
Integrating Blue Energy in Maritime
Spatial Planning of Mediterranean
Regions
Riccardo Maria Pulselli 1,2*, Maria Vittoria Struglia3, Matteo Maccanti 4, Morena Bruno4,
Nicoletta Patrizi 4, Elena Neri 2, Adriana Carillo3, Ernesto Napolitano3, Nikolaos Stefanatos5,
Christoforos Perakis6, Markos Damasiotis6, Federica Di Pietrantonio7, Stefano Magaudda8,
Venturo Madalena8, Hrvoje Stančin9, Hrvoje Mikulčić 9,10, Vasilis Petrou11,
Konstantinos Smagas11, Eleni Valari 11, Louisa Marie Shakou12 and Simone Bastianoni 4

1Department of Architecture, University of Florence, Florence, Italy, 2Indaco2 srl, Colle Val d’Elsa (SI), Italy, 3Climate Modeling
Laboratory, Division Model and Technologies for Risk Reduction, Department for Sustainability, ENEA, Rome, Italy, 4Department
of Physical, Earth and Environmental Sciences, University of Siena, Siena, Italy, 5Division of Renewable Energy Sources, Centre for
Renewable Energy Sources and Saving—CRES, Pikermi, Greece, 6Division of Development Programs, Centre for Renewable
Energy Sources and Saving—CRES, Pikermi, Greece, 7Department of Architecture, University of Roma Tre, Rome, Italy,
8U-space sl, Sevilla, Spain, 9Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, Croatia,
10MOE Key Laboratory of Thermo-Fluid Science and Engineering, Xi’an Jiaotong University, Xi’an, China, 11Geoimaging Ltd,
Nicosia, Cyprus, 12Climate Change and Environment Department, Cyprus Energy Agency, Nicosia, Cyprus

Blue Energy (BE) is expected to play a strategic role in the energy transition of Europe,
particularly toward the 2050 horizon. It refers to a set of Marine Energy Sources (MES),
including offshore wind, waves, tides, marine currents, sea thermal energy, salinity
gradients, and marine biomass, which are exploited by different BE technologies.
Nevertheless, the implementation of integrated solutions to exploit MES in marine
areas does not just concern technological issues; it requires inclusive planning
practices considering different aspects regarding climate and environmental impacts,
landscape compatibility, interference with other marine activities (such as shipping, fishing,
and tourism), and social acceptance. A replicable BE planning framework has been
developed based on interdisciplinary knowledge in three Mediterranean sites in Greece,
Croatia, and Cyprus, under the scope of the Interreg Med BLUE DEAL project. It has been
implemented by some interdisciplinary experts through a collaborative and iterative
process of data elaboration, mapping, evaluation, and visualization. Results concern
the localization of suitable sites to install BE plants and the estimation of potential
energy production and avoided emissions in selected scenarios. Together with visual
simulations, this study shows the potential effects of the implementation of BE in specific
marine areas, with a special focus on the most promising offshore floating wind farms and
wave energy converters (WECs), as basic information for participative design and
stakeholder engagement initiatives, including public authorities, businesses, and citizens.
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INTRODUCTION

The Sixth Assessment Report of the IPCC highlights climate
change impacts and risks emphasizing the interdependence of
climate and human societies. The recognition of climate risks,
especially in the Mediterranean, one of the world’s hotspots in
terms of temperature increase, is expected to strengthen
mitigation and adaptation actions and accelerate transitions to
a more resilient state (IPCC, 2022). In particular, the risks of
climate change give rise to a timebound imperative to transform
modern energy systems into low-carbon alternatives (Fries,
2021). This will require multiple efforts to implement
necessary measures, including high penetration of renewable
energy, development of distributed and integrated energy
systems, management of inherent intermittency of renewable
sources, real-time supply-demand balancing, innovation and
testing of alternative low-carbon technologies in initial
markets, and selection of the ones best suited to customer
needs (Petit, 2018; Helm and Miller, 2021; Zhao et al., 2021).

Especially in Europe, the wide deployment of renewable
energy sources is a necessary condition to meet the EU targets
of greenhouse-gas emission reduction by at least 55% by 2030
(compared to the 1990 levels) and carbon neutrality by 2050.
Among other Marine Energy Sources (MES), offshore wind
energy is expected to become the European largest source of
electricity generation, with an increase of the offshore wind power
in Europe from 12 GW to 60 GW by 2030 and 300 GW by 2050.
These targets (COM, 2020) demand for a commitment by the
Member States to include MES in their future planning and
actions. The EU Commission considers that a diversified
approach is required, tailored to the different contexts, in
which specific policy solutions are adapted to the different
levels of development of available technologies and regional
contexts, particularly as different technological solutions suit
different sea basins. The Interreg Med BLUE DEAL project
(BLUE DEAL, 2022) gives a broader interpretation of the
energy transition as a complex process that mainly involves
citizens, local communities, and stakeholders, which should be
carefully supervised by local public authorities to ensure that the
introduction of new technologies harmonizes with already
existing economic activities, and that possible conflicts among
different productive sectors are managed while complying with
environmental legislation and integrated maritime policy
(Bastianoni et al., 2020).

The major instrument to do this is to develop early Maritime
Spatial Plans (MPSs) that identify suitable areas for the
deployment of offshore energy farms (Soukissian et al., 2017).
While several European countries in the Northern Seas have
already implemented their own ocean planning that includes
MES, mainly offshore wind, in the Southern Seas, such a process
has been hindered by both technical difficulties and
administrative and consent limitations (Pisacane et al., 2018).
A recent review (Quero Garcia et al., 2020) compared theMSPs of
Southern Countries and analyzed their impact on the Blue Energy
(BE) sector: the authors found that Spain, Italy, Greece, andMalta
have explicitly considered offshore renewables among their
energy policies; nevertheless, a qualitative assessment of the

progress of MSP with respect to BE in these countries still
shows low and medium levels of development. The influence
of national regulatory frameworks concerning MSP on the
development of BE has been analyzed by Salvador et al. (2019)
with a focus on Portugal. The authors highlight the importance of
flexible planning systems, setting criteria for the prioritization of
marine uses, incorporating trade-off mechanisms, and regulating
pilot zones. These measures can help streamline licensing
processes, avoid and resolve conflicts with other sea users, and
adapt planning instruments to the rapid development of new BE
technologies. Howells and Ramirez-Monsalve (2022) investigated
the Danish approach to governing land-sea interactions,
exploring the impacts of various institutional and procedural
factors on the MSP practice. The authors notice a lack of
integration between the maritime and terrestrial planning
systems, which are differentiated in terms of institutional
responsibility and scale, thus creating conflicts at the coastline.
First, they recommend the cooperation of local authorities and
experts to improve the governance and build consensus around
decisions, especially if carried out at an earlier stage in the
planning process. Second, they support the need to move
toward marine planning processes at the regional or municipal
level rather than purely national. Nevertheless, in this perspective,
MSP practices still look immature. Kyvelou (2017) argued that
improved governance and capacity building is necessary
considering that there are no generalized solutions and that
each managed area requires a customized and specialized
design approach. Geographically explicit examination of areas
susceptible to change and suitable development locations is an
essential part of any evidence-based planning and decision-
making process. In this regard, González et al. (2020) reviewed
available web mapping tools that can contribute to anticipating
and avoiding land and marine-use conflicts, comparing planning
alternatives, and forecasting the impacts of planning decisions.
According to the authors, the value of spatial data exploration is
to support analytical planning practices through robust,
systematic, and consistent means, assuring transparent and
informed decisions.

Considering the increasing demand for multiuse of marine
space, at least between uses that show reasonable compatibility,
Kyriazi et al. (2016) mentioned several parameters to consider,
starting from the involvement of players affected by the decision-
making process. In general, to guarantee an efficient, fair, and
acceptable spatial coexistence, parties interested in the same area
should negotiate the terms of co-use (Grip and Blomqvist, 2021;
Moodie and Sielker, 2022). Therefore, maximizing spatial
efficiency and minimizing conflicts of use should not be seen
as one-off management decisions but as a dynamic integrated
MSP process that needs to respond to actual developments in the
use of marine space. Stakeholder processes in MSP and their
effects are interpreted as crucial actions (Twomey andO’Mahony,
2019; Zaucha and Kreiner, 2021) to encourage ownership of the
plan, engendering trust among stakeholders and decision-
makers; improve understanding of the complexity (spatial,
temporal) and human influences of the marine management
area; develop a mutual and shared understanding about the
problems and challenges, as well as perceptions and interests
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that stimulate the integration of policies; examine existing and
potential compatibility and/or conflicts of multiple-use
objectives; aid the generation of new options and solutions
that may not have been considered individually; and expand
the capacity of the planning team, in particular by acquiring new
information.

Therefore, a set of gaps emerge from the literature onMSP, not
yet properly solved. The main improvements and
recommendations concern the release of specifically addressed
regulatory frameworks; the resolution of conflicts between
responsible institutions, especially due to different sectors and
spatial scales of competence; the development of regional and
local planning practices rather than national; the need for
capacity building and informed design practices, particularly
taking advantage of available web tools to address choices; and
the stakeholders’ engagement to guarantee transparent, fair, and
widely shared decision-making, especially regarding the
coexistence of marine uses. This is particularly true looking at
the growing interest in MES, especially in the offshore wind
sector. Due to the different maturity levels of BE technologies,
with some of them still at an early stage of technical development,
their inclusion in MSP requires the definition of a proper
planning methodology, which is able, through scientific and
technological skills, to fill knowledge gaps and promote the
inclusion of these technologies in future energy plans.

How can MSP strategies consider MES and embed BE
technologies to support their deployment? The present study
shows a systematic procedure of BE planning to identify suitable
sites for different BE plants; determine their possible location and size
against environmental, physical, legal, or social constraints; evaluate
potential effects in terms of energy production and carbon emission
mitigation; and visualize possible configurations in relation to coastal
landscapes. The BE planning framework involves multidisciplinary
experts and exploits available web tools to address choices as part of
MSP in regional and local contexts; it has been demonstrated in three
workshops, namely, BLUEDEAL Labs (BLUEDEAL, 2022) in Crete
(Greece), Split (Croatia), and Larnaca (Cyprus). The procedure has
been conceived as a practical guide to start and support new MSP
initiatives, including MES, to hypothesize possible scenarios for
further integration of BE plants, discuss limits and opportunities,
and foster public–private cooperation for BE deployment in
Mediterranean regions by engaging public authorities, businesses,
and citizens in participative design processes. Rather than being
definitive or exhaustive, results concern reliable scenarios and allow
for bringing a set of solutions to the table and leading the discussion
toward concrete questions, instead of hypothetical purposes, to attract
interest from a wide number of audiences and players and raise
awareness of specific themes. Based on the BE planning action, the
Labs are intended as kick-off initiatives to start a proactive debate
around MES in target regions.

MATERIALS AND METHODS

The BE planning framework presented here combines
interdisciplinary knowledge to integrate BE into strategic and
operational plans in compliance with physical, regulatory,

environmental, technical, and social constraints that
necessarily emerge in the Mediterranean area. The planning
procedure is structured into several iterative processes grouped
into a sequence of six main stages: Stage 1—identification of BE
potentials; Stage 2—identification of suitable BE technologies;
Stage 3—identification of potential sites; Stage 4—energy
assessment; Stage 5—carbon footprint mitigation assessment;
and Stage 6—visual impact assessment (VIA). Table 1 outlines
the planning framework and the methodological stages, outputs,
and used tools. The final outcome consists of a comprehensive BE
plan with possible scenarios of BE deployment and quantitative
estimates. The resulting maps and assessments aim to support the
narrative and make the process easily understandable to a wide
audience.

Necessary information for the implementation of the planning
process is collected from sources at a regional or local level (e.g.,
government departments and agencies; other research projects;
research and academia), if available, or otherwise taken from
official databases at a national or EU level. More detailed data
allow for more accurate elaboration, but general databases can be
useful anyhow to draft coherent scenarios and start a proactive
discussion on their feasibility and concrete implementation. Any
outcome from the planning process can be further investigated,
finetuned, and changed.

Identification of Blue Energy Potentials
Different tools can be used for the analysis of BE potentials in
the Mediterranean, with different levels of accuracy (Stage 1).
The MAESTRALE webgis (2018) provides access to open
geographical data on BE potentials, including offshore wind,
wave, tides, marine currents, and salinity gradients. It was first
developed under the scope of the Interreg Med MAESTRALE
project (MAESTRALE, 2019) to support researchers, decision-
makers, and investors in setting the basis for the development of
BE initiatives in theMediterranean. From this general overview, it
emerges that, in general, MES in the Mediterranean have lower
potential with respect to the Northern Sea and the Atlantic ocean,
but there is evidence of high availability that can eventually be
exploited for profit. The highest potentials are those related to
offshore wind and wave energy; marine currents are not intensive
sources, except for specific hotspots in the Strait of Messina and
Gibraltar, and tides are almost irrelevant; seawater thermal
energy, salinity gradients, and marine biomass are valuable
options in specific contextual circumstances.

The MAESTRALE webgis is a practical tool that can be used in
Stage 3 of the procedure; nevertheless, besides this general overview of
the Mediterranean basin, site-specific data, when available, are also
necessary to investigate scenarios of BE installations at the regional
and local levels making the analysis in Stage 4 more robust and
exhaustive, especially concerning offshore wind and wave energy
(Carillo et al., 2022). In particular, climatological atlases are the
primary instrument to be used to establish whether a particular
technology is worth being installed in a specific location or not.
However, they can be enriched with complementary information
from operational oceanographic models, which allow for the
construction of long time series of high spatial and temporal
resolution data characterizing MES in the Mediterranean. This
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information is relevant for designing, tuning, and optimizing the
production of different BE technologies in specific marine areas and
for the planning of monitoring activities of any kind of device
deployed at sea.

For assessing wind potentials, representative wind speed time
series for the selected sites were established through the use of the
PRISMI tool along with the data collected from open wind data
(Global Wind Atlas, 2015). The PRISMI tool is based on the long-
termMERRA data for defining the yearly and diurnal wind speed
variations that are accordingly scaled against either measured or
calculated yearly averaged values. The defined yearly time series
are consequently transformed into wind power time series via a
representative offshore wind turbine power curve.

For the assessment of wave energy potentials, the WAVES tool
was used. It is based on the spectral model WAM (version 4.5.3) and
implemented over the Mediterranean Sea with a spatial resolution of
1/32° (approximately 3.5 km). Forecast outputs are released hourly
over a 5-day simulation and have been used to build a dataset of
significant wave height, energy, peak period, and wave direction. The
model is forced with winds produced by the SKIRON forecast model
(Kallos, 1997) and has been validated over the years against in situ
measurements (buoy data) and satellite data (Carillo et al., 2013;
Carillo et al., 2014; Carillo et al., 2015). For the regions targeted in this
study, a detailed statistical analysis of wave energy has been done,

relying on the database constructed on the hourly outputs of the wave
operational forecast system, daily operating since 2014 at the ENEA
Climate and Impact Modeling Laboratory.

Similarly, the MITO tool is based on an innovative three-
dimensional numerical model of marine circulation implemented
in the Mediterranean (Napolitano et al., 2022) and Black Seas; it
includes the main tidal effects, both produced by local forcing and
coming from the Atlantic boundary (Palma et al., 2020) with a
horizontal detail of 1/48° (about 2 km)—twice as high as the current
operating models available of the Mediterranean (CMEMS-
Copernicus)—which increases further up to a few hundred
meters, in the region of the Strait of Gibraltar and the Strait of
the Dardanelles. Looking at the mean kinetic energy related to
currents along the entire Mediterranean basin, marine currents
are not a valuable source of energy, but a few hotspots for energy
harvesting can be identified anyhow. TheMessina strait andGibraltar
strait are the areas with the highest energy potential of marine
currents in the Mediterranean.

Identification of Suitable Blue Energy
Technologies
The energy potential analysis from marine sources above (Stage
1) allows understanding the most promising options in the

TABLE 1 | Stages of the BE planning framework, methodological approach, data sources and tools, and references for methodological insights.

Stage
n

Action outcome Methodological processes and
references

Data
sources and tools

Stage 1 Identification of BE potentials Analysis of BE potentials, first at the Mediterranean scale and then at the regional
scale, regarding different MES, including offshore wind, wave energy (more
details in Carillo et al., 2022), and marine currents (more details in Napolitano
et al., 2022)

MAESTRALE webgis
Global wind atlas
PRISMI tool
WAVES tool
MITo tool

Stage 2 Identification of suitable BE
technologies

Literature and technical review of available BE technologies classified into
different types per exploited MES, operational areas (onshore, near-shore,
offshore), and technological solutions with details on size and basic
requirements for installation

Dataset on BE technologies basic
requirements (Table 2)

Stage 3 Identification of potential sites GIS-based elaboration of maps through the combination, merging, and
overlaying of geographical datasets (most relevant variables are listed in Table 3)
with marine energy potentials and BE technological requirements. Once data are
processed, eligible sites for the installation of each type of technology are
identified by subtraction, detecting areas where good BE potentials combine
with the absence of exclusion zones

Global wind atlas for offshore wind energy
EMODnet for bathymetry, seabed habitats,
and physics
Natura 2000 for protected natural sites
Marine vessel traffic for shipping routes
Other site-specific open-access
geodatabases locally available

Stage 4 Energy assessment Energy modeling for the integration of the identified BE technologies in the
electricity grid mix and estimated power. Considered variables concern current
and forecasted annual energy production of planned BE plants and energy
consumption in different sectors (more details in Stančin et al., 2022)

EnergyPLAN tool

Stage 5 Carbon footprint mitigation
assessment

Assessment of avoided emission by replacing electricity from the national grid
mix with electricity generated by planned BE plants. Values of the carbon
intensity of electricity (CIE: g CO2eq/kWh) are assessed based on the LCA of
offshore floating wind turbines (more details in Pulselli et al., 2022) and WECs
(more details in Bruno et al., 2022)

Life-cycle assessment (LCA)
EEA European Environment Agency, 2022 for
National CIE values

Stage 6 Visual impact assessment Development of a digital visualization including 3D models of BE technologies
and 3D terrain of surrounding sites. The latter takes elevation and texture data
from Bing Maps API to create a terrain object in real-life dimensions. Data
elaboration is performed to achieve the realism of landscape visualizations and
faster rendering for the real-time interactive tool

Blender 3D computer graphics software
toolset
Real-world terrain and unity game engine
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TABLE 2 | Technical requirements of BE technologies.

Location BE technology Requirements Estimated
electricity production

References

Onshore Wave energy converter (WEC)
Oscillating Water
Column (OWC)

Physical requirements
Wave height: 0.5–3.5 m

250–500 MWh/yr per unit Arena et al. (2013)

Bathymetry: 2.5–15 m Curto et al. (2021)
Size unit (16–24 devices) Falcão and Henriques (2016)
N° chambers: 16–24 (4–6 m in length each) Faÿ et al. (2020)
Emerged height: 7–10 m Ibarra-Berastegi et al. (2018), Ibarra-Berastegi

et al. (2021)
Submerged height: 2.5–15 m Malara et al. (2017)
Width: 2–6 m Spanos et al. (2018)
Pier length: 100 m

Overtopping Breakwater Physical requirements 200–250 MWh/yr per unit Buccino et al. (2016)
Wave energy power: 2.5 kW/m Contestabile et al. (2016)
Bathymetry: 2–10 m Contestabile et al. (2017)
Size unit (20 devices) Patrizi et al. (2019)
N° modules: 20
Height: 3–5 m
Width: 8–15 m
Pier length: 100 m

Oscillating Floaters Physical requirements 200–800 MWh/yr per unit Curto et al. (2021)
Wave height: 0.5–3 m EWP Eco Wave Power (2019), EWP Eco Wave

Power (2022)
Wave power: 1–9 kW/m Marchesi et al. (2020)
Size unit (15 devices) Negri and Malavasi (2018)
N° floater: 15 Tethys (2022)
Floater width: 2–5 m
Floater length: 4–6 m
Arm length: 4–10 m
Interaxle spacing: ~3 m
Pier length: 100 m

Onshore Osmotic gradient converter
Reverse Electro
Dialysis (RED)

Physical requirements ~3 MWh/yr per unit Tedesco et al., 2015; Tedesco et al., 2016,
Tedesco et al., 2017NaCl solution: 0.7–215 mS/cm

Flow rate: 16–38 l/min
Size unit (1 device)
Building surface area: 20 m2

Stacks volume: ~1.5 m3

Cell surface area: 400 m2

Onshore Heat exchangers
Seawater heat pump Physical requirements — Stival (2014)

Low seasonal temperature oscillation Xuejing et al. (2014)
Accessible intake of seawater (direct intake or a
well)

ENERCOAST (2014)

Size unit (1 device) MAESTRALE (2019)
Intake distance from the shore: 10–100 m Nordic Heat Pump (2017)
Suction depth: at least 10 m, intake elevated
from the sea surface

Nearshore Wave energy converter (WEC)
Seabed-based Buoy Physical requirements 40–60 MWh/yr per unit Babarit et al. (2012)

Minimum wave height: 0.5 m Bozzi et al. (2013, 2018)
Bathymetry: ≤ 25 m Chatzigiannakou et al. (2015), Chatzigiannakou

et al. (2017)
Size unit (1 device) Rémouit et al. (2018)
Minimum buoy distance: 25 m Strömstedt et al. (2012)
Height cylinder: 3.5–7 m
Height buoy: 1.5–2.5 m
Width: 3–5 m

(Continued on following page)
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Mediterranean Sea for implementing BE technologies. Stage 2 is
based on a survey of available BE technologies classified into
different types, depending on the MES exploited, operational
areas (onshore, near-shore, offshore), and technological solutions
referring to the physical principle exploited. The observation of
available BE technologies allowed for identifying the main
characteristics to inform the planning process, such as
nominal power, size, basic requirements for installation, and
technology readiness level.

Offshore wind turbines are the best-known technology
available in terms of production yields and technology
readiness level. They are classified into two main categories:
bottom-fixed and floating windmills. Wave Energy Converters
(WECs) are promising solutions to harvest wave energy; their

three main categories include Oscillating Water Column (OWC),
Overtopping Breakwater Systems (OBS), and Floating Buoy
Systems (FBS). Moreover, WECs are classified into onshore
devices fixed on piers and docks or other coastal
infrastructures; near-shore, including oscillating buoys
connected to generators fixed on the seabed; and offshore,
including buoys taken by a mooring system. Other BE
technologies include biorefineries for biofuel or biogas
production from marine biomass, Reverse Electro Dialysis
(RED) to exploit salinity gradients combined with desalinating
plants and underwater turbines exploiting marine currents in
very specific locations. Seawater-based heat exchange combined
with heat pumps for climate conditioning of buildings is among
the most mature BE technologies.

TABLE 2 | (Continued) Technical requirements of BE technologies.

Location BE technology Requirements Estimated
electricity production

References

Nearshore Marine biomass treatment
Algae farm Physical requirements 470–2,260 m3 methane

per unit
Barbot et al. (2016)

Seaweed: green macroalgae 2,200–4,700 kg ethanol
per unit

Bastianoni et al. (2008)
Bathymetry: SL—15 m Migliore et al. (2012)
Size unit (1 farm) Offei et al. (2018)
Length of headline: 220 m Seghetta et al. (2016)
Height of U-shaped seeded line: 2.5 m

Offshore Wave energy converter (WEC)
Oscillating Buoy Physical requirements 12–250 MWh/yr per unit Bonfanti et al. (2020)

Minimum wave height: <1–1.6 m Bozzi et al. (2013), Bozzi et al. (2018)
Bathymetry: 35–50 m Mattiazzo (2019)
Size unit (1 device) Vannucchi & Cappietti (2016)
Distance: > 30 m
Width: 5–8 m

Oscillating attenuator Physical requirements 20–53 MWh/yr per unit Bozzi et al. (2018)
Wave energy: 3.5–5 kW/m Parker et al. (2007)
Wave height: 0.5–2.5 m Thomson et al. (2011), Thomson et al. (2019)
Bathymetry: 50–100 m Vannucchi & Cappietti (2016)
Size unit (1 device) SWEL Sea Wave Energy Ltd. (2022)
Length: 30–120 m
Diameter: 0.9–3.5 m

Offshore Marine currents converter
Underwater Helix Physical requirements 300 MWh/yr per unit Coiro et al. (2013), Coiro et al. (2017), Coiro et al.

(2018)
Current speed: 1.5–4.5 m/s Seapower scrl (2022)
Bathymetry: 9.8–15 m
Size unit (1 device)
Height: 5.2 m
Width: 10.4 m
Width (three-blade) rotor: 3 m

Offshore Wind energy converter
Offshore floating wind Physical requirements 10–25 GWh/yr per unit Chipindula et al. (2018)

Mean wind speed: 3–7 m/s Pantusa et al. (2020)
Bathymetry: 50–500 m Pantusa and Tomasicchio (2019)
Distance from the coast: > 5 Miles Poujol et al. (2020)
Size unit (1 device) Raadal et al. (2014)
Hub heights: 80–140 m Tsai et al. (2016)
Rotor diameter: 110–150 m Weinzettel et al. (2009)
N° blades: 3

Frontiers in Energy Research | www.frontiersin.org August 2022 | Volume 10 | Article 9399616

Pulselli et al. Mediterranean Blue Energy Planning Framework

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


In Table 2, basic requirements have been determined per
each type of technology based on data from the literature
or private companies, concerning the size of devices, distance
from the shore, distance from devices, water depth, relevant
physical or legal constraints, optimal working regime (e.g.,
minimum wind speed or wave high), and mean potential
production yields.

Identification of Potential Sites
The identification of sites suitable for the installation of BE plants
is a GIS-based procedure that entails the production of maps
through the combination, merging, and overlaying of relevant
geographical datasets (Stage 3). It starts from the combination of
data concerning BE potentials (Stage 1) and the basic
requirements of BE technologies (Stage 2) (i.e., technical and
environmental conditions, such as sea depth, wave height, and
wind speed) needed to ensure their operability. This allows for
identifying marine and coastal areas that, fulfilling such
conditions, are theoretically suitable for their installation.

This procedure also introduces additional variables
corresponding to supplementary datasets and GIS layers,
which contribute to determining zones with physical or legal
restrictions. The objective is twofold: on the one hand, to
minimize the disturbance of environmentally sensitive areas
and the interference with other maritime activities and, on the
other hand, to assess the presence of coastal infrastructure
(i.e., buildings and other facilities) that can host/incorporate
BE systems and/or consume the energy produced.

The additional variables introduced belong to three main
categories: 1) environmentally sensitive areas: protected
natural areas (both marine and terrestrial), reserves, and
sensitive marine ecosystems (such as Posidonia meadows); 2)
spatial footprint of other maritime activities: navigation routes,
ports and ships’ maneuvering areas, military areas, aquaculture
plants; and 3) large energy consumers along the coast
(desalination plants, public buildings, large hotels, and tourist
resorts, etc.). A short checklist of the most relevant variables used
in this analysis is shown in Table 3 and corresponds to the
datasets to be provided for each target area.

All groups of datasets undergo the same processing, albeit with
some adjustment depending on the energy source considered
(wind and waves) and on the distance from shore of the BE
technology analyzed (onshore, near-shore, or offshore). The basic
steps are the following:

a. Matching the map of marine energy potentials relevant to the
specific BE technologies considered (e.g., wind speed, wave
height, and wave power) with the minimum requirements for
these technologies to operate efficiently, including water depth
(bathymetry map);

b. Uniting the boundaries of environmentally sensitive areas,
thus producing a map of ecological constraints;

c. Uniting the tracks of the main navigation routes with the
boundaries of ports, marinas, and ships maneuvering areas
and/or military areas to avoid interferences;

d. Mapping aquaculture farms to avoid interferences and
identify possible synergies (i.e., collection of marine
biomass for energy purposes) and/or potential BE consumers;

e. Mapping desalination plants (to eventually host BE systems
based on salinity gradient) and wastewater treatment plants
(to incorporate algae cultivations for energy purposes).

Overlapping and union of the maps resulting from steps b to d
determine the exclusion areas, that is, areas unsuitable for the
installation of the type of technology considered. Buffer areas
around them are also excluded, their size depending on
international and national laws and the type of technology
considered.

When datasets are available, these results are further refined by
producing additional maps of the following:

- Coastal public/private infrastructure with intense energy
use, as potential developers of BE systems for energy self-
consumption;

- Tourist infrastructure (diving centers, etc.) to avoid
interference with;

- Bird migration routes, essential to identify unsuitable areas
for offshore wind turbines;

TABLE 3 | Types of data needed for BE planning.

Required data Description and notes

Bathymetry Map of sea depths, preferably with bathymetry lines every 20 m
Wind speed Map(s) displaying information on wind speed at a national/regional scale
Navigation routes Map(s) showing the position and layout of harbor approach routes and navigation routes, including the buffer zone (exclusion

zone) around them where the installation of BE plants is not allowed
Birds migration routes Map(s) showing the paths of the migration of birds at the Mediterranean and/or a national/regional scale
Aquaculture areas Map(s) showing the position and boundaries of aquaculture farms
Strategic infrastructure—1 Map(s) showing the locations of facilities close to the sea, such as business hubs, ports and marinas, waterfronts, large

hotels/tourist resorts
Strategic infrastructure—2 Map(s) showing the locations of facilities close to the sea, such as desalination plants (if existing) and sewage/wastewater

treatment plants
Protected natural and landscape areas Map(s) including the perimeters/boundaries of natural protected areas (both marine and terrestrial): Natura 2000 areas,

national and regional parks, areas of landscape protection, etc. Information on the level of protection (total, partial, etc.).
Posidonia oceanica distribution Maps of the distribution and boundaries of Posidonia oceanica meadows along the coast and in the marine waters
Sea waves Maps displaying graphical information on wave height, direction, and frequency at a national/regional scale
Altimetry Map of contours on land in the study area (and especially of the coastal area), with curves as close as possible
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- Submarine archaeological sites to avoid interference with
cultural heritage.

Data collection involves local stakeholders and institutions
that are more likely to possess detailed and up-to-date
information: public authorities (at the national, regional, and
local levels) in charge of spatial planning, energy planning and
environmental protection, port authorities, universities and
research centers, and environmental associations. In order to
speed up the process, data are required in formats (shp, geoJSON,
geoTIFF, gdb, and spatialite) that can be easily treated even by
open-source GIS software.

Once the data are processed, the marine areas eligible for the
installation of each type of technology can be identified by
subtraction, detecting the areas where a good BE potential
combines with the absence of exclusion zones. The procedure
ends with a further selection of the eligible areas with the highest
energy potential, finally proposed as “pilot areas.”

It is worth stressing the preliminary and indicative nature of
these results: further in-depth analysis is needed (at a smaller
scale and considering site-specific restrictions from the
environmental and legal standpoint) to verify the eligibility of
the chosen sites. Moreover, energy potential analysis should be
further refined because the range values used as a starting point
only represent the minimum requirements for each type of
technology and not the optimal ones for a specific device.

Assessment of the Energy Production of the
Blue Energy Plans
Once available sites for the installation of BE plants have been
identified (Stage 3), effective energy production can be estimated

considering site-specific and operational energy system
characteristics (Stage 4). Therefore, a specific energy modeling for
the integration of BE in the regional energy system is developed
(Stančin et al., 2022 for details). In the first place, this is related to the
annual energy demand for power generation, residential, industry,
and transport sectors. Moreover, it is necessary to include in the
analysis all the energy sources, baseload, and intermittency to
investigate their interaction and identify potential spots that might
disrupt system stability. The latter concerns the capability of the
existing grid to integrate electricity generated by intermittent
renewable sources, such as BE.

Through the EnergyPLAN tool, the energy modeling for
evaluating the integration of the identified BE technologies in
the electricity mix considers a set of variables that covers the
current and forecasted annual energy production and
consumption in all considered sectors. The modeling is
performed on an hourly basis for an average 1-year period
(long-term time-series data provided in Stage 1), which allows
for the identification of peak loads, a lack or excess in electricity
production from renewables, energy imports and exports, and
spots for better inter-sectoral integration.

First, a reference scenario of the energy system is determined
and validated based on the available data from statistics or grid
operators, which is done using the data in Table 4. Then, existing
energy strategies are checked to identify future system capacities
and energy demand. These strategies and plans serve as a
backbone for building up different scenarios in which BE are
included. Finally, the scenario that shows the most promising
renewable energy potential and does not express disruptions with
the inclusion of BE is chosen for further analysis to determine an
optimal size for BE devices such as offshore wind farms (OWFs)
and WECs.

TABLE 4 | Data input for energy planning in the case of Crete.

Type of data Units

Annual electric demand 3.22 TWh
Annual electric heating and cooling demand 0.53 TWh
Other fuel types used for heating on an annual basis TWh
• Biomass 0.23
• Diesel 0.33
• Solar thermal 0.20
• Solar thermal 0.10
Transmission lines capacities and interconnections 1,400 MW
Installed power plant and renewable capacities and annual energy generation MW/TWh
• Thermal power plants 820/2.44
• PV 96/0.16
• Onshore wind 203/0.51
• Small hydro 0.3/—
Fuel consumption in the industry sector TWh
• LPG 0.10
• Diesel 0.10
• Biomass 0.29
• Heating oil 0.10
• Gasoline 0.01
Planned additional renewable capacities MW
• PV 240
• Onshore wind 240
• Offshore wind 300

Bold represents the unit of the following list of values.
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Assessment of the Carbon Footprint
Mitigation Effect of the Blue Energy Plan
Based on the estimate of energy production fromMES in selected
scenarios, the reduction of GHG emissions in the studied areas is
assessed to highlight how BE can contribute to the European goal
of carbon neutrality (Stage 5). The values of the carbon intensity
of electricity (CIE: g CO2eq/kWh) are used to assess the avoided
emission due to the replacement of electricity from the national
grid mix (Pulselli et al., 2018) with electricity generated by OWFs
and WECs. The first has been assessed by Pulselli et al. (2022)
based on a life-cycle assessment (LCA) of floating wind mills,
including the phases of manufacturing, installation,
maintenance, and end of life. Results show different intervals
of values in Crete, Croatia, and Cyprus depending on the
different site-specific wind energy potentials and two different
floating wind turbines: spar buoy and raft buoy. The latter was
assessed by Bruno et al. (2022) based on the life-cycle assessment
of various devices: onshore fixed floating buoys (i.e., 93–372 g
CO2eq/kWh) and near-shore buoys (i.e., 101–151 g CO2eq/
kWh). Table 5 shows values of CIE for the national grid mix
in Crete, Croatia, and Cyprus (EEA European Environment
Agency, 2022), for OWFs and WECs (taking interval values
for both onshore and near-shore devices).

Assessment of the Visual Impact of the Blue
Energy Plan
Tools for 3D modeling and virtual touring have been used to
visualize the installations forecasted in BE plans, involve the
stakeholders engaged in BLUE DEAL Labs, and stimulate
discussions, contributing to a more open, transparent, and
inclusive planning process (Stage 6). The simulated virtual
environments have been created to show the characteristics of
selected BE technologies and their interaction with the

landscape, considering the physical and infrastructural
configurations of shores and the most relevant viewpoints
along the coast. These allowed introducing elements of VIA as
a systematic analysis of potential impacts to landscapes.

The VIA takes inspiration from a set of references. Molina-
Ruiz et al. (2011) predicted and evaluated, before construction,
the visual impact of wind farms placed on mountains from
different observation points; a Digital Elevation Model (DEM)
with a 20 m retail was produced for an area and transformed into
Triangulated Irregular Network (TIN) by way of 3D ArcGIS
Analyst to create the 3D terrain and 50 m high cones, with 20 m
of diameter, placed to simulate the wind turbines in photographs.
Molnarova et al. (2012) used a set of 18 photographs (with a basic
focal length of 50 mm) that included landscapes of varying
aesthetic value in the Czech Republic, with and without wind
turbines. These were included in questionnaires, and respondents
were asked to evaluate the aesthetic value of the landscapes.
Takacs and Goulden (2019) used photomontage to add turbines
on a photograph of a landscape for VIA and noticed that camera
lens focal length affects the perception of the scale of wind
turbines; results show that panoramic photomontages are
perceived as the least accurate, whereas images taken at
75 mm focal length in full-frame format are perceived as the
most accurate form of representation of the scale and visual
impact of wind turbines focal length. Maslov et al. (2017)
developed a methodology to assess the degree of visibility of
an offshore wind farm from an observer located along the coast;
an index of horizon occupation was determined by considering
the projection of several distinguishable turbines (installed in
Saint-Nazaire in Northwest France) on a plane perpendicular to
the sight direction. Sklenickaa and Zouhar (2018) evaluated
public visual preferences using photos taken on days with
clear weather conditions using a digital camera with a focal
length of 50 mm and a tripod set to a height of approximately

TABLE 5 | Carbon footprint mitigation effect of BE plans.

Data CIE CF

TWh/year kg CO2eq/KWh t CO2eq/year

Crete
Reference scenario: current electricity demand from the grid 3.22 0.479 1,542,380
Transition scenario: electricity by offshore wind farm 1.17 0.029 33,930
Transition scenario: residual electricity from the grid 2.05 0.479 981,950
Transition scenario 3.22 0.315 1,015,880
Avoided GHG emission −34.1% −526,500

Croatia
Reference scenario: current electricity demand from the grid 19 0.134 2,546,000
Transition scenario: electricity by offshore wind farm 4.35 0.047 204,450
Transition scenario: residual electricity from the grid 14.65 0.134 1,963,100
Transition scenario 19 0.114 2,167,550
Avoided GHG emission −14.9% −378,450

Cyprus
Reference scenario: current electricity demand from the grid 4.6 0.621 2,856,600
Transition scenario: electricity by offshore wind farm 0.5 0.071 35,500
Transition scenario: electricity by WECs 0.001 0.126 126
Transition scenario: residual electricity from the grid 4.099 0.621 2,545,479
Transition scenario 4.6 0.561 2,581,105
Avoided GHG emission −9.6% −275,495

Bold values are the results of the assessment.
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170 cm (an “adult man’s eye view”). A wind farm was digitally
added with 10 wind turbines into each photo. Kokologos et al.
(2014) showcased a realistic 3D simulation of a study area before
and after construction by importing orthophotomaps, which,
together with field observation of the area, allowed the
simulation of elements such as trees and houses; finally, wind
turbines were designed and imported in the 3D model at their
exact dimensions.

In this study, the composition of a wind park scenery uses two
basic elements: the various 3D models of BE technologies and the
3D terrain of the surrounding site. Blender 3D computer graphics
software toolset has been used to manually design each
technology model based on images. All the 3D terrains were
created inside the Unity Game Engine using the real-world
terrain asset. This asset uses elevation and texture data from
Bing Maps API to create a terrain object in real-life dimensions.
An API key can be issued from the Bing Maps Dev Center. Then,
a high spatial resolution is used for the terrain near the installed
technologies and a lower one for the terrain that is visible but not
near to achieving both realism and faster rendering, especially for
the real-time interactive tool.

The activity of visualizing BE devices and plants in a realistic
environment was realized through an online interactive tool
developed to increase the engagement of stakeholders
participating in the planning process. To allow replicability of
this “experience,” an open-access tool for 3D visualization of BE
technologies in real contexts has been provided, including
interactive elements for gamification that can also contribute
to increasing the engagement level. A game engine was selected to
allow users to interact with the scene, go around, see how
technologies function, and simulate the scenery from every
angle and location the viewer could choose. To enhance
realism in user experience, Ceto Ocean System has been used
to simulate the sea in the scene, and objects were given physics
rules such as buoyancy, which is available in the Ceto package,
and gravity, which is available in Unity. Accuracy of the
location of the installed technologies is achieved by loading
and aligning the GIS software analysis layers (Stage 3) as an
image depicting the eligible area of each technology on top of the
Unity terrain area. During the design phase, a grid available in
Unity’s scene environment is used to assure that every technology
has the right dimensions and sets the correct distance
between objects. Full atmospheric visibility is assumed in all
scenarios, and all objects further than a predefined distance
from the camera plane are clipped (50 km for the wind
turbines scene, 25 km for the rest). The project has been
exported into a WEBGL format to be integrated into the web
platform and be easily accessible by anyone. The Earth curvature
effect was also implemented in the developed tool, especially
for scenarios with turbines placed far from shore (the cases of
Croatia and Cyprus). Due to the curvature of the Earth, objects
placed further than the horizon, for a specific observation point,
tend to have their lower part obscured. The height of the obscured
part of the object was calculated in real time, and this
phenomenon was simulated in Unity according to the altitude
of the camera and the distance of the arc between the camera and
any object.

RESULTS

The BE planning framework has been tested and demonstrated in
three case study areas. Although not exhaustive, outcomes from
the planning process show the basic ingredients of a
comprehensive BE plan to inform and address the next MSP
initiatives in the area. The general information on MES potentials
(Stage 1) and BE technologies (Stage 2) is followed by a site-
specific analysis and proposal, showing selected marine areas
(Stage 3), potential energy production and integration within the
regional energy system (Stage 4), potential effects of mitigation of
carbon emissions (Stage 5), and hypothetical views of installed BE
plants in specific sites with proper infrastructures and landscape
(Stage 6). In particular, the analyses presented here have focused
on offshore wind and wave energy, considered the most
promising MES.

Blue Energy Plan in Crete
In Crete, the identification of eligible and possible pilot sites
started from the definition of main variables and the check of
available data. The analysis of BE potentials (Stage 1) has been
built on geographical datasets from the MAESTRALE webgis
integrated into the GIS-based procedure. Technological
requirements then allowed for mapping suitable areas per each
type of BE technology (Stage 2). Coherently with technical
requirements in Table 2, some assumptions derived from a
preliminary consultation with local stakeholders: for OWFs,
the distance from the coast was considered from 5 to 80 km,
given that wire connection would not be cost-effective beyond
that limit; for WECs, a maximum bathymetric depth of 100 m
limited the field within 20 km from the shore. After matching the
map of BE potentials with that representing the operational
requirements of each technology, the analysis was restricted to
five types of BE technologies, more suitable for installation in the
target region: offshore floating wind turbines and the following
WECs: OWC, oscillating floaters, Seabed-based buoys, and
oscillating buoys.

The exclusion zones concern the boundaries of areas of high
ecological value (sites included in the Natura2000 network, Greek
protected areas classified as GEA/GEN/GEETHA Areas, and
Posidonia meadows) and areas interested by navigation routes
and ports assuming a buffer zone ranging from 0.5 to 5 km
depending on the type of technology. For inclusion in the GIS-
based procedure, open data have been downloaded from a set of
web portals regarding offshore wind energy potential (Global
Wind Atlas, 2015); bathymetry, seabed habitats, and ocean
physics (EMODnet, 2021); sites belonging to the Natura 2000
network (Natura 2000); shipping routes (Marine Vessel Traffic,
2017) and bird migration routes (Hellenic Ornithological Society,
1982); site-specific basic maps and open-access geodata
(Geofabrik, 2007; Greek Government Geodata, 2018; Greek
Ministry of Maritime Affairs, 2020).

The combination of the energy potential maps and the
exclusion zones derived from the analysis led to the
identification, by subtraction, of the eligible areas and the two
most appropriate pilot sites for each type of technology (Stage 3).
Figure 1 shows the sequence of variables made spatially explicit
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and overlaid to determine exclusion zones and identify the most
suitable sites for the installation of BE plants.

Figure 2 summarizes the results achieved for all the
considered technologies. It is worth mentioning that the
optimal pilot areas for the installation of offshore wind
turbines (e.g., with wind speed ≥7 m/s at 100 m above sea
level) are located off both the eastern and western extremities
of Crete Island, whereas potential sites for WECs are
concentrated along its southern coastline.

Being the BE planning an iterative process, additional
observations have determined further restrictions, especially
concerning the installation of WECs. An assessment of wave
resources has been made in specific locations in the Cretan Sea
based on the dataset built on the hourly outputs of the wave
operational forecast system at the ENEA Climate and Impact
Modeling Laboratory (Stage 1).

Figure 3 shows the map of the yearly mean value of the
significant wave height, computed over the whole period of

FIGURE 1 | Sequence of maps showing the process for the identification of potential sites for the installation of offshore wind turbines in Crete: a. Combination of
bathymetry (50–400 m) and wind speed (>4 m/s); b. Exclusion zones: the union of areas with high ecological value (2 km buffer zone), main navigation routes, and
maneuvering areas of ports (5 km buffer zone); c. Eligible areas (in light red) from the combination of the two previous maps and pilot sites (optimal wind speed ≥7 m/s at
100 m above sea level).
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2014–2020. The mean value of the significant wave height (Hs)
in this subdomain ranges from 0.5 to 1.2 m. The westernmost
zone of Crete Island is the most productive, as it is exposed to
the waves propagating from the Ionian Sea and those
generated by the northerly winds. Also, the eastern part of
the island is characterized by waves exceeding 1 m in height on
average and can be considered eligible for wave energy
harvesting. The black dots in the figure show the sites for
which a more detailed analysis has been done: CR-1 has been
selected as an example of a location, on the western flank of the
Crete Island, with high wave potential; CR-2 instead had been
selected through the BE-planning approach for wave energy
devices applied to the Heraklion county; and CR-3 and CR-4
correspond to the locations identified as suitable for the
installation of WECs. For each location, the distribution of
yearly average energy in terms of the mean period (Te) and of
Hs has been evaluated over 7 years simulation period.
Contribution to the total energy given by individual sea
states is lumped together in 0.25 s intervals of Te and
0.25 m intervals of Hs. Wave power contributions of
individual 1 h sea states obtained from the model output
are calculated using the power equation. Table 6
summarizes the mean power and the yearly average for

each point together with the bathymetric depth among the
variables mentioned in the technology requirements.

As a result, the CR-2 location, a representative for most of the
sites identified through the mapping procedure, does not show
exploitable potential. The most energetic site is CR-1. The sites
CR-3 and CR-4 are also suitable for the installation of offshore
WECs. Nevertheless, the bathymetric values do not allow for a
favorable and cost-effective installation at the moment, except for
the eventual integration ofWECs in the structure of floating wind
farms.

Stančin et al. (2022) demonstrated how different scenarios for
integrating BE plants into the energy system of the study areas are
examined by determining the electricity production and their
share in the electricity production mix (Stage 4). Precisely, four
different scenarios were considered for the case of Crete, starting
from the Referent scenario: the transition scenario concerns
300 MW of offshore wind with 400 MW of interconnection
capacity to the mainland; the BE scenario considers the
complete phase-out of thermal power plants and the
interconnection with the mainland in full capacity of
1,400 MW. Finally, the renewable scenario implies an
additional 480 MW of installed capacities, equally divided
between PV and onshore wind. The information about the
maximum potential of 480 MW of additional renewables that
can be integrated is directly obtained by the system distributor.
Because the National Energy Strategy implies PV and wind as the
backbone of the decarbonized energy system, the maximum
potential is distributed as explained above.

This analysis showed that the maximum production from
OWFs of 300 MWof installed capacity is 1.17 TWh per year, with
an average load factor of 41%. Therefore, in the case of the
transition scenario where thermal power plants are still operating,
and there is interconnection to the mainland, the offshore wind
farm allows for a reduction of oil for power generation by more
than 1 TWh on an annual basis. Furthermore, with the
installation of additional renewable capacities in PV and
onshore wind, the production of electricity on the island can
cover up to more than 70% of annual demand. The rest of the
electricity demand is met by importing from the mainland
through the interconnector, of which 25% of nominal capacity

FIGURE 2 | Synthetic map with the identified potential pilot areas for the installation of wind and wave energy plants in Crete.

FIGURE 3 |Mean wave height Hs (m) over the period 2014–2020. Dots
indicate locations monitored in detail.
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is continuously used for grid balancing. Besides, a significant
amount of production excess can be exported to the mainland,
which improves the wind farm economics. Finally, a complete
phase-out of the thermal power plant can achieve savings of
6.4 TWh in terms of heating oil consumption. Better intersectoral
integration, especially electrification of transport, heating, and
industry sectors, could allow for even greater penetration of the
MES, especially of offshore wind, which also shows good potential
on the west side of the island.

This analysis is then further developed with an assessment of
how the integration of BE technologies can result in a reduction of
greenhouse gas (GHG) emissions and support the goal of a
carbon-neutral energy system through carbon footprint and
life-cycle assessment evaluations (Stage 5). In the reference
scenario for Crete, electricity (3.22 TWh demand per year) is
assumed as taken from the grid (479 g CO2eq/kWh), and the
corresponding greenhouse gas emission is, therefore,
1,542,380 t CO2eq/year. The 1.17 TWh (36%) per year
produced by the offshore wind farm (average 29 g CO2eq/
kWh of carbon intensity) in the transition scenario would
decrease the emission to 1,015,880 t CO2eq/year with
526,500 t CO2eq/year of avoided emission (−34%). The new
value for CIE of the grid mix would decrease to 315 g CO2eq/
kWh (Table 5).

The interactive visual tool developed during the Crete BLUE
DEAL Lab (Bluedealmed visual-too-Cyprus, 2022) contains a
fully 3D virtual world where the user can navigate and look at the
BE plants with location and size determined in Stage 3 and Stage
4, respectively. The selected area for the offshore wind farm in
Crete is localized to the northeast of the island, as shown in
Figure 1 and Figure 2; this has been modeled for 3D
visualization. When the interactive visual tool is loaded, on the
top right of the user interface, three buttons allow the user to
navigate the area (Figure 4) using a drone or a boat and obtain a
view from shore. Using the drone camera, the user can go
anywhere in the environment, even underwater, which is very
helpful to see parts of the submerged technologies. With the use
of direction keys (ASDW keys), the user can navigate, control
vehicle speed, and rotate the viewing camera. The user can freely
navigate the different locations and technologies using the top-
left dropdown menu. On the bottom right, a virtual map depicts
the current location. Selecting the map allows viewing the whole
area. A compass is also available on screen to help the viewer with
the scene orientation. The settings button on the bottom left lets
the users set the graphics quality, monitor frames per second, and
adjust the wind levels, which simulates waves, particularly useful
when observing buoys. Advised graphics quality is set to at least
25 frames per second for a better and smooth experience.

Blue Energy Plan in Croatia
Similarly, results have been obtained in two other locations: the
marine areas of Split (Croatia) and Larnaca (Cyprus).

In Croatia, the process for the identification of pilot sites
regarded the marine area of the Split-Dalmatia County and, in
particular, the internal waters and territorial seas, thus excluding
international waters (farther than 12 nautical miles from the
coastline) whose energy exploitation could imply additional
permitting issues. Moreover, for offshore wind energy, only
areas more than 10 km from the coast were considered to avoid
visual impact (and hence potential public acceptance issues) in an
area rich in small islands and strongly devoted to tourism. As
regards the types of technologies, ten different technologies were
considered, also excluding seawater heat pumps, which are already
a well-established technology in Croatia.

Figure 5 summarizes the results achieved in terms of eligible and
pilot areas for the above-mentioned technologies. It is worth
mentioning that no potential whatsoever was detected for
overtopping breakwaters, oscillating attenuators, and tidal turbines,
thus cutting the technologies applicable in the region down to seven.
These are mostly concentrated in the northern part of the region and,
for wind energy, in two offshore areas: one situated between the
islands of Vis and Korčula and the other located northwest of Vis.

Given that Split-Dalmatia County was selected as a pilot site,
the energy consumption and production were observed firstly
only on the county level and then given in the perspective of the
whole Croatian energy system. The simulated scenarios include
the referent case and a transition scenario. In 2018, the electricity
demand in Croatia was 19 TWh, of which is mostly supplied by
hydropower plants (7.7 TWh), thermal power plants (3.7 TWh),
and onshore wind (1.3 TWh). There is also a net import of about
6.3 TWh per year.

In the analysis, only the area of Split Dalmatia County was
observed for the deployment of OWFs. At two selected sites
(north and south), the maximum potential is 1,590 MW and
204 MW, respectively. If the nominal capacity of each unit is
considered as 6 MW (technology is still in development), this will
account for 265 and 34 wind turbines per site. With those
installed capacities, electricity production from the north wind
farm would be 3.85 TWh/year and 0.5 TWh/year for the south
site. The average load factors for both wind farms would be 28%.
Together, OWFs could contribute with 4.35 TWh to the national
grid, which is around 22% of annual electricity demand, making
offshore wind the second most important energy source. The
small drawback might represent the fact that offshore wind
production does not correlate with demand. Therefore, the
lowest output is during the summer months, whereas the
highest production is noted during the winter months.

TABLE 6 | Mean wave energy for the selected points around Crete.

Site Bathymetric depth Mean power (kW/m) Annual mean (MWh/m)

CR-1 2,200 5.85 51.25
CR-2 48 0.82 7.22
CR-3 387 3.80 33.33
CR-4 404 5.32 46.56
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As a testing case, the wave energy potential was analyzed
for Split Dalmatia County for 2050. At the selected testing
sites, approximately 267 devices of oscillating buoys of
100 kW were considered. On an annual basis, such devices
with the current level of development could provide around
1 GWh of electricity. This represents an almost negligible
share of total demand; therefore, this technology was
considered not promising for the Adriatic coast. This was
expected since the Adriatic Sea is a semi-closed sea with poor
wave resources.

In Croatia, electricity (19 TWh demand per year) from the
grid has a low emission factor due to a high share of renewables

(134 g CO2eq/kWh) and the corresponding greenhouse gas
emission is therefore 2,546,000 t CO2eq/year. The 4.35 TWh
per year produced by the OWFs (average 47 g CO2eq/kWh of
carbon intensity) would decrease the emission to
2,167,5500 t CO2eq/year with 378,450 t CO2eq/year of
avoided emission (−15%). The new value for CIE of the grid
mix would decrease to 114 g CO2eq/kWh (Table 5).

After the results of eligible and pilot areas from the analyses
were available, the interactive visual tool was developed for this
scenario (Bluedealmed visual-tool-Croatia, 2022). Nearby 3D
terrains were generated, and the technologies were placed in
the pilot areas accordingly. Figure 6 showcases the 3D simulation
for the cases of wind turbines accordingly, as seen from the drone
camera in the tool.

Blue Energy Plan in Cyprus
In Cyprus, the process for the identification of pilot sites regarded
all marine areas belonging to the internal waters, territorial seas,
and contiguous zones, thus excluding international waters.
Moreover, for Croatia, only areas more than 10 km from the
coast were considered for offshore wind energy to avoid the visual
impact of turbines.

Figure 7 summarizes the results achieved in terms of eligible
and pilot areas. It is worth mentioning that no potential
whatsoever was detected for overtopping breakwaters,
oscillating attenuators, and tidal turbines. The potential pilot
areas for the remaining technologies are concentrated in the
southern and northwestern parts of the island, with a suitable site
for the installation of an offshore floating wind farm off the
southern coast between Larnaca and Limassol.

The energy system of Cyprus is mostly dependent on fossil
fuels and expresses an evident seasonality in terms of electricity
consumption due to the notable touristic activity. In 2018, less
than 10% of electricity was from renewable sources, mainly PV
and onshore wind. The transition scenario with the inclusion of
MES is built for 2030, according to the national strategy to
increase the share of renewables. From the perspective of
MES, offshore wind is considered with 300 MW, and wave
energy with the 30 MW of installed capacity. Wave energy
capacities are equally divided between OWCs, onshore floaters,

FIGURE 4 | Wind farm visualization in Crete, view from the sea and the
shore.

FIGURE 5 | Synthetic map with the identified potential pilot areas for the installation of wind and wave energy plants in Croatia.
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and seabed buoys at two selected sites. Additionally, it was
assumed that the interconnection cable will be operational by
2030, with a capacity of 1200 MW which is essential for higher
penetration of RES.

Offshore wind could produce around 0.5 TWh of electricity
per year, accounting for only 10% of annual demand (4.6 TWh),
with a quite poor load factor of 18%. This low load factor is
partially derived from the fact that the energy system is heavily
based on baseload power plants. Therefore, the maximum
potential cannot be exploited. Electricity production from
WECs is almost negligible and accounts for 10 GWh per year,
with a poor load factor of only 2%. This implies that wave energy
has a long road ahead before becoming a significant part of the
energy system. Finally, the deployment of additional onshore
renewable sources, mostly PV, and offshore wind farm could
increase the share of renewables in total primary fuel
consumption from 5% to 11%. Even more, in such a case for
2030, the share of renewables in the electricity mix would be
around 45%, with an annual production of 1.9 TWh. Formore in-
depth decarbonization, it is necessary to include seawater heat
pumps for heating and cooling in both household and service
sectors and carry out electrification of the transport sector, which
would allow even higher penetration of renewables from the
perspective of grid balancing strategy.

In Cyprus, electricity (4.6 TWh demand per year) from the
grid has a high emission factor due to a high share of fossil sources
(621 g CO2eq/kWh), and the corresponding greenhouse gas
emission is therefore 2,856,600 t CO2eq/year. The 0.5 TWh
(11%) per year produced by the OWFs (average 71 g CO2eq/
kWh of carbon intensity) and 10 GWh (0.2%) per year produced
by WECs (average 126 g CO2eq/kWh of carbon intensity for
near-shore buoys) would decrease the emission to 2,581,105.t
CO2eq/year with 275,495.t CO2eq/year of avoided emission
(almost −10%). The new value for CIE of the grid mix would
decrease to 561 g CO2eq/kWh (Table 5).

In Figure 8, the image above shows the offshore wind turbine
park, which is placed 39,868 m from this observation point on the
shore near Pervolia Area and can be seen through a zoomed
virtual camera. In this implementation of the tool (Bluedealmed
visual-too-Cyprus, 2022) in the bottom left of the UI, users

can monitor the average distance of the turbines from the
camera, the elevation of the camera, and the average obscured
height of the turbines in the park. The image below showcases
oscillating buoys in Pomos Paphos area, as seen from the drone
camera in the tool.

DISCUSSION

Experts from partner institutions of the BLUEDEAL project have
developed the different phases of the planning process according
to their specialized knowledge and finally provided a BE plan for
each target area. The plan was graphically displayed and
presented, combining different representations and
visualization tools to make it “readable” to a general audience.
Given the innovative nature of BE technologies and their
dependency on a wide range of conditions (environmental,
administrative, and technical) that cannot be fully and
consciously handled, the role of the experts was crucial to
process, summarize, and transfer scientific data and
information that can be used as a basis for discussion,
policymaking, and action planning.

Despite assumptions and approximations, the BE planning
framework provides a reliable result with concrete information
on potential locations for BE plants and estimated benefits. Given
that accuracy can be improved based on more accurate data
sources, the BE plan presented anyhow provides concrete subjects
for an open consultation with local stakeholders, which brings to
a constructive discussion on solutions for the energy transition. In
particular, results have been presented and used to address the
discussion on BE development in target regions during public
workshops: BLUE DEAL Labs.

In the BLUE DEAL Lab, the preliminary work of experts
providing a comprehensive, integrated BE plan is the pre-
requisite to launch a participative design process by engaging
local stakeholders with a double aim, which is to validate results
according to their expertise and eventually contribute to improve
and fine-tune the planning process and to acquire knowledge on
opportunities and requirements in order to start a process of
capitalization.

Stakeholders engaged in Labs are expected to take vision of the
proposed solutions and act as developers of the planned
initiatives that will necessarily involve public and private
actors throughout the value chain of BE technologies and
plans. These include the following:

- Public authorities in charge of regional planning: first, these
can provide specific information and ensure full access to
main data sources, including geographical data on
restrictions preventing the installation of BE devices, for
example, regional/local protected areas not included in the
Natura 2000 network (information not available on EU
platforms). Then, these can support the inclusion of BE
plants in the next MPSs or regional energy plans.

- Public authorities in charge of ports management: first, these
can provide information on restrictions preventing the

FIGURE 6 | Wind farm visualization Croatia, view from the sea.
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installation of BE devices, for example, due to requisites for
ports operations, navigation routes, and other spaces that
can be subject to the provisions of local laws and regulations.
Then, these can support the inclusion of BE technologies in
new port master plans, for example, in new or renewed
infrastructures.

- Public authorities in charge of environmental protection and
environmental associations of citizens: first, these can
provide information regarding the spatial distribution of
vulnerable species and habitats (i.e., Posidonia meadows) or
birds’ migration routes and other information on marine
wildlife. Then, these can play a role in supporting initiatives

for the energy transition and sustainable development of
local communities.

- Public authorities in charge of tourism and private
stakeholders, such as associations of hotels, entrepreneurs,
and SMEs, to identify tourist facilities along the coast willing
to invest in BE technologies: together with the association of
citizens, these can play a role as end-users, for example, in
the case of energy communities supplied by renewable MES.

- Private stakeholders, such as SMEs or investors interested in
new start-up initiatives to evaluate business opportunities in
prototyping, installing, and maintaining BE plants in target
regions.

Further work can be done in the future to improve the BE
planning framework presented here and related tools, such as
visual tools for public consultation.

Regarding the identification of BE potentials (Stage 1), MES in
the Mediterranean have lower potentials compared to oceans and
the North Sea, but minimum requisites are often satisfied, for
example, regarding wind speed and wave energy. Results of
electricity generation (Stage 4) show that wind farms would
have different production yields in selected sites in Crete,
Croatia, and Cyprus due to different wind potentials; the
identification of suitable sites depending on maximum
available potentials at the regional level allowed for
maximizing efficiency and provided profitable results in each
of the three case studies, meaning that offshore wind represents a
profitable solution for increasing renewable rates of energy
systems. Wave energy is not as easily exploitable as wind,
especially in near-shore areas (only the case of Cyprus shows
interesting results compared to negligible outcomes in Crete and
Croatia); waves can eventually represent a valuable source of
energy in the case of offshore solutions, such as in combination
with wind farms (e.g., hybrid floating platforms), where there is
evidence of higher potentials. The methodological approach in
Stage 1 for assessing BE potentials is crucial in BE planning.
Open-access tools, such as the MAESTRALE website, can be used
for a preliminary estimate. Nevertheless, the development of site-
specific analysis is always recommended at the regional level and
needs specific competencies of experts and advanced models to be
implemented.

FIGURE 7 | Synthetic map with the identified potential pilot areas for the installation of wind and wave energy plants in Cyprus.

FIGURE 8 | Offshore wind park including 50 spar buoys wind turbines
(250 MW), view from Pervolia Area in Cyprus (above) and Oscillating buoys in
Pomos Paphos area in Cyprus including 50 seabed-based buoys, 750 m
minimum distance (below).
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Regarding the identification of BE technologies (Stage 2),
offshore wind is currently the most profitable MES, but,
considering the bathymetric slope in the Mediterranean Sea,
floating wind turbines are a mandatory choice in most cases.
Although floating platforms have not been widely tested yet at full
scale, floating wind farms have been interpreted by stakeholders
during Labs as the most profitable solution. WECs show a lower
TRL, but several innovative solutions are under study. Despite the
lower potential, the interest of stakeholders, such as Port
Authorities, is mainly addressed to onshore and near-shore
WEC devices that, for example, can be included in plans of
port expansion to make harbors and marinas energy self-
sufficient. In the future, the advancement of TRL values would
likely increase the performance and applicability of WECs and
allow for their effective inclusion in BE planning. In Stage 2 of the
methodology, the basic requirements of BE technologies derive
from the most recent survey and should be taken as general
indications to address planning activities rather than mandatory
prescriptions; the survey should be periodically updated because
of the fast innovation trends and technological development in
this sector.

Regarding the identification of potential sites (Stage 3), maps
have been provided in the three case studies, including possible
locations for wind farms and WECs and options for technologies
coupled with aquacultural systems (marine biomass), desalinating
plants (salinity gradients), and touristic infrastructures (seawater
heat-cold exchange). Besides seawater-based heat pumps that are
already widely used, most of these combined solutions would
require extensive innovation and investments for prototyping
and testing, and their production yields are still uncertain. The
procedure in Stage 3 depends on data availability and accuracy. Far
from being an exhaustive spatial plan, results provide matter for a
debate with local stakeholders and lay the basis for a discussion on
regional MSP that would need deeper and more accurate
investigations. Cooperation with experts and negotiations with
local stakeholders regarding data sources and their interpretation
are recommended for finetuning the spatial analysis. Additional
variables, besides those mentioned in the case studies, should be
added to inform the mapping process according to site-specific
characteristics and needs of target regions.

Energy assessment (Stage 4) faces the problem of temporal
intermittence of renewable energy, such as wind and wave energy,
that must suit the local energy grid with no dysfunction. The
connection with broader grids, such as the national electricity
grids, has been forecasted in the hypothesized scenarios as a
factor of stability for integrated energy systems. Isolated sites,
such as remote islands, would need a deeper analysis to introduce
energy storage facilities and production-consumption
interactions with other sectors. In Stage 4, a set of
progressively improved scenarios, also in combination with
other renewable energy sources, with increasing renewable
rates, is recommended to guarantee the coherence of
interventions and plan the required technical improvements of
grids with proper production-consumption-storage balance.

The assessment of carbon footprint mitigation effects (Stage 5)
by different BE technologies is based on the various sources used
for energy production in target regions (national electricity grid

mix). The CIE from local grids are different in the three case
studies and, consequently, the contribution of MES in terms of
avoided emission. Values of CIE of BE technologies, specifically
offshore floating wind farms and WECs, derive from LCA-based
assessments, considering the main lifecycle processes of the
devices, from manufacturing to maintenance, use, and end of
life. Therefore, results open an additional debate, engaging local
stakeholders to be actively involved in the value chain with
potential effects in terms of climate action (CIE), economic
growth (investments, services), and job opportunities. In Stage
5, wider research on the impacts of BE technologies, other than
greenhouse gas emission, would improve the accuracy of results,
allow for cost-effective organization of lifecycle processes
throughout the production chain of BE plants by decreasing
impacts and maximizing efficiency (lower CIE values), and
increase the capacity to plan fair and sustainable interventions.

VIA (Stage 6) plays a crucial role in the interaction with local
stakeholders, especially in engaging non-technical audiences. It
can help build social acceptance and better understand impacts
and benefits in terms of landscape compatibility and land-use
change. An innovative conceptual approach to the problem of the
visual impact of renewable energy systems was introduced by
Paolinelli et al., 2022; rather than minimizing the visual impact by
moving offshore devices as far away as possible from the shore,
their expressiveness can eventually be enhanced and interpreted
as an added value. In Stage 6, the web tools for visualization of BE
plants can contribute to supporting the discussion in this field.
More realistic effects can eventually be rendered. For example,
even though the terrain of the nearest shore is created using real
DEM and texture data, it is very poor in terms of elements such as
trees and buildings, which are essential to identify the region; a
drone can be used to create an exact 3D model of the landscape
containing all the above elements and then it can be imported in
the Unity project. Although the environment is in 3D, it is very
easy to underestimate or overestimate the dimensions due to
various facts, including the camera’s focal length and the fact that
screens are flat and vary in dimensions. The perception will
change if we experience the tool through a laptop screen, a PC
monitor, or a larger TV screen. A virtual reality version of the tool
would contribute to making this action even more effective for
citizen engagement, and their early assessment of BE plans
through immersive experiences.

Table 7 provides a synthetic description of key findings and
methodological recommendations to improve the BE planning
methodology and facilitate its replicability. The implementation
of BLUE DEAL Labs provided an opportunity to build a
narrative, that is, a story, of what BE technologies are and
how they can provide clean energy and new job opportunities
in the region. Currently, in the Mediterranean region, there is a
narrative that BE potential is very low and that the technologies
suitable for deployment in the region are limited. At the same
time, there are concerns by other marine users and the general
public that such technologies may have negative impacts. An
alternative narrative can be presented to local stakeholders
through appropriate means, which can spark their
imagination. Building an alternative positive narrative can be
achieved through storytelling in which existing BE technologies
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and BE future technologies are presented to demonstrate the
variety of solutions and broaden the concept of BE.

CONCLUSION

The BE planning framework described in this study has been
developed under the scope of the Interreg Med BLUE DEAL
project to promote the deployment of BE technologies in the
Mediterranean region and support their inclusion in regional
Energy Plans and Marine Spatial Planning initiatives.

The proposed methodology has been demonstrated during
three BLUE DEAL Labs in Crete, Croatia, and Cyprus to
preliminarily identify the areas that are eligible for the
deployment of blue energies, dimension possible interventions,
and assess potential outputs and impacts. In general, results from
the three case studies confirm that BE can consistently contribute
to the energy transition of Mediterranean regions, especially in
the case of offshore floating wind farms, depending on site-
specific potentials. WECs are still at an early stage of
development and currently show low efficiency compared to
other renewable sources, but technological improvements may
likely allow for profitably harvesting wave energy in the next
future. While thermal energy already represents a valuable
option, exploitable through seawater-based heat pumps,
limited and still uncertain potentials are associated with
marine biomass, in combination with aquaculture, and salinity
gradients, coupled with desalinating plants. Marine currents are

not significant enough in the Mediterranean except for a few
hotspots.

A sequence of clearly defined stages is provided to release an
early integrated BE plan to exploit differentMES in specific marine
areas. This takes into consideration local BE potentials (Stage 1),
characteristics, and minimum requirement of technologies to
ensure their operability (Stage 2), and the combination with
physical, environmental, and legal restrictions in the area, as
well as other maritime activities (e.g., shipping, fishing, and
tourism) (Stage 3). Moreover, the hypothesized scenarios are
evaluated by assessing the impact of the penetration into the
local energy grid mix (Stage 4), the effects in terms of carbon
footprint mitigation of BE plants, and renewable energy systems
(Stage 5). The last stage concerns the visualization of the planned
BE plants in contextual landscapes through digital simulations
(Stage 6). Limitations of the procedure have been systematically
highlighted in this study per each stage, with recommendations to
improve accuracy and increase the reliability of results. Besides the
suggested datasets and tools, additional data sources, models and
tools, variables analyzed, visualization and communication
techniques, and other complementary competencies, such as
economic estimates and financial issues, would contribute in the
future to advance the planning methodology, building on more
robust knowledge and transparent and widely shared information.

The procedure, initially based on open-access web tools and
datasets, can be performed by an interdisciplinary group of
experts in a few working days to transfer scientific and
technical knowledge to a broad range of stakeholders.

TABLE 7 | List of main findings per each stage and recommendations for methodological improvement and replication of the BE planning framework.

Stage
n

General findings Methodological recommendations

Stage 1 Variable wind energy potentials in Mediterranean regions; low near-shore wave
energy potentials; higher offshore wave energy potentials (e.g., the opportunity
for hybrid platforms)

Site-specific BE potentials analysis is needed to increase the accuracy of regional
BE plans

Stage 2 Floating wind turbines are the optimal solution in the Mediterranean; offshore
wind is the most profitable technology with higher TRL; WECs have low TRL;
stakeholders (port authorities) show interest in near-shore WEC devices

The survey on BE technologies and datasets on their basic requirements should
be periodically updated

Stage 3 Spatial mapping concerns different MES, depending on potentials,
technological requisites, and physical and legal restrictions; interferences with
other marine activities have also been considered in maps and give matter for
negotiation with stakeholders; BE technologies coupled with existing
infrastructures (e.g., aquaculture, desalination plants) have uncertain effects
but are options for future development

Identified sites, rather than definitive results, need a consultation with local
stakeholders both for validating reference data and for interpreting outcomes;
additional relevant variables should be introduced, besides those mentioned, to
inform the mapping process according to site-specific characteristics and needs

Stage 4 BE production can suit local energy grids with no dysfunction; connection wires
with broader grids have been hypothesized as a factor of stability for integrated
energy systems; isolated islands need a deeper analysis to guarantee energy
production-consumption-storage balance

Energy assessments should concern short-medium-long term scenarios, also in
combination with other renewable energy sources, forecasting increasing
renewable rates

Stage 5 Carbon mitigation effects of BE plants are consistent in the three case studies;
CIE values of national electricity grids are variable in Mediterranean regions; CIE
values of BE plants are calculated based on LCA and energy production yields
of BE devices; in general, OWFs have low CIE values, variable with energy
production in different sites; WECs still need improvements in terms of energy
production and CIE values

The optimization of lifecycle processes throughout the production chain of BE
plants would contribute to decreasing climate impacts and maximizing efficiency
(lower CIE values); besides carbon emission and CIE values, additional impact
categories can help understand the environmental performance of BE plants

Stage 6 Social acceptance is one of the main obstacles to the implementation of BE
plants in the Mediterranean; visualization tools play a crucial role in the
interaction with local stakeholders, especially citizens; two options can be
discussed, minimizing visual impacts and enhancing the expressiveness of
energy plants

It is easy to underestimate or overestimate the dimensions of BE plants due to
various factors, e.g., camera focal length and flat screens; a virtual reality version
of the visualization tool would improve effectiveness in citizen engagement
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Although assumptions and approximations can determine
inaccurate outcomes, the resulting BE plans provide matter for
discussion within participatory forums through which the
interested parties can learn how to profitably implement BE
technologies in target regions, collaborate to sign cooperation
agreements, and take action. In particular, national and regional
public authorities can be informed to decide whether and where
to support BE deployment in their marine areas.

The Blue Energy Planning framework can be a valuable tool to
facilitate dialog and discussions among local administrators,
industry, and civil society. Through open consultation, it can
help anticipate possible causes of resistance against the
deployment of Blue Energies and proactively address emerging
problems, thus making a step forward in the social acceptance of
these new technologies. Although each test case had its own
characteristics and specificities, the replicability of the proposed
method in different regions of the Mediterranean can contribute
to promoting and accelerating an effective and fair energy
transition based on marine energy and boost regional and
transnational cooperation for a sustainable blue economy.
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