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Abstract

:

The maritime industry is a major source of greenhouse gas (GHG) emissions, largely due to ships running on fossil fuels. Transitioning to hydrogen-powered marine transportation in the Mediterranean Sea requires the development of a network of hydrogen refueling stations across the region to ensure a steady supply of green hydrogen. This paper explores the technoeconomic viability of harnessing wave energy from the Mediterranean Sea to produce green hydrogen for hydrogen-powered ships. Four promising island locations—near Sardegna, Galite, Western Crete, and Eastern Crete—were selected based on their favorable wave potential for green hydrogen production. A thorough analysis of the costs associated with wave power facilities and hydrogen production was conducted to accurately model economic viability. The techno-economic results suggest that, with anticipated cost reductions in wave energy converters, the levelized cost of hydrogen could decrease to as low as 3.6 €/kg, 4.3 €/kg, 5.5 €/kg, and 3.9 €/kg for Sardegna, Galite, Western Crete, and Eastern Crete, respectively. Furthermore, the study estimates that, in order for the hydrogen-fueled ships to compete effectively with their oil-fueled counterparts, the levelized cost of hydrogen must drop below 3.5 €/kg. Thus, despite the competitive costs, further measures are necessary to make hydrogen-fueled ships a viable alternative to conventional diesel-fueled ships.
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1. Introduction


1.1. Motivation


The Mediterranean Sea is a bustling maritime corridor, frequented daily by over three thousand vessels [1,2], ranging from passenger ships and yachts to cargo ships, as evidenced by data from the online maritime monitoring service. This sea route not only links Asia with Europe via the Suez Canal but also plays a pivotal role in the European Union’s economy. Maritime transport is notably one of the most energy-efficient modes of cargo movement, handling 77% of Europe’s external trade and 35% of intra-EU trade by value via sea and inland waterways. Moreover, maritime connectivity is crucial for EU islands, supporting tourism, maintaining links with the mainland, and facilitating access to vital resources.



However, despite its efficiency, the maritime sector is a significant contributor to greenhouse gas (GHG) emissions, with vessels predominantly powered by fossil fuels. In 2019, the sector was responsible for 3–4% of the EU’s total CO2 emissions, amounting to over 144 million tons of CO2. Globally, ships are responsible for emitting approximately 1 billion tons of CO2 annually, an amount equivalent to the yearly CO2 emissions of Japan [3]. Efforts to curb these emissions have been insufficient, and the sector’s GHG emissions continue to rise, challenging the EU’s climate goals [4,5,6].



The International Maritime Organization (IMO) has set a strategy to cut global shipping’s total annual GHG emissions by at least 50% by 2050 compared to 2008 levels [7]. Achieving this ambitious target will require more than just implementing energy efficiency measures; it necessitates a shift to alternative marine propulsion systems that emit lower levels of CO2 compared to traditional fuels. Among the alternatives, electric propulsion using large-scale batteries and a variety of potential green marine fuels like hydrogen are being explored. The adoption of hydrogen, whether compressed or liquefied, offers promising prospects due to its CO2-emission-free operation, non-toxicity, and the fact that it does not contribute directly to GHG emissions, thus aiding in the decarbonization of maritime transport. Pure hydrogen or hydrogen blends with conventional fuels can be an alternative fuel for ship propulsion using different technologies, such as fuel cells (FCs) and internal combustion engines [8]. Pure hydrogen can be stored in a compressed or liquid state, in a liquid organic solution or as ammonia [9]. The first commercial fuel-cell ferries using pure hydrogen have recently been built and approved for service [10,11]. The most common and greenest way of generating power from hydrogen is using hydrogen FCs, although clean hydrogen-fueled internal combustion engines are now being reconsidered as a viable option in heavy duty and in transport systems in harsh environmental conditions, such as maritime transport [12].



The shift towards hydrogen-powered marine transportation in the Mediterranean Sea necessitates the establishment of hydrogen refueling stations throughout the region to guarantee a consistent supply of green hydrogen. The Mediterranean boasts areas with favorable wave energy potential, which could be harnessed independently or in conjunction with other renewable sources, such as offshore wind, to produce green hydrogen. This sustainable fuel could then support the vessels navigating the Mediterranean waters, facilitating a cleaner maritime environment.




1.2. Literature Review and Contribution


Wave power has traditionally been explored primarily for generating electricity, which is then transmitted to the mainland or nearby islands via submarine cables [13,14,15,16,17,18,19,20,21,22,23]. In their research, Satymov et al. [14] utilized potential hourly wave data from global locations and a wave energy converter manufacturer’s power matrix to assess the worldwide potential for wave-generated electricity. Their findings indicated that, in 2020, the levelized cost of energy (LCOE) for wave power was globally high, largely due to the significant capital expenditures (CAPEX) required in this nascent industry. However, projections suggest that, by 2030, wave power will become more economically viable in areas with a high energy potential, achieving predicted LCOEs below 60 €/MWh in places such as the northern British Isles and the Cape Town coast in South Africa. By 2050, it is anticipated that wave energy could reach LCOEs under 50 €/MWh, potentially making it one of the most cost-effective renewable energy sources, particularly in regions facing significant land limitations like the Faroe Islands, Pacific Islands, and Hawaii. In less spatially constrained areas, wave power could effectively augment other renewable sources, such as solar PV and onshore wind, thereby enriching the energy mix in regions like Scotland, Ireland, Portugal, South Africa, southern Australia, New Zealand, and Chile [15,16,17,18,19,20,21,22,23].



Reguero et al. [15] made a notable contribution to the global assessment of wave energy resources. Their study commenced with an examination of the temporal fluctuations in wave resources across the globe, analyzing patterns over various periods ranging from months to decades. This initial analysis was designed to quantify the theoretical potential of wave energy along coastlines. Importantly, this estimate was purely theoretical, not taking into consideration the practical aspects of energy conversion technologies or economic factors that could influence the feasibility of harnessing wave energy.



Wave energy assessments have been conducted across diverse geographical settings, ranging from the constrained islands of Maldives [16] and an isolated location off the coast of Alaska [17] to expansive regions like Europe [18], Scotland [19], the North Sea [20], South Africa [21], North Spain [22], and the Mediterranean [13,23,24,25,26,27,28]. In the context of the Mediterranean, which is the focus of this article, Dialyna and Tsoutsos [13] conducted a focused study on the performance of wave energy converters (WECs) in the Mediterranean, finding promising results but also identifying significant cost barriers that call for further research and development. In a separate study, Friedrich et al. [23] investigated the integration of wave power with multi-generation systems in the Mediterranean and Scottish Islands. Their findings suggest that incorporating wave power can significantly enhance demand-side management strategies, reducing CO2 emissions by 21%, operational costs by 8%, and the reliance on energy storage by 40–45%. These advantages are attributed primarily to the unique temporal generation profiles of wave power, which offer a balancing effect to counteract the high variability found in other renewable energy sources.



Acar et al. [24] conducted a comprehensive analysis of long-term trends in mean wave power across the Mediterranean Sea. Their study calculated the annual and seasonal mean wave power over the past 60 years, utilizing datasets of significant wave height and peak period derived from the ERA5 reanalysis. Lavidas et al. [25] conducted a detailed coastal assessment of wave dynamics in the Libyan Sea, located in the southwest Mediterranean. The highest wave energy resources were identified in open coastal zones, with energy levels in the most active months peaking at up to 10 kW/m. Although these resources are not as potent as those found in open oceanic regions, the relatively low variation in wave activity could make wave energy a viable supplementary option for renewable energy portfolios. Simonetti et al. [26] investigate the effects of long-term shifts in the wave climate on the optimal sizing and performance of oscillating water column WECs along the Mediterranean coastline. Their analysis, which projects future wave climate trends until 2100, reveals that long-term changes in wave energy resources necessitate moderate adjustments to the optimal design geometry, with size variations between current and future scenarios reaching up to 10%. They also find that, in most locations, the annual energy output of the devices is expected to increase significantly under these future scenarios, which could lead to a reduction in the levelized cost of energy and enhance the economic attractiveness of this technology. Miquel et al. [27] introduce the MoonWEC, an innovative wave energy conversion device tailored to the wave climate of the Mediterranean Sea. They suggest that, when deployed in arrays, the MoonWEC has the potential to supply electricity to remote islands in the region that are currently underserved by traditional energy resources.



WEC technologies are classified according to their operational principles [29]. Point absorbers, for instance, capture energy from waves coming from any direction by exploiting the relative movement between a buoyant element that reacts to wave dynamics and fixed structures. Prominent examples are the CorPower device constructed by CorPower Ocean Company (Stockholm, Sweden) [30], and the Powerbuoy manufactured by Ocean Power Technologies (Monroe Township, NJ, USA) [31]. Attenuators, also referred to as linear absorbers, are composed of elongated, flexible structures consisting of interconnected floating segments that pivot to align with wave directions for energy capture, with the Pelamis WEC being a noted example [32,33]. Oscillating water columns harness wave activity to induce air pressure fluctuations inside a chamber, which, in turn, drives an air turbine to produce electricity [34]. Overtopping devices, which may be based on the shoreline or offshore, function like conventional hydropower by using raised water in a reservoir to generate a pressure differential that activates a low-head turbine, such as the Kaplan, to generate electricity. An example of an offshore overtopping device discussed in this study is the Wave Dragon generator [35].



Despite the extensive research on wave power potential and converter technologies for pure electricity generation, there remains a notable gap in techno-economic feasibility studies exploring the potential of the Mediterranean Sea to support green hydrogen refueling stations for hydrogen-powered vessels. Recent scientific literature underscores the heightened focus on hydrogen use in the maritime industry, as evidenced by numerous technical papers discussing hydrogen production and its utilization aboard vessels. However, studies on green hydrogen marine transportation have primarily focused on utilizing wind and solar generators. For example, Temiz et al. [36] conducted a techno-economic evaluation of a carbon-neutral marine fuel production, storage, and refueling facility for short-distance ferries. Their analysis focused on three ferries, each with a capacity of 100 passengers, and proposed a system comprising a floating photovoltaic setup, a proton exchange membrane electrolyzer, and a hydrogen storage system. The system’s overall energy efficiency was calculated to be 15.35%, based on grid-connected operations, with hydrogen production costs estimated at 4.64 €/kg for a capacity of 26.7 tons/year. Perna et al. [37] assessed the design and economic viability of a renewable supply chain using a solar-powered electrolysis system to produce hydrogen for a ferry’s fuel cell propulsion. An alkaline electrolysis unit (1780 kW) was coupled with an 8.15 MWp solar plant that generates 128.7 tons of hydrogen annually, sufficient for the ferry’s 314 yearly round trips. The cost of this green hydrogen was 5.61 €/kg. The economic analysis, including revenue from surplus electricity and oxygen by-products, indicated a profitability index of 2.03 and a 9-year payback period. Bonacina et al. [38] explored the pre-feasibility of an offshore green hydrogen plant for ship refueling in the Mediterranean Sea, targeting long-distance routes between Sicily and Tunis. This study included a wind farm, an electrolyzer, a water treatment unit, and a hydrogen liquefaction plant for storage and ship distribution, with an estimated levelized cost of hydrogen (LCOH) at 4.0 €/kg.



This paper seeks to fill the existing research gap by offering an in-depth analysis of using wave energy to produce hydrogen for marine refueling stations in the Mediterranean Sea. Key findings include:




	
Identification of Favorable Locations: We highlight optimal sites within the Mediterranean Sea for establishing wave-power-based green hydrogen refueling stations (WHRS).



	
Techno-economic Feasibility Study: We evaluate the levelized cost of hydrogen (LCOH) generated using wave power within the Mediterranean Sea, analyzing the economic feasibility and investment prospects of such initiatives. Furthermore, we estimate the feasibility of hydrogen-powered ships, from the ship owner perspective.



	
Strategic Perspectives and Sensitivity Analysis: We explore the broader implications of integrating WHRS within the Mediterranean context, including a sensitivity analysis that correlates the LCOH with the capital expenditures (CAPEX), efficiency, and lifespan of wave power farms.








Through this comprehensive approach, the paper seeks to demonstrate the practicality and benefits of leveraging wave energy for green hydrogen production in the Mediterranean maritime sector.





2. Description of the Installations


2.1. Wave Power Farm


The Wave Dragon is a slack-moored floating wave energy converter (WEC) that utilizes the overtopping principle for its operation. This device, developed by the Danish company also named Wave Dragon, has undergone continuous enhancements for more than two decades. It employs two wing reflectors to direct incoming waves towards its doubly curved ramp. The waves ascend the ramp smoothly and spill over into a reservoir situated above the mean water level, as depicted in Figure 1. The device’s Power Take-Off (PTO) system consists of multiple variable-speed, low-head hydro turbines that are connected to Permanent Magnet Synchronous Generators (PMSG) to generate electricity. The water from the reservoir returns to the sea through these turbines, which are of the axial type with fixed propeller blades and guide vanes. The rotational speed of these turbines is controlled by an AC/DC converter system, depending on the available pressure head. The DC side of the converter supplies the electrolyzer generating hydrogen. A control system governs the turbine activation in a cascading sequence, responsive to the water level in the reservoir. This PTO system has proven highly efficient, achieving efficiency rates above 25% under various operational conditions [39]. Detailed specifications of the available Wave Dragon models are documented in Figure 2, drawing from source [40]. For this study, the 1.5 MW converter model is utilized.




2.2. Electrolysis Facility


The power produced by the WECs is converted from AC to DC using an AC/DC converter. This DC power then feeds several critical components: the desalination unit (specifically, a reverse osmosis plant), the electrolyzer, the compressor, and the hydrogen storage tank, as illustrated in Figure 3. Further details are elaborated in Section 3.2.2.




2.3. Selection of Locations


For a location to be deemed suitable for hosting a WHRS, it must meet four key criteria, which guided the site selection for this study:




	
Firstly, the site should possess a high wave energy potential to maximize hydrogen production and reduce its levelized cost.



	
Secondly, the refueling station should offer easy access for vessels navigating in the Mediterranean Sea. Furthermore, it should be strategically located at a major junction of several long-distance shipping routes.



	
Thirdly, the location should be close to the coastline to facilitate the installation of key hydrogen components such as the desalination unit, electrolyzer, compressor, and hydrogen storage tanks. Locating these components onshore rather than on a floating platform significantly reduces installation costs. Additionally, this proximity to the coast helps reduce operational and maintenance expenses, as well as transportation costs for crew and materials, enhancing overall efficiency and cost-effectiveness. Furthermore, proximity to a power network could reduce the need for large storage capacities, as the electrolyzer could utilize grid electricity to produce hydrogen during extended periods of low wave energy production.



	
Finally, the selected region should be uninhabited to minimize disruptions to human activities.








Four (4) optimal sites that meet the established criteria have been identified and are illustrated in Figure 4a. These sites are uninhabited islands located near Sardegna, Galite, Western Crete, and Eastern Crete, all of which lie along major shipping routes, as illustrated in Figure 4b, with their precise locations detailed through Google Maps in Figure 5, Figure 6, Figure 7 and Figure 8. The data on hourly wave power flux for the year 2022 at each site is displayed in Figure 9, Figure 10, Figure 11 and Figure 12, revealing an average wave power flux ranging from 7.52 kW/m at Western Crete to 9.58 kW/m at Galite. Additionally, wind rose diagrams for these locations are presented in Figure 13, Figure 14, Figure 15 and Figure 16. Significantly, the waves at Eastern Crete (Figure 16) predominantly follow a northwest direction, influenced by the “Meltemia” winds that characteristically blow from that direction [41]. This consistent wave orientation facilitates the optimal positioning of WECs to minimize shading effects, as they can be strategically aligned with the prevalent wave direction. Sardegna exhibits two dominant wave directions, one north-western and one south-eastern, as depicted in Figure 13. Nevertheless, assuming that the wave dragon generators have the ability to be rotated, the shading can be minimized. Western Crete presents a more complex scenario (Figure 15), with two dominant but perpendicular wave directions: WNW and NE. Aligning WECs to capitalize on the northeast potential would expose them to significant shading losses from the WNW direction. In response to these directional challenges, this paper adjusts the     n   s h a d i n g     coefficient to reflect the likelihood and impact of shading on the WECs, based on their orientation relative to the prevailing wave directions.





3. Methodology and Data


The approach used in this study to estimate the LCOH is organized into three separate stages:



Hydrogen Generation Calculation: Initially, the yearly electricity production from the wave energy plant is calculated using wave data from the Copernicus Marine System database [43]. This includes data on significant wave height, peak wave period, and wave direction, specific to the four investigated regions.



Cost Estimation: The next stage involves a thorough examination of existing technical literature on WECs and electrolyzers to assess the CAPEX and efficiencies of these facilities. This in-depth evaluation ensures that all potential costs are accounted for.



Techno-Economic Analysis: The final stage focuses on calculating techno-economic indicators such as the levelized cost of hydrogen (LCOH). This step evaluates the economic feasibility of the wave energy facility to produce green hydrogen, offering vital insights into its potential profitability and long-term sustainability.



3.1. Electricity and Hydrogen Production


There are two methods for computing the power of a WEC. The first method uses power matrix data that directly relate the power output of the WEC to the significant wave height     H   s     and the peak wave period     T   p    . The second method calculates the WEC power by multiplying the raw wave power (Equation (2)) by a constant hydrodynamic efficiency (    n   y d r    ). Due to the absence of power matrix data for the 1.5 MW Wave Dragon model, we employed the second method in this paper. Although power matrices for the Wave Dragon model have been referenced in the literature (e.g., reference [22]), they pertain to higher-power models designed for high-wave-potential seas, not the Mediterranean. Implementing these power matrices in the Mediterranean would result in very low-capacity factors and the underutilization of the devices.



Wave data, including significant wave height, peak wave period, and direction, were collected from the Copernicus Marine System [43] and analyzed hourly over a year. Using the methodology from Besio et al. [44], the wave power flux per unit length of the wave crest at any given time, represented as     P   w a v e   ( t )   and measured in kilowatts per meter (kW/m), is determined. This calculation is based on the spectral data provided by the wave model [44,45].


    P   w a v e   ( t ) = ρ · g ·   ∫  0   2 π      ∫  0   ∞    S   σ , θ   ·   c   g     σ , h       · d σ · d θ      k W   m       



(1)




where   S   σ , θ     is the directional wave energy spectrum,   σ   denotes the frequency, and   θ   represents the direction of propagation of the spectral component. Moreover,   ρ   denotes the water density,   g   denotes the gravitational acceleration,     c   g     is the group velocity, and   h   is the water depth. For deep waters (h/L > 0.5, with L being the wavelength), Equation (1) is simplified to Equation (2) [46,47,48,49,50]:


    P   w a v e   ( t ) =    ρ ·   g   2     64 · π    ·     H   s     t     2   ·   T   e   ( t )      k W   m       



(2)







All variables are defined in the nomenclature. While hindcast archives typically retain bulk wave parameters like     H   s     t     and peak wave period       T   p     t      , they often exclude the energy wave period       T   e     t      . Consequently,     T   e     t     is approximated using available data of     T   p     t    , multiplied by a calibration coefficient α, such that     T   e     t   = α ⋅   T   p     t    . Although the calibration coefficient   α   presents temporal variations [51], it is considered constant at 0.9 here, which is an accepted assumption that fits the short fetch lengths of Mediterranean [24,50]. The     T   p     t     and     H   s     t     are obtained by the Copernicus Marine System [43]. Using (2), the wave power flux (    P   w a v e   ( t )  ) at the four examined locations is depicted in Figure 9, Figure 10, Figure 11 and Figure 12.



The electric power generated by the whole wave power facility, composed of 100 WECs, is shown in Equation (3).


    P   w e c   ( t ) =   P   w a v e   ( t ) · 100 · W L ·   n   y d r   ·   n   t u r   ·   n   p m s g   ·   n   c o n v   ·   n   f a i l u r e   ·   n   s h a d i n g   ( k W )  



(3)







The parameters used in this equation are explained further below:



  W L :   It is the distance between the edges of reflectors of the 1.5 MW Wave Dragon converter being studied, which is 152 m, according to Figure 2. There are 100 WECs in total for a wave power facility with a capacity of 150 MW, yielding an exploitable length of   100 · W L  .



    n   y d r    : This represents the hydrodynamic efficiency of the Wave Dragon converter, defined as the proportion of wave energy captured and stored in the reservoir compared to the wave energy traversing the area outlined by the reflector edges. This efficiency measure indicates the converter’s ability to utilize the available wave energy, ranging between 0.25 and 0.35, according to sources [35,39,52,53].



    n   t u r    ,    n   p m s g    ,    n   c o n v    : These figures reflect the efficiencies of the Kaplan turbine, permanent magnet synchronous generator (PMSG), and power electronic converters, measured at 0.91, 0.94, and 0.98, respectively [39,54].



    n   f a i l u r e    : This parameter indicates the availability of WECs, taking into account the time they are non-operational due to maintenance or malfunctions. In this study, it is calculated to be 0.98.



    n   s h a d i n g    : This factor considers the shading effect among WECs [55]. The Wave Dragon converters are arranged side by side and face the dominant wave direction, as shown in Figure 3. Although the Wave Dragon converters are designed as floating and semi-moored, allowing their reflectors some adjustability to align with wave directions [56], shading still occurs when wave directions shift in parallel to the WECs’ row. Based on the rose diagram in Figure 13, Figure 14, Figure 15 and Figure 16, different shading factors are determined.



The hourly hydrogen production is calculated by Equation (4), for each hour t ∈ {1, …, 8760}.


    M   H 2     t   =   P   w e c     t   ·      n   e l / z e r   ·   n   c o m p r     33      k g   H   2      



(4)




where     n   e l / z e r   ,   n   c o m p r     denote the efficiency of electrolyzer and compressor and are considered 0.70 and 0.98, respectively [37,54,57,58,59]. The number 33 represents the equivalence (1 kg H2 corresponds to 33 kWh (lower heating value) [60]) between kWh and kg H2.



Table 1 and Table 2 quote the annual electricity and hydrogen production, respectively, at the four examined locations.




3.2. Total Facility Cost


3.2.1. Wave Power Farm


The cost analysis of the wave power facility is detailed in Table 3 and Figure 17. The initial setup cost, also known as capital expenditures (CAPEX), totals 913 million Euros. This estimate is based on the CAPEX figures provided in reference [40] and is consistent with projections in references [14,61]. However, with expected advances in commercialization, the CAPEX is projected to significantly decrease to below 2 million Euros per megawatt by 2050, as shown in Figure 18 [14]. Operational expenditures (OPEX), which cover all costs associated with managing a wave power farm from the point of takeover certification, include operation and maintenance (O&M) costs, site leasing, and insurance. The OPEX is expected to reduce from 5.8% to 2.4% by 2050, particularly for coastal facilities as shown in Figure 18 [14]. Additionally, the lifetime of WECs is anticipated to increase from 20 to 30 years, especially in gentler marine conditions such as those in the Aegean Sea, which are less affected by severe weather events [14].




3.2.2. Hydrogen Facility


Desalination Unit


Considering the case of Sardegna, the examined installation can yield annual hydrogen production of 6.560 tones H2. This quantity will require an annual amount of 118.080 tons of water (electrolysis produces 1 kg of hydrogen from 18 kg of water [12]), which corresponds to 323.5 tons of water per day. The cost of desalination unit is around 1500 €/(tons/day). Namely, the cost of desalination unit is 323.5 tons/day × 1500 €/(tons/day) = 485.000 €. In a similar logic, the cost of desalination unit for the hydrogen refueling stations of Galite, Western Crete, and Eastern Crete is 406.700 €, 313.000 €, and 433.333 €, respectively.




Electrolyzer and Balance of Plant


Figure 19 outlines the breakdown CAPEX for electrolysis facilities, including both the electrolyzer and the balance of plant (BoP), for the current year as well as anticipated costs beyond 2030. The analysis covers both alkaline (AEL) and proton exchange membrane (PEM) electrolyzers, drawing on data from reference [54] (specifically Figures 3.6 and 3.11 of [54]), as well as references [59,62]. The figure indicates that CAPEX costs for electrolyzers are projected to decrease by 2030, falling from 680 €/kW to 430 €/kW for AEL, and from 760 €/kW to 540 €/kW for PEM. Additionally, the total cost of a 150 MW electrolyzer installation, which represents the capacity assessed in this study, is detailed in Figure 20.




Hydrogen Storage


There are numerous hydrogen storage techniques, each with its own cost and scale considerations. Options include storing hydrogen as compressed gas in aboveground tanks, in buried pipes, or within underground geological formations. Alternatively, hydrogen can be stored as a liquid in cryogenic tanks or bonded within other chemicals like ammonia and liquid organic hydrogen carriers (LOHCs). Additionally, hydrogen can be stored in solid form using various technologies such as metal hydrides, although these technologies are currently at a lower technology readiness level (TRL). Aboveground compressed hydrogen tanks are typically best for storing less than 10 tons of hydrogen. Conversely, salt caverns become cost-effective only for capacities exceeding 100 tons [62]. The specific storage costs vary widely, starting from 10 €/kg of hydrogen, akin to costs for underground geological storage, and can go up to 500 €/kg, similar to the costs for aboveground compressed tanks [62,63,64,65].



Despite its affordability, the feasibility of underground hydrogen storage is contingent on geographic factors, which may not align with the locations of the hydrogen projects under consideration. As a result, aboveground tank storage might represent the sole viable alternative. In our analysis, we have considered an average specific storage cost of 350 €/kg and a fixed storage capacity of 20 tons. This capacity is sufficient to serve approximately 50 ships per day (a daily consumption of 400 kg H2 is assumed per ship each day [37,60]), even in scenarios where wave power is unavailable. During prolonged periods of low wave energy, it may be necessary to rely on grid electricity for electrolysis to ensure a consistent supply of hydrogen. The installations in Sardegna, Western Crete, and Eastern Crete, while remote, are strategically positioned near the robust power networks of Sardegna and Crete, which can provide backup electricity to the electrolyzers when needed. However, under the new regulations proposed by the European Commission, hydrogen produced using grid electricity would not be eligible for subsidies, as it does not fulfill the criteria for being renewable. Conversely, the installation at Galite is more detached from a robust power network, increasing the risk of a hydrogen shortfall during extended periods of low wave energy.






3.3. Calculation of Levelized Cost of Hydrogen


The economic viability of the wave-powered hydrogen facility is determined by assessing the LCOH. This is calculated using Equation (5) as described below:


  L C O H =        C A P E X   w e c   +   C A P E X   H 2     · c r f +     O P E X   w e c   +   O P E X   H 2       A n u a l   H   2       



(5)







In Equation (5),   A n u a l   H   2     represents the total annual hydrogen production, as determined in Table 2.     C A P E X   w e c     has been determined in Table 3 to be equal to 913 Mi. €.     C A P E X   H 2     is the sum of desalination unit, electrolyzer, compressor, and hydrogen tank quoted in Table 4. The capital recovery factor (  c r f  ) is calculated as described below:


  c r f =    W A C C ·     1 + W A C C     l i f e t i m e         1 + W A C C     l i f e t i m e   − 1     



(6)







Here, the weighted average cost of capital (WACC) is dependent on inflation and is set at 3% for the purposes of this study (as of December 2023, the inflation rate in the Eurozone is 2.9%, and the European Union is 3.4% [66]). It is also assumed that the investment was made using personal funds, without relying on bank loans.



The flowchart of the methodology followed to calculate the LCOH is shown in Figure 21. It consists of the following steps:



Block 1: The available wave power in kW/m at hour t is computed according to Equation (2).



Block 2: The electric power generated by the wave power facility, composed of 100 WECs, is calculated according to Equation (3).



Condition 1, Block 3, Block 4: If the power produced by the wave power farm is lower than the electrolyzer nominal power (    P   e l e c , N    ), the hourly hydrogen production is calculated by Equation (4). Otherwise, the electrolyzer operates at its nominal power     P   e l e c , N     and the hydrogen production is modified accordingly.



Condition 2: The hourly hydrogen production is computed for the whole year, i.e., for each t ∈ {1, …, 8760}.



Block 5: The LCOH is computed according to Equation (5).





[image: Hydrogen 05 00028 g021] 





Figure 21. Flowchart of the proposed method for estimating the LCOH in wave-powered hydrogen facilities. 






Figure 21. Flowchart of the proposed method for estimating the LCOH in wave-powered hydrogen facilities.
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4. Results


4.1. Levelized Cost of Hydrogen


The LCOH is estimated here assuming the annual hydrogen production of Table 2 as well as the CAPEX, OPEX, lifetime, and WACC quoted in Table 4. Due to the challenges in precisely defining certain parameters of the facility, such as the lifetime, total CAPEX, and the hydrodynamic efficiency (    n   y d r    ) of WECs, the economic analysis is segmented into four (4) scenarios, as explained below. In all scenarios the CAPEX values are plotted on the x-axis, ranging from 300 Mi. € (future cost) to 1100 Mi. € (today cost). This range accommodates all foreseeable CAPEX costs and anticipated reductions up to the year 2050, as indicated in Figure 18, Figure 19 and Figure 20.




	
Scenario 1: Assumes a hydrodynamic efficiency (    n   y d r    ) of 25% for the WEC, with a facility lifespan of 20 years.



	
Scenario 2: Assumes a hydrodynamic efficiency of 30%, with a facility lifespan of 20 years.



	
Scenario 3: Hydrodynamic efficiency is maintained at 30%, but the lifespan is extended to 25 years.



	
Scenario 4: Efficiency increases to 35%, with a lifespan of 25 years.








The LCOH for Scenario 1 is illustrated in Figure 22 for all locations. With the current CAPEX of 1035.485 Mi. €, the LCOH peaks at 29.5 €/kg at Western Crete, indicating it as the least favorable location between the examined ones. With the current CAPEX, wave power is totally uncompetitive when compared to the onshore wind and solar installations, which can produce hydrogen in much lower prices ranging from 3 €/kg to 7.5 €/kg [37,67]. However, anticipated CAPEX reductions for wave power and electrolyzers could potentially lower the LCOH to as little as 5 €/kg, assuming a total CAPEX of 300 million €.



Scenario 2, depicted in Figure 23, shows a reduced LCOH compared to Scenario 1, as a result of the increased efficiency of the wave energy converters (WECs). For Sardegna, the LCOH ranges from 16.3 €/kg to 4.4 €/kg depending on the CAPEX. In Figure 24, the LCOE for Scenario 3 is shown. By extending the facility’s lifetime to 25 years and maintaining an efficiency of 30%, the LCOH can be reduced to as low as 4 €/kg for the lowest CAPEX assumptions. Lastly, Scenario 4 is outlined in Figure 25, where a 35% efficiency at the lowest CAPEX (300 million €) yields LCOH values of 3.6 €/kg, 4.3 €/kg, 5.5 €/kg, and 3.9 €/kg for Sardegna, Galite, Western Crete, and Eastern Crete, respectively.




4.2. Economic Analysis from the Ship Owner Perspective


This section compares the net present costs (NPCs) of two marine propulsion systems from the perspective of ship owners considering new installations: a conventional diesel engine using very-low-sulphur fuel oil (VLSFO) and a fuel-cell-powered electric motor. Both propulsion systems are evaluated at a capacity of 4 MW, with an annual energy requirement of 2410 MWh (approximately 6.6 MWh daily). Key details of these systems are presented in Table 5 and Table 6. For this analysis, several assumptions are made:




	
The costs associated with the delivery of engines, fuel cells, inverters, and electric motors are minimal and nearly identical for both options and are therefore excluded from the analysis.



	
Similarly, maintenance costs as well as costs associated with the reservoirs of VLSFO and hydrogen tanks are considered comparable and are not included.



	
Costs or profits from the decommissioning and recycling stages are not considered.



	
The European Union’s expanded Emissions Trading System (ETS), aiming to reduce greenhouse gas emissions by 55% by 2030 [68], affects only the diesel engines. Under this system, ships must buy allowances for each ton of CO2 emitted. The ETS, adhering to the “polluter pays” principle, applies only to diesel engines, not to those powered by green hydrogen [3,54].










 





Table 5. Characteristics of 4 MW diesel engine.






Table 5. Characteristics of 4 MW diesel engine.





	Specific Fuel

Consumption [3,69]
	Fuel Price [70]
	Emissions [3]
	Emission’s

Cost [3,37]
	Cost of

Engine [3]





	185 kg fuel/MWh
	0.6 €/kg fuel
	3.15 kg CO2/kg fuel
	0.129 €/kg CO2
	1 Mil. €










 





Table 6. Characteristics of 4 MW fuel cell system.






Table 6. Characteristics of 4 MW fuel cell system.





	Specific Fuel

Consumption
	Fuel Price
	Cost of

Fuel Cell, Inverter, and Electric Motor [36]





	60 kg H2/MWh
	Investigated (x-axis Figure 26)
	4 Mil. €








The NPC of the examined propulsion systems is depicted in Figure 26. As shown, for hydrogen prices below 3.5 €/kg, the fuel-cell-powered ship has a lower NPC than the conventional diesel engine. Thus, from the ship owner perspective, the fuel-cell-powered propulsion system will be economically viable only for hydrogen prices below 3.5 €/kg.





5. Discussion and Conclusions


This paper investigated the techno-economic feasibility of utilizing wave energy from the Mediterranean Sea to produce green hydrogen for hydrogen-powered ships. The techno-economic analysis conducted within this study indicates that hydrogen can competitively rival conventional oil-based fuels in marine transport applications only when priced below 3.5 €/kg. The island locations studied—Sardegna, Galite, Western Crete, and Eastern Crete—are among the most wave-rich regions in the Mediterranean Sea and demonstrate promising potential for achieving low levelized costs of hydrogen. Although the promising price projections ranging from 3.6 €/kg to 5.5 €/kg are close, they still do not meet the critical threshold of 3.5 €/kg mark required to economically outperform diesel-fueled ships. Achieving this lower cost threshold will necessitate further advancements in wave converter technology, greater efficiencies in hydrogen production processes, and supportive policy frameworks aimed at reducing costs and fostering market acceptance of hydrogen as a marine fuel. Our analysis reveals that the levelized cost of hydrogen at wave-powered hydrogen facilities is primarily influenced by the cost of the wave converters. For instance, in a 150 MW installation, the current cost is approximately €1035.485 million, with wave converters accounting for €913 million and electrolyzers for €115 million. To scale up production and achieve economies of scale, several policies could be effective. These include providing subsidies and incentives such as tax reductions, boosting research and development funding, offering regulatory support to simplify permitting and licensing processes, and promoting international cooperation and technology transfer on wave energy projects.



Besides cost considerations, addressing the safety hazards associated with using hydrogen as a maritime fuel is critical as well. A recent European Maritime Safety Agency report [28] reveals that hydrogen presents unique safety challenges compared to conventional fuel oils. Consequently, there is a pressing need to develop specific safety regulations and classification rules that ensure safe design and usage onboard ships, progressing alongside technological advancements. The main safety risks of using hydrogen as ship fuel stem from its high flammability, surpassing that of natural gas. Hydrogen’s wide flammability range, low ignition energy, and faster burning velocity mean that hydrogen explosions can be more severe than those from natural gas. Additionally, hydrogen’s low boiling point complicates its storage and distribution. Its low density causes it to rise and disperse in open areas, challenging the design of safety measures like gas detectors, ventilation systems, and the layout of spaces prone to gas leaks. Damage to hydrogen fuel containment or piping systems on a ship could lead to the catastrophic release of all stored hydrogen. It is crucial to protect these storage and distribution systems against potential external damage. When compressed to high pressures (250–700 bar), hydrogen stores substantial potential energy, which can create strong pressure effects upon release and spontaneous ignition. The safety principles, guidelines, and practices derived from other industries are essential for safely handling hydrogen. However, adapting these hydrogen technologies from land to maritime settings involves significant challenges. Ships’ autonomy, limited space, and varying environmental conditions mean that not all land-based safety solutions, such as maintaining separation distances and ensuring open-air leak containment, are feasible for vessels fueled by hydrogen.
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Nomenclature




	
Variable

	
Description

	
Unit




	
Wave Power Facility




	
     T   p   ( t )   

	
Peak wave period at time t

	
s




	
     T   e   ( t )   

	
Wave energy period at time t

	
s




	
    H   s    (t)

	
Significant wave height

	
m




	
WL

	
Length between the edges of the reflectors

	
m




	
     n   y d r     

	
Hydrodynamic efficiency

	
%




	
     n   t u r     

	
Turbine efficiency

	
%




	
     n   p m s g     

	
Generator efficiency

	
%




	
     n   c o n v     

	
Power electronic converter efficiency

	
%




	
     n   f a i l     

	
Parameter for the out-of-service period

	
%




	
     n   s h a d i n g     

	
Shading efficiency of wave converters

	
%




	
     C   w e c     

	
Cost per wave converter (WEC)

	
€/WEC




	
     P   w a v e   ( t )   

	
Available wave power per unit length

	
kW/m




	
     P   w e c   ( t )   

	
Electric power of WECs

	
MW




	
     C A P E X   w e c     

	
Capital expenditure of wave installation

	
€




	
     O P E X   w e c     

	
Operating expenditure of wave installation

	
€




	
Electrolysis Facility




	
     M   H 2     t     

	
Hydrogen production at hour t

	
kg




	
     n   e l / z e r     

	
Electrolyzer efficiency

	
%




	
     n   c o m p r     

	
Compressor efficiency

	
%




	
     C   d e s a l     

	
Cost of desalination unit

	
€




	
     C   e l / z e r     

	
Cost of electrolyzer

	
€/MW




	
     C   B o P     

	
Cost of balance of plant

	
€/MW




	
     C   t a n k     

	
Cost of hydrogen tank

	
€/kg




	
     P   e l / z e r , N     

	
Nominal capacity of electrolyzer

	
MW




	
     E   t a n k , N     

	
Nominal capacity of hydrogen tank

	
kg




	
   L C O H   

	
Levelized cost of hydrogen

	
€/kg




	
     C A P E X   H 2     

	
Capital expenditure of hydrogen installation

	
€




	
     O P E X   H 2     

	
Operating expenditure of hydrogen installation

	
€




	
Economic Index




	
   c r f   

	
Capital recovery factor

	
-




	
WACC

	
Weighted average cost of capital

	
%




	
lifetime

	
Project lifetime

	
years
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Figure 1. From top to bottom: (a) side view, and (b) top view of the Wave Dragon converter. 
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Figure 2. Available models of the Wave Dragon converter for various sea conditions [40]. 
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Figure 3. Block diagram of wave-power-based hydrogen refueling station. 
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Figure 4. (a) Mean wave energy flux in the Mediterranean for years 2001–2010 [1]. The installation locations are shown on the figure; (b) ship traffic density map in the Mediterranean Sea (source [42]). 
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Figure 5. The first proposed island for installing the electrolyzer near Sardegna. 
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Figure 6. The second proposed island for installing the electrolyzer in Galite. 
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Figure 7. The third proposed site for installing the electrolyzer near Western Crete. 
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Figure 8. The fourth proposed site for installing the electrolyzer near Eastern Crete. 
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Figure 9. Hourly wave power flux for Sardinia throughout 2022. 
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Figure 10. Hourly wave power flux for Galite throughout 2022. 
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Figure 11. Hourly wave power flux for Western Crete throughout 2022. 
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Figure 12. Hourly wave power flux for Eastern Crete throughout 2022. 
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Figure 13. Wind rose diagram for Sardegna in 2022.     n   s h a d i n g   = 0.9  . 
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Figure 14. Wind rose diagram for Galite in 2022.     n   s h a d i n g   = 0.80  . 
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Figure 15. Wind rose diagram for Western Crete in 2022.     n   s h a d i n g   = 0.60  . 
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Figure 16. Wind rose diagram for Eastern Crete in 2022.     n   s h a d i n g   = 0.85  . 
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Figure 17. Breakdown cost of the wave power facility. 
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Figure 18. Projected CAPEX (top-left), OPEX (top-right), and lifetime (bottom) of WECs [14]. 






Figure 18. Projected CAPEX (top-left), OPEX (top-right), and lifetime (bottom) of WECs [14].



[image: Hydrogen 05 00028 g018]







[image: Hydrogen 05 00028 g019] 





Figure 19. Current and future specific costs of AEL and PEM electrolyzers [54]. 
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Figure 20. Current and future costs of 150 MW AEL and PEM. 
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Figure 22. Scenario 1: Levelized cost of hydrogen considering     n   y d r   = 0.25 ,   l i f e t i m e = 20   y e a r s  . 
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Figure 23. Scenario 2: Levelized cost of hydrogen considering     n   y d r   = 0.30 ,   l i f e t i m e = 20   y e a r s  . 
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Figure 24. Scenario 3: Levelized cost of hydrogen considering     n   y d r   = 0.30 ,   l i f e t i m e = 25   y e a r s  . 
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Figure 25. Scenario 4: Levelized cost of hydrogen considering     n   y d r   = 0.35 ,   l i f e t i m e = 25   y e a r s  . 
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Figure 26. Net present cost of two different propulsion systems as a function of hydrogen price. 
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Table 1. Annual electricity production at the examined locations.






Table 1. Annual electricity production at the examined locations.





	Sardegna
	Galite
	Western Crete
	Eastern Crete





	297 GWh
	267 GWh
	206 GWh
	285 GWh










 





Table 2. Estimated annual hydrogen production at the examined locations.






Table 2. Estimated annual hydrogen production at the examined locations.





	Sardegna
	Galite
	Western Crete
	Eastern Crete





	6560 tons H2
	5498 tons H2
	4231 tons H2
	5858 tons H2










 





Table 3. Breakdown cost of the wave power facility.
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	Equipment/Service
	Cost per 1.5 MW WEC [40]
	Total Cost 150 MW





	Development
	
	



	Engineering and management, planning, and consenting
	2 Mi. €
	200 Mi. €



	Structure
	
	



	Main material—concrete (6.450 tones)
	1.29 Mi. €
	129 Mi. €



	Other material—steel (50 tones)
	0.17 Mi. €
	17 Mi. €



	Access system and platform
	0.02 Mi. €
	2 Mi. €



	Machine housing
	0.05 Mi. €
	5 Mi. €



	50-ton glass fiber
	0.46 Mi. €
	46 Mi. €



	Power take-off system
	
	



	Generator and turbines
	1.2 Mi. €
	120 Mi. €



	Power electronics
	0.6 Mi. €
	60 Mi. €



	Control and safety system
	0.2 Mi. €
	20 Mi. €



	Air system and hydraulics
	0.3 Mi. €
	30 Mi. €



	Mooring System
	0.7 Mi. €
	70 Mi. €



	Installation
	
	



	Pre-assembly and transport
	0.4 Mi. €
	40 Mi. €



	Installation on site
	0.4 Mi. €
	40 Mi. €



	Electrical connection
	0.51 Mi. €
	51 Mi. €



	Contigencies (10%)
	0.83 Mi. €
	83 Mi. €



	     C A P E X   w e c     
	9.13 Mi. €
	913 Mi. €










 





Table 4. Cost and data used for the economic analysis.
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CAPEX

	
Wave Power Farm

	
255 Mi. €–913 Mi. €

(Figure 18)




	
Desalination Unit

	
485.000 €




	
Electrolyzer and BoP

	
65 Mi. €–115 Mi. €

(AEL 2030–PEM today)




	
Hydrogen Storage

	
7 Mi. €

(20 tons)




	
Total CAPEX range

	
327.485 Mi. €–1035.485 Mi. €




	
OPEX

	
3% ⋅ CAPEX




	
Lifetime

	
20–25 years




	
WACC

	
3% [37]

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Wave Dominant Direction

152m 150m 152m

100 Wave Dragon

R Converters

Electricit

Sea Water, =
—— Electrolysis === Compressor’

Low Hydrogen

Conductvty (30 bar)

Water






media/file48.jpg
‘—e—Sardegna
28 —e— Galite

26] | —+—Western Crete
~—v—Eastern Crete

LCOH (€/kg)

+..LCOH in Sardegna

from4 €/kg to 14.6 €/kg

200 300 400 500 600 700 800
Total CAPEX (Mi. €)

900 1000 1100 1200





media/file27.png
200
180 -

£160- Average Flux 7.86 kW/m
< 140 -

§120—-
100 -

k

Wave Power FI
(e}] (o]
o o
1 l 1 l

NN
o
]

LN b LAt

0 2000 4000 6000 8000
Time (h)





media/file43.png
120 -
110
100 -

Cost (Million €)

I Engineering

I Housing

I Instrumentation

B Piping

B Compression

I H20 Purification

I System Cooling

B BoP Anode

[ BoP Cathode - H2 Purification
B High Voltage Transformer
I Power Electronics (DC/DC)
Il Electrolysis Stack






media/file12.jpg
Site 1: Sard





media/file14.jpg
Galiteslands






media/file35.png
Wind Direction (% of the time)

NNW NNE

NW NE

»

*--...pExploitable potential

WNW ENE

WSW ESE

SSW SSE





media/file20.jpg
2004

180+
=160
3
=140
=
%1204
» 1004
804

] ﬂ M,J,m l

0 ZDhﬂ 4000 6000 8000
Time (h)

Average Flux 9.37 kW/m

Flu:

Wave Powe






media/file53.png
A

Net Present Cost (Million €)
o

B (2] (o]
| L l L l J

N
1 )

oo}
I

»
L

—a— Diesel
—e— Fuel Cell

"Equal NPC at 3.5 €/kg

S

—

W —

|

4
Hydrogen Price (€/kg)

—

—





media/file5.png
Waves overtopping the
doubly curved ramp

Reservoir

turbines + generators






media/file19.png
iw

<= SikcWl - Faguagn G

E@dail {
yiopa™, ai
WS EXouyitag ’ Bal
ia alekastro
§.’ JEEla I'Iu)\Jc‘ugqotpo 7
e Mochlos o Sy TRl 4 aolbiou
Auoq Mirabello Bay MOXA G R 2 :Riskokefalo¥# " .0
ATo¢ MipapmeAou ‘6 RS i Ql OKEqJ QAo -
A T T \'," -
F AT %
Istro. i ' B0
off%o iy T i g A
= ) " o s ot 7 4.:‘(&"
ol “, 44 > 5 7 Kato}zakros
V4 v ¥ s T e pog
: 7 e &% & AT Zir0s
5 y W ZipoG
: Xerokampos
{ A WEIEEIRS —EDOKAUTIOC
S AChlia#P ™ Makpu-TiaNg
sapelia g Goudouras
EpAreTp roudaupa






media/file45.png
LCOH (€/kg)

30 ] —a— Sardegna
28 - —o— Galite

26 A - \/\/estern Crete
-y Eastern Crete

24 -
9.
20 -
18 -
16 -
14 -
12
10 -
8-
6 -
4
200 300 400 500 600 700 800 900 1000 1100 1200
Total CAPEX (Mi. €)

“SSeens LCOH in Sardegna
from5 €/kg to 18.35 €/kg






nav.xhtml


  hydrogen-05-00028


  
    		
      hydrogen-05-00028
    


  




  





media/file11.png
44°N

42°N

40°N

38°N

36°N

34°N

32°N

[ [ | [
0° 10°E 20°E 30°E

Wave energy flux (kW/m)
L ——

0 05 115 2 25 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

. 4 B T it bl
Kigne il L o - Romania °
ka~ ,-Bosna = T B W
| VHercegovina.  pegade \ Paegti NGRS
$ ! sfoc?.‘.ul:;-_}x, A
Xepyerosuu A
. :
a

Bo
H

oo, Ducytegt
° - J

"""';,9","_‘

\1 I~ om, S /
| - = : : el
Va J e ’)\, B 2 L E rand ,J“‘\‘\
L 4 " Kaflek
r { z : y Kavaia ANETO00Ufohn
| ) ! p 2 an | Ocalovixn s olre
/ y P 5 2 LB d oS Thessalomi

inegsl Eslu&emr
Kitahya
°

\ y Tiirkiy«
U
emir v Turkey
3 oTurgutiu ! / s
3 ) e - § Co o Aksmay
a0 ~ Ay penizll - tepantd Kogye ONigde
o -5 o _‘u - Eredli—. ’
ranada \ Karaman N d
% Antalya ? \dgne -

Alanya
b ]

L

o B
V=AY gpllon, . $19.<
< ATy b,
Anlall T filska
Dpells [®
°

osiyll
1 Oued

do
Touggourt

:;ur( e
_ Mediterranean Sea
7 e ‘ ‘ . marinevesseltraffic.com






media/file41.png
Cost (€/kW)

I Engineering

I Housing

[ Instrumentation

I Piping

I Compression

I H20 Purification

Il System Cooling

I BoP Anode

[ BoP Cathode - H2 Purification
I High Voltage Transformer
I Power Electronics (DC/DC)

Il Electrolysis Stack






media/file2.png
Hs(1) Ts(?)

| |

2 2
H.(t)“ T,(t
Pyave(t) = g 63(1)1' e(?) (kW/m) | Block 1

v

[ Pwec(t) = Pwave(t)-100 WL- nygy Nty Npmsg Neony Nshad J Block 2

Condition 1

Is Pyec(t) > Pejec,n

Mu(t) = Pejec N Ney/zer - Ncompr Block 3
’ 33

MH2(t) = Pwec(t)

Yes

Is t <8760 Condition 2

No

\

8760
Annual H, = Z Mpy,(t)
t=0
CAPEX,,ec = 100- Cyyec

CAP EXHZ = Cd(-:‘sal s (Cel/zer + CBoP) oL el/zer,N + Ctank' Etank,N

LCOH =

(CAPEX,,oc + CAPEX,,).crf+ (OPEX,,oc + OPEXj;,)

Annual H,

4

Nelzer*Ncompr Biock 4
33

Block 5





media/file37.png
Il Development

B Structure

[ Power Take-off system
B Mooring System

[ ]Installation

Electrical Connection
=Cc?:tig(;?1cieos o 25.19% 7.67%
8.76%
5.59%
9.09%
21.79%

21.91%

L)

g
(






media/file46.jpg
—e—Sardegna

28 —e— Galite

26 | —+—Western Crete
—v—Eastem Crete

LCOH (€/kg)

+++LCOH in Sardegna

from4.4 €/kg to 16.3 €/kg

200 300 400 500 600 700 800
Total CAPEX (Mi. €)

900 1000 1100 1200





media/file10.jpg
o e e e

Wave energy flux (kW/m)
—— ] —






media/file40.jpg
Cost (€/kW)

800
]

700

B Engincering

B Housing
B Instrumentation
1 Piing

B Compression
B H20 Purification
I System Cooling

I 6o Anode
B BoP Cathode - H2 Purifcation

I High Voltage Transformer
ower Electionics (DG/DC)
I Electolysis Stack






media/file1.jpg
Hs(t) Ts()

_

;
> fror= 2T iy
-

PR

p & _Condition 1

= s Puec(t) > Potech LU
— SN p

Mhat) = Petec,n ﬂ-m%mw Block 3 Mot = Pmﬂ‘%mﬂ Block 4

Yes - .
T Is t<8760 ~ Condition 2
luo
y 60
Annual Hy= 3 M)
=
CAPEX,yo0 = 100- Cyor
CAPEXyz = Cdesal * (Covzor * Caop) - PorzerN *+ Crank’ EtankN Block §
(CAPEX,yec + CAPEXy). Crf + (OPEX,yoc + OPEXy)
LCOH =

Annual Hy






media/file16.jpg





media/file3.png





media/file22.jpg
Wave Powe!

Average Flux 9.58 kW/m

2000 4000 6000 8000
Time (h)





media/file25.png
200 -
180 -

W/m)
— — —
N A O
© o ©
| | |

100 -

Wave Power Flux (kW/m

N A O ©®
o O ©o o o
el 1. F .o |

Average Flux 7.52 kW/m

1
2000 4000 6000 8000
Time (h)





media/file52.jpg
Net Present Cost (M

®

o

sel
* Fuel Cell

“*Equal NPC at 3.5 €/kg

N
w

4 5 3
Hydrogen Price (€/kg)





media/file26.jpg
200+
180

Average Flux 7.86 kW/m

ix (kW/m)
B2 2
2.2.2

3
8

Wave Power Flu;
N & ®
88 88

0 2000 4000 6000 8000
Time (h)





media/file34.jpg
Wind Direction (% of the time)

NNW NNE

NE

..»Exploitable potential
WNW E ENE

Possibie Shading

=3

ssw ssE





media/file13.png
Stirilino
\ -]

Caste_l\sardo

JTorres” 4 &)
= (s ;

' "SaniTeodoro
‘3 \Q;

i
Budoni
=,

Tyrrhenian Sea

Villacidro:

# EEE






media/file31.png
Wind Direction (% of the time)

24
20 -
16 -
12 -
g
3]
g
»
g |
12
16 -
20 -
24

NNW NNE

NE
Exploitable potential
at the exgmine location

WNW

WSWwW ESE

SSW SSE





media/file39.png
CAPEX (Mi. €/ MW)

6.1

2025

I CAPEX

CAPEX below 2 Mi. € / MW
until 2050 .

2030 2035

Year

30
25:
20
15:

Lifetime (years)

2025

2040

2050

2035 2040 2045

Year

2045 2050 2025 2030

B Lifetime 30 30 30

25 25

| 4
ve,

~ Lifetime up to 30 years
) until 2050

2050

2035 2040 2045

Year

2030





media/file18.jpg





media/file9.png
Wave Dominant Direction

v v %

162 m P 150 m y 152 m
| 100 Wave Dragon N\
ﬁ Converters *
I Electricity
' N ]
Sea Water .
—_— Reverse —) Electrolysis ? Compressor m:) H;
Osmosis L _ Tank
ow Hydrogen Hydrogen
Conductivity (30 bar) (300-700
Water

bar)





media/file42.jpg
120
110
100
%
80
70

n €)

30
20
10

B Engineering

[ Housing
[ Instrumentation
iping
[ Compression
[ H20 Purification
System Cooling
BoP Anode
[ BoP Cathode - H2 Purifcation
I g Voltage Transformer
ower Elecironics (DC/DC)
I Ectolysis Stack






media/file23.png
>

=1605 Average Flux 9.58 kW/m

120 -

22 L l | M “ oo Mo .hu

0 2000 4000 6000 8000
Time (h)





media/file50.jpg
60,

55!

40!

39
14 o0 3002 3004 3006 3008 3010

sol
as)

35!

s

—=—Sardegna
——Galite

—a— Westem Crete
—v—Eastern Crete

200 300 400 500 600 700 800 900 1000 1100 1200

Total CAPEX (Mi. €)





media/file36.jpg
Doveopmant
Strcture

Power Takeoft systom

Mooring System

nsalaton

Elecrical Connaction 9
Contigoncios . 25.19% L9T%,

5.59%

21.91%

Total CAPEX =913 Mi. €






media/file15.png
Galite Islands

=
(o iy

Phare du Galiton, v O

Site 2: Galite Island =>O






media/file28.jpg
c
2
°
%
-]
o
S
S
S
3
n}

T
< o
IR

T
@t oToN©OO T
feRy

12+

(awny 8y} Jo %) uonda1@ PUIM





media/file49.png
LCOH (€/kg)
_ = = =2 = NN DN DN W
M 0 O NN A O OCWOODN MO OO

—a— Sardegna
—o— (Galite

- \/\/estern Crete
-y Eastern Crete

....... LCOH in Sardegna
from4 €/kg to 14.6 €/kg

4

e e e A

200 300 400 500 600 700 800 900 1000 1100 1200
Total CAPEX (Mi. €)






media/file32.jpg
Wind Direction (% of the time)

NNW NNE

W
Possible Shading
4

waw ENE

» Exploitabld potential

wi €

EsE

ssw SsE





media/file6.jpg
Wave climate: 0.04 kWim [ 12 KWim | 24 kWim | 36 kWim_| 48 kWim
Weight 237 tons | 6,500 tons | 22,000 tons | 33,000 tons | 54,000 tons
Width s8m 152m 230m 2710m 320m
Length 3m % m 150 m 170m 220m
Wave reflector length | 28m 8am 126m 145m 190m
Height 38m 12m 16m 16.8m 18.1m
Number of turbines 7 F) 16 16-20 16-24
Generator type Permanent magnet synchronous generators

Generator rating TX3KW | 8x185KW | 16x 250 KW | 16-20x350KW | 16-24500KW
Device rated power | 002MW | 15MW | amw 7MW 12 MW
Water depth 6m >15m >20m >25m >30m
Annual output 006GWh| aGwh | 126wh | 20G6wh | 35GWh
Mooring type Single point Single Point Mooring with 5 - 8 legs






media/file24.jpg
E Average Flux 7.52 kW/m

Wave Powel

0 2000 4000 6000 8000
Time (h)





media/file29.png
T T T T "1
00 < O < 00 N O O «
- v (N O«

12 -

L B L
<t ©O O
N (N <«

(swn ayj Jo %) uondaIg PUIM





media/file7.png
Wave climate: 0.04 kW/m|] 12 kW/m 24 kW/m 36 kW/m 48 kW/m
Weight 237 tons | 6,500 tons | 22,000 tons | 33,000 tons | 54,000 tons
Width 58 m 152 m 230 m 270 m 320 m
Length 33 m 96 m 150 m 170 m 220 m
Wave reflector length 28 m 84 m 126 m 145 m 190 m
Height 3.6m 12 m 16 m 16.8 m 18.1m
Number of turbines 7 8 16 16-20 16-24
Generator type Permanent magnet synchronous generators

Generator rating 7x3kW | 8x185kW | 16 x 250 kW | 16-20x350kW | 16-24x500kW
Device rated power 0.02 MW 1.5 MW 4 MW 7 MW 12 MW
Water depth 6m >15m >20m >25m >30 m
Annual output 0.06 GWh 4 GWh 12 GWh 20 GWh 35 GWh
Mooring type Single point | Single Point Mooring with 5 - 8 legs






media/file33.png
Wind Direction (% of the time)

24 -
20 -
16 -
12 -
g
.
-
i
8
12 -
16 -
20 -
24 -

ENE

8 potential
E

ESE





media/file44.jpg
30 —e—Sardegna

28] | ——Gaite

26] | —+—Western Crete
—v—Eastern Crete

LCOH (€/kg)

++ LCOH in Sardegna
froms €/kg to 18.35 €kg

200 300 400 500 600 700 800 900 1000 1100 1200
Total CAPEX (Mi. €)





media/file47.png
] —a— Sardegna
28 - —o— (Galite

26 i —a—\/\lestern Crete
-y Eastern Crete

----- LCOH in Sardegna
from4.4 €/kg to 16.3 €/kg

. I 5 | y I
200 300 400 500

L 1 L 1 L) I L I 8 1 ! I ) |
600 700 800 900 1000 1100 1200
Total CAPEX (Mi. €)





media/file38.jpg
CAPEX (Mi. €/ MW)

208

20

Lifetime (years)

- )
. (EmoPEX
e s 2,

T ey I l l l
. W Lifetime | 30 30 30
s P
o
.

o ww oms owo oae o

Year





media/file0.png





media/file17.png
GRAMVOUSA
Akpa BovEa
&

KolposChanion
KOAmog Xaviwv

’*E%;t atefiike

Chrlsoskalmss

o) -, L A ot A ‘Dasqs Letken
Xpuoo&?cﬁmcoaq wiiits VR W L % %.Oreon Askifou
Z ¢ - A S . il ke ; AGKU PO
‘ Soqgla i » ' 3 "1
)Z'é'uyla FH T ) AN -
Palalochora ) Al VRt
MNahatoywpa P \ \‘3 A





media/file4.jpg
"Waves overtopping the
doubly curved ramp.






media/file30.jpg
‘Wind Direction (% of the time)

NNW NNE

Ne
Exploitable potential

at the examined\location
ww B 4 ENE

ESE

ssw SSE





media/file51.png
6.0-

5.5

5.0

4.5

4.0-

3.5+

=1 3-9 T T T T 1
14 - 300.0 300.2 300.4 300.6 300.8 301.0

—a— Sardegna
—o— (Galite

b \/\lestern Crete
-y Eastern Crete

Total CAPEX (Mi. €)

— T