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Gorica Radulovic5, João Francisco Marques6, Aris Dimeas4, 
Daniele Groppi7, Davide Astiaso Garcia2, 
Gabriele Umberto Magni2, Emiliano Gorr-Pozzi1 and 
Giovanni Bracco1
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Technical University of Athens (NTUA), Athens, Greece, 5ENVPRO, Podgorica, Montenegro, 6EDP NEW, 
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Offshore wind is central to decarbonisation, yet its deployment in the 
Mediterranean Sea is increasingly constrained by grid limitations and curtailment. 
This study presents a geospatial techno-economic competitiveness assessment 
of offshore wind and hybrid offshore wind-hydrogen systems across the 
Mediterranean basin. Results show that optimal grid-connected offshore 
wind configurations achieve a LCOE of 48.4/MWh, while hybrid Power-to-
X configurations reach a minimum LCOH (expressed in energy-equivalent 
terms) of 81.4/MWh. Under favorable market conditions, hybrid systems can 
achieve positive net present values, with a minimum payback time of 11 years, 
highlighting a strong dependence of economic performance on price scenarios. 
Power-to-X solutions, in particular hybrid wind-hydrogen systems that convert 
part of the offshore wind output via electrolysis, offer an alternative route to 
valorize offshore wind beyond direct grid injection. The analysis evaluates hybrid 
configurations in which 10%–90% of the wind farm capacity is allocated to on-
site hydrogen production, compared against a conventional electricity-to-grid 
baseline. The assessment spans diverse Mediterranean locations and adopts the 
levelised cost of hydrogen as the main performance indicator to compare hybrid 
and stand-alone electricity-export setups, alongside complementary economic 
metrics. Results indicate that, when considering pure cost minimization, the grid-
only scenario systematically delivers the lowest levelised cost across all assessed 
locations. However, sensitivity analysis to electricity and hydrogen market 
prices shows that hybrid configurations can become economically attractive 
under moderate-to-favorable conditions, despite higher levelised costs. Overall, 
the findings demonstrate that while offshore wind-hydrogen systems are 
not cost-optimal under current baseline assumptions, they may represent 
a viable future strategy to unlock offshore renewable potential in regions
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facing grid integration constraints and to support long-term hydrogen market 
development and decarbonisation objectives in the Mediterranean context. 

KEYWORDS

geospatial modeling, green hydrogen, hybrid energy systems, mediterranean energy 

transition, offshore wind, power-to-X, techno-economic analysis 

1 Introduction

Offshore wind is emerging as a key pillar of the EU 
strategy for a secure, decarbonized and sovereign energy system, 
complementing solar PV and onshore wind by exploiting still-
underused marine resources (IPCC, 2022; International Energy 
Agency, 2019; International Renewable Energy Agency, 2019; 
European Commission, 2020a). Its growing feasibility, driven by 
technological progress and cost reductions, has prompted EU 
policies to promote interconnected offshore grids and harmonized 
Marine Spatial Planning (MSP), so that environmental externalities 
on marine ecosystems, seabeds and avian routes are managed 
through ecosystem-based, socially accepted siting decisions that 
balance ecological, economic and social objectives (EU, 2014; 
Bailey et al., 2014; Copping et al., 2024; Chen et al., 2025; 
United Nations Global Compact, 2021). Over the past decade, 
several European initiatives have advanced the integration 
of MSP and offshore renewable energy, improving spatial 
allocation, stakeholder engagement, and multi-use synergies. 
The EU MSP Platform provides Member States with tools, 
best practices, and guidance for implementing MSP in line 
with EU directives (European Commission, 2025a). Projects 
such as THAL-CHOR I and II, MAESTRALE, ORECCA, 
BlueDeal, MarinePlan and the Pelagos Forum have developed 
methodologies, decision support systems and governance 
frameworks for coordinating Blue Energy deployment and 
marine conservation across the Mediterranean and other 
European seas (Oceanography Center, University of Cyprus, 2025; 
European Commission, 2025b; 2012; WestMED Initiative, 2023). 
Beyond spatial optimization, MSP frameworks are increasingly 
coupled with techno-economic and environmental indicators, 
enabling multi-criteria evaluation of offshore wind potential. For 
instance, GIS-based methods such as automated visual impact 
assessment contribute to refining site-selection procedures into 
spatial decision tools (Maslov et al., 2017). Within this context, 
the SPOWIND (Spatial Planning for Offshore Wind Industry 
Development) project specifically addresses Mediterranean 
challenges by developing a WebGIS tool and data hub that combine 
MSP, techno-economic analysis, and transnational cooperation 
to support offshore wind planning (Interreg Euro-MED, 2025). 
Across the Mediterranean, the translation of EU-level mandates 
into national frameworks remains highly fragmented, with large 
differences in how NECPs and TSO development plans are aligned. 
This heterogeneity in EEZ planning, concessions and licensing 
constitutes a major non-technical barrier to investment; the 
national regulatory and planning landscape is summarised in
Supplementary Table S1. 

1.1 Offshore wind development and design 
considerations

Because the Mediterranean bathymetry deepens rapidly 
outside narrow continental shelves, fixed-bottom foundations 
are geographically confined, whereas floating systems unlock 
the offshore wind resource where the most productive cells 
concentrate. Compared with offshore floating solar attractive for 
niche e-fuel and shortsea refuelling concepts but constrained by 
diurnal generation and lower areal power density offshore wind 
provides higher full-load hours and a more continuous input for 
electrolysis, while extreme design conditions are driven by mid-
latitude storms and occasional Mediterranean tropical like cyclones 
rather than Mediterranean tropical-like cyclones (Kaur et al., 2025; 
Ricchi, 2025). Furthermore, recent advances in turbine and 
foundation technologies have enabled offshore wind projects to scale 
in capacity and expand into deeper waters (Soukissian et al., 2017). 
Floating offshore wind has emerged as a crucial innovation, 
while the deployment of 10–15 MW class turbines has improved 
energy capture and reduced the number of units required per 
project (Petracca et al., 2024). Improvements in fixed-bottom 
structures and offshore transmission systems, including both 
high-voltage alternating current (HVAC) and high-voltage direct 
current (HVDC) transmission technologies, further support the 
integration of remote offshore resources into national grids (Onea 
and Rusu, 2022). In the Mediterranean Sea, these developments 
are met with region-specific constraints, including limited shallow-
water areas, moderate wind conditions, and significant bathymetric 
variability. Previous studies have emphasised the importance 
of detailed engineering optimisation in this region, given the 
strong influence of turbine rating, spacing, layout geometry, 
and transmission design on the techno-economic feasibility of 
offshore wind (Gao et al., 2024). An appropriate representation of 
these design parameters is therefore a prerequisite for any credible 
assessment of Mediterranean offshore wind potential, whether in 
pure electricity-export or hybrid configurations. 

1.2 Hybrid offshore wind-hydrogen 
systems

Alongside conventional offshore wind deployment, hybrid 
wind-to-hydrogen systems have gained increasing attention 
for their ability to convert part of the electrical output into 
green hydrogen via electrolysis, either offshore or nearshore. 
While this study focuses on the Mediterranean region, several 
export-oriented projects of hubs involving the coupling of wind 
energy and hydrogen production are emerging in North-Sea 
and North America Copenhagen Infrastructure Partners (2022), 
U.S. Department of Energy, Office of Clean Energy Demonstrations 
(2026). In the North Sea, hydrogen production is increasingly 
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framed within a highly interconnected infrastructure, supported 
by planned pipeline corridors linking offshore wind resources 
with industrial demand centers in Germany and continental 
Europe AquaDuctus Offshore/GASCADE Gastransport GmbH 
(2026). Likewise, Atlantic Canada, particularly Newfoundland, 
is developing large-scale wind-to-hydrogen projects explicitly 
aimed at exporting renewable fuels to Europe, leveraging abundant 
wind resources and direct maritime access to international 
markets. These initiatives underline the strategic role of 
hydrogen as an export commodity rather than solely a domestic 
energy carrier Timalsina and Ghahremanlou (2024). Compared to 
these regions, Mediterranean hybrid offshore wind–hydrogen hubs 
face distinct market and infrastructure conditions, yet they pursue 
similar objectives related to connectivity, diversification of energy 
supply, and integration into international hydrogen corridors.

Indeed, these systems can reduce curtailment, provide 
operational flexibility by accessing both electricity and hydrogen 
markets, and diversify revenue streams, which is particularly 
relevant under volatile electricity prices or limited grid access 
(Santos et al., 2024; Loisel et al., 2015). This flexibility can also 
support downstream uses beyond the power sector, including 
decentralised maritime refuelling concepts for small ferry routes via 
hydrogen-derived electrofuels (Kaur et al., 2025). Multiple techno-
economic assessments, mainly focused on North Sea contexts, 
indicate that such configurations may become cost-competitive 
when hydrogen prices exceed about 3/kg or when power export 
is constrained by grid congestion or distance-to-shore limitations 
(Rogeau et al., 2023), thereby helping to decouple energy supply 
from grid availability (Kumarasamy et al., 2025). Broader energy-
systems literature highlights that Power-to-X (PtX) integration 
enables long-duration storage and sector coupling, enhancing 
energy security and flexibility beyond conventional electricity-only 
delivery models (Breyer et al., 2018). Converting offshore wind into 
storable chemical carriers such as hydrogen or ammonia provides 
temporal arbitrage and export opportunities, which is particularly 
important for regions aiming to position themselves as energy 
exporters (International Renewable Energy Agency (IRENA), 2022; 
Blanco et al., 2021). However, many existing studies rely on 
simplified infrastructure assumptions or fixed electrolyser sizing 
and often neglect the co-optimization of wind-farm parameters such 
as turbine rating, spatial density, mooring technology, and electrical 
architecture (Castro-Santos et al., 2021). Only a limited number 
of works explore a continuous range of hydrogen allocation shares 
across spatial domains, and most analyses remain geographically 
concentrated in Northern European waters, where shallow seabeds, 
dense grid interconnections and mature O&M infrastructure differ 
markedly from Mediterranean conditions. The Mediterranean 
context introduces distinct technical and socio-political drivers that 
can make hybrid offshore configurations particularly attractive. 
Steep bathymetric gradients require floating platforms, which 
increase capital and operational costs but unlock extensive deep-
water wind resources (Faraggiana et al., 2024). At the same time, 
several countries in the region experience transmission constraints, 
especially in remote coastal or insular areas where onshore grid 
reinforcement may be costly or delayed (Zaiter et al., 2025). In 
such settings, allocating part of the wind output to hydrogen 
production can relieve system stress and enable earlier deployment, 
while offshore PtX solutions reduce land-use competition and 

may encounter fewer permitting and social-acceptance barriers 
than onshore projects (Avesani, 2025). Beyond infrastructure 
bottlenecks, the push toward green hydrogen is increasingly 
shaped by regulatory, environmental and strategic imperatives. 
The EU Hydrogen Strategy and REPowerEU explicitly promote 
offshore wind as a preferred source for electrolytic hydrogen that 
meets renewable certification criteria (European Commission, 
2020b). Although cost parity with fossil-derived hydrogen remains 
challenging in the near term, offshore-based production supports 
sustainability and energy-autonomy objectives, avoids land scarcity 
issues associated with solar-PV electrolysis coupling, and aligns with 
emerging taxonomy and carbon-accounting frameworks relevant 
for domestic use and export (Glenk and Reichelstein, 2019). For 
coastal industrial clusters, ports and shipping corridors, offshore 
hydrogen hubs could therefore underpin emerging clean-fuel supply 
chains. In light of these factors, techno-economic assessments of 
wind-to-hydrogen integration must move beyond static Levelised 
Cost of Energy (LCOE), Levelised Cost of Hydrogen (LCOH), Net 
Present Value (NPV) or simple Pay-Back Time (PBT) benchmarks 
(D’Adamo et al., 2025), and explicitly account for grid constraints, 
infrastructure feasibility and regulatory conditions that shape the 
bankability of certified renewable hydrogen in Europe (EU, 2023a; 
EU, 2023b; EU, 2025). Especially in the Mediterranean, where 
hydrogen uptake may be driven by industrial decarbonisation, 
maritime bunkering and cross-border trade, identifying geo-
economically viable hybrid zones requires integrative spatial 
analyses that couple resource assessment, technology performance 
and infrastructure constraints. The existing literature therefore 
leaves at least the following gaps: (i) the lack of spatially explicit 
techno-economic assessments of hybrid wind–hydrogen systems at 
Mediterranean basin scale; (ii) the limited exploration of hydrogen-
conversion fractions and electrolyser sizing across heterogeneous 
sites; and (iii) the absence of consistent co-optimisation between 
wind-farm design variables and Power-to-X sizing under coherent 
scenario assumptions. Two additional gaps are critical for floating-
dominated basins: (iv) the limited propagation of substructure-
dependent, motion-affected energy yield into basin-scale cost 
maps, despite evidence that platform dynamics can shift mean 
power and wake behaviour (Duan et al., 2025); and (v) the scarce 
integration of certification-driven constraints (e.g., additionality 
and temporal matching) into spatial LCOH estimates, which 
can materially affect feasible operating profiles and costs (EU, 
2023a; EU, 2023b; EU, 2025). This work addresses these gaps 
by coupling basin-wide spatial screening with technology-driven 
productivity modelling (including floating substructure effects), a 
large design space of farm layouts and spacings, and a consistent 
electricity-to-hydrogen costing layer aligned with national scenario 
envelopes. 

1.3 Present paper contributions

This study addresses the identified gaps through an integrated 
techno-economic framework tailored to Mediterranean offshore 
conditions. The workflow produces basin-scale, spatially explicit 
competitiveness maps for offshore wind and wind-to-hydrogen 
pathways, thus closing the current lack of Mediterranean-wide, 
site-resolved assessments for hybrid systems. The modelling chain 
treats farm productivity as a technology-driven outcome rather 
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than an input. Productivity look-up tables embed wind-farm design 
choices (turbine rating, farm size, spacing and internal electrical 
topology) and propagate substructure-dependent performance into 
the spatial energy and cost layers, capturing motion-affected 
yield for floating concepts and linking these effects directly to 
cost competitiveness. The same spatial productivity basis feeds 
the hydrogen costing layer, ensuring that spatial variability in 
energy yield translates consistently into spatial variability in 
hydrogen cost metrics. The analysis then explores electrolyser sizing 
and conversion fractions across heterogeneous sites by spanning 
electrolyser capacities from 10% to 90% of wind-farm rated power. A 
coherent optimisation logic couples wind-farm design variables and 
Power-to-X sizing under consistent scenario assumptions, avoiding 
decoupled design steps and enabling a structured comparison 
of competing configurations. Finally, the framework maintains 
alignment with certification-driven constraints for renewable fuels 
of non-biological origin (additionality and temporal matching) and 
frames their implications for feasible operating profiles and spatial 
hydrogen-cost estimates as a priority extension of the present results 
(EU, 2023a; EU, 2023b; EU, 2025). The economic layer combines 
levelised costs with investment indicators, including net present 
value and payback time, over a range of electricity and hydrogen 
price conditions. This structure identifies price thresholds and 
market combinations that shift hybrid wind–hydrogen solutions 
from systematically dominated options to competitive alternatives 
in specific Mediterranean zones.

The paper is structured as follows: The methodology section 
first presents the full modeling framework in Section 2, including 
spatial eligibility analysis, wind-farm configuration, hybrid scenario 
evaluation (with different electrolyser sizes), and definitions of 
the economic analysis and metrics. Section 3 then examines 
the performance of the optimal wind farm and corresponding 
hybrid designs under various electricity and hydrogen price 
conditions. Section 4 summarises the main findings and their 
implications for future offshore development in the Mediterranean, 
while also detailing study limitations and potential future works. 

2 Materials and methods

In order to quantify the contribution of offshore wind and 
its power-to-X potential to the Mediterranean energy system, 
this section presents the modelling framework employed to 
assess both electricity generation and hydrogen production. The 
analysis considered direct electricity delivery as well as multiple 
configurations involving partial conversion to green hydrogen 
via a hybrid, centralized offshore electrolysis scheme. Associated 
economic indicators are computed, including the LCOE for the 
EtG case, as well as for the hybrid configurations, and the 
NPV and PBT to support broader economic evaluation and 
enable consistent comparison across scenarios. The methodology is 
applied to previously identified suitable areas, delineated through 
maritime spatial analysis. An overall total of 378 configurations 
(see Table 1) are examined to reflect current trends in offshore 
wind development. Wind turbines with rated capacities of 10 MW 
and 15 MW are considered, deployed on monopile foundations in 
shallow waters (<60 m) and on floating platforms in deeper areas 
(<60 m). Representative wind farm capacities of 0.99, 1.5, and 3 GW 

TABLE 1 Summary of the combinations considered in the study, 
comprising 6 WT-platform combinations, 3 turbine sizes, 7 spacing 
values, and 3 layout types, for a total of 378.

WT + platform 
[6]

Size [3] Spacing [7] Layout [3]

10 MW

Monopile 990 MW 5D Radial

Spar 1500 MW 7D Double ring

Semi 3000 MW 9D Star

15 MW

Spar 11D

Semi 13D

TLP 15D

17D

are selected to capture prevailing industry scales. Various internal 
electrical layouts and turbine spacing strategies are incorporated 
to characterize the trade-offs between capital expenditure and 
performance losses, including both wake-induced and electrical 
losses. For export transmission systems, multiple cable solutions 
are evaluated to determine their influence on energy yield and 
overall techno-economic performance, considering both HVAC and 
HVDC options typically employed for longer distances. Annual 
Energy Production (AEP) and Annual Hydrogen Production (AHP) 
are derived from long term wind resource datasets and constitute 
the basis for the subsequent cost assessment. The whole workflow is 
shown in the Figure 1.

The following sections detail the procedures adopted for 
techno economic analysis, together with the assumptions and 
datasets used to characterize wake effects, platform behaviour, and 
electrical losses. 

2.1 Eligible area identification

The identification of suitable offshore areas represents the 
initial screening phase and relies on a methodology informed 
by Marine Spatial Planning principles. This approach ensures 
that only locations satisfying environmental, technical and socio-
economic conditions are retained for further assessment. MSP offers 
a structured framework for examining offshore wind development 
in relation to existing maritime uses, allowing the pursuit of energy 
objectives while safeguarding coastal ecosystems and ensuring 
compatibility with marine governance. The screening procedure first 
excludes zones where offshore wind deployment would conflict with 
regulatory, ecological or operational constraints. Areas designated 
as Natura 2000 European Environment Agency (2025), national 
Marine Protected Areas and other biodiversity hotspots provided 
by the European Environment Agency are removed so that 
environmentally sensitive regions are not considered. Military and 
defence activity zones are eliminated using spatial layers from 
EMODnet (2025) to avoid interference with national security. 
Traffic density is incorporated and grid cells where ship movements 
exceed a threshold of three vessels per hour per square kilometre 
are discarded to prevent interaction with major shipping routes. 
Once these exclusion criteria are applied, technical constraints 
are introduced. Bathymetric data from the General Bathymetric 
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FIGURE 1
Workflow of the methodology.

Chart of the Oceans (GEBCO) GEBCO (2025) are used to define 
suitable depth ranges. Fixed-bottom foundations are limited to 
shallow waters of roughly 20–60 m Park et al. (2019), whereas 
floating concepts are allowed from around 60 m to approximately 
1000 m, which is consistent with current technical feasibility. To 
reduce visual interference and limit potential conflicts with coastal 
activities, a minimum distance from shore of 12 km is adopted. 
Where relevant, proximity to existing electrical infrastructure is 
considered to minimise the length of export cables and enable more 
efficient grid connection. 

2.2 Productivity methodology

The estimation of the Annual Energy Production is performed 
through a numerical workflow that combines high-resolution 
wind resource assessment with a detailed representation of 
turbine performance, wake interactions and electrical losses. The 
procedure builds on the modelling approach previously developed 
in Petracca et al. (2025). A preliminary database of energy yields 
is generated for each platform configuration. Three reference 
wind farm sizes are considered, namely, 0.99 GW, 1.5 GW and 
3 GW, using arrays composed of 10 MW and 15 MW turbines. 
Four support structures are analysed: a fixed-bottom monopile 
configuration and three floating alternatives (spar, semisubmersible 
and tension leg platform). For each scenario, the wind farm is 
arranged according to three internal collection layouts, namely, star, 
radial and double ring. To assess the trade-off between wake losses 
and cable losses, each layout is tested with several inter-turbine 
spacings, ranging from 5 to 18 rotor diameters. To have a clear 
understanding of the amout of combninations analysed in these 
paper a sum up of all the combinations are provided in Table 1.

The two wind turbines selected for this study are the 10 MW 
DTU reference wind turbine Bak (2017) and the 15 MW IEA 

TABLE 2 Wind turbine specific parameters.

Value 10 MW 15 MW Unit

Hub height 119 150 [m]

Rotor diameter 178.3 240 [m]

Cut-in speed 4 3 [m/s]

Cut-off speed 25 25 [m/s]

Rated speed 11.4 10.59 [m/s]

reference wind turbine Gaertner et al. (2020), which are widely 
adopted benchmark models for these power ratings. The main 
technical parameters of both wind turbines are reported in Table 2.

A lookup table matrix is then generated by sampling 1001 
wind speed values between 0 and 100 m/s and 361 wind directions, 
using baseline manufacturer power curves adjusted, fist to account 
for performance degradation induced by Mediterranean Sea state 
conditions, by using the MOST tool for the hydrogynamic 
interaction between the platform and the sea state MOREnergyLab 
(2025), and then to reflect wake-induced velocity deficits, by 
assuming conical wake expansion model, by using the kinematic 
Jensen model Katic et al. (1987), and electrical losses within the wind 
farm following the approach presented in Faraggiana et al. (2024), 
by considering cable pre-sized, with a transmission level of Medium 
Voltage (33 kV) in alternative current. The wind resource is collected 
by the Copernicus European Regional Reanalysis (CERRA) dataset 
Copernicus Climate Change Service (C3S) (2025), which provides 
gridded atmospheric reanalysis data resulting from the assimilation 
of observations into a physical weather model. This ensures 
multi-year consistency and homogeneous spatial coverage suitable 
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for basin-scale assessments. Wind data cover a 20-year period 
(2001–2020), with a temporal resolution of 3 h and a spatial 
resolution of 0.01° ×  0.01°. The original CERRA wind speeds, 
provided at a reference height of 100 m above sea level, are 
extrapolated to the turbine hub height using a logarithmic wind 
profile. A surface roughness length of z0 = 0.0002 m, representative 
of offshore Mediterranean Sea conditions, is assumed. The 20 years 
wind time series at each grid point is then matched to the previously 
generated lookup tables, producing site specific AEP estimates. 
A turbine availability factor of 95% Elkinton (2007) is applied 
to account for scheduled and unscheduled downtime. Export 
transmission from the offshore substation to shore is modelled 
using either HVAC or HVDC, both operated at 220 kV. HVAC 
is used as baseline, while HVDC is selected for plants located 
in distances longer than 110 km Díaz and Guedes Soares (2023), 
when economically preferable. To estimate export cable length with 
adequate accuracy, all existing onshore substations with voltage 
ratings above 220 kV along the Mediterranean coastline are mapped; 
each offshore site is then connected to the nearest suitable substation. 
The annual energy production at each location is computed as:

AEP(GWh
y
) = (

Ntime

∑
it

ηavail

Nturb

∑
iT

PiT
(θ (t) ,v (t)) − PEL (t))

Δt
8760

(1)

where Ntime the number of time steps in the selected period, 
PiT
(θ(t),v(t)) is the power output of the iT wind turbine extracted 

from the interpolation with the look up table associated to wind 
direction, θ(t), and wind speed, v(t), at time t, while PEL(t) is the 
export cable electrical losses for the cumulative power of the wind 
farm, and ηavail the turbine availability factor. 

2.3 Hybrid configuration

In addition to the EtG configuration, a hybrid offshore system 
is examined in which the wind farm operates with both an export 
transmission cable (HVAC or HVDC, depending on distance, as 
described in Section 2.2) and a centralized offshore electrolysis 
plant. In this configuration, the total energy produced by the 
wind farm can be partitioned between direct electricity delivery to 
the grid and on-site hydrogen conversion SPOWIND Consortium 
(2025a). Hybrid systems enhance asset flexibility and potential 
economic performance by enabling participation in two distinct 
markets, electricity and hydrogen, while also providing operational 
redundancy: when one pathway is constrained (e.g., grid curtailment 
or limited hydrogen offtake), the other can temporarily absorb a 
larger share of the production. For hydrogen delivery to shore, two 
alternative transport scenarios are considered, namely, maritime 
transport by ship and transport via subsea pipeline. The two options 
are systematically compared for each offshore location, and the 
most cost-effective solution is selected on a site-specific basis. In 
general, pipeline transport is more economically attractive for sites 
located closer to the coast, whereas, for increasing offshore distances, 
hydrogen transport by ship becomes preferable due to the rapidly 
rising costs associated with long-distance pipeline installation. 
Although ship-based transport involves additional cost components, 
such as hydrogen liquefaction, intermediate storage, and vessel 
chartering, these costs become competitive at larger distances, 
where the required pipeline length and diameter would lead to a 
disproportionately higher overall investment. A detailed analysis 

of downstream hydrogen supply chains, including compression, 
liquefaction, port infrastructure, and market integration, is beyond 
the scope of this work and has been addressed in dedicated 
studies focusing on full hydrogen value-chain assessments (e.g., 
Farahmand et al. (2024); Sakthi and Ghahremanlou (2024)). Within 
the present framework, these downstream aspects are therefore 
treated implicitly through the adopted hydrogen price scenarios, 
which will be described in Section3.3. To investigate the techno-
economic implications of this dual-output architecture, referring to 
the simultaneous production of electricity and hydrogen, the hybrid 
configuration is parameterized through a set of scenarios that vary 
the share of wind-farm output allocated to hydrogen conversion 
and the corresponding electrolyser size. Starting from the annual 
energy production previously derived, hybrid configurations are 
characterised by the hydrogen-dedicated capacity share fH, defined 
as the fraction of the installed wind farm rated power allocated to 
hydrogen production. In this study, fH is varied between 0.10 and 
0.90 (10%–90%). For each scenario, the electrolyser capacity is sized 
accordingly, and the export cable rating is adjusted to transmit the 
remaining share of electricity to shore. This approach enables the 
identification of techno-economic trade-offs between electrolyser 
utilisation, cable loading, and the relative profitability of electricity 
and hydrogen markets SPOWIND Consortium (2025a). The main 
techno-economic assumptions adopted in the simulations are 
reported in Supplementary Table S2, while a conceptual schematic 
of the hybrid offshore architecture is shown in Figure 2.

With regard to the electrolyser, a proton exchange membrane 
electrolysers (PEMEL) are selected for offshore hydrogen 
production due to their ability to produce hydrogen at high pressure, 
operate at low temperatures, and respond rapidly to variable 
renewable energy inputs, which is a vital characteristic of wind 
energy. They also have high current density and produce high-
purity hydrogen, making them efficient and compact. Additionally, 
PEMELs have a low environmental impact compared to other 
electrolyser types, although their commercial use is limited by higher 
costs due to expensive materials like membranes and catalysts. 
The power-dependent efficiency curve has been assessed using the 
Equation 2:

p =
Pely (t)
Pely,max
, (2)

where p denotes the part-load ratio of the electrolyser. At 
full load ηel ∈ [0.60,0.65], with only mild efficiency loss at 
reduced load. For all p ∈ [0.1,0], the efficiency curve satisfies the 
condition given in Equation 3.

ηel (p) > 0.55 (3)

A minimum turndown of 5%–10% capacity is allowed (PEMEL 
stack can idle), and the electrolyser can ramp 0%–100% output in 
seconds. No external power is purchased, the electrolyser only uses 
onsite wind farm production. The hourly power is split between the 
grid and the electrolyser, as shown in Equation 4.

Pwind (t) = Pgrid (t) + Pely (t) . (4)

Where Ptot(t) is the total available wind power at hour t, Pgrid(t)
is the power exported to the grid and Pely(t) is the power allocated 
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FIGURE 2
Schematic representation of a hybrid offshore wind–electrolyser system.

to electrolysis, with 0 ≤ Pely(t) ≤ Pely,max, where Pely,max is treated as a 
design variable and is optimized by economic metrics. The dispatch 
is chosen to maximize overall value (electricity plus hydrogen 
revenue); in practice, an equivalent steady “split” of annual energy 
is used between the grid and electrolysis for the cost analysis.

As previously described in 2.2, all the wind turbines within 
the wind farm are gathered via inter array network to an offshore 
substation. Here, a portion of this power is fed into an offshore 
electrolyser facility; the rest (the “excess” power) is sent to shore 
via export cable. Further electrical losses occur in transformers and 
converter equipment. In the offshore-hybrid case, only minor AC-
DC conversion occurs before electrolysis, since the electrolyser is 
located at the offshore substation.

In the offshore-centralized layout, a fraction of the wind farm’s 
power is directed to a dedicated offshore electrolyser platform. The 
electrolyser is sized to capture as much energy as possible, while any 
surplus power is exported. Additional losses were neglected, since 
AC-DC conversion to power the electrolyser is assumed minimal 
offshore. The export cable power is then given by the remaining share 
of wind power, as expressed in Equation 5:

Pcable (t) = Pfarm (t) − Pel,of f (t) , (5)

so that only the non-utilized wind power is sent through the export 
cable to shore. Hydrogen production is calculated from electrolyser 
output. At each hour, the hydrogen mass flow rate is calculated 
according to Equation 6. H2 mass rate is:

mH2
(t) =

ηelPely (t)
LHVH2

, (6)

where, ṁH2
 is the production rate [kg h−1], ηel is the electrolyser 

efficiency at the current load fraction, Pely is electrical power 
input to the electrolyser [kW], and LHV is the lower heating 
value of hydrogen, considered as 33.33 [kWh/kg]. Once the hourly 
hydrogen mass production rate is obtained, the corresponding AHP 
is computed in the same way as the AEP (Figure 1): by summing 
all hourly contributions and then averaging them over 1 year to 
determine the annual average value, expressed in [kg/y]. 

2.4 Techno-economic metrics

The main economic parameters to be computed for the analysis 
are the LCOE and NPV. LCOE represents the net present value of 
the quotient between the costs of operating that specific technology 
over the lifetime by the total amount of energy produced and it is 
given by the Equation 7:

LCOE =

I0 +
Y

∑
y=1

Ay

(1+r)y

Y

∑
y=1

Ey

(1+r)y

, (7)

Where I0 represents capital investment, Y is the expected 
operational years (25 years), y is the current year in operation, Ay is 
the activity costs associated with the year y, Ey is the energy produced 
in year y, and r is the discount rate (8%). For the hybrid power to X 
case, the LCOH is defined analogously, incorporating the CAPEXel
and OPEXel of the electrolyser system, and for the energy produced, 
it is considered the sum of annual energy production from the wind 
directly transmitted AEP and the equivalent energy content of the 
hydrogen produced (AHP ⋅ LHV). Given the strong dependence of 
hybrid configurations on both electricity and hydrogen markets, a 
broader economic comparison, ranging from the EtG reference case 
to scenarios in which up to 90% of the wind-farm output is converted 
into hydrogen, requires the computation of the NPV under different 
market price assumptions. The NPV is defined in Equation 8:

NPV =
T

∑
y=1

Pel Eelec (y) + PH2
mH2
(y) −Ay

(1+ r)y
, (8)

Where Pel is the electricity sale price [€MWh], PH2
 is the 

hydrogen sale price [€kg] and Eelec(y) is the electricity exported in 
the year y, while mH2

(y) is the amount of hydrogen converter in 
the year y. A positive NPV (above the breakeven point) indicates 
an economically viable investment. Within the hybrid framework, 
the electrolyser capacity is selected to maximize NPV, thus balancing 
higher hydrogen-derived revenues against the additional capital and 
operational expenditures. This procedure typically yields an optimal 
fraction of the wind farm output allocated to hydrogen conversion.
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TABLE 3 Summary of CAPEX components and corresponding references.

Element Description References

Wind turbine
10 MW: average cost of € 10.9 M€ Energy Global (2025), Ashuri et al. (2016)

15 MW: average cost of € 1.55 M€/MW Catapult Offshore Renewable Energy (2023)

Platform
Fixed foundations Ashuri et al. (2016), Catapult Offshore Renewable Energy (2023)

Floating platforms (spar, Semi, TLP) Díaz and Guedes Soares (2023)

Installation
Fixed foundations Díaz and Guedes Soares (2023)

Floating platforms (spar, Semi, TLP) Díaz and Guedes Soares (2023)

Mooring Cost estimated from mooring line length as a function of bathymetry Faraggiana et al. (2024)

Electrical infrastructure
Inter-array cables and auxiliary components Faraggiana et al. (2024)

Export cable (see Equation 13) Younus et al. (2025)

In addition to these three economic metrics, developers also 
evaluate the capacity factor of the wind farm at each site. The 
capacity factor represents the overall efficiency of the wind farm 
and is defined as the ratio between the actual annual energy 
production (AEP), previously calculated in Equation 1, and the 
theoretical maximum energy production that would be achieved 
if the wind farm operated continuously at its rated power. The 
latter is computed as the rated power of the wind farm, Prated, 
multiplied by the equivalent number of hours in a year. The capacity 
factor is calculated according to Equation 9, following the approach 
proposed by Cevasco et al. (2020):

CF = AEP
Prated ⋅ 8760

. (9)
 

2.5 Cost functions

The model incorporates a full life cycle cost analysis, taking 
as reference the model proposed in Petracca et al. (2025), 
beginning with development expenditure (DEVEX), up to capital 
expenditure (CAPEX), decommissioning cost (DECOM) and 
operational expenditures (OPEX) annual cost. Starting from 
DEVEX, it includes site assessments, environmental studies, and 
licensing procedures, estimated at 142800/MW for bottom-fixed 
and 173918.5/MW for floating configurations Catapult Offshore 
Renewable Energy (2019) Catapult Offshore Renewable Energy 
(2023). CAPEX, computed as defined in Equation 10, encompasses 
the main investment cost components of the system CWT, 
foundation construction Cplat, electrical infrastructure Cel,in fr, 
installation Cinstall, for floating platform add also the mooring cost 
Cmoor, and contingency reserves Ccont.

CAPEX = CWT +Cplat +Cel,in fr +Cinstall +Cmoor +Ccont (10)

Detailed information on these economic metrics is provided 
in SPOWIND Consortium (2025b) and Petracca et al. (2025); 
therefore, only a summary of the considered cost components 
and the corresponding references is reported here in the 
following Table 3.

The model accounts for economies of scale through a cost 
reduction factor applied to turbine and platform costs based on 

TABLE 4 Cost parameters of electrolysis systems, (Source: 
Reksten et al. (2022))

Variable Value/Unit

k0 673.73 €

k 10,876.9 €

α 0.662

Y0 2020

β −104.45

RC0 300–600 $/kW

the number of units deployed Faraggiana et al. (2024). Regarding 
the PtX configurations, several cost components associated with the 
electrolyser system are considered. In particular, the electrolyser 
CAPEX includes the following elements, as detailed in Equation 11:

CAPEXel = Cplat +Cel +Cdes +Cconv +Cexport, (11)

where Cplat represents the platform cost, Cely the electrolyser cost, 
Cdes the desalination system cost, Cconv the cost of power converters, 
and Cexport the hydrogen export cost. Two different hydrogen export 
scenarios are considered, namely, transport by ship and by pipeline, 
as previously described in Section 2.3. The specific electrolyser. The 
total CAPEX is then obtained as shown in Equation 12.

Cely = [k0 + k Pα−1
ely (

Y
Y0
)

β
+RC0]PEL, (12)

k0 and k are constants, PEL is the rated power of the electrolyser 
(kWe), and Y and Y0 are the installation year and reference year, 
respectively as shown in Table 4. α is a scaling exponent; typically 
α < 1, indicating economies of scale (cost per unit decreases with 
higher power capacities), and β is a learning rate exponent; negative 
values (β < 0) reflect cost reductions over time due to advancements 
in technology and economies of scale. RC0 is an additional fixed cost 
that accounts for the electrolyser-to-system costs Center on Global 
Energy Policy, Columbia University SIPA (2024) IRENA (2020).

The dedicated platforms required for offshore electrolysers and 
power substations have costs that are modeled as the expenses 
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related to platform equipment and platform foundations, in 
accordance with Singlitico et al. (2021) Danish Energy Agency 
(2024). The others details related to the PtX cost, in particular 
the different cost functions for converters, desalinator, and 
export in terms of ship and pipe are described in detail in 
SPOWIND Consortium (2025a). Then, OPEX include maintenance 
activities, port logistics, insurance, and monitoring systems. 
O&M operations can represent 20%–37% of total project 
costs Catapult Offshore Renewable Energy (2023) Vieira (2020) 
Stehly et al. (2020). The model accounts for different vessel types 
used in maintenance, such as Crew Transfer Vessels (CTV), Service 
Operational Vessels (SOV), Jack-Up Vessels (JUV) for bottom-fixed 
turbines, and Anchor Handling Tug Supply (AHTS) vessels for 
floating platforms. Insurance costs are estimated between 10,000 
and 15,000 per megawatt annually, with potential reductions for 
farms equipped with real-time monitoring systems. Maintenance 
strategies are categorized into periodic and corrective operations. 
Periodic maintenance occurs twice per year and addresses minor 
failures, while corrective maintenance targets major repairs and 
component replacements. Failure rates for turbine subsystems are 
derived from industry data Carroll et al. (2015), and availability 
is modelled as a function of distance from port, with estimations 
applied for farms located more than 100 km offshore. The model 
uses reliability engineering principles to estimate downtime and 
repair frequency to simulate real-world operational variability. 
Abandonment Expenditures (ABEX), related to decommissioning, 
are calculated as a percentage of installation costs. These range from 
70% to 90% for turbines and substations, and around 10% for cables 
Collin et al. (2017). The model also incorporates infrastructure 
considerations, including port upgrades and grid connection 
strategies. High-voltage alternating current is preferred for distances 
under 110 km, while high-voltage direct current is more cost-
effective for longer distances. The export cable must be sized for 
the maximum power sent to shore. Let Pmax denote this peak 
power (in MW), D the cable length to shore (km), and c the unit 
cost in €/MW/km. The cable capital cost is computed with the 
following Equation 13:

Ccable = Pcable,max ⋅D ⋅Cunit, (13)

where Pcable,max is the maximum cable power capacity (in MW), 
while D is transmission distance (km) and Cunit is the cost per 
MW per km of cable (in line with study Younus et al. (2025)). 
Substation costs are calculated based on transformer capacity 
and switchgear specifications, with offshore substations requiring 
significantly higher investment than onshore counterparts. 

3 Results

First, the analysis reports representative outputs from the 
productivity and cost layers. It then presents the resulting least-cost 
techno-economic configurations across the eligible area. 

3.1 Productivity results from lookup tables

Before presenting the techno-economic maps, the analysis 
reports representative outcomes from the productivity layer used 
in the annual energy production workflow. Farm productivity is 

evaluated through precomputed lookup tables that encode wake-
driven efficiency as a function of inflow direction, wind speed, and 
turbine spacing for each wind farm layout (see Section 2.2). Figure 3 
illustrates two representative cases: a ∼0.99 GW farm with 
∼10–11 MW turbines and a 3 GW farm with 15 MW turbines. 
Panels (a,b) show the directional capacity factor for the densest 
spacing (5D, with D the rotor diameter), highlighting the strong 
dependence of wake losses on inflow direction and thus on the 
alignment between prevailing winds and the farm geometry. Panels 
(c,d) quantify the sensitivity of the capacity factor to turbine 
spacing for selected wind speeds at a fixed inflow direction: 
increasing spacing systematically mitigates wake-induced losses, 
with diminishing returns at larger separations.

These lookup-table behaviours provide the technical basis for 
the subsequent site-specific AEP estimation, where the 20-year wind 
time series is matched to the precomputed tables at each time step. 
In the following sections, this productivity layer is coupled with 
the economic cost functions to assess how layout and infrastructure 
choices propagate into the final techno-economic indicators, which 
are synthesised through the LCOE metric. 

3.2 Cost drivers and economic metrics

To improve transparency on the main economic drivers, the 
analysis first reports how key cost components vary with the 
dominant spatial variables in the Mediterranean: distance to shore 
and bathymetry. Figure 4 summarizes the cost trends used in the 
economic analysis across the full design space.

Distance to shore primarily affects installation logistics, export 
infrastructure, and OPEX. Installation-related costs increase with 
distance due to longer vessel transit times and extended weather 
windows, with different cost trajectories observed for bottom-
fixed foundations and among the different floating substructures. 
Export cable costs scale with both distance and cable rating; 
therefore, larger wind-farm sizes and higher export capacities lead 
to higher infrastructure costs for the same offshore distance. The 
export cable cost profiles also reflect the adopted transmission 
technology: as described in Section 2.5, HVAC solutions are 
selected for distances below 110 km, while HVDC transmission 
is adopted beyond this threshold, resulting in a distinct cost 
behaviour in the reported results. In addition, OPEX increases 
with distance, as maintenance and corrective interventions require 
longer mobilisation times and higher vessel day rates. Bathymetry 
mainly affects floating systems through mooring requirements. 
As water depth increases, mooring line length and associated 
hardware requirements rise, leading to higher mooring CAPEX and 
influencing the relative cost competitiveness among the floating 
platforms considered. Among the analysed concepts, the TLP 
exhibits the lowest mooring costs and the weakest sensitivity to 
water depth, while spar and semisubmersible platforms show a 
stronger dependence on bathymetry. For hydrogen export, Figure 5 
compares the two delivery options considered, pipeline and ship, 
as a function of distance. The figure reports results for the 
optimal PtX configuration, showing both the median trend and the 
distribution across all spatial points. The observed cost patterns 
are not perfectly linear with distance, as hydrogen export costs 
are also influenced by site-specific productivity and the wind-
farm capacity factor. Consistent with Section 2.3, pipeline export 
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FIGURE 3
Examples of productivity look-up tables. Directional capacity factor at 5D spacing for the ∼0.99 GW farm (a) and the 3 GW farm (b). Capacity-factor 
sensitivity to turbine spacing for selected wind speeds at a fixed inflow direction for the ∼0.99 GW farm (c) and the 3 GW farm (d).

is generally more attractive at shorter distances, whereas ship-
based transport becomes preferable as distance increases due to 
the rapidly rising installation costs of long pipelines. These trends 
are subsequently reflected in the hybrid LCOH and investment
metrics.

3.3 Techno-economic results and optimal 
configurations

Building on the productivity and cost drivers discussed above, 
the following results summarise the resulting optimal techno-
economic configurations across the investigated sites, where 
optimality is defined as the minimum LCOE obtained at each 
spatial location among the 378 analysed combinations (Table 1) 
of wind turbine rating, support structure, wind farm size, layout, 
and spacing. The results indicate that the radial internal layout 

provides the most advantageous trade-off between spatial extent 
and electrical losses. This configuration minimizes cable related 
expenditure while maintaining high energy yield. In contrast, 
star and double-ring arrangements exhibit both higher costs and 
higher electrical losses, although they inherently offer greater 
redundancy. Since the present study focuses exclusively on techno-
economic performance, the configuration selected as optimal is the 
one achieving the best balance between cost and losses, without 
explicitly valuing redundancy. Optimal turbine spacing is similarly 
determined by balancing wake-induced losses against electrical 
losses within the internal grid. The resulting optimal spacing for 
each analysed point is shown in Figure 6. These optimal distances 
are predominantly associated with larger wind farms; consequently, 
under the cost assumptions adopted in this study, the resulting 
values tend to be higher, reaching mainly spacing distances of 
around 15 rotor diameters. This indicates that wake losses exert 
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FIGURE 4
Results of economic metrics as function of main combination considered and distance or bethymetry.

a stronger influence on the optimal layout than cable costs or 
electrical losses.

With regard to farm size and support structure, the analysis 
shows that fixed-bottom sites are economically optimal for a 1.5 GW 
wind farm, whereas floating sites perform best at smaller capacities, 
particularly the 990 MW configuration using 15 MW turbines. In 
particular, to better illustrate how fixed and floating wind farms are 
distributed within the overall eligible area, the specific eligible zones 
for fixed and floating installations are outlined in Figure 7.

In order to perform the further analysis with the configuration 
associated with the best performance, the hybrid cases were 
subsequently performed using the full wind baseline simulations 
and their corresponding optimal configurations as reference, which 
consist, to sum up, on the radial layout applied to a 1.5 GW 
fixed-bottom wind farm equipped with 10 MW turbines, and to a 
0.99 GW floating wind farm equipped with 15 MW turbines, with 
the spacing shown on Figure 6. The same assessment procedure is 
applied to all hybrid scenarios, each defined by a different share of 
wind farm energy allocated to hydrogen production, as previously 

described in Section 2.3. However, as shown in Figure 8, the optimal 
hybrid configurations cannot be directly compared with the full 
wind case (Figure 6) given the fundamentally different cost and 
efficiency structures. In particular, the minimum LCOE achieved in 
the hybrid configuration is 81.4€/MWh, whereas the full wind farm 
case reaches a substantially lower value of 48.37€/MWh.

Therefore, as might be expected, the configuration selected 
as optimal in the hybrid scenario is always the one with the 
lowest fH, namely, the 10% conversion case, Figure 8 (right). 
This indicates that, under current cost assumptions, increasing the 
fH consistently worsens the techno-economic performance, and 
the economic optimum remains as close as possible to the EtG 
configuration. Hence, in order to obtain a more comprehensive and 
consistent economic evaluation, a sensitivity analysis is subsequently 
performed using the NPV and PBT as key indicators. This analysis 
explores a range of electricity and hydrogen price scenarios, thus 
providing a broader view of the conditions under which hybrid 
systems can become economically competitive. The selected price 
ranges are grounded in current market benchmarks: hydrogen 
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FIGURE 5
Results of PtX transport economic metrics (CAPEX + OPEX) for the two 
scenarios considered (ship and pipeline) as function of the distance.

prices follow projections for green hydrogen (Younus et al. (2025); 
Hill et al. (2024)), while electricity prices are derived from the day-
ahead market GME Mercato Elettrico (2025). These reference prices 
for hydrogen and electricity constitute the baseline from which the 
average values are defined. The resulting average prices are 9€/kg 
for hydrogen and 110€/MWh for electricity. To ensure a uniform 
distribution across the price ranges and scenarios, variations of 
±20% and ±40% are then applied to the baseline, enabling a broad 
exploration of possible market conditions, obtaining a set of 25 
combinations. Thus, the electricity prices are 65, 90, 110, 130, 
155€/MWh and the hydrogen prices are 5.5, 7, 9, 11, 12.5€/kg. 
From the set of combinations analysed, three representative price 
scenarios were analysed for the preliminary presentation of results. 
The “mid-range” scenario adopts the mean hydrogen and electricity 
prices (9€/kg and 110€/MWh); the “hydrogen-convenient” scenario 
combines higher hydrogen prices with lower electricity prices 
(12.5€kg and 65€/MWh); and the “electricity-convenient” scenario 
assumes the opposite condition, with higher electricity prices and 
lower hydrogen prices (5.5€/kg and 155€/MWh).

In the following maps, the spatial distribution of the 25-year 
NPV is shown for all three market scenarios, displaying only the 
locations where the NPV is positive, thus highlighting the areas for 
which offshore development is economically viable. At each point, 
the result shown corresponds to the configuration that yields the 
highest NPV among all those evaluated. It is worth noting that the 
spatial extent of economically viable locations varies substantially 
across scenarios: 62.15% of the eligible area achieves NPV >  0 in 
the mid-range case, increasing to 92.9% under electricity-convenient 
conditions, while it drops to 32.8% in the hydrogen-convenient 
scenario. Across the evaluated price scenarios, the techno-economic 
performance of the EtG and hybrid configurations exhibits distinct 
patterns driven by the relative values of electricity and hydrogen. 
Under the reference case, Figure 10, characterized by “mid-range” 
prices for both commodities, the results show that the EtG 
configuration generally remains the most economically favorable 
option. In this scenario, the additional conversion losses and the 

higher capital requirements associated with offshore electrolysis are 
not compensated by hydrogen revenues, making direct electricity 
export the preferable pathway. The inclusion of the boxplot in 
Figure 10 highlights the variability of NPV across all viable sites. 
While maximum NPV values reach about 3,764 M, the median 
is significantly lower (approximately 580 M), indicating that only 
a limited subset of locations concentrates the highest profitability. 
Consistent with this observation, only 62.15% of the domain 
remains economically viable, reflecting that moderate electricity 
prices limit achievable revenues even where the EtG configuration 
is selected as optimal. These results are comparable with other 
findings in the literature D’Adamo et al. (2025), which report a cost 
range from 0.195 up to 1.3 M/kW, consistent with the distribution 
observed in our analysis.

A markedly different trend appears under the “hydrogen-
convenient” scenario, Figures 9, 10, defined by high hydrogen 
sale prices and comparatively low electricity prices. In this case, 
hybrid configurations become consistently more attractive, and 
the optimal solutions shift towards higher fH. The corresponding 
boxplot in Figure 10 shows that maximum NPVs increase to 
around 4,069.7 M, while the median rises to 789 M, noticeably 
higher than in the reference scenario. These results confirm that 
hydrogen-favorable market conditions enhance profitability for 
many sites, although such conditions do not uniformly translate 
into economic viability. After applying the positive-NPV filter, only 
32.8% of the area remains viable, meaning that many points where 
hybrid configurations appear technically optimal do not achieve 
sufficient revenues to offset the higher capital expenditure. The 
favorable locations therefore cluster around areas where high fH can 
fully take advantage of the elevated hydrogen price, while all areas 
associated with the EtG configurations are filtered out, Figure 9.

Conversely, in the “electricity-convenient” scenario, Figure 10, 
characterized by elevated electricity prices and low hydrogen 
prices, the EtG configuration is always selected. The boxplot 
associated with this scenario shows a marked upward shift in 
profitability, with maximum NPVs reaching around 7,149.3 Mand 
a median of 1,696 M, the highest among all evaluated cases. 
Under these electricity-driven market conditions, nearly the entire 
set of technically eligible locations (92.9%) achieves a positive 
NPV, making the economic filter far less restrictive. As a 
consequence, the resulting map retains almost all viable sites, 
confirming that high electricity prices strongly favor conventional 
offshore wind over hybrid alternatives. To further investigate the 
factors driving the selection of hybrid configurations across the 
Mediterranean sea, an additional sensitivity analysis was performed 
by relating the optimal fH to the local wind resource. This analysis 
focuses on the hydrogen-convenient scenario, which provides 
the widest range of economically viable hybrid outcomes. The 
results, shown in Figure 11, reveal a clear correlation between wind 
speed and the fH. The correlation is assessed with respect to the 
wind resource rather than the resulting productivity, in order to 
avoid introducing dependencies on the chosen configuration itself, 
which could otherwise bias the interpretation of the results. As 
a result, areas characterised by moderate wind resources tend to 
select either EtG (0%) or low-conversion configurations, whereas 
higher wind speeds progressively favour larger fH. This trend 
reflects the underlying economic behaviour of the system: locations 
with stronger wind conditions, and thus higher productivity, 
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FIGURE 6
Optimal results for full wind configuration: LCOE, CF and spacing.

can more easily sustain the additional capital expenditure and 
efficiency penalties associated with hydrogen production, whereas 
low-resource sites cannot compensate for these costs through 
increased energy yield. Moreover, because electrolyser efficiency 
decreases under reduced-load operation, oversizing the unit, and 
so higher fH, leads to operate at lower power fractions and 
therefore to reduced hydrogen conversion efficiency. Therefore, 
areas characterised by low wind resource (i.e 5 m/s) typically results 
in an fH of 0.1, or even 0.

The Figure 11 therefore complements the previous spatial 
analysis by illustrating that the emergence of hybrid configurations 
is not driven only by market assumptions but is also strongly 
conditioned by local productivity. Together, these results show 
that hybridisation becomes attractive only where both favourable 
market signals and sufficiently high wind resources coexist, thereby 
explaining the spatial patterns observed in the hydrogen-convenient 
maps Figure 8 and the dominance of EtG configurations in 
the electricity-convenient scenario in Figure 10. To complement 
the previous analyses and provide an overall view of how often 
each configuration emerges as economically favourable, Figure 12 
summarizes the aggregated results across all market scenarios 

considered, showing the relative frequency with which each 
conversion level is selected as optimal. The bars represent the share 
of occurrences associated with each fH (from 10% to 90%), together 
with the electrical-to-grid baseline case. As also highlighted by 
the dominant presence of the EtG category across most scenarios, 
direct electricity export generally remains the most favourable 
option under current market conditions. When hybridisation 
becomes competitive, the most frequently selected configuration 
within the hydrogen-convenient scenario corresponds to a fH = 
50%, indicating that mid-range split configurations maximise the 
overall economic performance under favourable hydrogen-price 
conditions. However, when considering all scenarios collectively, the 
optimal hybrid configurations tend to shift toward lower fH, with the 
20% and 30% cases occurring most frequently overall. This suggests 
that, outside hydrogen-advantageous market conditions, lower fH
offer a more robust balance between electrolyser utilisation, cable 
loading, and the relative value of electricity and hydrogen revenues.

The Figure 12 also highlights, across all market scenarios 
analysed, the conditions under which hybrid configurations 
outperform the EtG alternative, even if only in a subset of locations. 
Starting from 130/MWh, only a small share of PtX solutions appears. 
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FIGURE 7
Eligible area for floating (blue) and fixed (green) wind farm installations.

As the electricity price decreases towards 65/MWh, and hydrogen 
remains at the high end of the assumed range, the occurrence of 
PtX configurations increases markedly, reaching about 96.7% of the 
eligible area in the hydrogen-convenient scenario, with a relatively 
homogeneous distribution of fH. 

3.4 Case study sensitivity (NPV and PBT)

Based on the optimal configurations identified in the 
previous sections, the detailed evolution of the NPV over the 
25-year operational lifetime is examined, together with the 
corresponding PBT. The analysis shift towards a specific case 
study site (located in the Gulf of Lyon), with the highest NPV. 
This site is firstly evaluated for the EtG configuration under 
varying electricity-price conditions (Figure 13A), and subsequently 
for the hybrid configuration, specifically for fH = 50%, which 
was previously identified as the optimal most selected in the 
hydrogen-convenient scenario.

The hybrid case is assessed under two complementary 
perspectives: by fixing the hydrogen price at the most favorable value 
and varying electricity prices, and by fixing the electricity price at a 
representative mid-range level while varying hydrogen prices. The 
resulting NPV trajectories show that the EtG configuration exhibits 
a strong dependence on electricity-market conditions, Figure 13B. 
When electricity prices exceed approximately 90€/MWh, the 
project reaches a positive NPV within the first decade, with 
profitability increasing significantly at higher prices. The best 
results, corresponding to the higher electricity price scenario 
(155€/MWh), show a payback time of 4 years. This outcome is 
significantly lower than values reported in the current state of 
the art D’Adamo et al. (2025), which is typically around 1 decade; 
however, it should be noted that the analysis refers to the most 
favorable economic scenario and to the location characterized by the 
highest techno-economic performance. Therefore, as highlighted by 
the wide distribution shown in the map in Figure 10, a broader 
spread of values toward higher PBT can be expected. In contrast, 
the hybrid configuration displays a more moderate response 

to electricity-price variation (Figure 13B), but a pronounced 
sensitivity to hydrogen prices. Under favourable hydrogen-price 
conditions (11–12.5/kg), the 50% hybrid system attains NPV values 
comparable to those of the EtG case (Figure 13A). In these cases, 
the hybrid configuration achieves acceptable NPV values, with 
payback times of approximately 13–15 years, although still not 
comparable to the EtG solution, which reaches NPV = 0, after 
about 6 years in the same electricity price condition. A distinctive 
feature emerging in the hybrid case is the presence of two local 
decreases in the NPV curves, occurring around years 9 and 18. 
These reductions, which do not appear in the EtG trajectories, 
are a direct consequence of the electrolyser replacement events 
included in the economic model. The associated reinvestment costs 
temporarily offset cumulative revenues, causing the NPV to decline 
before resuming its upward trend. Finally, when hydrogen prices fall 
below approximately 5.5–7/kg, the hybrid configuration remains 
unprofitable over the entire project lifetime, regardless of electricity-
price assumptions, confirming that market conditions play a decisive 
role in determining the economic viability of offshore wind-
hydrogen systems. Taken together, these trends indicate that hybrid 
offshore wind-hydrogen systems become economically competitive 
only under hydrogen-driven market conditions, where revenue 
from hydrogen sales compensates for conversion losses and higher 
capital costs. Conversely, when electricity prices dominate market 
value, the EtG configuration consistently yields superior economic 
performance. The analysis of NPV evolution thus reinforces the 
conclusions drawn from the occurrence-based selection, providing 
a coherent and comprehensive understanding of the circumstances 
under which hybridization can represent a viable alternative to 
conventional wind-to-grid solutions.

4 Conclusion and discussion

This study presents a detailed techno-economic evaluation 
of offshore wind development in the Mediterranean Sea, with 
particular attention to hybrid wind-to-hydrogen configurations. The 
work responds to a gap in literature, where the optimal sizing 
of offshore electrolysers and the conditions under which hybrid 
systems may become advantageous have not been investigated in 
a spatially explicit way. By combining site eligibility screening 
with wind farm modelling and a multi-scenario economic analysis, 
the methodology proposed here allows the identification of the 
most suitable configuration for each location and provides a 
coherent basis for comparison between different hybrid layouts. To 
support the interpretation of the spatial techno-economic results, 
the analysis explicitly separates the technical productivity layer, 
represented through lookup tables capturing wake and layout effects, 
from the main economic cost drivers. This layered approach allows 
the optimal configurations to be interpreted as the outcome of well-
defined physical and economic mechanisms, rather than as purely 
numerical optimisation results. The results show that, with current 
costs and efficiencies, direct electricity export remains the most 
competitive option across the Mediterranean. This is particularly 
evident under market conditions resembling the “mid-range” 
scenario, represented in this study by electricity prices of around 
110/MWh and hydrogen prices of 9/kg. Under these conditions, 
all suitable sites achieve a positive NPV and are characterized 
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FIGURE 8
Optimal levelized cost of hydrogen in equivalent energy content/MWh (left) and optimal configuration chosen (right).

FIGURE 9
Optimal configurations for the “hydrogen-convenient” price scenario (65/MWh, 12.5/kg), shown for the entire study area (left) and for the economically 
advantageous subset (right).

by the baseline EtG configuration. No incentives or subsidies are 
included in the analysis, so these outcomes reflect exclusively 
market-driven conditions. Hybrid configurations generally perform 
worse in the baseline scenarios because of higher investment 
requirements and losses associated with the conversion to hydrogen. 
This behaviour is also confirmed by the internal comparison 
among hybrid options, where the fH = 10% conversion case is 
consistently selected as the most convenient (Figure 8). Increasing 
fH systematically reduces economic performance under the present 
cost assumptions. However, the results also show that hybrid systems 
can become competitive when the hydrogen market is sufficiently 
favourable. In fact, in the “hydrogen-convenient” scenario used in 
this work, defined by relatively low electricity prices and hydrogen 
prices in the range of 12.5/kg, several hybrid configurations reach 
NPVs comparable and higher than those of EtG systems. In this 
context, intermediate conversion levels, particularly fH = 50% case, 
emerge as the most promising solutions. A clear dependence on 
the local wind resource is also observed since only the areas 

with the highest wind speeds are able to sustain the additional 
costs associated with electrolysis (Figure 11). The occurrence-based 
analysis across all market combinations, reported in Figure 12 
reinforces these findings. Hence, hybrid configurations become 
attractive only under favourable hydrogen-price conditions, where 
intermediate fH tend to perform best. Across all market scenarios, 
however, lower fH emerge more consistently as robust solutions, 
offering a balanced trade-off between asset utilisation and revenue 
streams. Finally, the NPV trajectories reinforce the main economic 
patterns observed in the occurrence-based analysis. EtG baseline 
configurations generally achieve positive NPV within the first 
decade, whereas hybrid systems progress more slowly and remain 
more exposed to hydrogen-market conditions. The temporary NPV 
declines appearing in hybrid trajectories, caused by scheduled 
electrolyser replacements, highlight the role of reinvestment 
cycles in shaping long-term profitability. Under unfavourable 
hydrogen prices (below approximately 5.5–7/kg), hybrid systems 
do not reach profitability over the project lifetime, independent 

Frontiers in Energy Research 15 frontiersin.org

https://doi.org/10.3389/fenrg.2026.1765111
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


De Clerck et al. 10.3389/fenrg.2026.1765111

FIGURE 10
NPV spatially distribution across all eligible locations for the three market scenario: (a) "mid-range", (b) "hydrogen-convenient", (c)
"electricity-convenient".

FIGURE 11
Hybrid optimal percentage selection based on wind speed, for 
“hydrogen-convenient” scenario.

of electricity-price assumptions. Overall, these results confirm that 
hybrid offshore wind-to-hydrogen systems become economically 
competitive only under hydrogen-advantageous market conditions, 
whereas EtG solutions retain superior performance across a wider 

range of market scenarios, particularly when electricity value 
dominates. In the current Mediterranean context, hybridisation is 
therefore not yet the most cost-effective option, although improving 
hydrogen markets and evolving cost structures may shift this 
balance in the coming years. However, this conclusion should be 
interpreted according to the intrinsic limitations induced by the 
cost-based metrics adopted in this work. Coherently with what 
has already been mentioned in the introductory section, hybrid 
offshore wind–hydrogen systems provide additional value streams 
with respect to those expressed using electricity-equivalent terms. 
The possibility of converting excess generation into chemical energy, 
instead of curtailing it, is only one example of power-to-X benefits. In 
addition, grid deferral value, namely, the economic saving generated 
by mitigation of transmission bottlenecks and the reduction of peak 
power injections, as well as export optionality explore the potential 
of hydrogen as a storable, tradable, and exportable energy vector. 
Additional content concerning this discussion may be found in 
Borsboom-Hanson et al. (2022). Moreover, offshore wind–hydrogen 
integration can be examined from the perspective of energy security 
and diversification. These features allow hybrid systems to be 
regarded not merely as alternatives to grid connection, but also 
as strategic infrastructure supporting long-term decarbonization 
and energy independence. Moreover, the proposed workflow is 
readily transferable to other emerging offshore wind–hydrogen 
regions (e.g., Atlantic Canada, the Western U.S., and offshore 
hydrogen hubs Borsboom-Hanson et al. (2022)), as it relies 
on modular inputs, spatial constraints, long-term wind fields, 
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FIGURE 12
Comparison between all hybrid configurations and full wind farm, in different market scenarios.

FIGURE 13
NPV and PBT associated to the best point in terms of higher NPV for (a) EtG and (b) fH = 50%.

bathymetry, and distance-to-infrastructure cost functions, that can 
be re-parameterised with local datasets and permitting rules.

The methodology developed in this study offers a transparent 
framework for evaluating these trade-offs and for identifying 

conditions under which hybrid configurations could become 
attractive. While the analysis provides meaningful insights into the 
relative performance of the two configurations, several limitations 
should be acknowledged. First, the results are strongly influenced 
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by the cost models adopted for offshore wind technologies and 
electrolysers, including assumptions on CAPEX, efficiencies, 
lifetimes, and replacement cycles. Although based on the best 
available techno-economic data, these parameters carry significant 
uncertainty, and deviations in future cost or performance trends 
could markedly affect the comparative competitiveness of hybrid 
systems. A second limitation concerns the representation of 
hydrogen prices, which strongly influences the profitability 
of hybrid systems. Although a broad price range is explored 
to reflect different possible market conditions, the analysis is 
performed without considering incentives, subsidies, or regulatory 
support. This allows for an assessment under purely market-driven 
dynamics but does not capture the policy framework likely to 
accompany the deployment of offshore wind and green hydrogen. 
Mechanisms such as contracts for difference, targeted electrolyser 
support, or preferential grid access could substantially modify 
the relative performance of the configurations assessed. A further 
limitation concerns the exclusive focus on economic performance, 
evaluated only through hydrogen sales. The analysis does not 
account for ancillary benefits that hybrid configurations may 
offer, such as enhanced system resilience, improved integration 
of variable renewable energy, or the ability of electrolysers to 
smooth production fluctuations and reduce curtailment. These 
operational advantages could generate additional value under 
real-world conditions but lie outside the scope of the present 
modelling framework. A complementary next step is to couple the 
spatial cost maps with explicit policy scenarios (e.g., carbon-price 
trajectories, support schemes and congestion constraints), enabling 
a quantitative mapping between policy instruments and viability 
thresholds for offshore wind-to-hydrogen investments. To achieve 
a more comprehensive assessment of the economic feasibility 
of hydrogen and, more generally, of the potential advantages 
of hybrid PtX configurations, future work should incorporate 
policy scenarios, operational flexibility, system-integration benefits, 
and environmental considerations. Such an expanded approach 
would provide a clearer understanding of the conditions under 
which offshore wind-to-hydrogen hybrid systems may become 
advantageous in the Mediterranean context.
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