conditions are found in the Baltic Sea, the coastal part of which has a high energy potential, and in the northwestern area of Poland covering the entire coastal belt, as well as in the northeastern areas around the Suwalskie Lake District. In Poland, the best wind conditions prevail in the autumn and winter months and during the day, with slightly worse conditions prevail at night [11,12,13]. A crucial technology for the growth of renewable energy in Poland is offshore wind energy, as it is the most predictable source of electricity among renewable energy technologies, with higher capacity utilization rates than on-shore farms and photovoltaic farms. Offshore wind farms are characterized by a relatively high annual efficiency factor (Capacity Factor), which in the Polish Baltic Sea zone oscillates between 45–50% [14]. In addition, the electricity generated by offshore wind farms can be partially used to power power-to-X processes that convert electricity into liquid synthetic fuels, hydrogen, synthetic natural gas (SNG) or ammonia [15]. Offshore wind energy, which has the greatest capacity utilization rate of all RES, must be set aside for direct hydrogen synthesis, without taking the demands of the power system’s balance into account or requiring the connection of generating sources and electrolysers to the grid (off-grid operation). There are a number of technological ways to link offshore wind turbines, electrolysers, transport pipes, storage facilities, and other installation structural elements [10]. There are basically two different system configurations: the centralized system, which consists of an offshore wind farm, an offshore electrolyser, as well as onshore hydrogen storage facility, and the decentralized system, which has both the electrolyser and the hydrogen storage facility on land. In comparison to long-distance power transmission through HVDC or HVAC lines, the transfer of energy from offshore windmills converted to hydrogen is more affordable [10]. When combined with renewable energy sources, hydrogen becomes even more appealing. In this situation, it may also be employed as an electrical energy storage device, which may be critical in minimizing the gap between renewable energy production and consumer demand [16]. The ability to store the energy surpluses in hydrogen greatly improves the performance of wind power systems [17]. During times of excess supply, power may be transformed into green hydrogen and stored for later use. In times of supply constraint, the hydrogen stored can be turned back into electricity [8]. Hydrogen, as a recognized clean energy, will play an increasingly essential part in the future energy system due to its benefits of being pollution free, enabling diversified application, inducing minimal losses, high utilization rates, and allowing convenient transportation [18]. Hydrogen may be used as an energy storage option, with dispatchable fuel cells powered by green hydrogen producing electricity when needed while emitting no carbon dioxide [19]. Poland ranked third in Europe in terms of hydrogen production in 2019, with producing around one million tonnes per year (34 TWh). This output was fully devoted to meeting home demands, the majority of which were industrial in nature. This is a volume that renewable hydrogen may be able to replace. In Poland, annual demand for hydrogen is expected to surpass 100 TWh [10]. Offshore wind farm hybrid production will boost system flexibility, but depending on business goals and system designs, it may necessitate extra capital expenditures in technology and infrastructure as desalination, electrolysis, compression, transmission, liquefaction, and storage [20].



The interest in the offshore production of green hydrogen is constantly growing, as confirmed by a number of initiatives led by some of the most important energy companies. However, these initiatives still stand at a pioneering stage and the MW scale is the target [21]. Offshore hydrogen production is currently being developed in various concepts to bring far-offshore or floating wind to shore [22]. The computation of the cost of hydrogen generation utilizing an offshore wind power facility was published in article [23]. To examine the economic aspects of hydrogen generation linked to a wind power plant, three design variants are considered [23]:




	
Case 1: Distributed hydrogen production. Each wind turbine is outfitted with an electrolysis equipment, and hydrogen is created utilizing power generated directly on floating structures. Each turbine produces hydrogen, which is collected on the seafloor through risers and manifolds and sent onshore via a gas pipeline.



	
Case 2: Centralized hydrogen production. A large-scale electrolysis system is constructed on an offshore platform next to a wind farm, receiving produced power to manufacture hydrogen and later delivering it to land through a gas pipeline.



	
Case 3: Onshore hydrogen production: an offshore substation is built near the wind power plant, and the voltage is raised enough to supply currents onshore and transport them through high-voltage cables. This is a typical system of transmission for offshore wind farms.








The electrolysis system configuration and technique of transmitting produced energy to land based on the identical wind power plant circumstances distinguished the presented three examples. Similarly, in [24] Singlitico et al. presented of an offshore Hub, where AC-electricity from surrounding offshore wind power parks is converted to DC, and then transported onshore via HVDC. For far wind power parks, this concept has been found more cost-effective than the radial HVDC connections for far wind farms, benefiting from the economies of scale of collecting a large amount of power. In study proposed a reference case of a 12 GW Hub, located 380 km from Esbjerg (Denmark) is presented. Three distinct electrolyser sites, as well as their associated infrastructures, have been studied [24]:




	
Onshore.



	
Offshore: All offshore wind farms’ power is routed to the Hub, where hydrogen is created by a single electrolyser using desalinated seawater, compressed, and supplied to shore by pipeline.



	
In-turbine: Electrolysers and desalination units are installed within or near to each wind turbine’s tower. The hydrogen generated is sent to the Hub via pipes that connect groupings of wind turbines. Then the hydrogen is collected, compressed, and piped to shore from the Hub.








One of the concepts is the centralized conversion of offshore wind on an offshore platform for hydrogen production. This concept is presented in [1,22]. The seawater is desalinated and used to feed the electrolyser that converts offshore wind power into hydro-gen, oxygen, and heat. As up to 80% of the power needed for this process is captured in hydrogen, hydrogen is used as a carrier to transport energy via a pipeline to shore. The oxygen and heat are released into the air. This concept is studied in two options: full conversion of offshore wind into hydrogen, or partial conversion of the energy into hydrogen and partially electric power conversion to HVDC for transport. In the second option, an HVDC power cable is still required, but the energy transport can be optimised between electrons and molecules, delivering to different energy markets onshore, which offers an opportunity to maximise the value of the wind power and optimise the load factor of the power cable [22]. The PosHYdon is a pilot project for the demonstration of hydrogen production from renewable power in an offshore environment. The objective is to install an electrolysis-based hydrogen production system on an existing offshore platform (Q13a, managed by Neptune Energy). The platform is connected to shore via a 25 kV cable that provides connection to both the electrical grid as well as the internet (through fiber optics included in the power cable) [1]. Henry et al. [25] have also emphasized the use of platforms for green hydrogen production, as well as the possibility for the oil and gas sector to create H2 during the energy transition. This is related to the requirement to decommission around 600 installations that could be utilized. In [9], the central hydrogen production platform collects power from wind turbines and transfers it to a central platform through array cables. Electrolysers on the center platform generate hydrogen, which is subsequently piped back to shore. This idea saves money by eliminating the need for export cables and land-based substations. The paper by G. Calado and R. Castro [19] claimed that two offshore wind-powered hydrogen generation systems are now being suggested. This is accomplished by either offshore or onshore electrolysis. The advantages of offshore electrolysis include lower energy transport costs and fewer transmission losses. Losses in a High Voltage Alternating Current (HVAC) transmission line are roughly 1% to 5% for wind farms with nominal output ranging from 500 to 1000 MW and located 50–100 km from coast. The losses in an HVDC system are 2% to 4%, depending on the nominal power and distance. However, hydrogen traveling through a pipeline has far smaller losses, less than 0.1% [19]. The scheme of offshore hydrogen production system present Figure 1:



The electricity generated by each individual turbine is delivered to a central platform through ordinary undersea cable in a centralized electrolyser system. The majority of the electrical power may be corrected to DC once it reaches the central platform. The second component is utilized to provide AC power to the hydrogen compressors and seawater pumps [19]. A desalination system is used to purify sea water. After being desalinated in the desalination unit, the water is demineralized and injected into the electrolyser. The electrolyser then splits water into hydrogen and oxygen using electricity [26]. The hydrogen generated by the electrolyser departs with a pressure of 30 bar and high purity, therefore the next step is to compress it to the necessary pipeline input pressure. After compression, the hydrogen is put into the export pipeline and transported to the beach, while the oxygen is either released into the atmosphere at the same time or collected [19,26]. This concept is shown in Figure 2:



There are numerous electrolysis methods for generating hydrogen. The oldest and most frequent of these is alkaline electrolysis (AEC), which uses potassium or sodium hydroxide as the electrolyte. The plants utilized for this purpose have component life of 50–90,000 h, an efficiency of 65–82%, and the ability to scale up output in around 60 s [9]. Proton exchange membrane (PEM) electrolysers use a polymeric membrane as an electrolyte. The benefits of PEM technology include higher efficiency (65–78%), but also a shorter lifetime (30–90 thousand hours). Solid Oxide Electrolysis Cell (SOEC) is the least mature technology and is not yet commercially deployed. Such installations need a temperature of 800–1000 °C (and thus a continual source of significant amounts of heat) and are characterized by low efficiency and component life (around 10–30 thousand hours), yet their efficiency can reach 85% [9]. One important disadvantage of AEC and PEM electrolysers is the requirement to utilize valuable and semi-precious metals as catalysts (e.g., platinum, cobalt, or nickel), which greatly raises electrolysis prices. Anion Exchange Membrane (AEM) electrolysers, which are currently under research but have not yet been commercialized, may provide a solution by producing hydrogen under alkaline electrolysis conditions without the usage of precious metals [9].



Proton exchange membrane (PEM) electrolysers are the optimum choice for centralized offshore system due to their reduced footprint and ease of maintenance, which implies that in an offshore environment, the platform may be smaller and maintenance visits can be further apart. Since a PEM’s output pressure is roughly 30 bar, further compression is necessary to export the hydrogen to land. The size of the hydrogen compression system and pipeline to land must be determined by the distance to shore, the working pressure of the electrolyser, the hydrogen flow, and the pressure drop along the pipeline [19]. Lucas et al. [4] claim that the PEM electrolysis technology is best suited for hydrogen production from wind energy due to its quicker reactions and higher performance at partial load, and hydrogen production from an offshore wind farm seems promising despite its reliance on several factors, with the electrolyser’s capacity factor being highlighted. In [27] different water electrolysis technologies are considered: AEC, PEM, and SOEC. The power generated by offshore wind turbines is supposed to be delivered by cable to the coast, where centralized electrolysers create hydrogen. For gaseous hydrogen storage, pressurized tanks are the default option. The PEM electrolysers were the most convenient for offshore technology. The paper deals with the coupled operation of electrolyser and wind turbine were presented by Sarrias-Mena et al. [17]. Four different electrolyser models are presented and evaluated in this work. Also, in [28,29] we can see the concept of centralized offshore hydrogen generation. Many scientific studies are now being conducted on dedicated offshore wind farms for hydrogen generation. The centralized strategy with offshore hydrogen generation from a specialized wind farm produced the lowest LCOE in [29]. In this situation, hydrogen is produced offshore. The offshore wind farms provide direct electricity to the electrolysers. Dinh et al. [30] established a novel integrated and analytical model for estimating the profitability of hydrogen generation from dedicated offshore wind farms. The case study involved a hypothetical 101.3 MW wind farm placed in an offshore wind development pipeline off Ireland’s east coast. Electrolysers with proton exchange membranes and subsurface hydrogen storage were utilised. The offshore wind farm-hydrogen production system was shown to be feasible in 2030, with a hydrogen price of €5/kg and subterranean storage capacity ranging from 2 to 45 days [30]. Bonacina et al. [31] also evaluate a specialized wind farm, a hydrogen production facility with electrolysis, liquefaction, and storage facilities. The wind power plant generates renewable energy, the electrolyser stack produces hydrogen, the water treatment unit produces demineralized water, and the facility for hydrogen liquefaction stores and distributes hydrogen to ships. For each unit, the technology that best matches the offshore hydrogen production application is selected from the state-of-the-art technologies. Offshore plants have higher wind power density and stability, as well as more available space than onshore ones [31]. In terms of operational benefits, rather of docking in a port, an offshore installation speeds up and simplifies ship refueling. In the article of Ibrahim et al. [32] the offshore electrolysis plant is housed on a floating vessel in a centralized arrangement. It includes electrolysers, cooling units, seawater desalination units, a hydrogen buffer, and a battery system providing backup power to the facility, similar to the decentralized type. It might possibly have compressors. The performance of a wind—PEM electrolyser system was assessed for hydrogen generation in the study by Akyuz et al. [33]. The output of the wind turbine’s electric energy was also calculated using the hourly average wind speed. It was presented in [34] to simulate and evaluate the functioning of a wind-hydrogen system based on a floating offshore wind turbine and hydrogen generation via water electrolysis. The technical modeling was carried out using a MATLAB Simulink model of a semi-empirical proton exchange membrane (PEM) water electrolyser system. The major input for the simulations was data from a 2.3 MW floating offshore wind turbine that has been operating off the West coast of Norway since 2009. The Simulink model was created to mimic an energy system in which water electrolysis is utilized to manufacture hydrogen using power from an offshore wind turbine [34]. Cho et al. [35] suggested a P2G system that will be set up by a water-electrolysis facility near an existing wind farm on Jeju Island with a maximum generation capacity of 9.38 MW. The P2G system is normally intended to produce 200 kg of hydrogen per day (with a maximum capacity of 600 kg per day). In order to attain productivity, 3.3 MW of electrolysis facilities and auxiliaries were configured. Cheng et al. [36] described an offshore wind and onshore solar PV-powered system that generates renewable electricity, which is fed into an electrolyser for water electrolysis and hydrogen generation. When the electrolyser has spare capacity, the stored power is recovered. A techno-economic study of three offshore wind power plant configurations, including dispersed hydrogen production, centralized hydrogen production, and onshore hydrogen production, was provided in a paper by Jang et al. [37] to find the most economical technique of linking offshore wind power plants with hydrogen production facilities.



Recognizing the safety issues of hydrogen is critical for achieving dependable, secure, and efficient use of hydrogen as an alternative to fossil fuels. Hydrogen is no more or less risky than other combustible fuels. Indeed, the hydrogen’s lightness, and hence its ability to disperse quickly in the case of a leak, reduces the potential of aggregation and ignite. Since hydrogen does not contain carbon, its flames produce little radiant heat. However, due to the wide flammability range, colorless, odorless, tasteless, and essentially undetectable flame properties, hydrogen leaking is very hard to detect without adequate instruments [21]. International standards such as NFPA 2, NFPA 55, or ISO standards give major indicators for particular safety criteria for various hydrogen applications (for example, gaseous hydrogen, liquid hydrogen, vehicle fueling facilities and stations, and hydrogen fuel cell power systems). The European Union member countries addressed the definition of the main requirements to hydrogen production operators in terms of Risk Assessments under the Seveso Directive, Health and Safety requirements and conformity assessment procedures under the ATEX Directive, Integrated Environmental Obligations under the IED, and Environmental Impact Assessment procedures under the SEA and EIA Directives, as well as important amendments [21].



As can be seen from the work presented earlier, with the rise of offshore wind generation, hydrogen is emerging as a possible solution for the intermittent nature of renewable energy sources and long-distance transmission. This study discusses the possibility for producing hydrogen utilizing offshore wind energy from the Baltic Sea on a dedicated offshore platform. The first chapter presents basic information on offshore wind hydrogen production and a literature review. The second chapter contains the main submissions of the ongoing research. Chapters three and four contain the results and their discussion, while chapter five summarizes the entire article. The article will help fill the research gap regarding the possibility of using hydrogen produced on an offshore platform in Poland’s energy system.




2. Materials and Methods


2.1. Introduction


In this article a conception of centralized offshore hydrogen production system in the Baltic Sea area was presented. According to [19,38], the individual wind turbine installation in a centralized electrolyser system is the same as that of a normal offshore wind farm, with turbines in strategic positions to reduce losses due to wave impacts. Each turbine’s power is delivered to a central platform through undersea cables; while voltages vary, newer, higher-powered turbines run at 66 kV. The majority of the power may be rectified into direct current once it reaches the central platform The remaining is utilized to power seawater pumps and an alternating current hydrogen compressor. The direct current is primarily utilized for hydrogen generation, but it is also used to power the auxiliary systems. During shutdown periods, when the electrolyser must consume a tiny amount of energy to remain in standby mode, the electrolyser must have a power supply. Due to the PEM’s capacity to start running at 1% of nominal power, although at poor efficiency, shutdown times are uncommon and brief. Fresh water is split into hydrogen and oxygen during the electrolysis, and hence a fresh water source is necessary. Since the hydrogen produced by the electrolyser has a high purity and a pressure of 30 bar, the next step is to compress it to the necessary pipeline input pressure. Following compression, the hydrogen is pumped into the export pipeline and sent to the land. This case considers a wind farm connected to the mainland grid with an HVAC connection in combination with a connection to a platform for hydrogen production. In such a solution, hydrogen platform will receive power from the offshore wind farm when there is sufficient wind, but will also be able to import power from shore as a backup power during periods when there is little wind. In periods of little wind the hydrogen production will be shut. The installed capacity of the wind farm is assumed constant, while the transmission capacity to shore is varied depending on the optimal utilization of electrolyser system capacity. The main components of a centralized electrolyser system on an offshore platform include:




	
AC/DC rectifiers



	
Cable connection to shore as a backup power source



	
PEM electrolyser and auxiliary electronics



	
Desalination unit and desalinated water tanks



	
Seawater pumping system



	
Hydrogen pipeline to shore



	
Control and measurement equipment.








The model of centralized offshore hydrogen production system considered in the article is presented in Figure 3:




2.2. Wind Farm


The computations used data from the articles [40,41,42] the projected offshore wind farm Baltic II. The planned location of the wind farm is in the Polish Exclusive Economic Zone, in the southern part of the Baltic Sea, about 37 km in a straight line from the shore, at the level of Smołdzino municipality and Łeba municipality (Pomeranian voivodeship). The total area of the project area is about 122 km2, of which the area on which the power plant can be sited, after taking into account the required buffer areas, it is about 77–78 km2. The geographic coordinates of the points delimiting the Baltic II area has been presented in Table 1. The offshore wind farm’s maximum installed electricity capacity will be 720 MW.



Figure 4 depicts the position of the wind farm in the Baltic Sea (marked in orange):



The Baltic II wind farm area is characterized by good location parameters, i.e., location in relatively shallow waters, in close proximity to the shore, with good wind conditions. As a result, it is possible to apply the most proven and available technologies, i.e., use of the most efficient wind turbines, HVAC (alternating current) connection technology and foundation of the turbines on monopile foundations, which are currently optimal from the cost side. The currently expected lifetime of a wind farm is 25–30 years [7,41].



The following table (Table 2) summarizes the important technological parameters of the Baltic II farm:



The Baltic II wind farm will be controlled by a Supervisory Control and Data Acquisition (SCADA) information system. The capacity factor for the current areas of the Baltic Sea earmarked for offshore wind farm development varies between 42.7% and 47.4%, depending on the shape and environment of the area, windiness, etc. [7]. A capacity factor of 45% was assumed for the Baltic II farm considered in the article.



Since there was a shortage of measurement data from the intended wind farm location, the onshore station nearest to the area under consideration was chosen. Hourly wind speed data were available for the onshore station Łeba with the identifier 12,120 at a height of 10 m above ground level. Data for the year 2021 were obtained from ogimet.com [43]. Since the proposed wind turbine would be 110 m tall, the wind speed at this height must be calculated. The wind speed was estimated using the following equation [44] at a height of 110 m above sea level:


    v   110   =   v   10   ·         H   110       H   10         a    



(1)







In this formula, v110 is the wind speed at 110 m, v10 is the wind speed at 10 m, H110 is the turbine height (110 m), H10 is the height the data was taken from (10 m) and α is Hellman’s exponent, for this case 0.2 is chosen [39]. Based on the adjusted wind speeds at an altitude of 110 m, the power output of a single wind turbine was computed.



The following wind turbine characteristics are necessary to model energy production: inlet wind speed, vci (m/s), rated wind speed, vr (m/s), inlet wind speed, vci (m/s), outlet wind speed, vco (m/s), rated power, Pr (MW), and diameter, Dr (m) or rotor area, Ar (m2). Once these parameters are obtained from the turbine, which corresponds to the average wind speed at a given location, the turbine power can be calculated using the following formula [44]:


  P   v   = 0.5 · ρ · A ·   C   t o t   ·   v   3    



(2)







The ρ (kg/m3) in this equation represents the air density at the hub height, and Ctot is the overall efficiency coefficient (power coefficient) that changes with both wind speed and turbine rotational speed [39]. The following assumptions are taken into account in the calculations:




	
It is assumed that each turbine uses the same wind power curve.



	
Other turbines’ impacts on wind shear, air density changes, wake effects, and turbulence are ignored.



	
The wind farm is 95% operational.









2.3. Wind Turbine Characteristics


The V236-15.0 MW type of Vestas turbine was used to estimate the wind farm’s real output. Table 3 provides a summary of the turbine’s key technical specifications. There will be a total of 48 turbines installed.



The wind profile of the area and the turbine power profile are used to determine the availability of renewable energy at a specific place. Different efficiencies are estimated based on wind speed to generate a turbine power profile for a 15 MW turbine, as illustrated in Table 4. The turbine power at the given wind speeds is then calculated.




2.4. Electrical Conversion and Losses


The losses studied are those caused by power conversion and transmission. The following conversion processes must be undertaken in order to transmit power from the wind farm to the platform and also to the coast through the transmission cables [26,28,38,46]:




	
The wind turbine generates DC power, which is subsequently converted to AC to power the array cables (66 kV AC inter-array cables are studied in this study).



	
The electricity is then sent through cables through a grid to a converter located on an offshore platform. The AC electricity is then converted to DC and delivered into an electrolyser. The transmission loss is 3%, while the AC-DC loss is 4%.








The portion of the electric energy produced by the offshore wind farm that is not used for hydrogen production is delivered to the shore via HVAC interconnectors in the centralized hydrogen production system. HVAC systems are favored for short-distance power transfer [20].




2.5. Hydrogen Offshore Platform


It is envisaged that the centralized hydrogen production system will be housed on an offshore platform linked to the wind farm grid. An HVAC unit should be installed on this platform to give processed air to the electrical and living areas. HVAC will also provide air to the electrolyser system [26]. The hydrogen generated on the platforms is sent to shore through a subsea hydrogen pipeline for additional gas processing [47]. Based on current available technology the platform will contain the following systems [38]:




	
− Desalination and water treatment plant



	
− Feed water storage



	
− Electrolysers



	
− Drying and separator system



	
− Cooling system



	
− Compensators



	
− General area for the safety system



	
− Living quarters for maintenance work








The area/weight required for storage, compression or other treatment of the hydrogen is not included in this work. The PEM system offers approximately 50% lower space requirements and weight compared to an alkaline system [38]. Based on the data in [38] and [47], the basic design and dimensions of the offshore platform holding the electrolysis facility and related components are established in this article. Offshore hydrogen platforms face greater footprint and weight limits. The 500 MW hydrogen platform idea was described in [47]. The platform presented in the article is divided into three levels, with water and gas processing on the bottom two levels and electrolysis on the top two levels. To maintain ideal operating temperatures at the electrolysers, a large cooling load is necessary. Heat exchangers installed subsea have been selected for cooling process. Subsea cooling system utilizes the convective cooling produced by the surrounding current, using less water [47]. The platform power capacity will be adjusted to the power obtained from a wind farm.



2.5.1. Electrolyser System


The chosen electrolyser is a MC500 Proton Exchange Membrane (PEM) electrolyser produced by NEL Hydrogen. The PEM electrolyser can immediately adapt to variations in power input when the power source is variable wind energy with fluctuating power generation due to its working range of 10–100% and short reaction time. The PEM electrolyser’s operating pressure of 30 bar is particularly advantageous since it reduces energy usage while compressing the gas. The electrolysers are module-based, the creation of a large scale PEM electrolyser based on wind farm input power [46]. Table 5 summarizes the most important technical parameters of the electrolyser:



The ideal size ratio for an electrolysis plant to a wind farm is between 80% and 90% [44]. In this study, the size ratio of the electrolyser to the wind farm is assumed constant at 90%. The PEM system provides about 50% lower space requirements and even lower weight compared to an alkaline system [38]. According to IEAs, the plant footprint of electrolyser technology is 48 m2/MW for PEM [50]. The containerized solution was put forward so as to protect the under-lying and expensive from the atmospheric elements which usually occurs in the offshore environment [38]. The number of individual modules will be selected after taking into account the maximum power dedicated to the electrolysis process.




2.5.2. Hydrogen Production


Depending on the power supplied to the electrolyser system, a corresponding number of electrolyser modules will be activated to produce hydrogen. During short periods when energy from the wind farm will not be produced, the electrolyzers will go into standby mode. For longer power outages, the electrolysers will be turned off. The amount of produced hydrogen is given by the following formula [26,46,51]:


      H   2     p r o d   =     P o w e r   s u p p l i e d   t o   e l e c t r o l   [ M W ]     E l e c t r o l y s e r   e f f i c i e n c y   [ M W h / k g   H   2   ]   · N u m b e r   o f   a c t i v e   m o d u l e s  



(3)








2.5.3. Desalination and Water Tank System


The sea is the source of the feed water for the offshore hydrogen production system, an offshore sized desalination system is necessary owing to the freshwater demand for the electrolyser. A considerable amount of the feed water is returned to the sea as brine, with a projected recovery rate of 40% [46,47]. In this study, the reverse osmosis (RO) desalination system was investigated. To improve water quality, the desalination process can be carried out in stages. A 1-step reverse osmosis desalination produces water with a purity of 200–500 ppm, whereas a 2-step RO desalination produces water with a purity of 10 ppm [52]. The MC500 series Nel Hydrogen electrolyser includes a desalination machine. The amount of water required per hour for an electrolyser is provided by formula [53]:


    H   2   O   h   =   H   2     h   ·   w   d e s    



(4)




where wdes is the amount of water used per kilogram of hydrogen, which is assumed to be 15 L of feed water per kilogram of hydrogen [53].



The desalination system’s power consumption (MWh) is determined using the following formula [20,53]:


    E   w a t e r     h   =   H   2   O   h   ·   e   d e s    



(5)




where edes—energy consumption/1 m3 of water is considered to be 3.5 kWh/m3 [53].



The water tank system will be selected according to the calculated maximum hourly water consumption of the electrolyser unit.




2.5.4. Compressors


PEM electrolysers generate high quality hydrogen at pressures ranging from 2 to 6 MPa, necessitating compression of the generated hydrogen to 10–20 MPa at the pipeline entrance for offshore application. Centrifugal compressors were assumed in this work [20]. When hydrogen is created by the electrolyser, the input energy required to operate the compressor is delivered, and energy is similarly provided to all other equipment on the platform. Since the energy required to operate the compressor is substantially lower than the total energy generated, the loss of hydrogen generation is insignificant. The compressor should be able to handle the highest possible hydrogen flow rate [26].



Equation (6) calculates the compression power needs (P (kW)), and Equation (7) calculates the compressor’s system energy consumption (MWh) [26,53]:


  P = Q ·     1   3600     ·   Z T R     M     H   2   · η     ·           p   o u t       p   i n           κ − 1   N · κ     − 1    



(6)




where:




	
Q—hydrogen flow rate (kg H2/h),



	
Z—hydrogen compressibility factor: 1.03198



	
T—temperature at the compressor’s intake: 310.95 K



	
R—ideal gas constant: 8.314 J/K·mol



	
    M     H   2      —hydrogen molecular mass: 2.15 g/mol



	
η—compressor system efficiency: 75%



	
κ—diatomic constant factor: 1.4



	
N—number of compressor stages: 1



	
pin—compressor’s intake pressure: 3 MPa



	
pout—compressor’s output pressure: 10 MPa



	
P—power (kW)










  E n e r g y   c o n s u m p t i o n   o f   a   c o m p r e s s o r s   s y s t e m ( M W h ) =     H o u r s   D T E     · P  



(7)




where:




	
DTE—Driver Thermal Efficiency: 90%



	
P—compressor’s power (MW)









2.5.5. Power and Control System


The voltage is 66 kV and is specified by the voltage of the wind turbines and the array cable system. The size of the electrolyser stack determines the size of the rectifiers. The electrolyser will be powered by Low Voltage DC [47]. The hydrogen platform will be controlled by a Supervisory Control and Data Acquisition (SCADA) system. A Supervisory Control and Data Acquisition (SCADA) system will operate the hydrogen platform. The system employs basic logical switches and relational operators to determine when the various components should get wind turbine electricity. The amount of the incoming wind power and the preset capabilities of the individual components are used to make these judgments. When the wind speed is between 3 and 25 m/s, the electrolyser activates. If the wind power is <3 m/s then electrolyser is turned to standby mode. This is carried out to avoid excessive electrolyser on/off switching [34]. When the wind speed is <3 m/s for a long time, the electrolyser is turned off. In this case, the other necessary systems of the hydrogen platform are powered by a cable connected to the land network. When energy is supplied to the platform, the control system shifts to operation mode to manufacture hydrogen [35]. If the electricity generated by the wind farm exceeds the total rated power of the electrolyser, desalination system, and hydrogen compressor, the extra wind power is supplied to the onshore grid.





2.6. Hydrogen Pipeline


A pipeline is utilized to transfer the hydrogen gas from the platform to the land and finally to the storage facility. In this analysis, the assumption has been made that for the hydrogen transport to shore, a specialized new hydrogen pipeline composed of stainless or austenitic steels is utilized to prevent embrittlement and have a stable long life [26,54]. The hydrogen losses in the pipeline are low. After compression, the entrance pressure in the pipeline is 10 MPa bar, and the output pressure on the shore is considered to be 9.9 MPa. Outlet pressure from electrolyser is 3 MPa. To calculate the diameter of the pipeline, the transformed Renouard hydraulic equation was used [54]:


  D =       18.872 · Z · T · L · d ·   Q   1.82       p   1   2   −   p   2   2           1   4.82      



(8)




where: D—pipeline diameter (m)



	
Q—hydrogen flow rate in (m3/s)



	
Z—hydrogen compressibility factor: 1.03198



	
L—pipeline length between platform and shore: 36 km



	
T—gas temperature: 298 K



	
d—relative density of hydrogen: 0.07



	
p1—inlet pressure to pipeline: 10 × 105 Pa



	
p2—pressure from pipeline: 9.9 × 105 Pa






After calculating the diameter, the appropriate pipeline diameter was selected using the catalog [55].





3. Results


Using the collected data on wind conditions and the parameters of the various systems and equipment, and keeping in mind the assumptions presented earlier, the results of hydrogen generation on a dedicated centralized offshore platform were obtained, which are presented in the sections below.



3.1. Wind Farm Calculations


Using hourly wind data from 2021 for the Łeba station, the wind speed at the wind turbine’s height were calculated. The obtained average daily data is shown in the chart below (Figure 5):



As can be seen from the graph shown, the finest wind conditions are in the fall and in winter months, while a decrease in wind speed can be observed in the summer months. Wind speeds range from 0–max. 29.59 m/s.



Taking into account the predetermined number of wind turbines and their operating parameters and also the losses, the expected daily power produced by the Baltic II wind farm was obtained. The results are shown in Figure 6:



The achievable power output, after taking into account the previously assumed losses, varies, depending on wind speed, from a maximum value of 670.46 MW to a minimum value of 4.56 MW. Wind turbines are turned off when the wind speed falls below 3 m/s or exceeds 25 m/s. The power allocated to the electrolysis process is 90% of the current capacity of the wind farm.




3.2. Electrolysers and Hydrogen Production


The number of electrolysis system modules was selected for the maximum achievable capacity of 603.42 MW. Thus, an electrolysis system with a total capacity of 600 MW, containing 241 modular units, was adopted. The different modules will be activated based on the amount of electricity supplied by the wind farm. If the delivered power is less than the assumed maximum power, some units will be shut down. Hourly and then monthly average hydrogen production was calculated for predetermined electrolyser parameters and operating conditions. The results are shown in Figure 7:



As can be seen in the chart shown, the month with the highest average hydrogen production is March with a result of 3508.85 t of hydrogen. The least hydrogen was obtained in June, when the average production was 1779.25 t of hydrogen.




3.3. Desalination and Water Tank System


The volume of water tanks required for the electrolysis process was assumed for an expected maximum hourly hydrogen production of 10.66 tH2/h. The total volume of the tanks for this size should be 161 m3. The maximum calculated value of electricity consumed by the desalination system is 0.56 MWh.




3.4. Hydrogen Compression


The pressure of hydrogen at the electrolyzer’s exhaust is 3 MPa. In order to transport the produced hydrogen through a marine pipeline, it must be compressed to a pressure of 10 MPa. For a maximum hourly hydrogen flow rate of 10,664.25 kgH2/h, the power required for compression is 1.13 MW.




3.5. Hydrogen Pipeline Sizing


For the previously provided assumptions, the diameter of the pipeline delivering the hydrogen produced on the platform to shore was estimated. For the maximum hydrogen flow rate of 33.3 m/s, the design value of the diameter is 320 mm. Finally, a diameter of 350 mm was assumed for the hydrogen transport pipeline.




3.6. Offshore Platform Sizing


Taking into account the maximum possible hydrogen production, it was assumed that a 600 MW offshore hydrogen platform would be constructed. Using the data in [38] and [47] for the predicted 200 MW, 400 MW and 500 MW platforms, calculations were made regarding the dimensions for the various systems of the offshore hydrogen platform. Table 6 summarizes the acquired results:



An example visualization of an offshore hydrogen platform modeled in the article is presented in Figure 8, using the schematic from [47]:





4. Discussion and Conclusions


The primary purpose of this research was to present the possibilities of green hydrogen offshore production in the Baltic Sea region, using Poland as a case study. Applying data from the literature on the projected development of offshore wind turbines in the Polish Baltic Sea economic zone, data of wind conditions and the parameters of the systems and equipment chosen for this work, and keeping in mind the assumptions presented earlier, the results of hydrogen production on a centralized dedicated offshore platform were obtained. The proposed centralized offshore hydrogen production systems using the offshore wind energy include not only direct hydrogen production but also delivering surplus energy to onshore in order to balancing grid services. The technology makes use of an offshore electrolyser on a customized platform, where hydrogen is produced, compressed, and piped to shore. Compared to other hydrogen production systems the key benefits of a submarine pipeline for energy transportation in hydrogen form over a submarine electrical cable for direct electrical energy transfer are definitely the lower losses and lower costs than the HVDC cables typically used for power transmission. The main drawbacks of centralized hydrogen system have been the higher cost of additional HVAC cable, and the technical difficulties connected with transferring power to shore. However, when comparing a centralized system to a distributed (in-turbine) hydrogen production system [23,24], where the cost of purchasing and maintaining the equipment for each wind turbine and building a network of pipelines to bring the hydrogen to the collective platform must be taken into account, the centralized system seems much more cost-effective. For onshore hydrogen production, there are significant losses in the transmission of electricity to land, compared to negligible losses for hydrogen transmitted to land. Besides, the main advantage of a centralized offshore system is that there is no use of land and fresh water from the grid for electrolysis, which does not compete with human needs [21].



By analyzing the collected wind data and calculating the hourly output of the wind farm, a PEM electrolyser system from Nel Hydrogen with a total capacity of 600 MW was proposed for hydrogen production. This system was selected based on the maximum achievable power dedicated to the electrolysis process. The power factor for hydrogen production, according to the literature, was 90%. The highest expected hydrogen production was obtained from the winter months, with a maximum monthly average output of 3508.85 t of hydrogen, while a much lower production was obtained in the summer. It can be exempliefied by the results from the month of June with an average production of 1779.25 t of hydrogen. This is directly related to wind conditions in the Baltic Sea, where the best conditions are in the autumn and winter months. Other systems such as the water treatment system and water tanks, the hydrogen compression system and the size of the transport pipeline were selected according to the maximum hourly hydrogen production. The dimensioning of the offshore platform was based on literature data for similar research projects. As for supplying power to the offshore platform during periods of downtime in the wind farm’s electricity production, an additional cable connection to land and a system for temporary shutting down the electrolyser system units were used. This may be a disadvantage, due to the additional cost of constructing the submarine cable as well as due to the possible faster degradation of the electrolysers. To improve this system, the use of a fuel cell as a source of temporary power can be proposed. As mentioned in the article, a major drawback PEM electrolysers is the need to use precious and semi-precious metals as catalysts, which greatly increases electrolysis costs. Pt is the most ideal electrode material for hydrogen generation; nevertheless, its usage is expensive; hence, other possibilities such as employing Pt nanoparticles (to minimize the amount of Pt) or its entire substitution with transition metals such as Ni, Co, and Fe are being investigated in literature [55] The solution may be to use Ni-based alloys, such as Ni-Mo oxides and Ni-Co [56,57] as electrocatalyst materials to reduce costs of electrolysis. Another solution presented in the literature may be the use of the Ni-Mo-Ir-oxide for cathodes [58], the nickel oxide on directly grown carbon nanofibers (CNF-NiO) [59], the Pt40/Ni0.6Mo0.4-oxide electrode [60] and AgPd alloy nanoparticles [61] for improving PEM-type electrolysers. Also using the AEM electrolyser instead of PEM electrolyser could be a convenient solution for improving the presented system. AEM electrolysis may employ low-cost earth metals as electrocatalysts and has the potential for low concentrations of alkaline electrolytes in pure water, making it a large-scale energy storage and clean fuel. It is a highly promising way of producing hydrogen for large-scale applications [55].



The paper focuses only on the technical aspects of the proposed system, without considering costs however, some economic factors of hydrogen generation in Poland should be mentioned. According to estimates [9], the most cost-effective alternative for green hydrogen production in Poland will be to rely on power generated by offshore wind farms. The cost of manufacturing hydrogen is determined by a variety of factors, as method of generation and the energy. Green hydrogen prices are now in the 2.0–7.5 USD/kgH2 range, but are predicted to decline to 0.8–4.2 USD/kgH2 by 2030 and 0.8- 3.5 USD/kgH2 by 2050 [9]. It is achievable by reduction of electrolyser costs (technology advancement and increased scale of manufacture of these devices) and continued reduction in the costs of renewable energy generation [9]. Another point to consider is the concentration of electrical generating in northern Poland. There is a great risk of overloading high-voltage lines when pumping energy into the system from large concentrations of offshore and onshore farms, hence the solution in this circumstance may be hydrogen storage. There are also many issues associated with connecting wind farms to the power grid. In some cases, connectivity is completely denied due to lack of sufficient power infrastructure. In this case, the solution could be to convert the electricity into hydrogen and use it for industrial or transportation purposes [9].



The main constraints encountered during the study were the limited number of wind data from the Baltic Sea region and the calculations performed for the selected site. More wind data and also comparison of other Baltic Sea areas in terms of hydrogen production possibilities should give more accurate results. As suggested earlier, also using AEM electrolysers and comparing their performance to PEM electrolysers in a marine environment could help improve the designed hydrogen production system. Another issue that could affect the results obtained would be comparison of other types of turbines and electrolysers from other companies in terms of their performance. Also important are uncertainties in key parameters that can significantly affect the results obtained. A useful tool in this case would be a sensitivity analysis focusing on parameters such as the distance of the wind farm from the shore and its power output [20]. Due to the limited availability of some of the data, it was abandoned, but this is an area for refining the results in the future.



As an area of future research, several issues are worth considering. According to the findings, more wind energy will be captured during the winter season, when average wind speeds are higher than during the summer. This necessitates greater research into the winter performance of wind turbines, electrolysers, and other systems utilized in hydrogen platforms. Temperature and other environmental variables might affect compressor and cable losses. Including these variances in losses may result in a more complete study outcome. The degradation of the electrolyser components as the effects of wind intermittency is seen as an essential topic to investigate further in order to demonstrate the viability of offshore hydrogen generation. The valuable by-product gained during electrolysis is oxygen, which is about 8 kg of oxygen for 1 kg of hydrogen produced. The obtained oxygen is high pure in quality and can be further utilized for industrial and medical applications. Safety of hydrogen production is also a key issue for future research. The main risks associated with hydrogen production and maintenance of platform equipment and components are related to such phenomena as hydrogen embrittlement, hydrogen permeation, leakages and fire [62]. Another important research area is the integration of hydrogen production with an onshore storage system. Hydrogen can be stored, for example, in salt caverns, pressure tanks or in the form of ammonia. Surplus energy can also be stored in a battery storage system. Lithium-ion battery storage systems, in particular, have many benefits, including increased renewable energy output, cost savings, and environmental sustainability due to lower consumption [63]. Power-to-Gas (P2G) technology is an intriguing possibility, which may be defined as the conversion of power into gas, which can then be exposed to additional distribution, end-use through processing or utilization, and storage for future use and also optimize the hydrogen production [9]. Another solution is metal hydrides using as a hydrogen fuel carrier and hydrogen storage system [64,65,66]. Analysis of hydrogen production capacity, storage and energy utilization system requirements is an extremely important part of Poland’s future hydrogen sector.



Offshore wind energy development can help to decarbonize the national economy while also ensuring the exploitation of Poland’s hydrogen potential. Green hydrogen will be used on a large scale in manufacturing, electricity generation, and transportation in Poland primarily assuming the use of wind energy for its production. The effective planning of maritime areas and allocating a part of wind farms for direct hydrogen production will contribute to Poland’s independence and energy security and will be the chance to the decarbonization of individual sectors of the economy. Hydrogen has several applications, including industry, transportation and also grid balancing services. Green hydrogen’s cost competitiveness is predicted to match that of fossil-fuel-based hydrogen in the near future, thanks to improvements in the wind energy sector and large-scale electrolyser systems.
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Figure 1. Schemes of offshore hydrogen production system. Source: [19]. 
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Figure 2. The centralized offshore hydrogen production. Source: own materials based on [26]. 
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Figure 3. The model of centralized offshore hydrogen production in Baltic Sea. Source: own materials based on [39]. 
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Figure 4. The site of the Baltic II wind farm on the Baltic Sea (marked in orange). Source: [41]. 
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Figure 5. The daily wind speed at 110 m for 2021 year. 
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Figure 6. The hourly power production by Baltic II wind farm. 
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Figure 7. Annual hydrogen production depending on wind speed in 2021. 
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Figure 8. Scheme of a single 600 MW 3-level offshore hydrogen platform with the particular levels. Source: [47]. 
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Table 1. The geographic coordinates of the points delimiting the Baltic II area [40].
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Geocentric Geodetic Coordinate System GRS80h




	
No.

	
λ—Geodetic Longitude

	
φ—Geodetic Latitude






	
1

	
16°58′30,687″ E

	
55°00′50,524″ N




	
2

	
16°51′35,533″ E

	
55°02′06,260″ N




	
3

	
16°50′52,962″ E

	
55°02′07,171″ N




	
4

	
16°46′23,733″ E

	
55°06′08,711″ N




	
5

	
16°46′19,179″ E

	
55°06′11,836″ N




	
6

	
16°44′36,995″ E

	
55°07′06,218″ N




	
7

	
16°47′08,284″ E

	
55°07′25,002″ N




	
8

	
16°50′28,666″ E

	
55°07′54,264″ N




	
9

	
16°53′34,432″ E

	
55°08′05,318″ N




	
10

	
16°55′19,642″ E

	
55°08′17,668″ N




	
11

	
16°56′59,967″ E

	
55°08′12,077″ N











 





Table 2. Technical parameters of Baltic II [40].
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	Parameter
	Value





	Total area
	122 km2



	Developable area
	77–78 km2



	Depth of the sea
	23–41 m



	Distance from the shore in a straight line
	37 km



	Turbine power
	15 MW



	Number of turbines
	48



	Maximum rotor diameter
	250 m



	Type of foundations for wind turbines
	monopile



	Length of offshore export cable
	65 km



	Transmission voltage—internal cables
	66 kV



	Transmission voltage—cables from offshore to onshore substation
	220 kV



	Electricity transmission technology
	alternating current










 





Table 3. Technical parameters of Vestas V236-15.0 MW turbine [45].
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	Parameter
	Value





	Rated power
	15 MW



	Cut-in wind speed
	3 m/s



	Cut-out wind speed
	25 m/s



	Rotor diameter
	236 m



	Rotor swept area
	43,742 m2



	Aerodynamic brake
	3 blades full feathering



	Frequency
	50/60 Hz



	Hub height
	110 m



	Number of turbines
	48










 





Table 4. Turbine efficiency depending on wind speed at 110 m [26].
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	V110
	<3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	>25





	η
	0
	0.12
	0.29
	0.34
	0.43
	0.43
	0.4
	0.37
	0.33
	0.32
	0.27
	0.21
	0.17
	0.14
	0.12
	0.1
	0.09
	0.07
	0.06
	0.06
	0.05
	0.04
	0










 





Table 5. NEL MC500 Electrolyser technical specification [48,49].
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	Parameter
	Value





	Class
	2.5 MW



	Electrolyte
	Proton Exchange Membrane



	Nominal production rate
	492 Nm3/h

1062 kg/24 h



	Delivery pressure
	30 bar



	System Power Consumption per Volume of H2

Gas Produced at 100% Capacity
	5.1 kWh/Nm3



	Purity (high purity dryer system)
	99.9995%



	Start-up Time (from standby)
	<8 min



	Ramp-up Time (from zero to full load)
	<15 s



	Feed water consumption
	0.9 L/Nm3



	Input Water Quality
	Potable, subject to site water quality analysis



	Water Purification System (included)
	Reverse Osmosis (RO)



	Electrical Requirements
	Medium voltage: 6.6–35 kV, 3 phase, 50/60 Hz



	Dimensions W × D × H
	6.1 m × 2.5 m × 2.6 m—power supply enclosure

12.2 m × 2.5 m × 3 m—electrolyser enclosure



	Standard Siting Location
	Outdoor, pad mounted










 





Table 6. The 600 MW offshore hydrogen platform sizing based on [38].
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	Part of Hydrogen Platform
	Value





	Electrolyser system including separation distances
	22,468.3 m2



	Desalination system including separation distances
	204 m2



	Water storage system/buffer
	280.6 m2



	Board and control rooms
	585.2 m2



	Transformators and rectifiers
	488 m2



	Safety and muster areas
	300 m2



	Maximum operating weight
	38,000 t
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