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Abstract: In this work, an extended overview of the marine renewable energy in the Mediterranean 
Sea is provided as regards current status, potential problems, challenges, and perspectives of 
development. An integrated and holistic approach is necessary for the economic viability and 
sustainability of marine renewable energy projects; this approach comprises three different 
frameworks, not always aligned, i.e., geotechnical/engineering, socio-economic, and 
environmental/ecological frameworks. In this context, the geomorphological, climatological, socio-
economic, and environmental/ecological particularities of the Mediterranean basin are discussed, as 
they constitute key issues of the spatial context in which marine renewable energy projects are to be 
implemented. General guidelines for the sustainable development of marine renewable energy in 
the Mediterranean are also provided. 
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Key Topics 

The main topics that this paper deals with, can be summarized as follows: 

• Global status of the different types of marine renewable energy (MRE), i.e., offshore wind, wave, 
tidal, thermal, and salinity gradients energy conversion: 
o global estimates of available resources  
o relevant technologies  
o potential synergies;  

• Main characteristics of the Mediterranean basin: 
o geomorphological features  
o wind and wave climate  
o ecological and oceanographic characteristics  
o important economic sectors associated with MRE development; 

• Current energy status and future scenarios for the Mediterranean European Union (EU) member 
states; 

• Current status, potential problems, challenges, and perspectives of MRE development in the 
Mediterranean Sea (MS): 
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o key issues of the geotechnical/engineering framework: MRE potential, distance from shore, 
electricity infrastructure, technology development, grid availability, intermittency, energy 
transmission, and energy storage 

o key issues of the socio-economic framework: economics of MRE, legal and regulatory 
framework, employment opportunities, different uses of the marine space (tourism and 
visual disturbance, maritime transport, fisheries and aquaculture, marine mineral 
resources), finance and markets, and administrative and socio-economic constraints 

o key issues of the environmental/ecological framework: environmental impacts, Marine 
Protected Areas, Environmental Impact Assessment studies 

o necessity for Marine Spatial Planning; 
• A roadmap for the sustainable development of MRE in the MS:  

o recommendations and guidelines involving technical, environmental, and socio-economic 
aspects. 

1. Introduction 

The ocean is an abundant, clean, and renewable energy source. The increasing need to replace 
fossil fuels with alternative energy sources that are free from risk of depletion, with reduced 
environmental cost and ecological footprint, has highlighted the necessity for MRE development. 
MRE consists in: 

1. Offshore (marine) wind energy, i.e., the energy that can be harvested from the marine wind, and; 
2. Ocean Energy (OE), i.e., the energy that can be harvested from the ocean. Ocean energy can also 

be referred to as ‘Blue Energy’ and ‘renewable energy from the ocean’, and is divided into four 
types according to the origin of the extracted power, namely sea surface waves, tidal/sea 
currents, and thermal and salinity gradients; see also [1,2]. 

Marine wind energy is the most mature type of renewable energy as regards technological 
development, commercialization, policy frameworks, and installed capacity among all forms of MRE 
[3]. On these grounds, offshore wind energy is the most promising and favorable type of MRE to be 
developed in the MS within the next few years. According to [4], by the end of 2016, 86% of the 
worldwide offshore wind capacity has been installed in the seas of the top-five European countries 
with offshore wind installations (UK, Germany, Denmark, Netherlands and Belgium). “Renewable 
Energy Sources and Climate Change Mitigation”, a special report published by the 
Intergovernmental Panel on Climate Change (IPCC), has highlighted that tidal energy technology, 
regarding specifically tidal barrages, is also in a mature state, however, this is not the case as regards 
exploitation of tidal current energy. The relevant technologies are still at an early development stage. 
See Section 2.3 while the rest of OE technologies mostly range from the conceptual to the prototype 
phase [5]. A potential timeline for the future development stages of the OE technologies (wave, 
current, and thermal/salinity gradients) has been provided in Figure 4 of [6]. Given the EU target of 
20% energy generation from renewable sources by 2020 and at least 27% share for renewable energy 
by 2030, significant MRE development is expected to be achieved over the next few years. It is 
anticipated that the installed capacity for marine wind up to 2020 will reach 24.6 GW [7]. Critiques 
on the 2020 and 2030 EU targets have been presented in [8,9], respectively. Despite Europe’s leading 
role in MRE development, its status in the MS is still at its infancy; the development of MRE 
installations is, more or less, terra incognita, and, to some degree, it is expected to face similar but 
probably more intense problems than those encountered in the Northern European countries for 
reasons explained in the following sections.  

The objective of the present work is to provide an extended and pluralistic overview of the 
current status, potential problems, challenges, and perspectives of MRE development in the MS, with 
particular emphasis on offshore wind energy. The geomorphological, climatological, socio-economic 
and environmental/ecological particularities of the Mediterranean basin are also discussed, as they 
constitute the most important components of the spatial context in which MRE projects are to be 
implemented. General guidelines for the sustainable development of MRE in the MS are also 



Energies 2017, 10, 1512 3 of 55 

 

provided, bearing in mind that, in a volatile economic environment, the key-role of the national and 
regional governments of the Mediterranean countries cannot be accurately prescribed.  

Specifically, the following issues are elaborated in the remaining part of the paper: In Section 2, 
a description of the MRE sources and the current global development is presented. The particular 
geomorphological, ecological, oceanographic, and wind/wave climate features of the study area, 
along with some important economic activities (such as tourism and fisheries), relevant to the MRE 
development, are discussed in Section 3. Section 4 presents the available MRE potential in the 
Mediterranean, analyzes how the above-mentioned features are interrelated, and describes the way 
in which they are expected to shape the type and the degree of MRE penetration and development 
in the area. Moreover, the necessity of Marine Spatial Planning (MSP) and Environmental Impact 
Assessment (EIA) studies is also discussed and their importance is highlighted. In the last section, a 
potential roadmap for MRE development in the Mediterranean is proposed. The exploitation of the 
benefits and the necessary requirements that should be met for the rational MRE development in the 
basin are also discussed. Inevitably, the discussion is focused on the Mediterranean EU Member 
States. 

2. Global Status of Marine Renewable Energy 

In this section, the different types of MRE, in terms of existing technologies and global 
development status, are presented. Discussion of the various aspects of MRE development on a 
global basis will facilitate the subsequent discussion for MRE development in the MS. Current status 
and future perspectives of MRE have also been discussed in [10] with respect to technical, economic, 
administrative, and environmental issues; however, no specific reference has been made for the MS. 
See also [11] for a short introduction on the topic of MRE including some trends and challenges. 

2.1. Offshore Wind Energy 

Offshore wind power is generated from the wind blowing over the sea. Taking advantage of the 
existing experience from onshore wind turbine (WT) installations, offshore wind power referring to 
bottom fixed WTs is currently the most mature MRE source, along with tidal barrages.  

Offshore winds exhibit significant advantages compared to the winds on land: they blow more 
consistently, the power produced is considerably higher, the variability is less and there is much more 
space available for offshore wind installations [12,13]. 

In the relevant literature, there is no consensus on the particular quantities to be evaluated in order 
to quantify the available offshore wind resource. Recent estimations suggest that total global theoretical 
resource of offshore wind power density (the authors call this quantity ‘total storage per unit area’) 
exceeds 2 × 103 kWh/m2 [14]. This number has been estimated through the following relation: 

PTE PH= , (1) 

respectively, where PTE  is the total storage of wind energy, P  is the annual average wind power 

density, and 365 days 24h day 8760hH = × = . The effective and the exploitable storage of wind 
energy are then provided as follows: 

PE EE PH=  and PD PE EE E C= , (2) 

where EH  is the effective number of hours per year (i.e., the number of hours that wind speed 

ranges between 5 and 25 m/s) and 0.785EC = . 
A more detailed spatiotemporal assessment can be found in [15]. In [16], using Quick 

Scatterometer (QuikSCAT) observations, it has been estimated that the global offshore wind power 
is of the order of 39 TW. This estimate is rather realistic since it has accounted a turbine hub height 
of 100 m (above sea level), a 90-m rotor diameter, 3.0 MW nominal power, and WTs not visible from 
the shore, while ice free waters with depths up to 200 m have been assumed. For an overview of 
global offshore wind energy evaluations see also [17]. 
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Over the past two decades, investment in offshore wind power generation has increased 
significantly, although it still remains low compared to the onshore wind growth (mainly due to the 
higher installation and maintenance costs). However, recent studies in Europe have indicated that 
there may be cost reductions of 40–50% for new offshore wind farms by 2021 [18]. Europe keeps a 
leading position in offshore wind power generation, satisfying 0.85% of total EU’s electricity demand 
by offshore wind [4]. 84 offshore wind installations are currently located in European seas of 11 
European countries. The installed capacity in the North Sea is 9099 MW (i.e., 72% of all installed 
offshore wind capacity in Europe), 2689 MW (16.4%) in the Irish Sea, 1457 MW (11.5%) in the Baltic 
Sea and 5 MW in the Atlantic Ocean, resulting in a total installed offshore wind capacity for Europe 
equal to 12,250 MW [7]. The largest number of grid-connected turbines belongs to the UK (1472), 
followed by Germany (947), Denmark (517), and Netherlands (365) [7]. In recent years, China, Japan, 
South Korea, Taiwan, and USA have shown increasing interest in offshore wind development [19]. 
China is now at the third position in global offshore rankings (after the UK and Germany), while in 
2016, the first offshore wind installation took place in the USA [4]. 

Technology 

Progress in offshore WTs comprises the evolution from the simple ‘marinization’ of onshore 
WTs towards an offshore wind technology of increased turbine size and various types of support 
structures [20]. WTs have either horizontal or vertical axis of rotation of their main rotor shaft, but 
horizontal axis is preferred in modern commercial WTs [21]. The average size of tower height and rotor 
diameter has been increasing since 1991. As of 2012, the largest commercial WT (7.5 MW) had a rotor 
diameter of 127 m, but today there exist even larger offshore turbines available (8.0 MW rated capacity 
and 164 m rotor diameter) [20]. Turbines of greater rotor diameter (up to 250 m) and power capacity 
are currently under research and development (R&D) [12]. The trends and technologies as regards 
onshore and offshore WTs have been presented in [22,23], respectively. 

The type of foundation required (monopile, gravity-based, jacket, tripod, tripile, spar, and 
semisubmersible platform) depends primarily on bottom depth and morphology. According to the 
cumulative offshore wind power market [7], at the end of 2016 monopile substructures have remained 
the most popular (80.8% of current installations), followed by gravity based (7.5%), jacket (6.6%), 
tripode (3.2%), tripile (1.9%), and floating foundations (0.02%). In 2012, the average water installation 
depth of offshore wind farms (OWFs) in European waters was 22 m with an average distance to shore 
29 km, whereas by the end of 2016, they were 29.2 m and 43.5 km, respectively [7]. Since the general 
trend in offshore wind installations is moving towards greater distances from shore and deeper waters, 
the sustainability of OWFs requires a shift from fixed to floating support structures [24]. The progress 
of floating turbine demonstration projects has been presented in [25]; see also [26,27]. In Figure 1, a 
semisubmersible offshore wind turbine (WindFloat) with a rated capacity of 2 MW operating offshore 
Aguçadoura (Portugal) is depicted. 

It is anticipated that the commercial establishment of floating turbines will drastically change 
the status of the offshore wind industry and its development [28,29]. Recently, a world map has been 
published providing an overview of current and future floating WT projects, while future projects 
planned beyond 2020 are also included [30]. According to the same source, it is anticipated that more 
than 40 units will be connected to the grid by 2021 at a global scale. 
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Figure 1. WindFloat: a semisubmersible floating 2 MW offshore wind turbine installation offshore 
Aguçadoura, Portugal. (Source: A semi-submersible type floating offshore wind turbine foundation 
called the WindFloat operating at rated capacity (2 MW) approximately 5 km offshore of Agucadoura, 
Portugal by Untrakdrover, retrieved from https://en.wikipedia.org/wiki/File:Agucadoura_WindFloa 
t_Prototype.jpg. Used under Creative Commons Attribution-Share Alike 3.0 Unported license). 

Progress in R&D as well as accumulated experience in the offshore wind sector are expected to 
further reduce high installation and connection costs. On March 2015, the European Wind Energy 
Association (EWEA) published a study on marine wind in Europe, pointing out that these costs could 
be reduced to 90 €/MWh by 2030 [31]. The levelized cost of energy (LCOE) is expected to be reduced 
to 100 €/MWh by 2020. The same study has highlighted the importance of specific actions that need 
to be taken in order to meet this goal; these actions include deployment of larger turbines, 
competition among industrial players, commissioning new projects, and existence of an appropriate 
and efficient policy framework [32]. 

2.2. Wave Energy 

Wave energy is marine hydrokinetic energy that can be harvested from the motion of ocean 
waves. Sea surface waves are generated by wind, through complicated air-sea interaction processes. 
Evidently, wave energy largely depends on wind speed, fetch length, and fetch duration, as they 
determine, to a great extent, the most important wave properties (significant wave height, energy 
period). Wave energy has several advantages: waves present the highest energy density among other 
MRE sources (yet the main challenge is to develop an efficient device for highest wave power take-
off), energy loss is rather small even for long distances of wave propagation in the form of swell, and 
seasonal variability of wave resource and electricity demand in moderate climates is highly correlated 
[33]. Compared with offshore wind energy, wave energy is more persistent and spatially 
concentrated [34]. On the other hand, waves present a largely random variability in several time 
scales (see e.g., [33,35]), while wave predictability is based on wind predictability and, therefore, is 
associated with even greater errors and uncertainties. Additionally, various hydrodynamic processes 
caused by wave phenomena, such as diffraction and radiation [36], complicate the exploitation of 
wave energy conversion into electrical power, adding structural and economic challenges.  

Ocean waves constitute a huge (theoretical) global potential energy source. The theoretical 
(gross) wave potential limited to deep water off the coastlines has been estimated around 3700 GWh, 
while the theoretical net power (excluding areas where the power level is below 5 kW/m and areas 
impacted by sea ice) has been estimated at 2985 GWh (for the Mediterranean basin, the corresponding 
estimates are 75 and 37 GWh) [37]. A recent estimate of the net global wave power resource, taking 
into account the mean direction of sea-state propagation and excluding areas of low energy levels 
and areas with ice coverage, is 15,270 TWh/year, excluding the coasts of the MS [38]. Disregarding 
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the direction of sea-states, the net global wave power resource has been estimated at 3167.1 GWh, a 
value very close to that provided in [37]. Other assessments of the global wave resource can be found 
in [39,40]. Although based on rather short length time series of spectral parameters, an interesting 
and detailed work, as regards the estimation of the global wave resource, has been presented in [41]. 

In 2000, Islay Limpet was the first grid-connected commercial scale wave energy device (500 kW, 
Scotland). Islay Limpet was decommissioned in 2013. In 2004, two wave energy converter (WEC) 
prototypes were deployed in the UK (Pelamis, 750 kW) and Portugal (Archimedes Wave Swing, 2 
MW) [42]. The first wave energy project was the Aguçadoura wave farm in Portugal installed in 2008. 
The wave farm comprised three Pelamis WECs (2.25 MW total capacity). The farm stopped its 
operation after two months. In 2011, a commercial breakwater wave plant started operating in Spain 
(Mutriku) that consisted of 16 turbo generators with 296 kW of total capacity. In 2015, the first 
installation of the SINN Power WEC module (20 kW) was made in the port of Heraklion, Crete [43]. 
A current list of wave power projects in the world ocean has been provided in [44]. 

2.2.1. Technology 

Wave energy technology is far behind offshore wind. An advantage of the wave energy 
technology, which can be considered as a disadvantage at the same time, is the wide diversity of design 
concepts. Different technologies use different solutions to harness energy from sea waves and are suited 
to operate at different water depths and locations. Although the wave energy sector has attracted 
remarkable R&D over the past decades, leading to numerous prototypes, the marketing stage is still 
non-existent; on the other hand, this multitude of technologies does not allow the wave energy sector 
to reach convergence, except for a slight preference to point absorbers [45]. In [46], it has been mentioned 
that more than 100 wave energy projects are globally under development, while more than 1000 patents 
have been filed, with Europe keeping the leading role in wave energy development [36,47]. The 
predominant types of WECs based on their orientation (with regard to wave direction and principle of 
operation) are the attenuator, the point absorber, the oscillating wave surge converter, the oscillating 
water column, and the overtopping device; see [48,49] and references cited therein. An alternative 
categorization of WECs has been presented in [40]. 

Wave attenuators are most commonly floating devices lying parallel to the predominant wave 
direction. They can be located either in shallow or deep waters, while the output power varies from 
200 kW to 2.5 MW. A well-known example of wave attenuators is the P2 Pelamis device [50]; see also 
Figure 2. Point absorbers are smaller devices capable of collecting energy from all wave directions. 
They are either floating or submerged, deployed in deep waters, or near shore. They can be moored 
(e.g., AquaBuoy) or bottom fixed (e.g., Lysekil project) and the output power varies from 20 kW to 6 
MW. Oscillating wave surge converters capture energy from wave surges as they are positioned 
perpendicular to the wave direction (terminator type). They are mostly bottom fixed and slack 
moored (e.g., WaveRoller, Wavepiston) and installed mainly nearshore (e.g., Aquamarine Power 
Oyster). Oscillating water column (OWC) consists of a column that is open to the sea below the water 
surface. In the inner space of the column and above the free-surface, the air is trapped. Then according 
to the wave momentum, the water oscillates up and down compressing and decompressing the air 
within the column forcing it to flow through an air turbine. It is mostly a shore-based structure, such 
as LIMPET, Mutriku [51], but it can also be anchored in deep waters; e.g., Ocean Energy Buoy [52]. 
The output power varies from 300 kW to 1 MW. A review on the OWC devices can be found in [53]. 
Overtopping devices (floating or bottom fixed) force water to pass over the structure, collect it in an 
above sea level reservoir, and then release it through hydro turbines. The potential energy of the 
water in the tank is converted to electricity. A typical overtopping device is Wave Dragon, with an 
output power ranging from 4 to 11 MW [35,36,45,54]. 
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Figure 2. The Pelamis wave energy converter. (Source: Pelamis Wave Energy Converter on site at the 
European Marine Energy Test Center (EMEC) by P123, retrieved from https://commons.wikime 
dia.org/wiki/File:Pelamis_at_EMEC.jpg). 

Sea testing experience in several European test centers (Danish Wave Energy Center, European 
Marine Energy Center, Wave Hub, etc.) significantly contributed to the wave energy sector in 
approaching a commercially viable stage. However, installation of WECs away from shore is a 
considerable problem, suggesting that survivability and maintenance of the relevant equipment are 
still open problems demanding a solution [10]. According to [55], under the current conditions, wave 
energy is not expected to become cost-competitive in Europe within the next 30 years. Moreover, the 
power transmission options and specific problems for MRE converter farms (e.g., the multitude of 
the subsea components operating in harsh environments) have been analytically discussed in [56] 
along with some optimization schemes considering as a test case the Pelamis P1 device; see also 
[45,57]. The status of wave energy progress in Europe has been described in [58], while an overview 
of the wave energy economics can be found in [59,60]. An account of multiple aspects as regards 
wave energy, including wave energy resource, economics, and technology of WECs, has been 
provided in [40]. 

2.2.2. Synergies with Offshore Wind 

During the last decade, the idea of harnessing the combined offshore wind and wave energy has 
arisen. Collocated, hybrid, and island systems are currently under research. A review of these issues 
can be found in [61], while an overview of modelling and control solutions for WTs and WECs has 
been made in [62]. In order to provide economically viable solutions, synergies through hybrid 
systems should be carefully studied with respect to the selection of suitable locations as well as the 
most appropriate options of combining entirely different and of dissimilar readiness level 
technologies into a sole device. A significant advantage of hybrid systems is the sharing of the same 
mooring system, electrical connection and other necessary infrastructure by the WEC and the floating 
turbine installation. Thus, it is anticipated that the costs of installation, and operation and 
maintenance (O&M) may be decreased [63]. The most recent relevant patented technology is 
developed by the Danish company Floating Power Plant; for more details, see [64]. The model P80 
consists in a single WT (5–8 MW) mounted on a floating platform capable also to produce 2–3.6 MW 
of wave power. For other innovative designs of hybrid systems; see [65–67]. In [66], a hybrid solution 
has been proposed combining a floating WT based on a spar substructure with an oscillating buoy 
serving as WEC. Although hybrid systems have attracted the most interest, collocated systems are 
associated with lower development costs combined with lower risk; therefore, they are likely to be 
preferred. Some guidelines for the optimal design of collocated wind and wave energy systems have 
been provided in [68]. For additional aspects of collocated systems; see [69–73]. A methodology for 
cost assessment regarding such hybrid systems has been provided in [74]. 
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2.3. Tidal Energy 

Tidal energy is the hydrokinetic energy extracted either from sea level fluctuations due to tidal 
range or from tidally driven currents [75]. Tidal energy technologies can be roughly classified into 
two categories: (i) tidal range technologies harnessing the tidal amplitude resource, usually referred 
to as tidal barrages, and (ii) tidal current or tidal stream technologies harnessing the tidal currents 
resource, referred to as tidal-stream energy converters (TECs). 

Tidal energy devices extract energy from the flow of the currents in order to actuate a rotor or 
foil. A power take-off mechanism converts this mechanical motion to electricity. Tidal energy is a 
higher density energy form in comparison with marine wind. Global tidal energy potential is 
estimated to be approximately 3 TW, while 1 TW is technically exploitable [76]. Since the variability 
of tides is to a great extent deterministic (unlike the wind/wave case), the main advantage of tidal 
energy is high predictability [75]. However, tidal energy is purely location dependent, as significant 
tidal ranges or current velocities occur only in particular sites. Local conditions further determine 
flow velocity profile according to bathymetry, seabed roughness and the surrounding land mass 
topography. Resonant estuaries have most commonly the largest tidal range and are in principle 
appropriate for tidal barrages installations. Examples of such locations can be found in Canada (Bay 
of Fundy, mean tidal range: 11.7 m), France (La Rance, mean tidal range: 8.5 m), and the UK (Severn 
Estuary, mean tidal range: 7.0 m). Sihwa Lake in Korea (254 MW) and La Rance Tidal Power Stations 
in France (240 MW) are the world's largest tidal barrages; see also [1,76].  

Installation and grid-connection of TECs have taken place in several locations around the world. 
The UK, France, Norway, Germany, Denmark, Ireland, Netherlands, Sweden, Italy, Spain, South 
Korea, Australia, and USA have been involved in tidal energy sector. The Northern European Seas 
have a significant tidal energy potential, while the UK and France have the greatest resource [77]. The 
first full-scale prototype tidal energy turbine was installed in 2003 in the UK (Seaflow prototype). 
During the period 2006–2013, more than 40 new devices were introduced and their testing procedures 
were initiated [76]. In 2012, European Marine Energy Center (EMEC) installed five tidal devices (4 
MW) in the UK waters for testing. Italy and Norway have also installed prototypes for testing, France 
has started testing a tidal energy farm of 2 MW since January 2013 [77], and a tidal floating platform 
(200 kW) was demonstrated in the Netherlands on March 2015 [78]. A list of tidal energy projects has 
been provided in [79].  

Along with wave energy, tidal-stream energy evolution in Europe is currently moving towards 
the construction of tidal arrays. According to [55], tidal-stream energy may be cost-effective in 2050, 
provided that major technological advancements are achieved. Nevertheless, tidal barrages have a 
long history of implementation and utilization and are economically viable provided that they are 
built in appropriately chosen locations, combining other functions as well. 

Technology 

Tidal barrages are used since the middle of the 20th century. Their operation is based on 
impounding water (tidal flow) within an estuary or bay, which in turn is released through turbines. 
In this way, the potential energy stored behind the barrage is converted into electrical power. This 
technology is still in progress since some relevant new innovative concepts are introduced (tidal 
fences, tidal lagoons, etc.) [76]. 

Due to high capital costs and environmental impacts of tidal barrages, development interest is 
currently focused on generating power by harnessing the kinetic energy of currents through TECs 
[80]. TECs can be classified in seven types, according to the technical concepts underlying the devices’ 
operation. The horizontal and the vertical axis turbines extract energy from the tidal flow using 
blades that are positioned either in parallel or perpendicular to the direction of the flow. Hydrofoil 
TECs (reciprocating devices) have hydrofoils that follow a vertical oscillatory motion as the tidal 
stream flows. This motion is used to support a hydraulic system for power generation. Ducted 
devices allow the use of rotors with smaller diameters by accelerating water flow. Rotating screw-
like devices and tidal kites carry turbines below their wings. The latter have the advantage of energy 
extraction from considerably lower-velocity flows. Tidal energy technology has reached convergence 
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(much more than wave energy technology) by adopting the horizontal axis turbines in most of the 
relevant projects [76]. According to the type of foundation, TECs can be classified into three 
categories: gravity structures, piled structures, and floating [81]. An example of a semi-submersible 
tidal energy device is shown in Figure 3. 

 
Figure 3. The prototype Evopod semi-submerged tidal energy device. (Source: A Picture of Evopod 
installed in Strangford Lough near Portaferry, Northern Ireland, by Ocean Flow Energy Ltd, retrieved 
from https://commons.wikimedia.org/wiki/File:Evopod_in_Strangford_Lough_2008.jpg). 

The choice for the foundation depends mostly on the bottom depth and the position of the 
device. As has been noted in [82], first-generation TECs operate with mean peak spring-tide speeds 
above 2.5 m/s and at water depths 25–50 m. The corresponding thresholds for more advanced TEC 
technologies are 2 m/s and greater than 25 m, respectively. In any case, though, the above current 
speed thresholds are restrictive for most areas of the world ocean, including the MS.  

Summing up, regarding offshore wind, wave, and tidal energy, the EU is currently at the top 
position regarding technology development. Europe hosts about 45% of wave energy and more than 
50% of tidal energy developers [10]. Given the rapid progress of the offshore wind sector and the 
beginning of tidal and, in smaller extent, wave energy commercial exploitation, the growing demand 
for further testing and modelling of all corresponding devices has been highlighted in [46]. In this 
context, certain methodologies have been introduced based on the International Towing Tank 
Conference (ITTC) guidelines. Finally, the most important issue related to the maintenance of the 
MRE devices and farms (with particular emphasis on tidal energy devices and WECs) has been 
discussed analytically in [83]. 

2.4. Thermal and Salinity Gradients Energy Conversion 

2.4.1. Ocean Thermal Energy Conversion 

Ocean thermal energy conversion (OTEC) is a technology that harnesses solar energy by making 
use of the differences between ocean surface and subsurface temperature. OTEC power generation 
requires a temperature gradient greater than 20 °C; this gradient is meaningful at depths of the order 
of 1 km. Consequently, high potential for OTEC projects exists in tropical and equatorial areas where 
ocean thermocline is large. In a first attempt to theoretically evaluate the available energy potential 
regarding OTEC, it was estimated that the global OTEC resources have a limit of 3 to 5 TW [84]. 
However, in a subsequent work [85], where a three-dimensional circulation model has been 
implemented, the maximum for global OTEC power production has been estimated at ~30 TW. In 
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order to minimize the possible effects on the oceanic thermal structure, a more reasonable OTEC 
scenario with a global potential of the order of 7 TW has been proposed by the authors. 

Heat exchangers and turbine generators are used to convert the temperature differences to 
electricity. OTEC converters can be either land- or sea-based, or mounted on floating platforms. 
Considering the operational concept of the existing convertors, three technology categories can be 
distinguished: open-cycle OTEC, closed-cycle OTEC, and hybrid systems. Open-cycle OTECs use the 
surface water as a working fluid. The evaporation of the warm water causes the production of low 
pressure steam in a low-pressure container. The vapor activates a generator and finally is condensed 
by the deep seawater. Open-cycle OTEC systems can be used for producing electricity and desalinating 
water through multiple condensers; these issues have been studied in [86], where a complete analysis 
of the requirements for an optimized dual use open-cycle OTEC have been also provided. The closed-
cycle OTECs use, instead of surface water, a fluid of a lower boiling point. The upper sea surface water 
makes the fluid to boil. The created expanding vapor drives a generator through a turbine, producing 
electrical power. See also Figure 4, where the operating principle of OTEC is schematically depicted. 
Hybrid systems constitute a combination of the above categories [87]. 

 
Figure 4. OTEC operation principle. [Source: OTEC working principle by Bluerise BV, retrieved from 
https://commons.wikimedia.org/wiki/File:OTEC_working_principle.jpg. Used under Creative 
Commons Attribution-Share Alike 4.0 International license]. 

Despite the first OTEC plant was constructed in Cuba in 1930, large scale projects have not been 
implemented yet. The largest (1 MW) OTEC plant ever built, operated from 1993 to 1998, in Hawaii. 
Currently, several projects of up to 10 MW are under development, while concepts and prototypes 
concerning many countries around the world are currently being explored. Malaysia, Oman, China, 
Philippines, South Korea, USA, and Zanzibar are involved in OTEC sector [5]. In 2014, DCNS group 
and Akuo Energy were awarded a European NER 300 funding in order to develop an offshore pilot 
OTEC plant in Martinique (NEMO project) [88]. The 10.7 MW capacity plant will be operational by 
2020. Lists of current OTEC projects can be found in [89,90]. 

Large resource potential, continuous energy supply, and the possibility of cooling without 
electricity consumption are the main advantages of OTECs [5]. A main technological challenge in the 
sector is the construction of large devices capable of resisting the harsh marine environment 
conditions. The need for large scale developments is due to the utilization of small temperature 
differences that demand very large volumes of water [91]. 

2.4.2. Salinity Gradient Energy 



Energies 2017, 10, 1512 11 of 55 

 

Salinity gradient energy (osmotic power) is based on the salinity gradients between fresh and 
salt water. Fluids of different concentration tend to diffuse until the mixture becomes homogeneous. 
River mouths are potentially abundant locations for the exploitation of salinity gradient energy [92]. 
Global technically exploitable potential is currently estimated at around 647 GW, although lack of 
consideration of legal and environmental parameters may have led to an overestimation [93]. Ocean 
salinity gradients have an estimated technical potential of about 1650 TWh/year; see [1] and 
references cited therein. On the other hand, a practical and detailed account of the available salinity 
gradient energy resource has been presented in [94]; according to this source, the globally extractable 
energy from river mouths is 625 TWh/year, equivalent to 3% of global electricity consumption. 

The technical concept leading to potential energy gain is the installation of particular membranes 
between fresh and salt water in order to control the diffusion process. Two membrane-based 
technologies are mainly used to harness salinity gradient energy: reversed electro-dialysis process, 
based on fresh and salt water’s difference in chemical potential, and pressure-retarded osmosis, 
driven by the natural mixing tendency of fresh and salt water. The existing applications are the 
“standalone power plants” (located in estuaries) and the hybrid solutions, recovering energy from 
production processes such as desalination or salt mining [93].  

The first osmotic power plant was developed in Norway by Statkraft and became operational in 
2009 with 10 kW capacity [5,95], but its operation was discontinued due to membrane fouling [1]. 
Further research has been conducted by the same company, but was not completed due to insufficient 
financial support. At present, pilot projects exist in Norway and the Netherlands, as well as research 
projects in Germany, Italy, Canada, Japan, Singapore, South Korea, and USA. Recent development in 
membrane technologies, aiming in cost reductions and economical energy production, has led to 
increasing interest in the sector, expecting membrane-based technologies to enter the commercial 
stage around 2020 [5,93,95,96]. 

3. The Mediterranean Basin at a Glance 

In this section, an overall description of the main, multifaceted characteristics of the 
Mediterranean basin is presented. These characteristics are interrelated and expected to shape to a 
large degree the MRE development in the examined area. Firstly, the most relevant 
geomorphological, ecological, and oceanographic issues are discussed, together with the main 
features of wind and wave climate since they impose some rigid frameworks that cannot be 
overlooked in any future MRE industry developments in the area. Moreover, since it is expected that 
MRE development will influence significantly important economic sectors in the Mediterranean 
countries (tourism, fisheries, maritime transport, fish farming, and aquaculture), their corresponding 
statuses are also described. 

3.1. Geomorphological Characteristics 

The Mediterranean basin is characterized by geomorphological particularities that are 
interconnected to the MRE feasibility of development. The coastline is remarkably long and irregular, 
mostly due to the presence of the Iberian, Italian, and Balkan peninsulas. Its length is estimated to be 
approximately 46,000 km, of which nearly 19,000 km belong to islands [97]. The coastlines are 
surrounded by mountain ranges and deltaic zones of large rivers [98]. Of the coastal areas, 54% have 
rocky shores where even high cliffs exist (Spain, Croatia), while 46% have sandy shores (beaches, 
dunes, reefs, deltas) [99]. The average depth of the MS is approximately 1500 m. The Strait of Sicily 
connects the western with the eastern Mediterranean sub-basin through a shallow ridge of 400 m 
depth [100]. The shallowest part of the entire basin (50 m) is in the northern Adriatic, while the 
deepest point (5121 m) is located at the Hellenic Trench in southwest Greece [101]. The western 
Mediterranean basin has a flat seabed, while the eastern presents a special sea floor topography [99]. 

The MS has a rather narrow continental shelf, as mountain slopes drop steeply into the sea. 
Specifically, narrow and steep continental shelves exist off the coasts of southern and northern 
Turkey, Crete, Maritime Alps, Africa, Sardinia, Corsica and western Italian coast, Iberian Peninsula, 
and the Balearic Islands. Wide (more than 50 km) continental shelves are encountered off the estuaries 
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of the Ebro and Rhone rivers. Due to the Po delta deposits, Adriatic Sea presents a particularly well-
developed continental shelf with extended shallow areas (of less than 100 m water depths); see 
[98,102]. The same holds true for the area of the Nile estuary. Depth ranges that are currently 
appropriate for MRE applications in the MS are shown in the bathymetric map of Figure 5; see also 
Section 4.2. 

 
Figure 5. Bathymetric map of the Mediterranean Sea (depth range 0–200 m). Data analyzed by the 
Hellenic Center for Marine Research (HCMR).  

3.2. Wind and Wave Climate 

Several local and regional winds are characterized by a strong seasonal variability flow over the 
MS, such as Mistral, Tramontana, Sirocco, Etesian, and Bora. Mistral is a strong jet blowing over the 
Gulf of Lion and the Ligurian Sea, up to the southern Mediterranean shore and the Ionian Sea. 
Tramontana belongs to the Mistral local wind system and blows north-westerly over the Roussillon 
region. Sirocco blows north-westerly over the Adriatic where the channelling effect caused by the 
local orography intensifies the flow. Bora blows north-easterly over the Adriatic and the Aegean 
[103]. The Etesian winds are persistent northerly winds blowing during the summer over the Aegean 
Sea; their strength is affected by the tropospheric dynamics over the Eastern Mediterranean [104]. In 
Figure 6, the mean annual wind climate in the MS, obtained by the ETA numerical model results 
[105], is depicted. According to these results, the Mediterranean wind pattern presents several 
localized extremes, such as the Gulf of Lion and the central Aegean Sea (mean annual wind speed of 
the order of 8 m/s), and the Kasos Straits in south-eastern Aegean Sea. The highest mean annual 
variability is exhibited in the northern part of the Adriatic Sea, and then in the Ligurian Sea, the 
Tyrrhenian Sea (especially offshore the northern coasts of Sicily), the northern Aegean Sea, the Gulf of 
Antalya, and the Balearic Sea (between Palma de Mallorca, Ibiza, and the eastern coasts of Spain). The 
highest inter-annual variability appears near the coasts of Monaco and then in the northern Adriatic, 
Tyrrhenian, and Balearic Seas; the Gulf of Lion; the coasts of Algeria; and the Ionian and the central 
Aegean Sea. Recently, an in-depth assessment of the wind climate and its variability in the MS is 
analytically presented, using a 36-year dataset (1979–2014) from the ERA-Interim reanalysis [106]. The 
data were available from the European Centre For Medium-Range Weather Forecasts (ECMWF). 
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Figure 6. Mean annual wind climate (at 10 m above sea level) in the Mediterranean Sea according to the 
ETA model. Arrows indicate the mean annual wind direction (Source: [107]). Data analyzed by HCMR. 

The Mediterranean waves are short-crested and highly dependent on the existence of wind 
forcing. They are much smaller than the Atlantic waves, as limited fetch lengths in the basin prevent 
waves from travelling for long distances without large dissipation (swell). Higher values of 
significant wave heights occur when strong winds and long fetch exist simultaneously. The most 
effective combination of the above features is met in the Western Mediterranean and the Ionian Sea. 
Despite the limited fetch, measurements with moored buoys in the Mediterranean as well as 
numerical modelling results reveal the existence of sea states with significant wave height of the order 
of 5–7 m, or even up to 10–11 m in the case of very extreme storms. In the Gulf of Lion, 70% of the 
waves have a wave height greater than 1 m, while 20% have a wave height above 2.5 m (southeast of 
this zone) [103]. The mean annual wave climate of the MS, in terms of significant wave height–mean 
wave direction and energy period (defined as 10 1 0eT T m m− −≡ = , where 1m−  and 0m  are the −1 
and zero-th order wave spectral moments, respectively) is provided in Figure 7. The data are obtained 
from the ERA-Interim database (of the ECMWF) and cover the period 1979–2013. 

(a)
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(b)

Figure 7. Mean annual wave climate in the Mediterranean Sea: (a) Significant wave height and mean 
wave direction; (b) Energy period. Data obtained from the ERA-Interim database (1979–2013) of the 
ECMWF and analyzed by HCMR. 

3.3. Ecological Characteristics 

The MS is characterized by high-level biodiversity, with a high percentage of endemic species 
[101,108]. The variable topography of the basin and the climatic and hydrologic conditions of its 
ecosystems allow the presence of both temperate and subtropical species. Specifically, the basin hosts 
between 4% and 18% of the world’s marine species, many of which are endemic to the Mediterranean 
[109]. The Western Mediterranean hosts the greatest diversity of sea turtles, marine mammals, and 
seabird life [97]. 

The MS contains sensitive deep-sea, pelagic, and coastal habitats, intact shorelines, estuaries, 
underwater canyons, coralligenous assemblages, along with 150 important wetlands for birds, and 
around 5000 islands and islets; see [100,110]. The most important coastal habitats are sea grass 
ecosystems with the endemic Posidonia Oceanica meadows having the highest economic and ecologic 
value. They cover about 50,000 km2 of both sandy and rocky areas of the MS, reaching depths up to 
45 m. Meadows of Posidonia Oceanica are important nursery areas for fish, supporting 25% of the MS 
fish species. They also have a major role in maintaining seashore stability. Along with Zostera Marina, 
Posidonia oceanica sea grass is considered endangered species, facing a number of pressures from 
human activities [97,111,112]. 

Numerous protected areas (marine and coastal) are established in the MS in order to mitigate 
the effects of pressures on the fauna, flora, habitats as well as the biodiversity of the basin. Protected 
areas are considered as very effective tools for management and conservation purposes. According 
to the Regional Activity Center for Specially Protected Areas (RAC/SPA), conservation areas of high 
priority and of ecological significance are found mostly in the Gulf of Lion, the Gibraltar and Sicily 
Straits, and the Adriatic, Ionian, north Aegean and Levantine Seas [113]. A review on the Marine 
Protected Areas (MPAs) in the MS has been presented in [114], while a very detailed update for 2016 
has been provided in [115]. According to [115], at the Mediterranean basin level, the total surface 
under protection status is 179,798 km2, comprising 1231 MPAs and Other Effective Area-based 
Conservation Measures, 186 MPAs of national status, 898 marine Natura 2000 sites, 3 General 
Fisheries Commission for the Mediterranean (GFCM) Fisheries Restricted Areas, and the Pelagos 
Sanctuary for marine mammals. Spain has the largest amount of small MPAs, while in Italy there are 
many medium-sized MPAs. The largest MPAs are off the coast of Greece and Turkey. MPAs have 
core zones in which specific regulations either prohibit or control non-consumptive and consumptive 
(commercial, recreational, or spear fishing) activities. In the core zones of most MPAs, consumptive 
activities are prohibited, while in the secondary zones, non-consumptive and consumptive uses are 
allowed or conditionally allowed, respectively [116,117]. 

3.4. Oceanographic Characteristics 



Energies 2017, 10, 1512 15 of 55 

 

Characteristics of the sea surface layer are continuously modified due to mixing processes. The 
Mediterranean surface layer presents a longitudinal salinity gradient ranging from 36.2 psu near 
Gibraltar to 38.6 psu in the Levantine basin [97]. In Figure 8, the spatial distribution of mean annual 
surface salinity in the Mediterranean basin is presented for the period 1987–2013 obtained from the 
Mediterranean Forecasting System reanalysis [118]. For details as regards salinity and temperature 
aspects in the MS, see [119,120]. 

 
Figure 8. Mean annual surface salinity in the Mediterranean Sea. Data obtained from Mediterranean 
Forecasting System reanalysis [118], and analyzed by HCMR. 

Surface temperature is clearly higher in the eastern than in the western sub-basin. The warmest 
surface waters are found in the Ionian Sea (19.5–21 °C) and the Levantine basin (20–22 °C), and the 
coldest in the Gulf of Lion (17–19 °C) [121]. The intermediate layer lies between 200 m and 800 m and 
its temperature varies from 13 °C to 15.5 °C. The deep layer covers the depths between the 
intermediate layer and the bottom. The Western Mediterranean Deep Water has a mean temperature 
of 12.7 °C and the Eastern has a mean temperature of 13.6 °C [97]. In Figure 9, the spatial distribution 
of the mean annual sea temperature at 5 m (upper panel) and 1000 m (lower panel) below sea surface 
in the Mediterranean basin is presented for the period 2000–2015. The temperature data are obtained 
from the aggregated products of the Pan-European infrastructure for ocean and marine data 
management (SeaDataNet) [122], and analyzed by HCMR using the Data-Interpolating Variational 
Analysis (DIVA) software tool [123]. It is evident that the relevant temperature gradients at the 
particular depths are rather low compared to tropical and subtropical regions of the world ocean. 

 
(a)
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Figure 9. (a) Mean annual sea temperature at 5 m below sea level in the Mediterranean Sea; (b) Mean 
annual sea temperature at 1000 m below sea level in the Mediterranean Sea. Data obtained from 
SeaDataNet and analyzed by HCMR. 

3.5. Relevant Economic Activities 

3.5.1. Tourism 

Tourism constitutes a substantial part of the Mediterranean economy and is a major pillar of 
local economies, serving as a significant source of employment [97]. It offers employment (11.5% of 
total employment in 2014) and economic growth (11.3% of regional GDP); for the coastal areas of the 
Mediterranean, tourism represents over 70% in terms of Production Value and Gross Value Added 
[124]. The Mediterranean region is the most preferable tourist destination, attracting one-third of the 
world’s international tourists (for 2011, 306 million out of 980 million arrivals worldwide), while it is 
expected to reach 500 million tourists in 2030 [124]. The majority of tourists visiting the Mediterranean 
are of European origin, while domestic tourists also make a significant contribution. Tourism in 
Mediterranean countries is coastal oriented, with up to 90% of tourists visiting coastal areas. It is also 
particularly seasonal, as it increases dramatically during July and August. Detailed studies as regards 
tourism in the Mediterranean basin can be found in [124,125]. 

3.5.2. Fisheries, Aquaculture, and Fish Farming 

Fisheries are another important economic sector of the Mediterranean countries that are related 
with offshore renewables. Fisheries constitute a vital component of the Mediterranean economy, 
accounting for about 220,000 jobs (directly employed on fishing vessels) [126]. The diverse 
morphology of the basin as well as the high proportion of small-scale commercial fishing (over 85% 
of the Mediterranean fishing fleet) are two important sustainability factors. Fishing in the MS usually 
takes place in depths ranging from 10 m to 800 m (mainly up to 400 m) and is mostly concentrated in 
inshore areas. Fishing may also take place on the continental slope, while deep-water areas are 
currently not exploited. Among Mediterranean fisheries, 80% are currently attributable to five 
countries, including Greece, Spain, and Italy [125,126]. 

Aquaculture and fish farming in the MS has a great contribution in meeting increasing demand 
for fishery products in the coastal nations. During the past decades, the Mediterranean aquaculture 
has expanded dramatically mostly due to the ideal physical characteristics of the Mediterranean 
marine environment as well as the proximity to viable markets. In [127], it has been mentioned that 
since 1970, the sector grows at a rate of around 9% per year. As has been noted in [128], Greece, 
Turkey, and Spain are the main producers of seabream and seabass, and maintain a share of ~80% of 
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the world production. More detailed data on Mediterranean aquaculture and fish farming can be 
found in the recent report of FEAP (Federation of European Aquaculture Producers) [129]. 

3.5.3. Maritime Transport 

Maritime transport is another important economic activity in the MS. According to the latest 
data published by Eurostat, with reference to ports of all EU Member States, the greatest number of 
passengers embarked or disembarked during 2015 refer to Italian and Greek ports [130]. The ports of 
Valencia and Algeciras (in Spain) and the port of Piraeus (in Greece) rank fifth, sixth, and eighth, 
respectively, as regards the volume of containers handled; while the ports of Algeciras, Marseille (in 
France), and Valencia rank fifth, sixth and ninth respectively, as regards the gross weight of goods 
handled. A detailed overview of the Mediterranean ship traffic for 2014, based on AIS signals, has 
been provided in [131]. In the same source, it is also highlighted that the MS is one of the busiest 
waterways of the world; 21 ports of the MS are among the 100 world top ports, while the maritime 
transport sector provides 550,000 direct jobs. 

A detailed assessment of the most important economic sectors in the MS (maritime transport, 
fisheries and tourism) was made in the context of the Medtrends project [131]; see also [125]. 
Regularly updated statistics for all important economic sectors of the EU Member States can be found 
in [132]. 

3.6. Energy Status and Scenarios 

As regards the recent situation of energy efficiency in the Mediterranean based on the 
MEDENER/OME report [133], the following facts can be mentioned for 2013: (i) the final energy 
consumption for the Mediterranean was 690 Mtoe (442 Mtoe for the Northern countries of the MS), 
(ii) the Mediterranean power generation was 1994 TWh (1354 TWh for the Northern countries of the 
MS), (iii) RES in total energy demand had 13% share for the northern MS and 6% for the southern 
MS. Let us note that the Southern Mediterranean region includes Algeria, Egypt, Libya, Morocco, 
Tunisia, Israel, Jordan, Lebanon, Palestine, Syria, and Turkey, while the Northern Mediterranean 
region includes Cyprus, France, Greece, Italy, Malta, Slovenia, and Spain, which are modelled as 
individual countries, and Albania, Bosnia Herzegovina, Croatia, Macedonia, Montenegro, and 
Serbia, which are considered as one model. 

Forecasting scenarios for the Mediterranean energy, apart from the Conservative Scenario (CS) 
that considers previous trends and current policies and has a rather moderate approach as regards 
planned programs, take also into account the Energy Transition Scenario (TS). In the latter scenario, 
mature RE technologies, energy efficiency programs and integration of renewables to the energy mix 
are assumed, leading to a more ambitious scenario as regards development of RES projects in the 
Mediterranean. Based on the CS, the trend for final energy consumption in the MS is to be increased 
by 37.2% and 58% for 2030 and 2040, respectively, while the forecast for the TS is 12.5% and 21.2%, 
respectively, with both scenarios giving a higher Mtoe for the Southern MS. Regarding the electricity 
generation for the Mediterranean, the CS projects higher increased rates (48.6% for 2030 and 77.5% 
for 2040) compared to the TS (12.9% for 2030 and 22.1% for 2040) with respect to 2013; see also Figure 
10. The share of renewables is expected to triple (39% for the Northern MS and 16% for the Southern 
MS) based on the TS while lower percentages are expected with the CS (23% for the Northern MS 
and 7% for the Southern MS). 
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(a) (b)

Figure 10. (a) Total energy consumption (in Mtoe) of the Northern and Southern Mediterranean Sea; (b) 
Electricity generation (in TWh) of the Northern and Southern Mediterranean Sea. Data obtained from [133]. 

From Figure 11, based on data published by Eurostat, it is evident that there is an increase of the 
renewable energy share in the gross final energy consumption between 2004 and 2015 for the 
Northern Mediterranean countries. Among these EU countries, Slovenia had the highest share of 
renewable energy (22%) in 2015, Malta presented the highest relative change from 2004 to 2015, Italy 
has already surpassed its national binding target by little, while France has a long distance to cover 
yet until the final target of 2020. 

 
Figure 11. Overall share of energy from renewable sources (in % of gross final energy consumption) 
of the Northern Mediterranean Sea. Data from http://ec.europa.eu/eurostat/web/energy/data/shares. 

An overview of electricity statistics for individual EU-Mediterranean countries is presented in 
Table 1 by using monthly (for 2016) and annual (for 2014 and 2015) cumulated production and supply 
data from Eurostat. The total amount of energy consumption is calculated as the sum of the total net 
production and imports minus exports and electricity absorbed by pumping (not shown here). The 
highest percentage of electricity supply between 2015 and 2016 is observed for Cyprus (7.5%) and the 
lowest for Italy (−2.1%). Slovenia exhibits the highest percentage of total net production for the same 
years (8.8%), while Cyprus and Greece have a steady increase of electricity generated during the 
triennial period examined. 
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Table 1. Electricity statistics for EU-MED countries (in GWh). Source: Eurostat (online data code: 
nrg_105a, nrg_105m). 

EU-MED Country Year Total Net Production Imports Exports Energy Supplied

Cyprus 
2014 4145 - - 4145 
2015 4312 - - 4312 
2016 4634 - - 4634 

France 
2014 540,285 7873 75,063 465,138 
2015 544,693 9961 74,024 473,754 
2016 531,147 20,790 61,406 483,798 

Greece 
2014 46,702 9461 642 55,334 
2015 47,806 11,081 1473 57,340 
2016 48,052 9833 1037 56,815 

Italy 
2014 269,148 46,747 3031 310,535 
2015 272,428 50,849 4471 316,897 
2016 275,649 43,181 6155 310,251 

Malta 
2014 2137 - - 2137 
2015 1239 - - 2293 
2016 848 - - 2375 

Spain 
2014 268,380 12,310 15,716 259,772 
2015 269,750 14,956 15,089 265,097 
2016 264,356 21,845 14,178 267,204 

Slovenia 
2014 16,486 7254 9997 13,380 
2015 14,187 9045 9093 13,759 
2016 15,432 8358 9536 13,881 

4. Marine Renewable Energy Status and Aspects in the Mediterranean Sea 

4.1. Interweaving Different Viewpoints for MRE Development 

4.1.1. Geotechnical/Engineering, Socio-Economic, and Environmental/Ecological Frameworks 

MRE sector in the Mediterranean basin is at its infancy and its development depends on a series 
of challenges and obstacles to be overcome. Rare practical experience combined with the rather poor 
number of studies focused on the potential impacts in the basin actually render the MS an unexplored 
region as regards MRE sector. Countries that already exploit MRE are therefore a valuable source of 
information and experience. The particularities of the Mediterranean basin presented in Section 3, 
along with financing capabilities, socioeconomic characteristics and availability of the MRE potential, 
set the context in which current status and future perspectives of MRE development in the 
Mediterranean are discussed. Important problems that are expected to occur in any attempt of MRE 
development in the MS refer to technology development (for wave and tidal energy), administrative, 
environmental, and socio-economic constraints, grid availability, and financial and market status 
[1,134]. Mediterranean region is also particular from other points of view: (a) the electricity costs for 
the numerous remote insular areas (especially in the Greek Seas) are clearly higher than the mainland 
due to the reliance on local generators; (b) the over-exploitation of insular aquifers has important 
impacts on the equilibrium between freshwater and sea water in the groundwater bodies. 
Desalination, although a high energy consuming process, is used in many Mediterranean areas. MRE 
applications seem to be very well tailored for providing viable solutions in these respects. 

For the economic viability and sustainability of MRE projects, an integrated holistic approach is 
necessary. This approach comprises three different, not always aligned, frameworks: 
geotechnical/engineering, socio-economic, and environmental/ecological framework. In addition, 
they usually refer to different, yet highly interrelated, aspects of design, development, and operation 
of MRE installations, and are related to a variety of stakeholders with different requirements, 
standpoints and priorities. The frameworks actually consist of technical restrictions and potential 
spatial conflicts (ascribed to socio-economic and environmental aspects). All these 



Energies 2017, 10, 1512 20 of 55 

 

restrictions/hindrances should be identified and resolved/overcome in order to implement the 
optimal solutions for the development of the MRE plants. 

The technical/engineering framework refers mostly to the feasibility, development and 
installation phases of a MRE project. Decisions relevant to this framework have tangible and 
immediate consequences on the economic viability and survivability of the MRE installation during 
its operation. Clearly, technical considerations (and especially, bathymetry and power potential 
availability) are strict prerequisites and the relevant conditions should be necessarily met before 
proceeding to the analysis of other parameters. 

The socio-economic framework refers to the identification of the diverse effects that a MRE project 
may have on the other uses of the marine space, and, therefore, on the socio-economic conditions of the 
neighboring coastal communities. These effects can be identified and measured along the various 
phases of the project, i.e., from planning phase and installation to operation and decommissioning, 
including also the supporting processes such as research, logistics, financial and consulting services. 

The environmental point of view deals inter alia with the assessment of the ecological status of 
the candidate area in order to predict potential positive and negative effects that a MRE installation 
may have on the surrounding biotic (and abiotic) elements. The most common environmental 
restrictions for the MS are the following: (i) MPAs; (ii) Ramsar and Natura 2000 sites; (iii) cetacean 
sanctuaries; (iv) areas considered as migratory bird routes; (v) areas characterized by meadows of 
Posidonia Oceanica, fields of Phyllophora; and (vi) other priority habitats (e.g., coralligenous, maerl, and 
deep-water white coral formations). The identification of priority habitats can be based ideally on in 
situ surveys or can be estimated from habitat models. 

4.1.2. Intermittency of MRE, Energy Transmission, and Storage 

Another issue that has not been touched upon yet refers to the intermittency of MRE. Regarding 
especially marine wind, wave and tidal energy in the MS, there are natural time lags where the energy 
flow discontinues either due to the lack of appropriate conditions or due to harsh weather conditions 
that put in danger the safety of the MRE structures. A main requirement for an efficient power grid is 
to preserve the balance between the power supply and demand. The existing power grids are not yet 
entirely capable of appropriately regulating the intermittent energy generation from the renewable 
sources. Detailed description of the MRE transmission systems can be found in [135–137] and an extended 
review as regards grid integration for MRE installations can be found in [138]. 

In order to mitigate the intermittency of MRE and achieve the above-mentioned balance, energy 
storage is a necessary alternative that should be taken into consideration in the design of any future 
MRE project. Energy storage is especially important for remote islands disconnected from the main 
electrical grid system. It is usually confronted with pumped-storage hydroelectric schemes that are a 
mature and competitive technology. However, the environmental implications and impact of 
hydroelectricity should be carefully assessed, while the permitting process is usually long and the 
relevant pumped storage costs are rather high. Other means for storing energy when it is not 
demanded are also the following: compressed air energy storage, hydrogen, flywheels, batteries, etc.; 
see also [139], where a review on MRE transmission and storage options has been provided with 
particular emphasis on small island developing states. As has been mentioned in [140], to date the 
relevant infrastructure for energy storage is still expensive, while frequently it is not necessary to 
maintain the reliability of the grid; see also [19]. Nevertheless, in [140], it has been highlighted that 
the fast development of the electric vehicle industry will further reduce the battery costs. In this 
connection, in situ storage of MRE is an emerging option although in a clearly premature state. 
Innovative concepts regarding “Deep Sea Energy Storage”, i.e., storage of MRE offshore, have been 
also presented in [141]. 

In the next sections, the most determining factors that will shape the future development of MRE 
in the Mediterranean basin are discussed. Specifically, in Section 4.2 estimates of offshore wind, wave 
and tidal stream energy are provided. Moreover, some important technical (Section 4.3), 
environmental (Section 4.4), and socio-economic (Section 4.5) issues that are expected to affect MRE 
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development in the basin are presented. In the same section the value of Marine Spatial Planning 
(MSP) is also discussed. 

4.2. Ocean Energy Potential 

In order to implement an MRE project, in-depth assessment of the energy potential, the annual 
and inter-annual variabilities (in particular for offshore wind and wave) and relevant uncertainties 
at fine spatiotemporal scales are necessary components. An efficient analysis should focus on the 
spatial scale (local or regional) in order to detect available locations with commercially exploitable 
resources. It should be also borne in mind that results from MRE potential assessment are followed 
by various types of uncertainties characterizing the specific source of data, and should be 
accompanied by an evaluation of the climate change impacts on MRE economics; see [142,143]. 

4.2.1. Offshore Wind Energy 

OWFs in the Mediterranean do not currently exist. A large number of offshore wind projects are 
at a concept/early planning stage while many have been cancelled or remain in a dormant status 
[144]. In [7], the analysis of consented wind farms has indicated that the Mediterranean could begin 
exploiting its offshore potential (1.1% of consented capacity). It has been also mentioned that no 
significant momentum is expected before 2020. According to [145], by 2030, the Mediterranean 
offshore wind energy could be in the same range with onshore wind accounting for 5% of the 
Mediterranean electric energy demand. 

Offshore Wind Resource Availability 

In [146], the available offshore wind power potential has been estimated over the MS using SeaWind 
II dataset with a 15-km horizontal resolution and 20-year time length. A recent analysis of wind energy 
density over the MS has been conducted in [147] leading to the selection of potentially suitable sites for 
wind energy applications. However, the approach has not accounted for bottom depth that is a major 
technical restriction; see Figure 12, where the mean annual offshore wind power density at 80 m height 
above sea level (asl) according to the results obtained from an atmospheric ETA-based model is presented, 
and Figure 13 below, where the locations satisfying the depth restrictions are depicted. An offshore wind 
potential assessment in the MS, taking into account bottom depth restrictions, has been also recently 
performed in [148] using the Blended Sea Winds (BSW) satellite dataset from the US National Oceanic 
and Atmospheric Administration (NOAA). The data cover the period from 1995 to 2011. 

 
Figure 12. Mean annual offshore wind power density at 80 m height asl according to the ETA based 
atmospheric model. Data analyzed by HCMR. 
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Figure 13. Potential hot-spots for OWF development in the Mediterranean Sea [107]. Data analyzed 
by HCMR. 

An extended analysis of the offshore wind power potential in the Mediterranean basin has been 
performed in the recently completed project “Towards COast to COast NETworks of marine 
protected areas (from the shore to the high and deep sea), coupled with sea-based wind energy 
potential” (called hereafter COCONET) [149] COCONET was funded by the European Community’s 
Seventh Framework Program (FP7/2007-2013) under Grant Agreement No. 287844. In the context of 
COCONET, three different wind data sources were thoroughly analyzed: 

1. satellite data from the BSW product of NOAA with a 6-h sampling frequency, spatial resolution 
of 0.25 × 0.25, and time period of 17 years (1995–2011) [150]; 

2. ERA-Interim reanalysis data, with a 6-h sampling frequency, spatial resolution of 0.25 × 0.25, 
and time period of 33 years (1979–2011) [151] and  

3. numerical results obtained from the ETA-based atmospheric model with a 3-h sampling 
frequency, spatial resolution of 0.1 × 0.1, and a time period of 15 years (1995–2009) [105]. 

The above datasets have been validated by using in situ oceanographic measurements from the 
Greek POSEIDON system, [152], and the Spanish Puertos del Estado monitoring system, as well as 
Italian coastal meteorological stations. As mentioned before, the assessment of offshore wind power 
potential, revealed uncertainties, which are related with the different data sources and spatial 
resolutions and the sensitivity of the satellite data near the land-sea boundary.  

The mean annual offshore wind power density in the MS is depicted in Figure 12. Using the 
logarithmic law, the estimates are provided at 80 m height asl, roughly corresponding to a typical 
WT hub height. The obtained results suggest that the highest annual mean power densities are 
encountered in the Gulf of Lion (approximately 1050 W/m2), and the central Aegean Sea (up to 890 
W/m2). High offshore wind resource is also met in areas east and west of Crete, east of the Gibraltar 
Strait, the western Ligurian Sea, and the Sicily and Otranto Straits. 

In Figure 13, candidate locations for potential OWF development in the MS are shown. The main 
criteria for the selection are the mean annual wind speed (above than 4.1 m/s at 10 m height asl) and 
the bottom depth suitability. This, rather low, wind speed limit was chosen since it has been proven 
that the atmospheric model underestimates (sometimes significantly) high values of wind speed 
[142]. Three different water depths are considered: ‘shallow waters’ (depths between 0 and 40 m), 
‘intermediate waters’ (depths between 40 and 70 m), and ‘deep waters’ (depths between 70 and 200 
m); see also Section 4.3.1. 
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From Figure 13, it can be concluded that large parts of the Adriatic Sea and the Gulf of Gabes 
are favorable for OWF development for the considered water depths. Favorable locations exist also 
in the Aegean Sea, the Gulf of Lion, along the Mediterranean coasts of Spain, as well as along and off 
the north African coasts (especially off the Nile estuary). Let us note though, that in realistic 
applications, the selection of candidate locations for OWF should consider a variety of additional 
parameters (environmental, socio-economic, financial, etc.). In this context, using the Smart Wind 
Chart—Smart Wind Chart is one of the major outcomes of the COCONET project—a pre-evaluation 
of potential locations in the Mediterranean as regards potential OWF development was performed. 
A site specific application (Othoni at the northern part of Corfu in the Ionian Sea) of the Smart Wind 
Chart has been presented in [153]. 

Regional and local studies regarding wind availability and power potential have been 
performed in particular locations of the Mediterranean basin, namely in the Croatian coasts, the 
northern Adriatic Sea, the Greek Seas, the area of Othoni, Gargano Sud (Italy), Gulf of Valencia 
(Spain) and the Ionian Sea; see [148,153–158]. 

In [159], the wind energy projections in the MS, based on global climate change scenarios and 
data from the EU-funded ENSEMBLES project, has been presented in detail. The combinations of 
available regional and global models evidence high levels of uncertainty as regards future wind 
conditions. For wind power, according to an adopted consensus rate, for the period 2021–2050, an 
increase above 5% is anticipated over the Aegean Sea, while over the sea areas of North Africa and 
Middle East a decrease of more than 5% is projected. For the Gulf of Lion, no clear future change 
signal was detected. Other relevant analyses can be found in [160,161]. 

Status of Offshore Wind Energy Development 

The existence of the aforementioned numerous favorable Mediterranean areas along with the 
experience from offshore wind development of north-western European countries and onshore wind 
development in the Mediterranean countries, constitute important promoting factors for offshore 
wind sector to start growing in the basin. Floating WTs seem to be well adapted in the Mediterranean 
geomorphological conditions; see [162], where different floating concepts have been analyzed, and 
[163]. In the remainder of this section, the status of offshore wind projects in some Mediterranean 
countries is described; see [144] for current updates of the development status of OWFs in the MS.  

In the French Mediterranean coasts, Provence-Alpes-Côte d’Azur region, characterized by 
considerable offshore wind potential and gentle seabed, was chosen for construction of offshore WTs 
in 2011. However, coastal municipalities were strongly opposed to the French government due to 
visual impact concerns and the consequent potential impact on tourism and, finally, projects in the 
region were not allowed to proceed [144,164]. Currently, in the Mediterranean coasts of France, pilot 
projects for testing offshore floating turbines are in progress in Leucate and Gruissan (region 
Languedoc-Roussillon), and Faraman (region Provence-Alpes-Côte d’Azur). 

Although Spain has shown remarkable progress in alternative energy sources development, 
MRE projects integration is hampered by the lack of MSP development [165]. The strategic study for 
the implementation of OWFs in Spain and the publication of the Spanish Wind Atlas are indicative 
efforts to speed up offshore wind development; see also [117]. In the Catalan coasts of Spain two 
projects of 560 MW concerning tension leg floating platform installation have been cancelled while 
many projects for the rest of the Spanish Mediterranean coasts (grounded foundations) are currently 
either at a dormant status or cancelled [144]. 

Numerous offshore wind projects in Italy (and Malta) have been cancelled mostly due to lack of 
funding or opposition of local authorities. An offshore wind project in the Gulf of Taranto is currently 
at consent authorized status. The project foresees the installation of 10 WTs, of total capacity 30 MW, 
at depths ranging from 3 to 14 m and distance from shore 2.9 km [144]. Many other projects are at a 
dormant status. 

Many offshore projects in Greece are at concept/early planning stage, but there have also been 
many cancelations. Some offshore wind projects, e.g., Sea of Thrace (region Thrace, capacity 216 MW), 
Lemnos (Aegean Islands region, capacity 498 MW, depth ranges 12–50 m, number of turbines 135 
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and distance from shore 10.6 km) were granted a production license by the Regulatory Authority for 
Energy, but have not proceeded with environmental studies and grid connection negotiation yet 
[144]. Moreover, there are several applications still pending. Detailed feasibility studies regarding 
offshore wind energy development in Greece by considering various geotechnical, engineering, 
socio-economic, and environmental parameters are also in progress. 

4.2.2. Wave Energy 

The offshore mean annual wave energy flux in the MS is depicted in Figure 14. The results are 
derived by using wave spectral parameters estimates for the period 1979–2013 from the ERA-Interim 
database, obtained from the ECMWF [151]. 

 
Figure 14. Mean annual wave energy flux in the Mediterranean Sea obtained from the ERA-Interim 
database, 1979–2013. Data analyzed by HCMR. 

The extended area between Sardinia and Balearic Islands exhibits the highest annual wave 
energy (~9.4 kW/m). The Levantine and the Ionian basin, the area between Sicily and Tunisia and the 
central-northern Aegean present steady wave energy potential. In the area located southwest of 
Crete, the estimated mean annual wave energy is of the order of 5.8 kW/m. Comparing to northern 
and western European locations, wave energy in the MS is considerably smaller. Specifically, wave 
power in the North Sea ranges within 10–60 kW/m while in front of the French and the Portuguese 
coasts the annual available values vary from 30 to 50 kW/m [166]. 

In [167], the wave energy potential focusing on the Eastern Mediterranean Levantine basin has 
been studied. Based on high resolution wind-wave numerical models, results show that, in Eastern 
Mediterranean, the highest energy potential values are met off the western and southern offshore 
areas of Cyprus and offshore the coasts of Lebanon, Israel and Egypt. It is also claimed that although 
wave energy potential is relatively low, it is exploitable. In [168,169], assessments of the wave 
potential in the MS have been performed. Specifically, the authors in [169] aim mainly to identify 
specific aspects relevant with the design of wave energy harvesters. The same study also highlights 
that the directional pattern of sea-states affect sea-state statistics and therefore, wave energy 
harvesters designing; see also [49]. Finally, in [170], a detailed wave resource assessment for the entire 
Mediterranean basin based on long-term (35 years) high temporal and spatial resolution numerical 
wave model results has been performed. The most energetic area is located in the Western 
Mediterranean, while the central and Eastern Mediterranean present moderate wave energy potential 
(around 6−7 kW/m). 

Local/regional assessments of the wave resource have been presented, among others, in [156,171] 
for offshore areas of the Greek Seas, [172] for the Eastern Mediterranean, [173] for Menorca (Spain), 
[174] for offshore areas of Italy, [175,176] for Sicily, [177] for Sardinia, [178] for the Balearic Sea, 
[179,180] for the Aegean Sea, and [181] for northern Latium. 

Status of Wave Energy Development 
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During the last decade important progress has been achieved as regards wave energy 
development in the MS, especially in Italy. A (near) full-scale demonstration project has been 
described in detail in [182–184], where a full scale Inertial Sea Wave Energy Converter (ISWEC) 
prototype has been developed and tested in Pantelleria and its impact on Posidonia Oceanica meadows 
has been assessed. The rated power of ISWEC was 100 kW, and the mooring took place at 800 m from 
the coast in a water depth of 35 m. The principle of operation of ISWEC consists in the interaction of 
sea waves with the hull of the device and the gyroscopic system. Moreover, a prototype Overtopping 
BReakwater for wave Energy Conversion (OBREC) has been implemented and tested at the Port of 
Naples. The principle of operation of OBREC is based on the difference between the water levels in 
the reservoir and the sea water level that can be exploited through low head turbines [185,186]. 

4.2.3. Tidal/Current Energy 

Tidal energy resource in the Mediterranean is very low with respect to other areas of the world, 
where tidal energy sector is already under development (e.g., UK, France, Norway, China, and 
Canada). In the Mediterranean basin, there is no commercial development of the tidal energy sector. As 
tidal turbines need a stream speed of at least 1.5–2 m/s to operate effectively, tidal energy potential of 
the basin sets specific constraints. Based on the current speed limits provided above, very few 
Mediterranean sites could be of particular interest. The exceptions of the Straits of Dardanelles, 
Gibraltar, and particularly the Strait of Messina (where tidal stream energy resource presents its highest 
values in the Mediterranean) have been under consideration; as only preliminary studies have been 
conducted regarding the energy potential sufficiency of these areas, further research is essential. 

Little attention has been given so far to the weak tides and currents observed in the 
Mediterranean straits. A recent study focused on the Euripus Strait, close to Chalkis, Greece, has 
examined the use of turbines that are suitable according to the space limitations of the area and it has 
been concluded that the potential amount of tidal-stream energy in this strait is insufficient for wide-
scale applications [187]. On the contrary, the Strait of Messina is characterized by high-energy tidal 
currents with maximum velocities at spring peak tides ranging from 1.8 m/s to more than 3 m/s, 
proving the suitability of the site for tidal energy harnessing [188,189]. However, in [82], it has been 
suggested that resource feasibility studies should be based on annual average power density instead 
of mean spring peak tidal velocities because of the significant resource underestimation associated 
with the latter. It is also suggested that tidal energy generation at lower energy sites may be of lower 
risk, as they tend to present lower variability in the annual practical power of tidal currents than 
higher energy sites. An estimation of the marine current energy fluxes in the Gibraltar Strait has been 
provided in [190], revealing the suitability of certain spots for a power plant installation. Computed 
averaged fluxes at these locations of the strait can exceed 1.8 kW/m. Finally, in [154], an analysis 
regarding the potential for development of tidal stream energy in two coastal locations of Croatia has 
been presented. 

4.2.4. Salinity and Thermal Gradients Energy 

An estimate of the ocean thermal energy availability in the MS has not been provided yet, since 
the involved parameters in ocean thermal power density calculations (e.g., heat capacity of seawater, 
turbo-generator efficiency, temperature difference between surface and deep water, pipe loss/fractional 
energy loss to cold water pumping, and warm water intake temperature for OTEC) are fully site-
specific; therefore, general estimates are not directly feasible [191]. To our knowledge, the only detailed 
assessment of global salinity gradient energy potential, along with the identification of locations with 
utilizable resource, has been presented in [94]. In that work, specific river mouths of the Mediterranean 
coasts have been identified as promising candidates for salinity gradient energy utilization. 

4.3. Key Technical Considerations for MRE Development 

4.3.1. Bathymetry and Distance to Shore 
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The type of geomorphological features discussed in Section 3 are of critical importance regarding 
MRE applications in offshore and coastal areas of the MS. Apart from MRE potential availability, 
water depth and distance to shore are two major technical factors associated with MRE feasibility. 
Bottom depth suitability and distance from shore has greatly favored offshore wind industry growth 
in the Northern Europe. On the contrary, narrow and steep continental shelfs of the MS constitute 
one of the major technical obstacles for MRE development in the basin, not only for economic reasons 
(costs of installation, maintenance, and underwater electrical grid connection costs), but also due to 
visual disturbance associated with the vicinity to coastal areas (especially for offshore wind) and the 
intense and multiple uses of the same marine areas; see also Section 4.5. Many offshore wind projects 
(commercial or pilot) in the MS have been cancelled or reconsidered because of the small distances 
from shore. The three different depth ranges that are considered in Section 4.2.1 (see also Figures 12 
and 13) refer to the suitability of different underwater structures: shallow waters (depth between 0 
and 40 m) and intermediate waters (depth between 40 and 70 m) refer to monopile, gravity-based, 
tripod, jacket, and tri-pile supporting structures, and deep waters (depth between 70 and 200 m) refer 
to floating WTs technologies, including tension leg platforms. 

On the other hand, moving away from shore wind becomes less variable, more consistent and 
intense, and waves become higher resulting in wind and wave energy potential profit. Consequently, 
in technical terms, favorable sites should be selected mainly according to an optimal combination of 
water depth and distance to shore, provided that the available resource is exploitable. Selection of 
sites with the optimal combination of water depth and distance to shore is a complicated task and 
should be carefully examined. At the same time, the general trend, at least concerning offshore wind 
installations, is to move into deeper waters. In order to combine economic viability and public 
acceptance, the concept of floating offshore turbines operating far from coastal areas has started 
spreading also in the MS. Although some preliminary assessments are available [162,163], to date this 
concept is still at a preliminary stage; France is the only country currently working on such pilot projects 
in the basin. Shifting from bottom fixed to floating WTs is also expected to drastically change, in a positive 
way, socio-economic, legislative and environmental considerations. Therefore, it may be the optimal way 
to ensure the sustainability of marine wind energy in the MS; see also [28,29]. 

Tidal and offshore WTs have similar foundations; thus, their installation faces more or less 
similar technical constraints. Regarding wave energy, to date most of the WECs installed are within 
10 km from shore (the most distant WEC currently deployed at the Wave Hub in South West of the 
UK is located 16 km from shore) and no deeper than 75 m [10]. As mentioned before, some wave 
energy full-scale demonstration projects (of different principles of operation) have been developed 
in Italy (in Pantelleria and the Port of Naples); see [182–186]. 

4.3.2. Electricity Infrastructure 

Offshore energy production requires a transmission infrastructure for the connection of the 
offshore generated electricity to the onshore electricity network. Such an infrastructure generally 
consists in onshore and offshore sub-stations, and cabling between offshore platforms and onshore 
substations, as well as between the onshore substation and the onshore collector station. Relevant 
construction cost is a major obstacle for MRE development in the MS. As mentioned above, the need 
for large distances from the shore (in order to minimize visual impact) combined with the large 
depths of the Mediterranean basin significantly increase the relevant costs. Selection of sites with 
existent components of the required electricity network (e.g., an onshore substation or submarine 
grid connections) can mitigate costs and facilitate the integration of a MRE project. Nevertheless, the 
available electricity grid connection in the basin is very limited. A map of the existing electricity grid 
connection in the coastal areas of the MS can be obtained from the European Network of 
Transmission System Operators for Electricity (ENTSO-E) [192]. Local and regional plans for 
underwater grid interconnections are currently designed in France, Italy, and Greece, but no progress 
has been achieved so far. Existing and undergoing projects for underwater electricity network 
systems in the MS have been provided in [144]. Relevant progress can be greatly facilitated, at least 
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at the regional level, by applying joint actions and procedures when developing infrastructures 
relevant to MRE projects. 

Northern European countries are currently aiming for an integrated offshore transmission 
network allowing connection between offshore renewables and interconnection between countries 
(Baltic and North Sea). For Mediterranean countries, additional problems originate from the lack of 
a solid regulatory framework, hampering strategic planning of offshore grid infrastructure that is 
needed in order to accelerate grid construction and minimize conflicts. The Medgrid initiative, which 
was set up in 2010, is an industrial consortium aiming to analyze the feasibility of a trans-
Mediterranean power grid. If this plan is accomplished, it is expected to boost significantly MRE 
development in the area; see also [193]. 

4.4. Environmental Considerations 

4.4.1. Potential Environmental Impacts 

Different offshore energy devices and installations may have various environmental impacts 
during the construction, operation, and decommissioning phases. During construction and 
decommissioning, impacts are considered to be similar, as similar activities take place. A general 
review of the environmental and ecological effects of MRE installations can be found in [194], while 
further anticipated pressures from such technologies can be found in [195]. Over the past years, 
several studies have examined the potential impacts of installations of OWFs on the marine 
environment. Although the majority of them is focused on the northern European waters, this 
information can be considered valid to a great extent also in the MS. 

One source of environmental effects, mainly related with offshore WTs, is underwater noise. 
During construction, mostly mammals and fish are influenced by noise caused by pile-driving during 
the deployment of monopile and jacket foundations. There is evidence that extreme noise levels cause 
avoidance behavior of marine mammals and mortality or tissue damage in fish, while drilling, 
dredging, and increased traffic are associated with less harmful acoustic disturbance. Gravity base 
foundations are associated with intense dredging activity causing sediment dispersal and increased 
turbidity, which in turn can damage sensitive organisms [196]. Avoiding construction activities of 
any MRE installation during particular times of the year for fish and marine mammals is important 
in order to mitigate impacts on marine life [197]. During the operational phase, acoustic disturbance 
due to underwater noise is caused mostly by turbine operation. 

Birds can be influenced significantly by OWFs. Change in birds’ behavior (avoidance of the 
vicinity to turbines); birds’ response to destruction, modification, or creation of habitat related with 
offshore infrastructure and collisions with turbines are the most important impacts on birds [198]. 
Diving birds are also at certain risk because of the presence of underwater elements of wave and tidal 
devices [199]. Experience from onshore structures has revealed specific ways to mitigate these 
impacts, especially to prevent collisions, which is the major concern. Available techniques based on 
radar technology can detect birds approaching and either slow down/seize turbine operation or even 
emit high-frequency sounds in order to confuse birds and make them avoid the area. Since the MS 
belongs to one of the world’s largest bird migration systems, this consideration is crucial for the 
development of offshore wind energy sector in the basin. Specifically, a great number of passerines, 
near-passerines, ducks, and raptors migrate from Europe to Africa mostly along the 
Mediterranean/Black Sea Flyway. Migration through this north–south axis is hampered by the 
existence of the basin and therefore, it takes place mostly through land routes such as the Messina 
Strait, Malta, as well as the Straits of Bosporus and Dardanelles. Several migration species of this 
flyway are characterized as globally endangered since a population decrease is observed over the 
past decades [200]. A review as regards the required field variables and the methods to collect them 
in order to examine the impacts of OWFs on birds, can be found in [201] for Spain. The potential 
effects of OWFs on birds in the MS have been described in [202]. Careful site-selection for OWFs and 
use of the available technology are essential measures in order to mitigate negative impacts on birds. 
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Electromagnetic field (EMF) effects, entanglement of marine species, and disturbances of 
physical systems due flow pattern changes are common characteristic effects of all MRE devices. 
Specifically, EMF caused by the presence of electric transmission cables of any MRE device may have 
negative environmental impacts by disturbing fish and marine mammals. In [203], the risk of 
entanglement that the various MRE mooring configurations present to large marine animals has been 
assessed. Results showed that taut configuration is associated with low entanglement risk compared 
to catenary moorings or nylon ropes. It is recommended that entanglement risk should be considered 
in environmental impact studies. Moreover, regarding wave and tidal devices, high-priority concerns 
are the impacts of turbine blades on marine animals. 

The underwater structure of WTs, wave and tidal devices may also affect wave propagation and 
wave driven processes, flow and circulation patterns, and changes in coastal morphology. The wave 
energy reduction in the area, may influence coastal environment by affecting processes such as 
sediment transport and coastal morphology [199,204,205]. Sea grass meadows and coralligenous 
formations can be substantially affected by erosion caused by construction activities in the case of 
bottom-fixed structures. Consequently, selection of suitable areas for MRE production is particularly 
important in the MS for the protection of habitats. A recent account on the potential environmental 
effects of offshore wind installations in the MS can be found in [202]. On the other hand, the artificial 
reef effect (colonization of structures by benthic organisms, which leads to attraction of other marine 
species) can positively influence biodiversity, tourism, and fisheries. However, negative effects may 
be caused by the potential alteration of local biodiversity status. Exclusion of fisheries during the 
operation phase can increase local species abundances as fish is allowed to breed and grow free from 
fishing pressures [196]. 

More research is necessary, as the cumulative effects and long-term environmental impacts are 
hardly clear. A first attempt towards this goal has been presented in [206]. Long-term and continuous 
environmental monitoring is required since the modifications in the status of the marine environment 
at OWF sites has not been fully assessed yet. Detection of ecologically meaningful changes will allow 
further and substantial environmental impact assessments related to MRE installations [207]. 

4.4.2. Marine Protected Areas 

The potential of OWFs to act as MPAs or stepping stones in networks of MPAs started being 
studied in depth during the last few years. A main theme of the COCONET project [149], was the 
detailed assessment and integration of future OWF installations along with existing MPAs in the MS 
The main goal of the project was shifting from single MPAs into networks of MPAs through the 
identification of physical and biological connections, which in turn point out suitable areas for OWFs, 
avoiding too sensitive habitats and acting as stepping stones through MPAs. Coupling MRE 
installations (in particular OWFs), and MPAs is a rather complicated issue since the accumulated 
impacts of the aforementioned estimations and observations are not clear yet. OWFs are not operating 
for a long time in the marine environment and therefore, the information needed to support planning 
decisions regarding OWFs acting as MPAs is limited [208]. 

Given the great number of MPAs in the MS and the need for renewable energy production, 
several studies have focused on offshore wind energy development in relation to MPAs at regional 
level. An investigation of offshore wind energy perspectives in the western coast of Greece in relation 
to MPAs in the region showed that even if all protected areas are excluded (along with areas of 
economic activity), the available space is adequate for offshore wind development [209]. A discussion 
on the potential coexistence of renewable energy installations and MPAs in European waters has 
been made in [210] and, a relevant discussion from the economic point of view in [211]; see also [208]. 
On the other hand, in [212], using the UK as a test case, the authors have concluded that the 
collocation of OWFs and MPAs could be an efficient solution for mitigating pressure of conflicts on 
other marine activities. 

The concept of combining environmental protection with MRE exploitation is under development 
in the European countries and several studies aiming to fill knowledge gaps have already been conducted. 
Environmental monitoring at various locations covering large time scales, as well as during the operation 



Energies 2017, 10, 1512 29 of 55 

 

of MRE devices, are necessary for the future perspectives of collocation of activities. Potential 
environmental impacts on surrounding sites due to fishing activity displacement, EMF effects, piling, and 
construction impacts are important aspects that need to be clarified. 

4.4.3. Environmental Impact Assessment Studies 

Environmental Impact Assessment (EIA) studies are a significant part of the licensing procedure 
for any MRE installation. The main purpose of EIA studies is the identification and evaluation of the 
impacts (positive and negative) that the implementation of a MRE project may have on the 
surrounding environment in its most general sense, including ecological, social, geomorphological, 
economic, and aesthetic issues. The necessity of EIA studies has been highlighted by the EU through 
the Directive 85/337/EEC on EIAs (called hereafter EIA Directive). The latest amended EIA Directive 
2014/52/EU (valid since 15/05/2014) aims to simplify the rules for assessing the potential 
environmental effects that MRE projects may cause. Article 3 of the Directive describes the objectives 
of EIA studies. According to this Directive, the term ‘environment’ should be understood at its most 
general extent and not only as the biotic environment. In this respect, a common misunderstanding 
as regards environmental impacts is that the impacts are considered only with respect to the biotic 
elements of the environment (fish, habitats, mammals, etc.). However, a MRE installation may also 
have impacts on the geomorphological and oceanographic characteristics of the area as, for example, 
the alteration of the wave propagation schemes, hydrodynamic conditions, sediment transport and 
equilibrium, coastal geomorphology, etc. Furthermore, according to the EIA Directive, an EIA study 
requires an integrated and holistic approach and should consider a large variety of processes in the 
area of MRE development along with the assessment of the potential interactions between these 
processes. Therefore, it is important for MRE developers to include simulations or experimental 
studies of potential impacts on the local geophysical and oceanographic characteristics as part of EIA 
studies. The MS countries do not have the luxury to learn by doing in the field of MRE development. 
The MS is a very fragile environment, currently experiencing various instabilities; potential failure in 
any attempt of commercial development of MRE projects will have a lot of consequences (not only 
on monetary terms). 

According to the EU Guidance (referring to offshore wind energy) [213], national protected 
areas/MPAs and Natura 2000 sites may not be threatened by the presence of OWFs, if they are 
properly designed and constructed. In particular, the environmental requirements formulated by the 
EU Directives provide guidelines for the protection and conservation of the marine environment, 
while national protected areas/MPAs and Natura 2000 sites may belong to either “restricted” or “no-
go areas”. These sites can be definitively characterized as no-go areas after detailed in situ assessment. 

Chapter 5 of [213] describes in detail a multi-step procedure for wind farm developments near 
Natura 2000 sites. Moreover, as has been stated in [214] (based on the Habitats Directive), an 
appropriate EIA study should be made if a MRE site is part of the Natura 2000 network, while 
compensatory measures are necessary in order to protect the overall integrity of Natura 2000 sites, if 
there are negative impacts with no alternatives. 

Three different case studies of EIAs on both biotic and physical system have been provided in 
[204] and a step-by-step description of a rational EIA study has been provided in [215]. A comparison 
of the legal frameworks governing EIAs, oriented to different marine applications (including MRE) 
in various countries, has been provided in [216].  

The continuous environmental monitoring at the design, construction, and operation phase is 
an important issue for MRE development in the MS. There are two specific examples of OWFs in 
Denmark (Horns Rev and Nysted), the experience of which may be used for future MRE development 
in the Mediterranean. The building permits of these OWFs include the additional obligation to carry 
out comprehensive environmental monitoring programs that should include measurement of the 
environmental conditions before and during construction, as well as during the operation of the 
OWFs. The environmental monitoring programs were initiated following the completion of the EIA 
and the baseline studies. In our opinion, this approach should also be followed for MRE 
developments in the MS; see also the review in [217]. 
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4.5. Socio-Economic Considerations 

Over the past decades, public perception, preferences, and increasing awareness about 
renewable energy sources (RES) have been under extensive study; see, for example, [218] and 
references cited there [219–223]. Social acceptance constitutes a critical requirement for the adoption 
and development of all renewable energy forms, as experience gained from onshore installations has 
already revealed. The accumulated experience from several attempts regarding OWF development in 
the basin clearly suggests that societal acceptance is of major concern in the Mediterranean countries; it 
refers mainly to visual (aesthetic) disturbance of the coastal communities, conflicting uses of the same 
marine space, and employment opportunities. Social issues are expected to continue arising in the MS, 
mostly due to the lack of MSP and the consequent conflicts of interest occurring among different user 
groups. Although a series of projects have focused on this problem, MSP still does not exist even for the 
northern Mediterranean countries. Marine areas that are either completely excluded from MRE 
applications or under a restrictive status are those of important coastal tourism activity, fisheries and 
aquaculture sites, maritime transport routes, Natura 2000 (under certain conditions) and Ramsar sites, 
offshore oil/gas installations, port entrances, military areas, submarine archaeological sites and sites of 
cultural heritage. It should be noted though that impacts vary significantly between locations, and site-
specific social impact assessment studies are required to accurately evaluate the social effects at and 
around the project site. Such studies should indispensably also include social perception, which is highly 
connected with the fate of MRE development in a location; if, for example, local actors are actively 
involved in the chain of implementing a MRE installation and local population are adequately informed 
as regards the benefits and valuation of MRE at a local/regional level, then the conflicts may be less 
pronounced; see, e.g., [222]. 

Impacts of MRE development on coastal tourism through visual disturbance, as well as impacts on 
fisheries are considered as issues of the highest importance and are discussed in the following sections. 
As has been highlighted in [224], economic and societal aspects of offshore renewables are inter-connected 
and synergistic research areas; therefore, they should be analyzed in a holistic approach in order to 
guarantee sustainability. This approach may be greatly enriched from the experience gained from onshore 
and offshore renewable applications, as it constitutes a valuable tool towards understanding and 
overcoming such challenges of MRE development in the Mediterranean; see also the interesting review 
in [225] with many examples from onshore wind farms in Greece, and [205]. 

4.5.1. The Economics of Offshore Renewables 

The main economic constraint of offshore renewables is related to the cost of electricity [1]. 
Capital expenditures (CAPEX) include the cost of manufacturing, installing, and decommissioning a 
device (i.e., costs prior to energy generation such as foundation, grid connection, environmental 
analysis); operational expenditures (OPEX) are related to the costs of operation and maintenance 
(O&M) of an installation (e.g., insurance, repair). The levelized cost of energy (LCOE) refers to the 
costs of electricity for an MRE installation over an assumed financial life and duty cycle. In this 
respect, LCOE is very useful in comparing different energy generating technologies under different 
conditions. LCOE includes CAPEX and OPEX and can be calculated using the equation below; see 
also [226] 

CAPEX  FCR + OPEXLCOE=
AEP

× , (3) 

where AEP stands for the annual energy production and FCR is the annual fixed charge rate that 
depends on the discount rate r  and the lifetime of the project n . Specifically, FCR can be calculated 
by the equation: 
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where t  denotes years and ranges from 0 to n . 
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Based on various economic and technical factors and assumptions (e.g., capital cost, discount 
rate, number of WTs, installed capacity, distance from shore), different values for the LCOE are 
obtained when trying to estimate cost of energy production. For instance, as regards tidal energy 
converters, bottom mounted structures with one rotor are, in financial terms, less attractive than twin 
turbine rotors [227]. Indicative results for the LCOE are presented in Table 2. Let us note that the 
above estimates were retrieved from sources with different currencies; therefore, wherever necessary, 
all currencies were converted to Euro according to historical average exchange rate of the 
corresponding publication year [228]. 

Table 2. Values of LCOE for different types of MRE (€/MWh). 

Source 
Type of MRE

Offshore Wind Energy Tidal Energy Wave Energy 
[229] 94 93 218 
[230] 120–250 110–220 140–530 
[60] 165 190 325 
[231] 216 117–252 108–423 

In [232], an attempt has been made to identify the most important factors affecting O&M costs, 
in [233] a rational logistics planning has been proposed, and in [234] suggestions for the minimization 
of the maintenance costs have been provided. A sensitivity analysis regarding the life cycle costs and 
the most important economic indexes in terms of economic feasibility of a floating OWF has been 
presented in [235]. It is generally considered that reduction of investment costs are feasible in the near 
future. In [236], the increase of the load factor and material efficiency, and the decrease of 
decommissioning costs have been suggested, the author in [237] has concluded that the price of 
offshore wind power expansion is reasonable and that the support scheme with incentives and 
enforcement of efficiency improvement proved to be successful, while in [238], scenarios regarding 
cost reduction of renewable energy in the EU scale have been presented and discussed. The levelized 
costs of tidal, wave, and offshore wind energy have been evaluated and compared in [60]. 

A set of support tools has been placed in action by the EU Member States in order to efficiently 
promote all forms of MRE production, [239]. In order to encourage cost-effective deployment of 
MREs in the Mediterranean, the established mechanisms of public support such as feed-in tariffs 
(FiTs) are implemented. The two widely used forms of FiTs are fixed FiT and feed-in premium (FiP). 
FiTs have been used in many cases to ignite and accelerate MRE investments and are considered as 
a favorable option for market development of MRE in the MS. Such strategies require support of the 
banking sector and determination of the market organization and sustainability. A steady economic 
environment favors investments and market development. The EU, through adopting the guidance 
of the renewable energy support framework [240], suggested that fixed FiTs should be replaced by 
FiPs and other support instruments since FiPs are more rational, flexible and capable of supporting 
schemes that should respond to potentially reduced production costs. A detailed discussion as 
regards the pros and cons of fixed FiTs vs. FiPs has been presented in [241], while the status of the 
running support instruments in the EU Member States is regularly updated in [242]. 

Further research is needed in order to survey and evaluate potential strengths and weaknesses of the 
MRE sector in the Mediterranean basin, and to analyze in depth the costs and profitability of technologies 
with respect to the MS environment. The value chain of MRE also requires more cost-efficient and tailor-
made solutions from the industry. Technology development should seek solutions regarding the 
operation cost of MRE farms, leading more players to the market. However, as is mentioned in the 
Introduction with respect to the perspectives of MRE development in the Mediterranean countries, the 
key role of the national and regional governmental entities and the financing sector of the Mediterranean 
countries cannot be accurately prescribed. Nevertheless, investments in the MRE sector in the MS cannot 
thrive without economic stability and financing certainty. 

4.5.2. Legal and Regulatory Framework 
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In order to achieve the overall goals of the Renewable Energy Directive, all EU Member States 
have developed national action plans combined with in advance renewable energy forecasts. Each 
national plan is formed according to the available resources and the particular energy market [243]. 
In this connection, the legal–regulatory framework for energy production is critical for MRE 
development. However, as has been highlighted in [244], existing research on legal and regulatory 
issues related with MRE is not adequately addressed since the key issues that are involved are also 
interrelated with several other aspects such as EIAs and consenting processes, rights and ownership, 
international law, management of ocean space, etc. In [245], a discussion on the policies and 
governance framework as regards offshore wind in the EU Member States has been presented along 
with some suggestions as regards the EU role in shaping offshore wind governance while in [246], a 
review on the consenting processes as regards MRE has been presented for different EU Member 
States, including France and Spain. 

Energy prices at the national level may create a favorable or less favorable environment for 
investments, shaping in this way the organization of the corresponding markets. The cost of MRE 
and the relevant competitiveness of investments are formed, to a great extent, by national licensing 
procedures and regulations, cash liquidity costs and regional/local requirements as regards offshore 
installations. What makes an investment attractive and supportive of the value chain, strongly 
depends on the efficient energy market organization, the established licensing procedures and 
relevant policies at the national and regional level. On the other hand, continuous changes on the 
regulatory, policy, and market frameworks, and/or financial or political instability, play influential 
role to the sector’s value chain and have evidently negative impacts on the maturation of the MRE 
market. These issues have been addressed in detail at the Mediterranean level, in the context of the 
recently completed Med Program “Blue Energy in the Mediterranean (BLUENE)” [247]. In-depth 
analysis has been made with reference to Italy, Spain, Croatia, and Greece; see also [248] for an 
overview of two Med projects dealing with aspects of MRE (BLUENE and Enercoast). Renewable 
energy policies and regulatory frameworks in the EU Member States are regularly updated in [242]. 

4.5.3. Employment Opportunities 

Employment is a field (positively) affected by MRE production [249,250]. MRE industry creates 
new jobs during all stages of a MRE project and reskills opportunities for people affected by economic 
restructuring. The broad range of occupations required by the supply chain for each MRE technology 
create new permanent or part time employment opportunities, especially for residents of the coastal 
community. Nevertheless, accurate figures as regards current and future creation of new jobs in the 
MRE sector seem to be lacking. Various and diverging future estimates for Europe have been 
provided in [251–254]. 

4.5.4. Struggling for Space? 

In this section, the most important ‘space competitors’ of MRE development in the MS are 
presented, i.e., tourism, maritime transport, fisheries and aquaculture, and seabed mining. 

Tourism and Visual Disturbance 

Tourism is highly dependent on the attractiveness of the environment. Visual impact (landscape 
impact and aesthetic impact [225]) caused by the presence of offshore renewables is believed to have 
a negative impact on coastal tourism [255]. However, offshore WTs are proved to cause much less 
visual disturbance than the onshore ones [256,257]. Visual impact is negligible at 5–10 km with 
respect to aesthetic quality of landscape, while an accumulated effect of greater numbers of WTs is 
not confirmed [258]. In Denmark and Sweden, where OWFs are located rather nearshore, locals are 
generally positive towards OWFs but they also prefer future OWFs to be located further offshore and 
have expressed willingness to pay for this. On the other hand, OWFs in Germany are located outside 
the 12 nautical mile zone and they are hardly visible from the shore [259]. 

Extensive studies regarding the impact assessment of OWFs on tourism and coastal 
communities have been made for the North Sea. Most common concerns are related to impacts on 
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the landscape, use of sea space, noise, shadow flickering as well as risk of ship collision. The most 
important groups that are associated with stronger visual disturbance are residents of the coastal 
areas selected for OWF development, those who make use of the beaches as well as people of higher 
education, income and age [260,261]. In Denmark, people with prior experience from OWFs located 
in large distance from the coast have more favorable attitude towards visual impacts than people 
familiar with OWFs closer to the coast [261,262]. Moreover, accumulated experience from OWFs 
installations (in the North Sea) suggests that offshore WT foundations along with the development 
of artificial reefs may add real recreational value to a coastal area by enabling educational activities 
such as observational boating [164]. These concepts have already been implemented in the UK, 
Denmark, and Germany based on the attractiveness of new technologies as well as the promotion of 
environmental awareness [263]. 

The importance of tourism in the economy of the Mediterranean coastal communities explains 
a number of fears that locals express regarding MRE development, and especially OWFs, since gained 
experience (regarding impacts on tourism) is confined to this MRE form. In the Mediterranean French 
coasts, offshore wind projects have been cancelled due to locals fearing of destruction of their coastal 
community resorts. In [164], the authors have studied the impact of OWFs in coastal tourism for the 
case of the Languedoc-Roussillon region in the Mediterranean coasts. Age, nationality, and vacation 
activities seem to influence the degree of visual nuisance that tourists experience. The same study has 
also revealed that no visual impacts exist at distances in the range 8–12 km, while wind farms at 12 
km offshore could lead to a slight increase of tourist visitations. In addition, proper environmental 
policy as well as recreational activities associated with OWFs could compensate the negative visual 
impacts of an OWF located at 5 km. 

Social oppositions to MRE projects due to visual impacts and the ‘not in my backyard’ (NIMBY) 
attitude can be mitigated or even eliminated by using floating devices deployed offshore, a concept 
that is gaining ground during the past few years. At present, floating offshore WTs are planned to 
operate off the Mediterranean French coasts. Apart from shifting offshore, tourism industry may 
overcome these barriers by turning OWFs into local attraction centers. Furthermore, people's 
perception of OWFs also depends on the greater context in which they operate, meaning a rational 
environmental policy of the local coastal community. In this context, visual disturbance issues and 
the associated impacts on tourism can be substantially minimized [164]. Authors in [264], making 
particular reference to the MS, have concluded that pluralistic information regarding climate change 
issues—effectiveness of RES, impacts of offshore WTs on the surrounding biotic and abiotic 
environment, cost of wind energy compared to other energy sources, etc.—may influence tourist 
community preferences for OWFs that are visible from the shore. The authors also have suggested 
that nationality, education level, and proper information on the above issues are important. Overall, 
distance to shore has the greatest influence in public attitude towards offshore installations. 

In [265], public perceptions of tidal stream energy in northwest Spain have been studied. The study 
has showed that several characteristics of the energy facility such as the number of tidal stream turbines 
affect people’s perception. A generally positive attitude towards tidal energy is also revealed. However, 
this attitude is expressed by most residents except for those living very close to the power plant, leading 
to the conclusion that NIMBY attitudes can appear in the tidal energy case too. 

Wave energy technologies have minimized visual impacts and therefore, public perceptions are 
not expected to hamper any future wave energy development. A relative case study analyzing public 
acceptance of the oscillating water column plant of Mutriku, verifies the particularly positive public 
attitude but also points out the importance of proper information of the community, as well as the 
participation in decision making regarding such projects in order to achieve public acceptance [266]. 
Regarding especially wave overtopping devices installed directly on existing infrastructure (e.g., the 
OBREC installation in the Port of Naples [185,186]) seem to be a sustainable solution, minimizing the 
potential conflicts between different stakeholders and strongly mitigating NIMBY attitudes. 

Maritime Transport 

MRE installations can impose potential hazards to the safe navigation and operation of marine 
vessels, especially in crowded ship routes; therefore, it is expected that future MRE projects will 
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compete with shipping for space. For instance, apart from collision problems, the mooring system of 
arrays of marine renewable devices may significantly reduce the underwater visibility of submarine 
and unmanned underwater vessels and impede counter-pollution and search and rescue operations. 
Moreover, the presence of a large array with its power cables may cause electronic/magnetic 
interferences of radar and underwater communication systems, which may be a potential risk to 
navigation. In [267], it has been suggested that a safety zone of at least 500 m should exist between 
OWFs and shipping lanes, while the buffer zone must be wide enough to allow for a turnaround of 
a vessel. A more detailed approach as regards interactions between MRE installations and ship routes 
has been presented in [268], while technical guidance and recommendations as regards the impacts 
of MRE installations on shipping have been provided in [269]. Avoidance of MRE installations by 
rerouting (due to safety aspects) maybe not a simple task. It may increase environmental pollution 
(ship air emissions of CO2, NOX, SOX, and particulate matter), fuel and operating cost, and capital 
cost payments, leading thus to an increase of the transportation cost. On the other hand, ship 
rerouting may reduce the cost of future MRE projects [270]. 

Another emerging priority relating MRE use and maritime transport is cold ironing (ship 
electrification) for ships while at berth; this issue is one of the main objectives of the undergoing 
ELEMED (Electrification of the Eastern Mediterranean Area) project, held in the frame of Connecting 
Europe Facility—Transport [271]. Nowadays, the main source of power for ships are heavy fuel oil and 
marine diesel oil [272]. Due to the rapid development of international commerce, and, in turn, the 
increase of the seaborne activities in the Mediterranean area, ship and port emissions have been 
increased, putting more pressure on the quality of the port and coastal environment and community. 
Among the proposed solutions for improving air quality in ports and adjacent coastal areas is to adopt 
cold ironing. The ideal situation, in this respect, would be either to increase the share of MRE in the 
local grid or to assign some of the ports’ operational energy needs to MRE. The ELEMED project studies 
the above-mentioned issues for four ports of the eastern MS (Limassol, Piraeus, Kyllini, and Koper).  

The critical role of ports in the MRE development is additionally supported by the fact that ports 
are often located in areas that are particularly suitable for power generation from wind (e.g., 
Rotterdam), waves (e.g., Mutriku in the Basque Country), tide differentials (under study in Dover, 
UK). In this respect, it is highlighted that North Sea ports may become the onshore hubs for offshore 
wind energy-based system (including infrastructure connection, manufacturing sites, and 
operational centers for construction and maintenance of offshore wind) [273]. Such an approach may 
be adapted for the Mediterranean ports as well. Overall, electrification of ships in the major ports of 
the MS and the integration of MRE in the electrical power supply systems is considered of great 
importance nowadays. 

Fisheries and Aquaculture 

The presence of MRE installations leads to loss of fishermen’s access to a large area. European 
countries imply a 500-m restriction during construction works and operation of OWFs, while only 
the UK reduces the exclusion zone to 50 m around each WT during OWF operation [274,275]. 
Fishermen’s work depends on a series of physical and technical parameters unknown to public; thus, 
moving to other fishing areas, as well as continuing to work inside an OWF, is a rather complicated 
issue. According to a study on the perceptions of the UK fishing industry, fishermen consider that a 
‘loss of profit’ will occur due to the reduction of the available area for fishing since navigation and 
fishing activities in the farm area are not safe. Regarding safety, only certain types of fishing can be 
considered as compatible [276]. Exclusion of fishing activity into the MRE area leads, on the other 
hand, to positive environmental impacts as pressures in the marine environment decrease (protection 
of benthic and soft sediment communities, etc.). Moreover, it has been highlighted by several studies 
that OWFs or other MRE installations can act as artificial reefs, thus providing benefits to fisheries 
(leading to attraction of high commercial value species), and opportunities of aquaculture inside the 
farms, while fish catches can increase outside the protected area [164,212,277,278]. Similar surveys 
have been presented in [279] in order to quantify fishermen's perception in Ireland and the UK [280]. 
Other concerns regarding the impacts on fish behavior patterns and trophic web functioning have 
been described in [281,282], respectively. Despite the concerns discussed above, results reveal a 
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generally positive attitude (70% of fishermen) towards the coexistence of fisheries and MRE projects. 
A consultation process is recommended, so that potential conflicts can be significantly reduced when 
stakeholders participate in decision making on relevant projects.  

In the MS, most aquaculture and fish farm installations are located in weather protected coastal 
areas (i.e., areas of low wave and wind resource). In this respect, it seems that the conflicts in existing 
and future uses of marine space are not important. In addition, given the expansion of the 
aquaculture industry and the consequent increasing energy demand, the applicability of MRE 
technologies in the Eastern Mediterranean offshore aquaculture has been investigated in [283]. In 
[284], the application of aquaculture within OWFs has been discussed and the points of view of the 
different stakeholders involved have been explored.  

Marine Mineral Resources 

Exploitation of marine mineral resources (e.g., polymetallic nodules, ores, polymetallic 
sulphides, cobalt-rich crusts) is another activity taking place in the marine environment and is among 
the five pillars that could contribute to sustainable growth and provide jobs based on the European 
Commission's Blue Growth Strategy. As regards the Mediterranean, seabed mining has the potential 
to become a major industry, but several considerations need to be resolved first, such as policy 
framework, and more research is required, such as ecological impacts and availability of minerals 
and deposits in order to achieve viable projects. Tyrrhenian and southern Aegean Seas are the most 
promising areas for exploiting sulphide deposits.  

Exploring interactions and conflicts between the above marine uses and MRE is essential for the 
forthcoming marine environmental management. In a publication of the Directorate-General for 
Maritime Affairs and Fisheries, [267], the spatial competition between MRE installations and other 
maritime activities, addressed specifically to stakeholders and decision makers, is discussed.  

4.5.5. The Necessity of Marine Spatial Planning 

Increasing demand for maritime space to host different activities, combined with the multiple 
pressures on coastal resources, requires an integrated planning and management approach. The 
concept of collocation of activities has recently gained ground since it constitutes an alternative 
option to ease demands on space. An assessment using as a test case the UK has been made in [212] 
with particular reference to MPAs, aquaculture, and commercial fishing. The idea of multi-use 
offshore platforms (MUP) combining MRE, transportation and aquaculture facilities has been studied 
in [285–290]. In [286], the methodological steps for the design of a MUP, based on technical, 
environmental, and socio-economic criteria have been proposed, followed by a test case scenario off 
the Western Sardinia coasts, where WECs, offshore WTs, and aquaculture are studied in a combined 
way. An integrated socio-economic assessment of MUPs has been presented in [289], and an 
application for the area offshore Venice has been provided in [290]. In this context, collocation of MRE 
installations and aquaculture is feasible since water quality and lack of traffic within a MRE plant 
favor cultivation of several species [208,291]. Collocation opportunities have been also discussed in 
[292] in relation to MPAs, fisheries, and offshore renewable energy sites. The study focuses on 
Northern Ireland’s waters and suggests that understanding how the individual sectors are affected, 
facilitates the identification of the potential conflicts and contributes to mitigation strategies. It is 
suggested that optimal locations for ΜRΕ should depend on collocation opportunities and that a 
“multi-industry ocean-zoning” within the framework of strategic conservation planning is required; 
see also [288], where a framework for specifying alternative points of view (such as technical, 
environmental, socio-economic, and legal factors) as regards MUPs is applied. One of the study areas 
in the latter work is the MS. Nevertheless, the bigger picture regarding the particularities of the 
Mediterranean countries, necessarily encompasses a comprehensive Maritime Spatial Planning 
(MSP) and Integrated Coastal Zone Management (ICZM). MSP and ICZM are complementary aspects 
that ensure the sustainable development of MRE.  

MSP rationally combines multiple users and uses of the sea and its framework is established by 
the Directive 2014/89/EU of the European Parliament and the Council. It is a policy and decision tool 
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for the sustainable utilization of the maritime resources through analyzing and allocating the 
spatiotemporal patterns of human activities, [293], supporting the application of a holistic, 
coordinated, and trans-boundary approach; see also [294–298]. MSP is the foundation on which any 
further attempt for sustainable development of MRE in the MS should be lying. From another point 
of view, in [299] it has been suggested to adopt the Ocean Health Index (OHI) with respect to MRE 
in order to balance the various multiple-competing activities in MSP, considering both environmental 
and socio-economic aspects. An overview of the MSP status in the MS including case study reports 
(for the Adriatic and the Alboran Seas, the area surrounding Malta, and Western Mediterranean) and 
country reports can be found in [300]. Rights and ownership in the marine environment, management 
of ocean space and of the available resources, environmental sustainability, and improvement of EIA 
studies by using planning professionals have been discussed in an analysis of modern marine 
governance frameworks conducted in [301]. This paper also has highlighted the need to understand 
that MRE is an emerging ocean use and that shaping proper MSP frameworks would improve 
outcomes for innovative new industries and vice versa.  

It is anticipated that, up to 2021, significant progress as regards MSP in the Mediterranean will 
be achieved. On the other hand, declaration of the Exclusive Economic Zone (EEZ) of the 
Mediterranean countries would probably facilitate the development of MSP in the Mediterranean 
basin. However, it seems that many disputes associated with geopolitical and socio-economic 
complexities over marine borders and jurisdictions in the basin do not have a critical importance as 
regards MRE development [302]. Although progress has been made by the Member States in MSP, 
further development is necessary. 

Along with MSP, ICZM can ensure the sustainable regional and local development of coastal 
and marine areas and the integrated management of human activities through harmonized policies 
and decision-making structures. Knowledge on the local coastal systems can be improved by taking 
into consideration diverse activities that take place in the coastal environment [303]. Some examples 
of ICZM initiatives in the coastal Mediterranean have been provided in [304]. The vision of EU for a 
common framework for MSP and ICZM will be extremely valuable for the MS. The protocol that was 
developed to promote and implement ICZM in the Mediterranean through a common framework, 
and was approved on behalf of the EU, can be found in [305]. 

5. A Roadmap for MRE Development in the Mediterranean Sea 

5.1. General 

The importance of uninterrupted availability of affordable MRE sources is highlighted by the 
rapidly increasing need to replace fossil fuels with sustainable energy. The maturity of the wind 
energy market, the existing advanced technology and the proven economic viability of offshore wind 
production in the North Sea render offshore wind the most promising MRE form for the 
Mediterranean in the near future. Offshore wind energy is currently gaining ground in the MS since 
it seems to be the most suitable for the area among MRE forms as regards resource availability.  

Financial stability and application of effective financing tools, governance support, enhancing 
and centralizing of permitting bodies’ capacity, the rationalization and simplification of licensing and 
permitting procedures, and improvement of policy frameworks are considered key issues for 
facilitating and boosting MRE development in the area. For example, the application of joint actions 
and procedures when developing infrastructures relevant to MRE projects (grid network, ports, etc.) 
at the basin level may significantly facilitate its development. This, in turn, requires (i) the revision of 
national policies and environmental, socio-economic, technical, and legislative considerations; and 
(ii) the harmonization and integration of national, regional, and transnational policies (at least for the 
EU Member States) in order to mitigate the problem of conflicting regulations and legislations that 
hinders the development of activities occurring in overlapping political spaces.  

For the sustainable development of MRE in the MS, negative experience and examples may be 
also of value. In [306], it has been proven that the absence of both strategic design and effective 
legislative/regulation framework, combined with misinterpretations as regards onshore wind farm 
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development in Greece, leads to “…anarchic applications for the development of electricity power 
plants from renewable energy sources…”. 

A roadmap for Blue Energy (BE) development in Europe has been described in detail in [6] and 
[307]. Specific recommendations as regards technical, environmental and socio-economic aspects 
relevant to MRE development in the MS are provided below. 

5.2. Technical Recommendations 

Since the existing wave and tidal/current devices are designed for harsher environments than 
the MS in order to effectively utilize moderate resources (short-crested waves with rather low wave 
heights, slower tidal currents) in an economically viable way, there is need for a tailor-made range of 
concepts, namely smaller WECs and smaller TECs well adapted to the Mediterranean conditions and 
the available resource. Currently, the lack of mature technologies in WECs and the limited wave and 
tidal/current energy render the commercial and geographically extended development of these MRE 
forms in the basin unlikely for the next years. Onshore wave devices may be a rational solution for 
the already existing infrastructure (breakwaters, seawalls, dams, bridges, etc.) [6]. Based on the 
provided MRE potential estimates, it seems that today only offshore wind energy (and in few specific 
locations tidal/current energy) meets the requirements for commercial development. Nevertheless, 
there is currently a discussion as regards combined exploitation of marine wind and wave energy by 
using collocated, hybrid, and island systems. For the Mediterranean case, the available wave resource 
is weak and therefore, the combined wind and wave energy resource is also weak [61]. The potential 
sites that such a synergy can be implemented is the Gulf of Lion, the Greek islands in the Aegean Sea 
and the sea area between Sicily and Tunisia.  

Although any discussion about potential application of OTECs in the MS is currently unlikely, 
in [308], it has been proposed that the temperature difference between the atmosphere and the sea 
water may be utilized since it is comparable to the corresponding water temperature differences in a 
tropical region. Regarding salinity gradient energy, since most of the river mouths in the 
Mediterranean coasts are environmentally protected areas, potential attempts for installations in 
these areas are expected to be intensively confronted. Fulfilling our knowledge gaps as regards OTEC 
and salinity gradient energy potential in the Mediterranean is a priority in order to realistically 
discuss their perspectives in the basin. 

Overall, BE industries of the Mediterranean should either invest in the development of new 
technologies or adapt existing ones in order to provide tailor-made solutions for BE exploitation in the 
area. According to [6], other focus areas that should be addressed for technology development refer to 
testing and modelling (validation of concepts and demonstration of installations in real conditions), 
reliability and survivability (development of real-time monitoring systems to identify potential failure 
during the operation), installation and logistics (utilization of existing infrastructure), power generation 
and grid and standardization of the industry leading to certification. 

Another important issue refers to the lack of in situ met-ocean measurements and long-term 
simulation results obtained from numerical models of high spatial resolution. In particular, the 
estimation of offshore wind energy characteristics should be made at the offshore WT hub height, 
while the wind profile should be accurately estimated by utilizing measured wind data obtained by 
meteorological masts or Lidar measurements. The detailed evaluation of the model results, especially 
in the nearshore/coastal areas, is also necessary in order to assess the accuracy, performance, and 
homogeneity of the numerical simulations. 

5.3. Environmental Recommendations 

Some recommendations relevant with OWF development in the MS have been provided by the 
COCONET project [149]; see also [107]. It was acknowledged that more detailed information on the 
environmentally sensitive marine areas at depths 0–200 m is required. The more accurate 
identification of important habitats, coralligenous, and deep-water white coral formations, is 
necessary for the efficient planning in the MS. The current lack of mapped bird migration routes is 
an additional information gap for the offshore wind sector. Taking into consideration the COCONET 
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findings, some general recommendations as regards the interactions of MRE development and 
environmental issues are summarized below. 

In the areas scheduled for MRE development, there is need to screen and map the existing 
habitats and the distributions of important species, as well as the surrounding water volumes and the 
sea bottom areas so as to avoid impacts on biodiversity. In this respect, monitoring campaigns are 
necessary before and during construction, operation and decommissioning of MRE installations in 
order to enrich knowledge as regards long-term environmental effects and the acting of the installations 
as stepping stones across MPAs. The monitoring programs shall be standardized in order to assess 
marine biota shifts, create baseline inventories and identify thresholds so as to understand and predict 
future changes in marine biodiversity due to the MRE installations. An efficient means to fulfil this task 
is by utilizing pilot sites before MRE development in order to study and assess actual environmental 
impacts in the surrounding environment. The installation of the main components of a structure might 
allow the prediction of the impacts as if the whole structure was deployed. In this way, the study of the 
potential environmental effects in the far- and near-field environment and the optimization and 
adjustment of the MRE installation will be considerably facilitated.  

EIA studies should be followed by consultation of the general public, local authorities, 
organizations concerned and any stakeholder involved in the MRE project in order to be realistic and 
of actual value. A necessary, yet overlooked, part of the EIA studies is the simulation of the potential 
impacts of MRE installations on the local geophysical/oceanographic characteristics (wave propagation, 
circulation, sediment equilibrium, coastal morphodynamics, etc.). Finally, there is need to review and 
share the knowledge from the implementation of important EU directives (Marine Strategy Framework 
Directive, EIA, and the Habitats and Birds Directive) for enabling more consistent approaches across 
Mediterranean EU Member States, especially in cross-border cooperation issues. This is necessary since 
the directives as regards licensing and consenting processes for MRE development are often integrated 
in a non-homogeneous way into the national legislations. 

5.4. Socio-Economic Recommendations 

Taking advantage of the existing experience from northern European countries and France, 
regarding OWF development in the Mediterranean, there is need to promote floating structures as a 
rational solution for the offshore wind exploitation in the area. This shift may also contribute to the 
mitigation of potential environmental effects. Another urgent necessity is to increase the likelihood 
of social acceptance for MRE development in an area. This can be achieved in several ways, such as:  

• Combining other beneficial economic activities with the operation of MRE plants (e.g., the 
underwater structures of WTs or other MRE devices can be used to farm filtering bivalves or 
provide space for commercial fish, mimicking artificial reefs) in order to minimize fears and 
prejudices. These activities might become part of the compensations offered to the local 
communities.  

• Raising environmental awareness of the local communities through informational campaigns 
and by making explicit the pros and cons of each MRE plant; the advantages for the local 
communities must be realistically stated, along with proposed compensation measures.  

• Providing proper and accurate information of stakeholders about the economic implications of 
MRE installations on tourism.  

• Performing detailed socio-economic valuation surveys during the design phase of MRE projects, 
with consultation processes for any relevant application, focusing on stakeholders. 

Finally, the lack of MSP is expected to raise conflict of interests among different user groups. 
Creating the conditions to rationally exploit the benefits of MRE development in the MS and 
mitigating the expected social conflicts is highly dependent and interrelated with the development 
of MSP and ICZM at the regional/local level. These issues, combined with EIA studies of actual and 
realistic value, and rational regulation of the uses of the same ocean space constitute key drivers 
towards MRE sustainability in the Mediterranean basin. The management of marine, maritime, and 
coastal space must be accomplished in an integrative fashion in order to acquire a complete picture 
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of all existing, scheduled, and foreseen human activities, and associated threats to environmental 
integrity and, most of all, to maximize its value. 

5.5. Roadmap Summary  

The schematic representation of the roadmap for MRE development in the MS is depicted in Figure 
15 and, based on the above discussion, the key points of this roadmap are summarized as follows:  

Data efficiency 

• Perform in situ metocean measurements and acquire long-term simulation results from 
numerical models of high spatial resolution, especially in the nearshore/coastal areas 

• Simulate the potential impacts of MRE installations on the local geophysical/oceanographic 
characteristics 

• Acquire detailed information on the environmentally sensitive marine areas and habitats at 
depths 0–200 m 

• Map bird migration routes to facilitate the development of offshore wind sector 
• Screen and map the existing habitats and the distributions of important species 
• Design and implementation of monitoring campaigns before and during construction, 

operation, and decommissioning of MRE installations.  

 
Figure 15. Schematic representation of the roadmap for MRE development in the Mediterranean Sea. 

MRE technology 

• Invest in the development of new technologies or adapt existing ones in order to provide tailor-
made solutions for MRE exploitation in an economically viable way 

• Support onshore wave devices as a rational solution for the already existing infrastructure 
• Consider synergy of offshore wind and wave energy at carefully selected sites 
• Promote offshore wind energy that is mature to meet the requirements for commercial 

development 
• Promote floating structures as a rational solution for offshore wind exploitation and as a 

measure to mitigate potential environmental effects. 

Society involvement 

• Perform EIA studies of actual and realistic value followed by consultation of the general public, 
local authorities, organizations concerned, and any stakeholder involved in the MRE project 

• Review and share the knowledge from the implementation of important EU directives for 
enabling more consistent approaches across Mediterranean EU Member States, especially in 
cross-border cooperation issues 

• Increase the likelihood of social acceptance for MRE development by several means (combining 
other beneficial economic activities with the operation of MRE plants, raising environmental 
awareness of the local communities through informational campaigns, providing proper and 
accurate information of stakeholders about the economic implications of MRE installations on 
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tourism, performing detailed socio-economic valuation surveys during the design phase of MRE 
projects focusing on stakeholders). 

State level recommendations 

• Develop MSP and ICZM at the regional/local level for establishing a holistic management of 
marine, maritime, and coastal activities in the ocean space 

• Strengthen financial stability, application of effective financing tools, governance support, 
enhancing and centralizing of permitting bodies’ capacity, rationalization, and simplification of 
licensing and permitting procedures, improvement of policy frameworks 

• Revise (if necessary) national policies and environmental, socio-economic, technical, and 
legislative considerations 

• Harmonize and integrate national, regional, and transnational policies (at least for the EU 
Member States) in order to mitigate the problem of conflicting regulations and legislations. 

Ultimate recommendation 

• Learn from both positive and negative experience and examples at the global level. 
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AIS Automatic Identification System 
BE Blue Energy 
BSW Blended Sea Winds 
CAPEX Capital expenditures 
CS Conservative Scenario 
ECMWF European Center for Medium-Range Weather Forecasts  
EEZ Exclusive Economic Zone 
EIA Environmental Impact Assessment 
ELEMED  Electrification of the Eastern Mediterranean Area 
EMEC European Marine Energy Center 
EMF Electromagnetic field 
ENTSO-E European Network of Transmission System Operators for Electricity 
EU  European Union  
EWEA  European Wind Energy Association.  
FEAP Federation of European Aquaculture Producers 
FiP Feed-in premium 
FiT Feed-in tariff  
GFCM General Fisheries Commission for the Mediterranean 
HCMR Hellenic Center for Marine Research 
ICZM  Integrated Coastal Zone Management 
IPCC Intergovernmental Panel on Climate Change  
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ISWEC Inertial Sea Wave Energy Converter 
ITTC International Towing Tank Conference 
LCOE Levelized cost of energy 
MPA Marine protected Area  
MRE Marine Renewable Energy  
MS Mediterranean Sea  
MSP Marine Spatial Planning  
Mtoe Million tonnes oil equivalent 
MUP Multi-use offshore platforms 
NIMBY Not in my backyard 
NOAA National Oceanic and Atmospheric Administration  
O&M  Operation and Maintenance 
OBREC Overtopping BReakwater for wave Energy Conversion 
OE  Ocean Energy 
OHI Ocean Health Index 
OPEX Operational expenditures 
OTEC Ocean thermal energy conversion 
OWF  Offshore wind farm  
QuikSCAT  Quick Scatterometer 
R&D Research and Development 
RAC/SPA Regional Activity Center for Specially Protected Areas 
RES Renewable energy sources  
TEC Tidal-stream Energy Converter 
TS Energy Transition Scenario 
TWh Terawatt-hour 
WEC Wave Energy Converter 
WT Wind turbine 
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