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The European Marine Board provides a pan-European platform for its member organisations to develop common 

priorities, to advance marine research, and to bridge the gap between science and policy in order to meet future marine 

science challenges and opportunities. 
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represents 35 Member organisations from 18 European countries. It was established in 1995 to facilitate enhanced 

cooperation between European marine science organisations towards the development of a common vision on the 

strategic research priorities for marine science in Europe. The EMB promotes and supports knowledge transfer for 
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institutes, research funding agencies and national consortia of universities with a strong marine research focus. Adopting 
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of promoting the need for, and quality of, European marine research.
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Foreword

As I write this foreword, the 27th Conference of the Parties (COP27) is 

coming to an end in Sharm el-Sheikh (Egypt), with unfortunately no 

progress on how greenhouse gas emissions will be reduced, although 

the dedicated fund to repair the loss and damage already suffered 

by the countries of the South is a good start. As confirmed by the 

Secretary-General of the United Nations, Antonio Guterres, in his final 

address to COP negotiators: "Clearly, this fund is not enough, but it is 

an essential political signal to rebuild the broken trust". 

Indeed, people are starting to understand that the climate crisis is 

real, and science is urging action to achieve the Paris Agreement to 

limit global warming to well below 2°C above pre-industrial levels 

and the more ambitious target to limit temperature increase to 

below 1.5°C. In December 2019, to respond to this challenge, the 

European Union launched its Green Deal aiming to transition to a fairer, healthier, and more prosperous 

society, whilst guaranteeing a healthy planet for future generations. According to the 2019 EU Climate 

Law, the EU aims to reduce its emissions by 2030 and become climate neutral by 2050, with significant 

ambition for the expansion of offshore renewable energy. The solutions outlined in the EU Green Deal can 

only succeed if people, communities, and organisations are all involved and take action. There is an urgent 

and immediate need to significantly reduce carbon emissions and move towards a carbon neutral society. 

Renewable energy can potentially supply the energy needed to support an ever-growing population and 

increasing industrialisation. There are many different offshore renewable energy resources including wind, 

waves, currents, tides, and thermal (the temperature gradient between warm surface waters and cold waters 

at depth). The extraction of these resources is at different levels of development, ranging from the research 

stage to that of commercial exploitation, particularly for offshore wind.

While offshore renewable energy resource extraction is less mature than that on land, it is an attractive 

area for growth. To achieve the EU Green Deal vision, European offshore renewable energy capacity must 

increase 30-fold. However, there is a lot of competition for maritime space, and offshore renewable energy 

development must be conducted in line with EU nature conservation and restoration requirements. It is 

therefore imperative that the development of the European offshore renewable energy sector is conducted 

in a responsible, equitable and sustainable manner, and in collaboration with relevant parties.

In 2010 the Marine Board – ESF published a Vision Document on Marine Renewable Energy that made 

recommendations for the development of marine renewable energy in Europe. In 2020 the European Marine 

Board felt it was timely to revisit the topic, and a new EMB Working Group on Offshore Renewable Energy 

kicked off in June 2021 and have worked with efficiency and enthusiasm to deliver this informative Future 

Science Brief.

On behalf of the Members of the EMB, I would like to thank the Chairs and Members of the Working Group 

(Annex 1) for their hard work and dedication in producing this Future Science Brief. I would also like to thank 

the external reviewers for their valuable input. I thank the EMB Secretariat for supporting the Working Group 

and coordinating the production of this document, namely Paula Kellett, Britt Alexander, Ángel Muñiz Piniella, 

Ana Rodriguez, Sheila Heymans, and Jana Van Elslander. 

Gilles Lericolais 
Chair, European Marine Board
April 2023
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Executive summary

Considering the Ocean environment as a potential source of energy is not new. Renewable energy research and 

technological development have been looking at the Ocean for some time. The first offshore wind farm in Europe was 

installed by Denmark in 1991 in the Baltic Sea and decommissioned in 20171. 

The 2010 EMB Vision Document 2 on Marine Renewable Energy (Le Boulluec et al., 2010) presented the research challenges 

and opportunities for a new energy era in Europe. It offered an overview of how renewable energy from the Ocean can 

provide innovative solutions to tackle future energy challenges and to fully contribute to the EU 2020 vision2. It provided 

a baseline of information representing progress in marine renewable energy development at that time.

The signing of the Paris Agreement3 in 2015 brought significant public and political attention to the wider issues of climate 

change, and solutions such as offshore renewable energy that could support the achievement of the Paris Agreement.
 

In 2019 the European Green Deal4 outlined Europe’s vision to become the first climate-neutral continent with no net 

emissions of greenhouse gases by 2050. There is also an interim aim to “reduce net greenhouse gas emissions by at least 

55% by 2030 compared to 1990 levels”. The related 2020 ‘EU Strategy to harness the potential of offshore renewable 

energy for a climate neutral future’ presented the key role for offshore renewable energy in achieving this vision. 

The global economic and geopolitical situations in 2022, including the recovery from the COVID-19 pandemic, increasing 

fuel prices, and the war in Ukraine leading to questions of energy security, have further increased the impetus on 

governments to accelerate the move away from a reliance on oil and gas as energy sources. Offshore renewable energy 

sources should play a key role in that move.

In light of these geo-political, economic, and environmental drivers, this Future Science Brief outlines the state-of-the-art 

in knowledge on offshore renewable energy (ORE). It also highlights key research needs to help us fully understand the 

implications of such an energy transition. 

The main recommendations are to:

• Address misalignment in policy, and the approaches and practices used in different EU Member States 

that hinder efficient and sustainable ORE development and deployment;

• Support measures to increase the availability of open and high-resolution data, to understand ORE 

resource availability, environmental impact, and the impact of climate change;

• Further develop the research capability to holistically investigate the ecological and socioeconomic 

benefits and impacts of ORE;

• Conduct further research into the technical, environmental and socioeconomic aspects of ORE devices 

and their full lifetime from design to operation through to decommissioning, to improve sustainability 

and viability;

• Ensure that offers for training and skills development match industry requirements.

1 https://www.power-technology.com/features/full-circle-decommissioning-first-ever-offshore-windfarm/     
2 http://ec.europa.eu/europe2020/index_en.htm 
3 https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement 
4 https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
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EMB acknowledges that while the 

Working Group members writing this 

document and its recommendations 

represent some diversity in terms of 

European geographical location (see 

Annex 1), professional background, 

and career level, their views do 

not represent ideas from all forms 

of diversity. This document has a 

European focus, but its messages 

and recommendations are relevant 

to offshore renewable energy 

stakeholders globally.

This Future Science Brief and its recommendations support 

the UN Decade of Ocean Science for Sustainable Development 

(Ocean Decade) in a number of ways.

The Future Science Brief highlights knowledge to indirectly 

support Societal Outcome 1 (A clean Ocean where sources 

of pollution are identified and reduced or removed) and 

Challenge 1 (Understand and map land and sea-based sources 

of pollutants and contaminants and their potential impacts on 

human health and Ocean ecosystems and develop solutions to remove or mitigate them), presenting a state-of-the-

art on cleaner energy production approaches, which would support the removal of fossil fuel-related pollutants. 

It also provides knowledge to support Societal Outcome 3 (A productive Ocean supporting sustainable food supply 

and a sustainable Ocean economy) and Challenge 4 (Generate knowledge, support innovation, and develop solutions 

for equitable and sustainable development of the Ocean economy under changing environmental, social and 

climate conditions), by providing recommendations on the further development of offshore renewable energy as 

a key component of a sustainable Ocean economy, and discussing how the development of renewable energy can 

consider environmental, social and climate factors. Finally, it supports Challenge 5 (Enhance understanding of the 

Ocean-climate nexus and generate knowledge and solutions to mitigate, adapt and build resilience to the effects of 

climate change across all geographies and at all scales, and to improve services including predictions for the Ocean, 

climate, and weather) by providing recommendations for the development of renewable energy as direct mitigation 

to climate change.

This Future Science Brief and its recommendations support the 

EU Mission: Restore our Ocean and Waters and its objectives 

and enablers in several ways.

It addresses Objective 2 (Prevent and eliminate pollution of 

our Ocean, seas, and waters) by providing recommendations 

on how renewable energy can be sustainably developed, as a 

direct measure for reducing fossil fuel-related pollutants. It also addresses Objective 3 (Make the sustainable blue 

economy carbon-neutral and circular) by making recommendations on how to develop the renewable energy sector 

to not only support Europe’s climate-neutral vision, but to also consider its own circularity.

Wavy conditions on the north coast of Madeira, Portugal.
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1Climate change: 
The need for clean energy

1.1 How bad is climate change for the Ocean?  
We are all aware that the planet is warming, but not everyone is 
aware of the role our Ocean plays in counteracting this. The Ocean 
has greatly slowed the rate of climate change by taking up more 
than 90% of the extra heat stored on the planet. This extra heat has 
arisen from increased greenhouse gas (GHG) emissions, including 
carbon dioxide (CO

2
), methane (CH

4
), nitrous oxide (N

2
O), water 

vapour and fluorinated gases. The Ocean is taking up around 25% of 
the excess carbon emitted by human activities (IPCC, 2019). 

But this comes at a cost. The Ocean has warmed at all depths, with 
the greatest increases occurring in surface and shallow coastal 
waters (IPCC, 2019). The Ocean is also acidifying as increased CO

2
 

uptake decreases seawater pH. This acidifying effect reduces the 
future ability of the Ocean to take up more carbon (Goodwin et 
al., 2009), and affects the physiology of many marine species. The 
global Ocean has lost around 2% of its dissolved oxygen in the 
past 50 years, caused directly by lower solubility in warmer water 

5 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2020:741:FIN&qid=1605792629666 
6 https://research-and-innovation.ec.europa.eu/research-area/energy/ocean-energy_en

The world has changed profoundly in recent years with a global recognition that we are in a climate 

emergency and must rapidly reduce our use of fossil fuels. Therefore, it is imperative to fully understand 

the role that offshore renewable energy will play in meeting the world’s energy needs (European 

Commission, 2020b). There needs to be a clear understanding of the positive and negative environmental 

and social implications of large-scale development of 100s to 1000s of gigawatts of offshore renewable 

energy worldwide in the next few decades (IRENA, 2019). 

 

This chapter highlights the urgent need to switch to using our Ocean for large-scale energy extraction 

in the fight against climate change and outlines how the use of offshore renewable energy can help to 

reduce fossil fuel reliance and harmful emissions. It also outlines the aspects of climate change that can 

directly influence the production of offshore renewable energy.

Terminology used in this document

There are a number of terms that are used when discussing marine-related energy extraction.

The term offshore energy refers to all sources of energy that can be extracted from the Ocean, including both fossil-based (e.g. oil 

and gas) and renewable sources.

The term offshore renewable energy5 refers to all sources of renewable energy that can be extracted from the Ocean, including wind, 

wave, tidal, Ocean/marine current, thermal and salinity gradient, floating solar and algae-based biofuels. 

The term marine renewable energy refers to a subset of offshore renewable energies including waves, tides and Ocean currents, 

thermal and salinity gradient, floating solar and algae-based biofuels.

The term Ocean energy refers to a different subset of offshore renewable energies, specifically waves and tides (range and current), 

Ocean circulation currents, and thermal and salinity gradients6.

Throughout this document and in line with terminology used by the European Commission, we will use the all-encompassing term 

offshore renewable energy, abbreviated to ORE, unless a distinction is appropriate.
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Figure 1.1 Global net anthropogenic greenhouse gas emissions 1990-2019. 
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Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases

Key milestones in the pathway to net zero

Figure 1.2 Key milestones in the pathway to net zero.
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Table 1.1 Comparison of GHG emissions for different electricity 
generation approaches over their lifetime.
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and indirectly via reduced mixing between surface layers and 
deeper waters (Stramma & Schmidtko, 2019). There is emerging 
evidence for climate change impacting the strength and direction 
of Ocean currents (Halo & Raj, 2020), which could impact heat 
exchange in the Ocean and lead to the shutdown of the Atlantic 
Meridional Overturning Circulation (AMOC), a key part of the 
global Ocean circulation system (MetOffice, 2019). Many fish 
stocks depend on Ocean currents for transport between spawning 
and feeding areas. This could eventually affect commercial fish 
stock recruitment success (Pörtner & Peck, 2010). Finally, global 
sea levels are rising and will continue to rise due to melting land-
ice and the thermal expansion of water with rising temperatures 
(Oppenheimer et al., 2019). 

1.2 What is the role of offshore   
 renewable energy in addressing 
 climate change?
  
Renewable energy is an important climate mitigation and 
adaptation measure. Given the continuous rise in anthropogenic 
GHG emissions (see Figure 1.1), it is imperative to increase the 
pace of renewable energy penetration in countries’ energy mix. 
According to the International Energy Agency’s7 (IEA) scenario 
for Net Zero GHG emissions by 2050 (IEA, 2021a, Table 2.6), the 
anticipated required capacity additions of renewable energy from 
onshore and offshore solar and wind by 2030 is 1,020 Gigawatts 
(GW) per year, which is significant given that in 2022, Europe’s total 
installed wind capacity was 236GW8. 

By 2050, it is foreseen by the International Energy Agency (IEA) that 
70% of electricity production globally should come from solar and 
wind energy (see Figure 1.2). The most recent Intergovernmental 
Panel on Climate Change (IPCC) report also foresees a high potential 
for wind and solar energy to support emission reductions by 2050 
(IPCC, 2022, Figure SPM 7). 

The International Renewable Energy Agency9 (IRENA) estimates that to 
keep global temperature rise at 1.5oC, 25% of the emissions reductions 
must be provided using renewable energy (IRENA, 2022). Offshore 
renewable energy (ORE) still produces GHG emissions, but these are 
much lower than those of fossil fuels, as is shown for the example 
of wind and solar energy in Table 1.1. Hoegh-Guldberg et al., (2019) 
suggest that ORE can mitigate the production of up to 5.4 gigatons 
(Gt) of CO

2
 equivalent per year by 2050, representing approximately 

10% of global efforts to keep temperature increase under 1.5°C.

From an economic perspective, the global climate value10 of offshore 
wind energy only (considering the value from reduced emissions and 
on reductions in the cost of abatement) is estimated to be $ US 100 
in a scenario with no climate policy, $ US 120 where a limit is set on 
permissible carbon emissions (carbon caps), and $ US 450 billion with 
significant carbon taxes respectively (Cranmer & Baker, 2020). This is 
the case even with the highest offshore wind energy cost assumptions 
and lowest damage severity of climate change factors used. 

1.3 What are the main effects of  
 climate change on offshore  
 renewable energy?

ORE systems are sensitive to structural risk from weather and 
climate variability, which can reduce the efficiency of their energy 
production. The impact of climate change on the available offshore 
energy resources is uncertain and is the subject of a growing 
body of scientific research. The magnitude and direction of the 
predicted changes depends on the region and climate change 
scenario considered. Reviews summarising the existing (and often 
contradictory) literature on this subject are presented by Solaun 
& Cerdá (2019) and more recently by Gernaat et al., (2021). The 
expected climate change impacts vary by region however Weiss 
et al., (2020) suggest that the areas expected to be most suitable 
for ORE deployment are not likely to be significantly affected by 
climate change. Climate change also affects meteorological and 
oceanographic parameters such as wind speed, wave height and 
period, Ocean current speed and sea level. These meteorological 
and oceanographic variables and their extremes impact the design 
of offshore and coastal structures and operations, and their ability 
to withstand environmental loads. A more detailed discussion on 
the future needs regarding understanding the effects of climate 
change on ORE is presented in Section 6.1. 

1.4 What are the interactions  
 between climate change and  
 offshore renewable energy?

Large-scale energy extraction from offshore renewable resources 
will lower the likelihood of marine ecosystems experiencing the 
more extreme effects of climate change. However, the effects 
of these installations and of extracting energy can have impacts 
that are synergistic with climate change and have similar 
consequences (de Dominicis et al., 2018; Sadykova et al., 2020). 
Large-scale offshore energy extraction is not the ‘free energy’ 
proclaimed in some economic evaluations, and the cost of its 
effects must also be considered (Dasgupta, 2021). The extracted 

7 https://www.iea.org/ 
8 https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2021-statistics-and-the-outlook-for-2022-2026/ 
9 https://www.irena.org/
10 Global climate value is a valuation of the financial return considering climate-related risks and opportunities.

Electricity generation 
approach

Equivalent grams of CO
2
 

emitted per kWh

Fossil fuel 360 – 1259

Onshore wind energy 14.5 – 28.5

Offshore wind energy 11

Solar energy from solar panels / 
photovoltaics

8 – 83
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Oil rigs in waters off Santa Cruz, Tenerife, Spain.
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energy would otherwise have served another purpose within the 
Ocean ecosystem e.g. by providing heat to marine surface waters 
(Dorrell et al., 2022). The ecological effects of ORE are covered 
in Chapter 4 and in published reviews (e.g. Copping & Hemery, 
2020) but they should be understood in the context of climate 
change rather than against a non-shifting current baseline (Wolf 
et al., 2021). We need to understand the compromises we are 
making between the positive impacts of using ORE to reduce the 
impacts of climate change on the environment and humanity, 
against potential negative impacts of installing offshore 

renewable energy extraction devices in maritime space. For 
example, as discussed in more detail in Section 6.2.3, deep-sea 
mining for energy transition minerals used in components of 
turbines and batteries is critical for the creation of renewable 
energy devices but causes irreversible impacts to deep-sea 
ecosystems. According to the IEA (2021b), by 2040, the demand 
for minerals needed for clean energy technologies will be four 
times the present demand, increasing by up to six-fold by 2050. 
This issue is not limited to ORE but could also have serious 
implications for its development.
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2 State of global offshore 
renewable energy 

The marine environment contains abundant renewable energy, arising from wind, waves, tides, the sun, and 

thermal and salinity differences. Technologies and devices to extract these energies efficiently and sufficiently, 

either by converting them into electricity or energy storage media for future use, are being, and need to be, 

further developed.

This chapter provides brief reviews of the characterisation and global distribution of offshore renewable energy 

resources, and of existing and emerging offshore renewable energy technologies up to 200km from the shore.

In the context presented in this document, the basic unit of power, a watt (W), is a measure of the rate of energy transfer, e.g. from an 

offshore renewable energy source to electricity. A watt-hour (Wh) is a unit of energy which describes the amount of power generated 

in an hour. Annex 3 presents a comparison of the different units of power.

2.1 Offshore renewable energy  
 resource review 
This section outlines the estimated global energy resources of 
different offshore renewable energy (ORE) sources. It is important 
to note that the use of theoretical power is debatable because not 
all theoretically estimated power can be extracted due to technical 
and economic efficiencies encountered when installing devices 
offshore, the efficiency of the extraction method, and natural 
factors such as variations in wind and wave direction (see e.g. Guo & 
Ringwood, 2021). Chapter 3 provides more detail on the availability 
of ORE resources in European waters, and its implications. 

2.1.1 Wind 

Compared to onshore wind, offshore wind is stronger and less 
turbulent, and thus more energetic and stable. The estimated global 
energy demand in 2019 was 65,000 Terawatt Hours (TWh), while 
onshore and offshore wind energy could, in an ideal/theoretical 
situation, provide 900,000TWh per year11. 

Due to the technological maturity of wind turbines and the 
expertise of onshore developers, offshore wind energy is the most 
advanced offshore renewable energy option. Energy extraction 
from wind depends on wind speed and density of the air and is 
usually quantified in terms of either wind power density or the 
amount of power available per year at a given location. Wind speed 
varies in time and space, and therefore the mean wind speed at 
a certain height (e.g. 100m above sea level which approximately 
corresponds to the wind turbine hub height) is often used to 

characterise offshore wind energy resources. Figure 2.1 shows the 
global distribution of mean wind speed (top) and available power 
density (bottom) at sites up to 200km offshore, taken from the 
Global Wind Atlas12. This figure clearly shows a significant difference 
in mean wind speed and wind power resource in different areas, 
with the most notable difference being about twice the wind speed 
(and therefore eight times the wind power) towards the North or 
South Poles compared to the Equator.

The global offshore wind resource is mainly assessed by combining 
satellite remote sensing data with hindcast datasets generated 
using numerical atmospheric models (Bosch et al., 2018; Karagali 
et al., 2013). Atmospheric models provide estimates of wind speed 
every one to three hours at different heights above the ground (or 
sea level), and at different geospatial locations. The models provide 
estimates of wind speed and direction (at different heights above 
a ground datum or mean sea level). To get wind speed estimates 
closer to the turbine hub height, the European Centre for Medium-
Range Weather Forecasts13 (ECMWF) also provides estimates 
of wind speed and direction at 10m and 100m above sea level. 
However, since the tips of the blades of the wind turbine are at 
different heights as they rotate, the rotor (i.e. the rotating part 
of the turbine comprising of the hub and blades) equivalent wind 
speed (instead of the wind speed at the hub height) is used for the 
estimation of the annual energy production. In addition, the rotor 
diameters of modern offshore wind turbines have increased from 
112m (in 2010) to 157m (in 2019) (IRENA, 2021). 

Long-term (three to five years or more) atmospheric data based 
on simulations from hindcast models and satellite observations 
are used for resource assessment, i.e. these data are used to 

11 https://carbontracker.org/solar-and-wind-can-meet-world-energy-demand-100-times-over-renewables/
12 https://globalwindatlas.info/
13 https://www.ecmwf.int/
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plan where offshore wind farms should be situated. Numerical 
atmospheric models have multiple types of uncertainties (such as 
uncertainties in initial conditions, uncertainties caused by errors 
in the model formulation/parameterisation schemes or numerical 
integration methods), thus measurements are very important 
to evaluate and validate their results (Olafsson & Bao, 2020). 
Moreover, the available spatial resolution of these models is not 
currently fine enough to assess wind variability (instability, eddies 
and turbulence) at the scale of a single turbine. This is needed to 
support the design and dynamic analysis of offshore wind turbines. 

To make an accurate assessment of the flow at this scale additional 
long-term datasets combining in situ monitoring with high sampling 
frequency (e.g. a sample taken every second), fine recording period 
(e.g. a recording duration of ten minutes), and short recording 
interval (e.g. one hour between ten-minute recordings) and very 
fine resolution atmospheric models or, usually, computational fluid 
dynamics techniques14, are necessary. New monitoring solutions 
that can provide vertical wind profiles are also necessary, such as 
floating LIDAR (Light Detection and Ranging). Such technology still 
needs further development.

14 Computational fluid dynamics techniques use continuity and momentum equations, within software packages, to predict how gases and liquids flow and interact with different objects.

Figure 2.1 A. Global distribution of mean wind speed, and B. wind power density potential at a reference height of 100m for offshore areas up to 
200km offshore. Source: Maps obtained from the Global Wind Atlas 3.0, a free, web-based application developed, owned, and operated by the Technical 
University of Denmark (DTU). The Global Wind Atlas 3.0 is released in partnership with the World Bank Group, utilising data provided by Vortex, using 
funding provided by the Energy Sector Management Assistance Program (ESMAP). For additional information: https://globalwindatlas.info. 
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15 https://www.oceanenergy-europe.eu/ocean-energy/wave-energy/ 
16 Numerical spectral wave models mathematically provide a description of how a wave energy field changes over time and in coastal areas can be used for forecasting.
17 https://www.oceanenergy-europe.eu/industry-news/sustainable-marine-powers-up-tidal-energy-in-nova-scotia/

Figure 2.2 Global mean value of wave power, P (kW/m).

2.1.2 Waves 

Wave energy has great potential as an offshore renewable energy 
resource. It is unevenly distributed globally, and is most available 
between 40°- 60° N, e.g. in the North Atlantic, and 40°- 60° S. Wave 
power is a function of wave height, wave period (i.e. the time 
between two consecutive wave peaks passing a given point) and 
seawater density. Figure 2.2 shows the global mean offshore wave 
power. Wave power density is highest in the open Ocean, while in 
more sheltered, coastal areas, where it is more realistic to deploy 
Wave Energy Converters (WECs), it is typically around a quarter to 
half of the wave power density of the open Ocean. 

Similar to wind, wave energy is highly variable seasonally and inter-
annually, and location dependent. Closer to the Equator the mean 
wave power is lowest, however there is permanent and relatively 
constant wave action. In the higher latitudes where the mean wave 
power is high, the operation of a WEC requires high installation 
and maintenance costs to survive those conditions. Consequently, 
areas of highest wave energy resource are not necessarily optimal 
for energy extraction (Portilla et al., 2013). The theoretical 
potential annual global wave energy production is estimated to be 
29,500TWh15. 
 
Sea state data (i.e. wave height, wave period, wave direction) 
used to estimate the available wave resource in a given area are 
obtained by in situ monitoring, numerical spectral wave models16, 
and remote sensing techniques. For coastal areas where WECs are 
usually deployed, high spatio-temporal resolution wave models 

combined with in situ wave measurements are required to evaluate 

and calibrate numerical model results. The directional distribution 
of wave energy is also important as this plays a major role in some 
WEC technologies (Soukissian & Karathanasi, 2021).

2.1.3 Tides and currents 

Energy can be extracted from tidal currents (the horizontal 
movement of water), tidal range (the vertical change in water level) 
and Ocean circulation currents (such as the Gulf Stream). Flow speed 
is a key factor in assessment of the available energy: median current 
speeds greater than 1.1m/s (3.96km/h) are economically favourable 
for energy extraction (Khare et al., 2019). 

Since tides are very predictable (at locations where long-term tidal 
gauge measurements are available), tidal range is often used to 
characterise the global distribution of tidal energy, as shown in Figure 
2.3 (IRENA, 2014a). Tidal range is often enhanced in coastal areas or 
channels and displays considerable variation around the globe. The 
funnelling effects of bays, estuaries and inlets, or areas where flow is 
constrained by the presence of islands or headlands, can provide a viable 
tidal energy resource (Vila-Concejo et al., 2020). The morphology of 
some bays may also create large tidal ranges at the head of the bay and 
consequently strong tidal currents. Locations such as the Bay of Fundy 
in Canada17, Cook Strait in New Zealand (Walters et al., 2010), and the 
Pentland Firth in the UK (Coles et al., 2021) are good examples that have 
been targeted for development. Tidal energy was harnessed in early 
commercial ventures through the construction of barrages, such as the 
240MW La Rance tidal energy station in France and the 254MW Sihwa 
Lake Tidal Power Station in the Republic of Korea (Neill et al., 2021).  
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The estimated global tidal energy available for extraction per year 
ranges between 150 and 800TWh18, with potential estimates up to 
1200TWh (IRENA, 2020a).

Data on tidal energy properties such as current speed and direction 
and tidal range are obtained from in situ measurements, drifters, 
and numerical oceanographic models. In situ measurements are 
obtained from oceanographic buoys, or Acoustic Doppler Current 
Profilers (ADCP) that are deployed on the sea bottom or placed on 
the bottom of ships. Tidal ranges are usually measured at coastal 
locations, harbours, bays, ports, etc. through tidal gauges. Free 
floating devices called drifters can submerge and measure marine 
current characteristics at different depths. It is noted that sea level 
rise due to global warming should also be included in all projections 
for tidal resources (Sobey, 2005).

The number of coastal locations with strong enough tidal 
currents or high enough tidal ranges to make energy extraction 
economically viable is limited (Figure 2.3, highlighted in red). In 
highly energetic sites where current velocities can regularly reach 
values higher than 2.5m/s (or 9km/h) the flow is invariably turbulent, 
which creates high resource variability in space and time. The 
characterisation of this variability is necessary to properly access 
the potential of the resource. Further development and design of 
high-resolution in situ monitoring devices, tools and procedures 
are necessary to quantify the current profiles and turbulence. 
Ocean circulation currents are generated by factors including Earth’s 

rotation, wind, gravity, temperature and salinity in the Ocean, and 
their location, width, depth, and flow are determined by the shape of 
the Ocean basin in question and the Coriolis Force (caused by Earth’s 
rotation acting on both air and water). Their flow is typically considered 
to be continuous and almost unidirectional, and they are characterised 
by low variability and high predictability. However, early indications of 
weakening and instability of these currents due to climate change are 
being observed (Boers, 2021). It is also not clear from the literature 
how much potential energy could be extracted from Ocean currents, 
although the US Department of the Interior (2006) estimate global 
power in Ocean currents to be around 5000GW. Energy extraction 
from Ocean currents is at present only considered for the Gulf Stream 
in the Atlantic Ocean, and the Kuroshio Current in the Pacific Ocean, 
and no commercial installations have yet been deployed. This energy 
resource will not be considered further in this document.

2.1.4 Solar 

Solar energy is created by the power from the sun as electromagnetic 
radiation, called solar irradiance. The intensity of solar irradiance 
is variable and depends on latitude, season, time of day, weather 
conditions, solar cycle, etc. In the Ocean, solar energy could be 
extracted using solar panels (photovoltaic (PV) systems) fitted to 
dedicated floating platforms or to existing offshore structures. 
Data on solar irradiance in the Ocean are mainly obtained using 
dedicated sensors called pyranometers (mounted on buoys or on-
board ships), numerical atmospheric models and satellite imagery 
(Trolliet et al., 2018).

18 https://ec.europa.eu/research-and-innovation/en/projects/success-stories/all/tidal-flows-generate-huge-potential-clean-electricity

Figure 2.3 Global tidal range distribution. 
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19 https://argo.ucsd.edu/ 
20 http://otecokinawa.com/en/ 
21 https://www.makai.com/ocean-thermal-energy-conversion/ 
22 http://www.ocean-thermal.org/mw-scale-otec-for-kiribati/
23 https://www.ccreee.org/news/2022-un-oceans-conference-prime-minister-of-tonga-oversees-historic-signing-of-development-of-worlds-first-ocean-energy-power-purchase-agreement-for-

sao-tome-and-principe/ 
24 https://plotec.eu/

2.1.5 Other resources 

In addition to the more mature and/or well-known ORE technologies 
presented above, there are also several other resources under 
consideration. These are not the focus of this document but are 
briefly introduced here. It is also noted that the process of sea water 
air conditioning (or geo-exchange of heat and cooling), where the 
temperate of sea water is used directly in installations rather than 
being converted to energy, is outside the scope of this document.

Thermal Gradient

Ocean Thermal Energy Conversion (OTEC) uses the thermal 
gradient between deeper cold seawater and warmer surface 
water to generate electricity using a heat engine. Areas of largest 
temperature gradient between deep and surface water (above 
20°C, which is the lower threshold for OTEC applications) occur in a 
belt around the Equator, especially in the western part of the Pacific 
Ocean. This energy is continuously available and offers a significant 
resource potential, and a very high capacity to produce energy. This 
capacity factor is the ratio of the actual electrical energy produced 
for a specific time-period compared to the theoretical maximum 
electrical energy produced in the same period.  The data needed to 
calculate OTEC include seawater temperature at different depths, 
which are obtained using buoys, oceanographic model results, CTD 
casts (which measure Conductivity (or salinity), Temperature, and 
Depth) from research vessels, and more recently, by autonomous 
underwater vehicles and the ARGO profiling floats19.

Many possible configurations for OTEC plants have been proposed, 
ranging from floating to land-based plants. There have been some 
relevant international OTEC developments in recent years:

• In Japan, a 100 kilowatt (kW) OTEC demonstration 

facility was established by Okinawa Prefecture in 2013, 

with technical assistance from Saga University20;

• An OTEC plant set up by the Natural Energy Laboratory 

of Hawaii Authority in the 1970s and taken over by Makai 

Ocean Engineering21 in August 2015;

• The Korea Research Institute of Ships and Ocean 

Engineering (KRISO) developed a 1 Megawatt (MW) OTEC 

plant in 2019, and recently transported it for installation 

as an onshore OTEC facility in South Tarawa, Republic of 

Kiribati, in the South Pacific Ocean22. Completion of the 

installation was expected in 2022.

• In 2022, São Tomé and Príncipe, in cooperation with the 

Global OTEC company and the Small Island Developing 

States (SIDS) Sustainable Energy and Climate Resilience 

Organisation, signed a Memorandum of Understanding 

for the development of a 1.5MW floating Ocean OTEC 

platform offshore São Tomé Island. The deployment of 

the platform is anticipated for 202423.

A map with potential future OTEC developments is provided by OES 
(2021c) and a review of OTEC has recently been provided by Herrera 
et al., (2021).

Even though European waters are in mid- and high- latitudes 
(i.e. areas that are not favourable for thermal gradient energy 
exploitation because the temperature differences are not large 
enough) some European countries still support the development 
of OTEC R&D programmes for application in their overseas 
territories as well as in tropical Small Island Developing States 
(SIDS). Apart from electricity generation, OTEC power can be also 
used for desalination and freshwater production that is of utmost 
importance in tropical areas. In 2022, a consortium called PLOTEC24  
from Austria, Italy, Portugal, Spain, and the UK received funding in 
the context of the Horizon Europe Framework Programme for the 
design and simulation of an OTEC platform capable of withstanding 
the extreme conditions associated with tropical weather. A scaled 
demonstrator model will be tested at the Oceanic Platform of 
the Canary Islands (PLOCAN) facility in Gran Canaria in 2024. The 
consortium will engage with SIDS leaders and policymakers for 
future capacity-building. These advances should help to overcome 
technical and economic challenges and achieve a multi-MW full-
scale demonstration plant which would make a significant step 
towards commercialisation. 

Salinity gradient

Salinity gradient energy (SGE) can be produced from the salinity 
difference between seawater and fresh-water. This energy is 
typically generated using either: a) pressure-retarded osmosis (PRO), 
where salt- and fresh-water are separated by a membrane and mixed 
via osmosis, with the energy of the physical flow being extracted, 
or b) Reverse Electro Dialysis (RED), where salt ions are transported 
through membranes to generate a charge (Han et al., 2021). 

Plants can be located either at naturally occurring gradient sites such 
as where rivers flow into the sea, or alongside other infrastructure 
such as desalination plants. A comprehensive review of SGE is 
provided by Cipollina & Micale (2016). SGE is both highly available 
and predictable, and salinity data is obtained by the same means 
as seawater temperature, although salinity data at depth is not as 
critical given that salinity plants are located in shallow coastal and 
nearshore waters or estuaries.

Reasons that the use of salinity gradient energy extraction is not 
more mature include a lack of research on the environmental and 
legal implications of these installations, the high cost of components, 
especially the membranes, and a lack of realistic operative cost 
estimates and real-world experience with these devices which act 
as a barrier for policymakers and investors (IRENA, 2014b).

Biomass

Marine biomass in the form of algae is a renewable resource for 
biofuel production. The algae (which are usually cultivated) can be 
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25 https://eklipse.eu/request-macroalgae/ 
26 https://www.nweurope.eu/projects/project-search/alg-ad-creating-value-from-waste-nutrients-by-integrating-algal-and-anaerobic-digestion-technology/%C2%A0%C2%A0
27 https://www.surfnturf.org.uk/index.php
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A team of researchers at Swansea University are using food and farm waste to cultivate microalgae as part of the Interreg North-West Europe project ALG-AD26. 

converted into biofuel by extracting their fatty acids (called lipids).  
Biofuels can be produced from both macroalgae (e.g. seaweeds) 
and microalgae (e.g. phytoplankton), and have the advantage 
that agricultural land is not taken up displacing other biofuel 
crops (e.g. corn, soy, grasses). However, it is important to note 
that while macroalgae can be cultivated at sea (either open sea 
or shallower coastal waters), microalgae can only be cultivated in 
controlled systems on land (in artificial ponds or tanks, or in closed 
bioreactors). Supported by EU funding, an expert working group of 
Eklipse25 recently reported on the “State of knowledge regarding the 
potential of macroalgae cultivation in providing climate-related and 
other ecosystem service” (Bermejo et al., 2022). A review of progress 
and further needs towards a biorefinery for microalgae is presented 
by Wood et al., (2022).

Biofuels are particularly useful in the transport and heating 
sectors. Algae have the potential to yield significantly more 
energy than current biofuels, are able to produce the longer-chain 
lipids needed for e.g. aviation fuel, and, in biodiesel form, they 
also emit lower levels of greenhouse gases than conventional 
diesel fuel. 

The sustainability and costs associated with biofuel generation 
from algae are variable and are strongly linked to the way they 
are cultivated and extracted (Darda et al., 2019). A technological 
challenge for large-scale development is that currently more energy 
is required to extract the lipids than gained back from the resulting 
biofuel, and so more efficient extraction methods are being 
explored (Sarwer et al., 2022).

Power-to-X and hydrogen

The ‘Power-to-X’ concept is defined as conversion of surplus 
electricity produced by ORE sources into hydrogen or other 
products for energy storage purposes, offering a means to 
address imbalances between resource availability and demand, 
especially for intermittent ORE sources such as wind (see Section 
6.2.2. for more discussion). It is not intended as a replacement for 
renewable energy.

Hydrogen can be generated using the process of electrolysis, where 
an electric current is used to split water into its components, 
hydrogen and oxygen. Where the required electricity for the 
electrolyser is supplied by renewable energy sources, the hydrogen 
is sometimes called ‘green hydrogen’.

Power-to-X systems offer direct ways to decarbonise various 
industrial processes and to provide an energy source for 
transportation (e.g. shipping, aviation) because the ORE-generated 
hydrogen can be used as a fuel instead of fossil fuels. Power-to-X 
systems also allow stored energy to be transported. Hydrogen is 
therefore considered “essential to support the EU’s commitment to 
reach carbon neutrality by 2050” (European Commission, 2020a). 
The possibility of using wind power for hydrogen production and 
avoiding the need for grid infrastructure upgrades to manage resource 
variability is very relevant for the ORE sector. A further advantage is 
that the cost of hydrogen production can potentially be cut by 60% 
- 80% (IEA, 2021a; Wilson, 2020). An example of this is the community-
led ‘Surf ‘N’ Turf’ project27 in Orkney, UK, where excess wind and tidal 
current power generated on the island is used to produce hydrogen, 
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28 Based on the ideas presented here, where 14,000GW would equate to around 18,000TWh depending on location, and the assumption of 50% of overall global solar energy production  
taking place at sea (rather than on land): https://www.bloomberg.com/news/articles/2022-04-20/solar-energy-may-generate-half-of-world-s-power-by-2050?leadSource=uverify%20wall.  
The authors are not aware of an equivalent estimate in the published literature.

29 Estimate based on examples in sheltered waters only, as no commercial-scale applications exist in open seas.
30 https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf 
31 https://www.etipocean.eu/

which is then used to power harbour and local ferry operations in 
Orkney’s capital, Kirkwall. The generated hydrogen can also be used in 
other applications, such as the production of methane or ammonia for 
use in natural gas systems or in fertiliser (Power-to-gas) and methanol 
for use in fuel cells (Power-to-liquid). The hydrogen can also be used 
to power fuel cells, converting the stored power back to electricity 
(Power-to-Power). 

Given that not all industries (e.g. mining, aviation) will be easy to 
electrify, there will be an increasing role for ORE in the generation 
of green hydrogen and other green fuels to support further 
decarbonisation.

2.1.6 Comparing different offshore renewable energy  
 resources 

Wave and tidal power have a much larger power density than 
wind and solar power, i.e. they have larger power availability per 
unit volume. However, the utilisation of ORE also depends on the 
efficiency, maturity and cost-effectiveness of the corresponding 
technologies. At present, offshore wind energy systems are much 
more mature than other ORE technologies. 

If a certain technology, such as a wind turbine, wave energy converter 
(WEC), tidal turbine, or solar PV, is used, the actual energy converted 
to electricity also depends on the device, which typically varies for 
different environmental conditions. The average energy a device can 
produce is a function of the efficiency of the device and the long-
term distribution of the energy resource (i.e. wind speed distribution 

or joint distribution of wave parameters), which varies with time. 
Table 2.1 below shows a general comparison in capacity factor, 
energy production and cost between the different resources 
for which information is readily available in the literature. There 
is significant variation in the estimations provided in different 
sources, therefore this information should be taken as indicative 
only. These values are also estimated global values that vary 
depending on geographic, technological and economic variables. 
As offshore wind has already been commercialised, one could 
expect that other technologies would be much more costly.

2.2 Offshore renewable energy  
 technology review  
This section reviews different ORE technologies and their 
maturity in terms of commercial development, with a focus on 
offshore wind, wave, tidal current and range and solar energy 
technologies. The European Commission defines the maturity of 
a technology in terms of Technology Readiness Level (TRL), where 
TRL 1 has basic principles outlined, and TRL 9 represents an 
actual system proven to work in an operational environment and 
therefore ready for commercialisation30. For each of these stages, 
the Strategic Research & Innovation Agenda (SRIA) published 
within the scope of the ETIPOcean31 platform (ETIPOcean, 2020) 
has identified technological challenges and priority topics 
for the next four to five years that will increase the reliability, 
availability, maintainability and survivability of ORE devices (see 
Section 3.1.5). 

ENERGY 
TYPE

CAPACITY  
FACTOR 

ESTIMATED ANNUAL 
ENERGY PRODUCTION 
TECHNICAL POTENTIAL

ESTIMATED LEVELISED 
COST OF ELECTRICITY  

(The average absorbed power 
(or electricity) divided by the 

maximum power (or electricity) 
that a device can produce)

(TWh/year)
(Average cost of generating 

electricity over the generation 
lifetime, $ US/kWh)

Offshore wind 0.3-0.6 4,000-37,000 0.08

Wave energy 0.25-0.32 5,560 0.33-0.44 

Tidal current 0.5-0.7 150-1,200 0.28-0.29

Floating solar 0.1-0.3 9,00028 0.06-0.1129 

Thermal gradient 0.9-0.95 83,400 0.03-0.38

Salinity gradient 0.8-0.84 1,650 0.11-2.37

Table 2.1 Indicative comparison of different ORE resources. Sources: (Bhuiyan et al., 2022; IPCC, 2011; IRENA, 2020a; Langer et al., 2020; Newby et 
al., 2021; Oliveria-Pinto & Stokkermans, 2020; Ocean Energy Europe; Yang et al., 2022)
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ORE technologies have reached different stages in their development: 

• Offshore wind energy is mature and in commercial 

operation (TRL 9), with floating wind in a pre-commercial 

phase (TRL 8); 

• Wave energy is at full-scale prototype phase (TRL 7);

• Tidal current energy is in the demonstration phase with 

pilot projects (TRL 6);

• Tidal range energy is mature and in commercial 

operation (TRL 9);

• Offshore or floating solar energy is in early 

demonstration phase (TRL 5).
 

2.2.1 Offshore wind turbines 

Wind turbines convert wind energy to kinetic energy via a rotating 
turbine, and then to electricity directly or via a drivetrain (i.e. the 
components that transfer the power from the moving blades 
to the generator) and a generator. Offshore wind development 
has significantly benefitted from the experience gained from 
onshore wind turbine technologies and operations. In particular, 
the standardisation of commercial systems towards a design with 
three-bladed horizontal axis turbines which face the wind (upwind) 
that can change the angle of the blade to the wind (pitch-controlled) 
and operate at different rotation speeds (variable-speed) has been 
an important offshore wind development during the past 20 years. 
Wind turbines are designed to operate in different wind speeds, 
such that maximum power efficiency is achieved by adjusting the 
rotation speed for wind speeds lower than predicted average speed. 
A controlled power output is obtained by pitching the blades for 
wind speeds higher than the rated value, i.e. the wind speeds at 
which it is designed to operate. Turbine technology is very mature, 
and modern turbines feature aerodynamically efficient blades, cost-
effective blade and tower structural designs and robust turbine 
control systems. 

Traditionally offshore wind turbines and electrical blades are made 
of composite materials (e.g. fibreglass and polyester, or fibreglass 
and carbon), whereas bottom-fixed and floating support structures, 
towers, moorings, and anchors are made of metal (steel, aluminium) 
or concrete. Drivetrains, generators, and power cable components 
also include critical minerals and rare earth metals. 

Moving from land to offshore shallow water areas (with water depth 
of 0-20m), then into intermediate water depths (20-60m), and finally 
towards deep water areas (with water depth greater than 60m), has 
required the development of different foundations to support the 
wind turbines. As shown in Figure 2.4, foundations for shallow or 
intermediate waters are typically bottom-fixed, and include designs 
such as monopiles, tripods, jackets, foundations with suction 
buckets and gravity-based structures. Such technologies are mature 
and have been widely developed, especially monopile foundations, 
which are the most used foundations in current offshore wind 
farms because they are simple to design and install. Factors such 
as water depth, seabed type and possible environmental impacts 
influence the choice of foundation.

Gravity base foundations are used for depths up to 10m, monopiles 
are economic for water depths of 20–40m, and jacket foundations 
are considered competitive for water depths up to 70m. For deeper 
offshore areas, bottom-fixed foundations become too large and 
expensive (Jiang, 2021), and floating wind turbines become more 
economically feasible. These floating turbines are anchored to the 
seabed via mooring lines and have spar, semi-submersible or tension 
leg platform designs, as shown in Figure 2.4. In recent years, floating 
wind turbines have gained significant interest not only from a 
research perspective, but also in pre-commercial development. Pilot 
demonstrators of spar and semi-submersible floating wind turbines 
already deployed at sea include Hywind Scotland32 and WindFloat33 

as shown in Figure 2.5. However, no tension leg platform floating 
wind turbine prototypes have yet been tested at sea, because of the 
complexity and the high cost for transport and installation. A list of 
existing and planned prototypes of floating wind turbines can be found 
in the Carbon Trust Joint Industry Project report (Strivens et al., 2021).  
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Figure 2.4 Left A: Illustrations of bottom-fixed foundations for offshore wind turbines. Right B-D: Floating foundations for offshore wind turbines,  
B: Spar; C: Semi-submersible; D: Tension leg Platform.

CB D

32 https://www.equinor.com/energy/hywind-scotland 
33 https://www.principlepower.com/windfloat
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Both bottom-fixed and floating structures have been extensively 
deployed at commercial scale by the oil and gas sector, leading 
to the availability of relevant experience and expertise. However, 
offshore wind turbine foundation and support structure designs 
have different requirements to those of oil and gas installations, 
and therefore new skills need to be developed. Moreover, design 
analysis methodologies for offshore oil and gas installations may 
not translate directly to ORE. In the recent 'Scotwind'34 offshore 
wind leasing process, 60% of the 24GW of projects for which bids 
were submitted related to floating as opposed to fixed offshore 
wind. Floating offshore wind is expected to account for between 
100-150GW of the targeted 450GW offshore wind capacity for 
2050 (WindEurope, 2020).

Although most wind turbines in commercial offshore wind farms 
today are Horizontal Axis Wind Turbines, proposals have also 
been made for Vertical Axis Wind Turbines (VAWTs) (Arredondo-
Galeana & Brennan, 2021) (Figure 2.6). VAWTs can lower the centre 
of gravity of the turbine, which is beneficial for the stability of 
floating wind turbines. Two contra-rotating VAWTs are currently 
under investigation at the IFREMER test site (Matoug et al., 2020). 
However, further development of VAWT designs to maximise 
efficiency and address issues with reliability is needed before they 
can be commercialised.

According to IRENA (2020a), the global offshore wind sector 
received $ US 25.7 billion in investment in 2018 (i.e. 20% of the 
total for wind energy). In the same year, China led the way with 
offshore projects worth $ US 11.4 billion, with European projects 
valued at $ US 3.3 billion.

Cost reduction is the major driver for the further development of 
the offshore wind industry and is particularly sensitive to the choice 
of foundations for a given water depth. Recently power delivery by 
offshore turbines have been scaled up through improvements in 
design, efficiency and adaptation to the available resource. Typical 
modern turbines have a power rating of eight to ten MW, up to 
14MW. 

Offshore development facilitates the deployment of increasingly 
larger turbines because of the feasibility to transport such turbines 
by ship (as opposed to road for onshore development). However, 
the operation and maintenance (O&M) costs for offshore wind 
installations are much higher than on land: 23% of total investment 
cost over the project lifetime vs 5% on land (Ren et al., 2021). One 
of the bottlenecks for future development lies in the design and 
manufacture of cost-effective ultra-large turbines (rated power 
exceeding 20MW): further research and development are needed 
on new blade materials and design optimisation.

2.2.2 Wave energy converters 

A wave energy converter (WEC) is a device that converts energy from 
surface waves to electricity. As shown in Figure 2.7, there are three 
basic WEC types (Falcão, 2010) which can be sub-classified into: 

• Oscillating water column (OWC) devices which utilise 

the air pressure difference caused by the wave-induced 

water surface ‘up-down’ movement. The advantage 

of this type of device is that the air turbine is located 

above sea level, which reduces damage from corrosion 

and fouling. However, these devices need to be able to 

operate in two directions to account for the up-down 

movement, making them less efficient than  

one-directional devices; 

• Overtopping devices which collect the water that spills 

into a device as the waves pass and then passes in 

through a turbine to generate energy; and

• Oscillating bodies which utilise the relative motions 

between a floating structure and a reference body to 

drive a generator and produce energy.

34 https://www.crownestatescotland.com/our-projects/scotwind

Figure 2.5 A: Hywind Scotland spar floating wind turbine; B: WindFloat Atlantic semi-submersible floating wind turbine.
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Figure 2.6 Comparing horizontal- and vertical-axis wind turbines.
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Figure 2.7 Types of wave energy converters. 
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Since the 1980s, there have been many different types of WEC 
concepts that have been studied theoretically, numerically and 
experimentally at model and even prototype scale. WECs have 
not yet been developed at commercial farm scale, although 
there are ongoing developments of several concepts towards 
commercialisation, notably the oscillating body CorPower device35 
(see Figure 2.8) and Oscilla Power’s Triton-C wave energy system36. 
Unlike the wind energy industry, which has converged on a small 
number of turbine designs, the wave energy industry is still 
exploring a wider range of approaches to both absorb the energy 
from the waves and transform this energy into electricity. Theories, 
numerical methods/models, and model-scale experimental studies 
to quantify the hydrodynamics, power efficiency and to some extent 
the survivability of proposed WECs have been very well developed 
for conceptual studies. However, up to 2017, most of the WEC 
prototypes had short testing periods or failed due to survivability 
issues (European Commission, 2017a). The challenge to develop 
pre-commercial prototypes is not unique to wave energy and is 
faced by all other types of ORE development, except offshore wind. 
The industry is aware of this barrier, and is developing technology 
for high efficiency energy capture, reliability and survivability in 
extreme weather conditions and advanced control technologies. 

In recent years, large-scale WEC prototypes of 100-500kW have 
been developed and tested at sea (OES, 2021b). Experiences from 
testing these prototypes are invaluable to better understand 
power performance (helping to validate simulations), fabrication, 
operation, technological optimisation and potential areas for 
cost reduction. As noted by ETIPOcean (2020), it is important to 
extensively test these devices, their foundations and moorings, in 
real sea conditions to learn more and eventually advance their TRL. 

Some representative examples are listed below and shown in Figure 2.8: 

• In 2020, China’s Guangzhou Institute of Energy 

Conversion (GIEC) installed a 500kW WEC, a variant 

of the oscillating body type, called Sharp Eagle, which 

consists of a semi-submersible floater and a hinged 

double floating body37;

• In 2019, Finland’s AW-Energy Ltd installed the 350kW 

WaveRoller, a bottom-hinged surface-piercing flap-type 

WEC and a variant of the oscillating body type, in Portugal38;

• In 2021, Wave Swell Energy installed a 200kW WEC 

oscillating water column device, the UniWave200, in 

Tasmania, Australia39;

• In 2021, Mocean Energy installed a 10kW prototype WEC 

(Blue X) at the European Marine Energy Centre (EMEC) 

test site in Orkney, UK40; 

• In 2021, Oscilla Power tested the 100kW Triton-C point 

absorber WEC, at the US Navy Wave Energy Test Site in 

Hawaii41; 

• In 2022, Sweden’s CorPower Ocean began testing a 

full-scale 300kW oscillating body type WEC C4 point 

absorber device, which has a unique wave spring design 

that allows the WEC to be more efficient in different 

wave frequencies42; and

• In 2022, the Waveswing WEC, a 16kW submerged wave 

power buoy using a direct-drive generator, was deployed at 

the EMEC test site. The trials will be repeated in early 202343.

35 https://corpowerocean.com/ 
36 https://www.oscillapower.com/post/oscilla-power-to-deploy-triton-c-wave-energy-system-in-hawaii
37 https://english.cas.cn/newsroom/news/202007/t20200703_240149.shtml 
38 http://aw-energy.com/waveroller/#technology 
39 https://www.waveswell.com/ 
40 https://www.mocean.energy/blue-x-device-removal/ 
41 https://www.oscillapower.com/post/oscilla-power-to-deploy-triton-c-wave-energy-system-in-hawaii 
42 https://www.corpowerocean.com/technology/  
43 https://awsocean.com/archimedes-waveswing/
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Figure 2.8 Wave energy converter prototypes. A: AW-Energy’s WaveRoller; B: Wave Swell Energy’s UniWave device; C: An artist’s impression of a     
CorPower C4 wave farm.
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2.2.3 Marine turbines 

Marine turbines are devices that are used to extract energy from 
tidal currents (tidal current turbines) and tidal ranges (where 
turbines form part of the system with a tidal barrage or tidal lagoon) 
as shown in Figure 2.9. Marine turbines are completely submerged 
in seawater, giving rise to challenges in material selection and 
design of blades, corrosion, installation and O&M. These challenges 
arise due to the large current speeds, as well as the waves in these 
locations and the large forces that these will exert on the turbines, 
low visibility underwater affecting maintenance, the inherently 
damaging nature of salt water and biofouling effects (Stringer & 
Polagye, 2020). 

Tidal current turbines operate in seawater but have similarities to 
wind turbines in that they possess blades, drivetrains and support 
structures. Marine turbines require far smaller rotor diameters than 
wind turbines to achieve the same power output, as seawater is 
much denser than air. Different configurations and prototypes of 
tidal turbine designs have been developed and MW-size turbines 
have been tested at sea recently (OES, 2021a), representing a 
significant step towards commercialisation. 
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Figure 2.9 Methods for generating electricity from the tides: A: tidal current, B: tidal barrage, C: tidal lagoon.
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Several examples of devices are listed below and shown in  
Figure 2.10: 

• In 2016, Nova Innovation installed the world’s first 

offshore tidal energy array, the Shetland Tidal Array, at 

Bluemull Sound in Shetland (see Section 3.1.1);

• In 2018, SIMEC Atlantis Energy44 developed and installed 

four 1.5MW three-blade bottom-mounted tidal turbines 

in the MeyGen array in Pentland Firth, UK. This is the 

largest planned multi-phase tidal current project in the 

world, and the only commercial multi-turbine array 

currently in construction;

• In 2019, HydroQuest45 installed a 1MW tidal current 

turbine with a dual vertical contra-rotating axis in France, 

which was in operation for testing for two years until 

October 2021;

• In 2019, Magallanes Renovables46 tested a 45m long 

floating platform equipped with two 1.5MW rotors at 

the European Marine Energy Centre (EMEC) in Orkney, 

UK;

• In 2021, Orbital Marine Power47 installed and tested a 

72m long floating tidal turbine platform with two 1MW 

turbines at the same site in Orkney;

• In 2022, Sustainable Marine tested the grid-connected 

420kW PLAT-I 6.40, equipped with six 70kW instream 

turbines at the Grand Passage/Bay of Fundy, Canada48; 

and

• In 2022, Sabella installed and connected its D10 turbine 

to the Ushant Island grid in Brittany, France. The turbine 

has been providing electricity since then. Assessment 

of the production over the first eight months showed 

that the turbine has a capacity to cover up to 49% of the 

island's electricity consumption49.
44 https://simecatlantis.com/   
45 https://www.hydroquest.fr/en/tidal-turbines-services/   
46 https://www.magallanesrenovables.com/  
47 https://www.orbitalmarine.com/ 
48 https://www.sustainablemarine.com/press-releases/sustainable-marine-delivers-first-floating-tidal-power-to-nova-scotia-grid 
49 https://www.sabella.bzh/sites/default/files/upload/communiquePresse/20221201_-_pr_d10_power_curve_certified_en.pdf
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Figure 2.10 MW-size tidal turbine prototypes. A: Shetland Tidal Array device; B: MeyGen Array device; C: Assembling the main structure of the 
Magallanes Renovables device; D: Orbital Marine Power device.
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A detailed review of energy storage solutions suitable for tidal 
currents is given by Zhou et al., (2013). 

Tidal barrages are dam-like structures that are built across the 
mouth of a bay or river. However, unlike a dam, they allow water 
to flow in and out through the structure. The water flows into the 
bay or river at high tide, via turbines located within the barrage 
structure, and flows back out at low tide, again via the turbines, 
generating electricity in both directions. Tidal barrages are still 
the most powerful ORE systems, with notable examples being the 
La Rance tidal plant50 in France (240MW) and the Sihwa Lake tidal 
plant51 in Korea (254MW). Some smaller multi-MW tidal plants 
also exist in China and Russia, and smaller systems are also being 
considered for local needs in Small Island Developing States (SIDS) 
(OES, 2020). However, the construction of tidal barrages can have 
significant environmental impacts in the wider area on benthic 
habitats, fish and mammal passage and migration, phytoplankton 
dynamics and bird communities (Frid et al., 2012; Retiere, 1994). Due 
to the variable nature of the water height during a tidal cycle, there 
are different configurations of the turbine at the various stages. 
Also, energy must be extracted from flows in both directions. Both 
of these factors drastically decreases the efficiency (or increases the 
cost) of the turbine and overall system. 

Tidal lagoons are an alternative means of extracting energy from 
tidal ranges. Tidal lagoons are complete enclosures within highly 
tidal areas and are artificially created (rather than a straight structure 
across an existing bay or river). As with tidal barrages, they use a 
dam-like structure, a small section of which contains turbines, and 
extract energy both while the tide is rising and falling. An example is 
the proposed Swansea Bay Tidal Lagoon in the UK (Petley & Aggidis, 
2016)52, which has yet to be permitted because of concerns regarding 
its potential environmental impacts (Elliott et al., 2018). 

2.2.4 Floating solar energy platforms 

Soler energy is extracted using solar panels, or photovoltaics (PV). 
Onshore solar energy is one of the cheapest renewable energy 
resources. Floating solar PV have been implemented on lakes and 
reservoirs, where wave action is very limited. In such applications, 
plastic floating structures are connected to steel frames that 
support the solar PV panels. An example is the world’s first floating 
solar PV farm in Singapore, developed by Sembcorp Tengeh53 (see 
Figure 2.11). Other concepts have been proposed and prototypes 
developed for deployment in sheltered coastal areas with a mild 
wave climate, such as OceanSun54 developed in Norway.

In seas with relatively high waves, the previously mentioned 
systems struggle with survivability due to their flexibility and 
the large forces exerted by waves. More solid floating platforms, 
made of steel or concrete, are needed to support the PV panel 
deck, such as the concept developed by Equinor and Moss 
Maritime for sea trials in 202255. However, to make these systems 
commercially viable, a very large Ocean surface area needs to 
be covered with solar panels to produce sufficient power, which 
presents considerable design and spatial planning challenges. 
Moreover, there is limited experience in other offshore sectors of 
designing, mooring, and operating such large floating structures, 
and doing so in a cost-effective way. These challenges, along with 
technological challenges linked to e.g. clouds and other coverage 
issues, the cost of movable panels (for permanent optimal 
orientation), and the deterioration of the materials in the marine 
environment, will need to be overcome to develop floating coastal 
and offshore solar PV commercially. A review of projects related 
to onshore and offshore solar energy up to 2013 is provided by 
Trapani & Santafé (2014), with more recent overviews of offshore 
solar installations presented by Vo et al., (2021) and Yousuf  
et al., (2020).
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Figure 2.11  Floating solar PVs. A: OceanSun floating solar PV; B: Offshore floating solar concept by Equinor and moss maritime.
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50 https://tethys.pnnl.gov/project-sites/la-rance-tidal-barrage 
51 https://tethys.pnnl.gov/project-sites/sihwa-tidal-power-plant 
52 http://www.tidallagoonpower.com/projects/swansea-bay/
53 https://www.sembcorpenergy.com.sg/business/energy-solutions/solar/floating-solar/
54 https://oceansun.no/
55 https://www.equinor.com/en/news/20210114-test-offshore-solar.html
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Figure 2.12  Hybrid wind-wave energy system, Floating Power Plant P37 system.

56 https://www.pelagicpower.no/
57 https://www.innovationnewsnetwork.com/w2power-offshore-wind-deployment-worldwide/25183/ 
58 https://www.floatingpowerplant.com/
59 https://webgate.ec.europa.eu/maritimeforum/en/node/5472
60 https://euscores.eu/

2.3 Integrated use of offshore  
 renewable energy  
Most ORE devices will require a large Ocean area for commercial 
development and therefore it is natural to investigate the synergy 
of different devices, co-located at the same site, in terms of efficient 
Ocean space and infrastructure use and complimentary power 
production. Combined systems are typically divided into two main 
types: co-located and hybrid. Co-location consists of deploying 
independent systems (e.g. separate wind and wave devices, or 
floating wind and solar devices) at the same site, while hybrid 
systems combine different ORE technologies on the same platform. 
Different combinations of ORE technologies have been proposed 
and designed: wind-wave, wind-solar, wind-tidal, wave-solar as well 
as wind-solar-tidal-wave. 

An analysis by Soukissian et al., (2021) regarding the hybrid 
exploitation of offshore wind and solar energy in the Mediterranean 
Sea identified the Aegean and Alboran Seas as areas with high 
potential and low variability for both resources, with the Gulfs of 
Lion, Gabes and Sidra, the Aegean Sea, and Northern Cyprus also 
appearing feasible. Overall, the hybrid exploitation of offshore wind 
and solar energy in the Mediterranean Sea seems promising. 

There are also investigations looking at placing electrolysers for 
hydrogen production in situ with the different ORE devices, as 
it may be more efficient to transport hydrogen back to land than 
electricity. However, no commercial concepts have been developed 
for any of these systems yet.

Hybrid platforms are only as mature as their least mature components 
(e.g. those with the lowest TRL), which poses a challenge in terms 
of the viability of the systems, meaning that extensive prototyping 
and demonstration at sea is required to increase TRL. There are 
limited examples of hybrid platform developments. Pelagic Power in 
Norway56 developed the W2Power hybrid wind-wave energy system 
as a semi-submersible platform, combining two wind turbines and 
multiple oscillating body WECs. The platform has so far achieved TRL 
6 through deployment in open sea58. The company Floating Power 
Plant58 developed the Poseidon Wave and Wind system, and a 37m 
scale model (called P37, see Figure 2.12) equipped with ten 3kW 
oscillating body and oscillating water column WECs and three 11kW 
wind turbines. It was tested off the Danish coast between 2008 – 
2013, and using findings from the tests, work is now ongoing to 
develop and deploy an improved commercial level (TRL 7) design59. 
The company also expects to launch a platform combining wind and 
wave energy with hydrogen storage in 2025.

The EU-SCORES project60, funded under Horizon 2020, will consider co-located devices, and present the 

benefits of continuous energy production with small space requirements via complementary energy sources 

(wind, sun and waves). The project will organise two demonstrations in Europe: An offshore PV system co-

located with a bottom-fixed wind farm in Belgium, and a wave energy array co-located with a floating wind 

farm in Portugal. The project runs from 2021-2025. 
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3.1  European policies and aims 

Policy for offshore renewable technology in the European 
Union is driven by the European Green Deal and its objective 
to reach carbon neutrality by 2050. Non-EU countries, such as 
Norway61, the UK62 and Switzerland63 , have different approaches 
on the extent to which they abide by the requirements and/or 
sentiments of the Green Deal. However, to ensure sustainable 
development, the development of the sector will need to be 
in accordance with both carbon and biodiversity targets, and 

will also be influenced and shaped by policies which manage 
maritime spatial planning, grid connectivity and other sectors. 
The European Union has several policy instruments that 
specifically concern the impact of human activities on the state 
of coastal and marine environments. Relevant EU Directives and 
legislation for offshore renewable energy (ORE) are presented in 
Figure 3.1. A full list of EU policy instruments that relate to ORE 
are presented in Annex 2.
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Figure 3.1  Key EU Directives regarding the seas and Ocean, where GES = Good Environmental Status, MPAs = Marine Protected Areas, QS = Quality 
Status, RFMO = Regional Fisheries Management Organisation, IUU = Illegal, Unreported and Unregulated fishing, SPAs = Special Protection Areas, 
SAC = Special Areas of Conservation, SCI = Sites of Community Importance.

3 Review of European offshore 
renewable energy status 

In recent years, Europe has maintained its pledge to become a world leader in renewable energy, 

through policy instruments and by promoting technology development, especially in light of the 2015 

Paris Agreement.

This chapter presents the European Union’s vision regarding offshore renewable energy, as well as the 

current and planned status of different offshore renewable energy installations in European waters.
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61 https://www.regjeringen.no/contentassets/38453d5f5f5d42779aaa3059b200a25f/a-european-green-deal-norwegian-perspectives-and-contributions-20.04.2021.pdf 
62 https://www.chathamhouse.org/2020/02/what-european-green-deal-means-uk 
63 https://www.eda.admin.ch/missions/mission-eu-brussels/en/home/key-issues/enviroment-climate.html
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64 https://www.europarc.org/european-policy/eu-biodiversity-strategy-protected-areas/eu-2030-biodiversity-strategy/ 
65 https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restoration-law_en
66 https://www.msp-platform.eu/msp-eu/introduction-msp

3.1.1 Marine Strategy Framework Directive 

The most comprehensive European Ocean-related Directive is the 
Marine Strategy Framework Directive (MSFD) (European Parliament 
and the Council of the European Union, 2008). The MSFD lists eleven 
Descriptors of Good Environmental Status (GES), and embraces the 
ecosystem approach, recognising the paramount importance of 
biodiversity and ecosystem functioning. Descriptor 1 prescribes 
that biodiversity is maintained. Descriptors 2-11 consider a series of 
impacts arising from human activities and require that they do not 
cause significant harm to ecosystem functioning. The installation 
and operation of ORE must thus respect these prescriptions. 

3.1.2 Biodiversity Strategy and Nature Restoration Law 

In May 2020, the European Commission (EC) published a     
Communication on the Biodiversity Strategy to 2030 (European 
Commission, 2020c). The strategy outlines the need to address 
the significant biodiversity loss that has been witnessed over 
the last four decades. The Communication recognises that “more 
sustainably sourced renewable energy will be essential to fight climate 
change and biodiversity loss”. It also states that the “EU will prioritise 
solutions such as ocean energy, offshore wind, which also allows for 
fish stock regeneration”. However, the Communication also calls for 
30% of the sea to be protected and at least 10% of EU seas to be 
strictly protected. Currently 19% of EU waters are protected, and 
only 1% strictly protected64. Member States have until the end of 
2023 to demonstrate significant progress in legally designating 
new protected areas and integrating ecological corridors. Member 
States should also effectively manage all protected areas, defining 
clear conservation objectives and measures, and monitor them 
appropriately. These requirements will add to competition for 
Ocean space and impact the selection of viable locations for ORE 
installations. There are, however, potential opportunities to be 
considered e.g. in relation to co-location of Marine Protected Areas 
(MPAs) and ORE sites. 

In 2022, the EC proposed a new Nature Restoration Law65 aiming 
to restore ecosystems, as a key component of the Biodiversity 
Strategy. This Law, if approved, would require Member States to 
develop nature restoration plans to “cover at least 20% of the EU’s 
land and sea areas by 2030, and ultimately all ecosystems in need 
of restoration by 2050.” In relation to ORE, the EC highlights the 
importance of considering the aims and requirements, including for 
Ocean space, of other relevant Directives (outlined in this Section), 
and recommends mapping areas ideal for ORE installations, while 
ensuring that their impact would be low and that areas assigned 
for protection or restoration are avoided.

3.1.3 Maritime Spatial Planning 

Spatial planning has been introduced as a tool to manage the use of 
marine space, creating synergies between different activities. There 
are two differing terminologies that are often used: Marine Spatial 
Planning and Maritime Spatial Planning (both abbreviated as MSP). 

Based on the UNESCO approach, Marine Spatial Planning mainly 
considers the development, conservation and promotion of marine 
biodiversity and ecosystem functioning. Maritime Spatial Planning, 
as used by the European Commission, involves all human use of the 
Ocean and seas, e.g. fishing, aquaculture, mining, transportation 
(from ships to pipelines), tourism and leisure and the installation of 
infrastructure such as ORE platforms (Ehler et al., 2019). We use the 
EC approach, which considers marine and maritime as synonyms66 

since Maritime Spatial Planning sensu EC merges the natural 
aspects with human uses. This should result in a holistic approach 
that nests maritime activities into the natural world, and the term 
MSP in this case is used to cover both aspects.

The EU MSP Directive (European Parliament and Council, 2014) 
was adopted in 2014 in response to the high and rapidly increasing 
demand for Ocean space for different purposes, including ORE 
installations. Member States are supported in producing national 
plans for their waters (e.g. via an expert group who provides 
advice, and in cross-border cooperation), which should include 
the placement of all OREs and other spatial uses of the marine 
environment and must be reviewed at least once every 10 years. 

3.1.4 European Green Deal and Offshore  
 Renewable Energy Strategy 
The production and use of energy accounts for more than 75% of 
the EU’s greenhouse gas emissions (European Commission, 2019). 
Decarbonising the EU’s energy system is therefore critical. The EU 
Green Deal focuses on three key principles for the clean energy 
transition: 

1. Ensuring a secure and affordable EU energy supply;

2. Developing a fully integrated, interconnected and 

digitalised EU energy market; and

3. Prioritising energy efficiency, improving the energy 

performance of buildings and developing a power sector 

based largely on renewable sources.

In 2021, the installed offshore wind capacity of Europe was 
28.33GW (see Figure 3.2), of which 15.59GW was in EU Member 
State waters (WindEurope, 2022b). Installed Ocean energy capacity 
in European waters was 11.5MW for wave and 1.4MW for tidal 
current (OEE, 2022). The Offshore Renewable Energy Strategy 
(European Commission, 2020b), which is part of the Green Deal, 
outlines what the EU considers to be realistic and achievable 
objectives to contribute to its climate neutrality vision. This includes 
a requirement to increase capacity in European waters to: 

• At least 60GW of installed offshore wind and 1GW of 

installed Ocean energy in 2030; and

• At least 300GW of installed offshore wind and 40GW of 

installed Ocean energy in 2050.
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This requires an approximate 30-fold increase in ORE capacity by 
2050, divided into a 25-fold increase in wind energy capacity, and 
over 3000-fold increase in Ocean energy capacity. The current 
national targets as expressed in the Member States’ National 
Energy and Climate Plans (NECPs) suggest that this can be achieved. 
However, as discussed in Chapter 2, the renewable energy resource 
is not equally distributed, and therefore a regional approach will be 
needed, considering the available potential and specific capacities 
of each European sea basin. Individual technologies will also need 
to be adapted for different regions and support infrastructure 
considered (e.g. in terms of grid connections).

In its Offshore Renewable Energy Strategy, the EC also addresses 
broader issues, such as: 

• Access to sea-space;

• Industrial and employment dimensions;

• Regional and international cooperation; and

• The technological transfer of research projects from the 

laboratory into practice.

National governments and authorities must plan for this long-term 
European evolution, assessing Member States’ environmental, 
social and economic sustainability, and ensuring coexistence with 

other maritime activities, while remaining compatible with other 
EU policies, strategies and Directives.

To ensure progress towards EU climate neutrality in 2050, 
negotiations are ongoing around a proposed intermediate ‘Fit for 
55’ package67 of measures, first published in 2021, which intend to 
reduce emissions by at least 55% by 2030. This package includes 
plans to further boost the share of European renewable energy by 
203068. It also revises climate and energy legislation to reduce the 
reliance on fossil fuels and to expand the use of renewable energy 
sources (among others). In this respect, the EC is proposing a more 
ambitious target for the renewable energy share of 40% by 2030 
instead of 32%. 

In response to the economic and geopolitical challenges in Europe, 
the EC adopted the REPowerEU Plan69 in 2022. This plan aims to 
both reduce European reliance on Russian fossil fuels and address 
climate change. For renewable energy, this plan calls for increased 
acceleration of the energy transition, further increasing the 
ambitions set out in the Fit for 55 Package. In September 2022, 
the European Parliament voted to increase the renewable energy 
share target to 45% and added a sub-target requiring that 5% of all 
new renewable energy capacity installed in Europe should be from 
innovative sources, including Ocean energy70. At the time of writing, 
negotiations on these targets are ongoing between European bodies.
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Figure 3.2  European offshore wind farms map71.

67 https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/ 
68 https://www.consilium.europa.eu/en/infographics/fit-for-55-how-the-eu-plans-to-boost-renewable-energy/
69 https://ec.europa.eu/commission/presscorner/detail/en/IP_22_3131 
70 https://www.oceanenergy-europe.eu/strong-support-for-innovative-renewables-must-continue-into-next-stage-of-red-iii-negotiations/
71 https://windeurope.org/intelligence-platform/product/european-offshore-wind-farms-map-public/
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72 https://energy.ec.europa.eu/topics/research-and-technology/strategic-energy-technology-plan_en 
73 https://setis.ec.europa.eu/set-plan-progress-report-2021_en 
74 https://www.eera-set.eu/ 
75 https://etipwind.eu/ 
76 https://www.etipocean.eu/

3.1.5 European governance initiatives 

There are several additional European governance initiatives which 
relate to the development of ORE.

The 2007 European Strategic  Energy Technology Plan72 (SET Plan) is a 
European initiative to accelerate the development and deployment 
of low-carbon technologies, through cooperation amongst EU 
countries, companies, research institutions, and the EC. In relation 
to ORE, implementation plans have been developed for offshore 
wind, Ocean energy, integrated energy systems and High Voltage 
Direct Current (HVDC). Annual reports have been published on the 
progress of the implementation plans since 2019, with the most 
recent report being from 202173.  

In parallel to the launch of the SET Plan, the European Energy 
Research Alliance74 (EERA) was created to align the research and 
development activities of individual research organisations with the 
SET Plan priorities and to establish a joint programming framework 
at EU level. EERA operates using joint programmes on technologies 
and cross-cutting issues including Ocean and wind energy, as well 
as energy storage.

European Technology Innovations Platforms (ETIPs) are industry-led 
stakeholder Platforms recognised by the EC as key actors for driving 
innovation, knowledge transfer and European competitiveness in 
their sector. ETIPs develop research and innovation agendas, and 
roadmaps for action at EU and national levels to be supported by 
both private and public funding. They mobilise stakeholders to 
actively contribute to the agreed priorities and share information 

across the EU. There are ETIPs dedicated to both wind75 and Ocean 
energy76, which have worked to support the SET Plan and have 
identified research priorities and roadmaps for these technologies.

3.2  Overview of offshore renewable  
 energy implementation and  
 capacity in Europe 

This section will present an overview of the present and planned 
capacity of ORE in European waters. Related enablers and 
infrastructure (e.g. grid connectivity) are discussed in Chapter 6.

3.2.1 Mature technologies 

Mature ORE technology installations are those at TRL 6-9, including 
offshore wind, tidal current and range, and wave energy.

Offshore wind   

According to WindEurope (2022a), by mid-2022 there was 28,363MW 
installed offshore wind capacity in Europe (with 30MW installed in 
early 2022), corresponding to 123 offshore wind farms with 5,795 
grid-connected wind turbines. Only 103MW (0.36%) of this total 
installed capacity involved floating offshore wind farms. However, 
this represents 83% of floating wind capacity globally, indicating 
the relative immaturity of this sector and the ongoing dominance 
of Europe in offshore renewable energy installation, including for 
floating wind installations.
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Sea Installer vessel loaded with offshore wind turbine towers and blades in Ostend, Belgium. 
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In Europe as of June 2022 (WindEurope, 2022a), the UK lead in 
offshore wind production, with a cumulative capacity of 12,739MW 
(i.e. the total of all the capacity that has at some point been installed, 
including some devices that have since been removed from the 
water), and 2,542 grid connected wind turbines. The UK is followed 
by Germany (7,713MW and 1,501 turbines), the Netherlands 
(2,986MW and 599 turbines), Denmark (2,308MW and 631 turbines) 
and Belgium (2,261MW and 399 turbines). These countries represent 
99% of the total installed capacity in Europe. The North Sea hosts 
almost 20GW (79% of the total offshore wind capacity in Europe), 
followed by the Irish Sea (12%), the Baltic Sea (9%), and the Atlantic 
Ocean (<1%). The dominance of northern European seas in offshore 
wind energy production is due to a combination of factors including 
wind resource availability, and the fact that these regions have 
shallower waters which enable easier installation.

Although the oceanographic and atmospheric conditions and the 
seafloor geomorphology in the Mediterranean Sea are quite different 
from the northern European seas, the available wind potential is 
significant. The first operational (since April 2022) offshore wind 
farm in the Mediterranean Sea is located off the Italian Puglia 
coast. It comprises 10 wind turbines each with a nominal capacity 
(in optimal wind conditions) of 3MW, giving a total capacity of 
30MW77. However, ORE developments in the Mediterranean Sea 
are experiencing opposition on both environmental and social-
economic grounds (see e.g. Lloret et al., 2022).

Over the next three years, several floating offshore wind projects 
are expected to be commissioned including four projects in France 
(with a total capacity 113.5MW), one in Norway (88MW) and one 
in the UK (50MW). Three of the floating projects in France will be in 
the Mediterranean Sea with a total capacity of 85MW. 

Tidal current and range, and wave energy 
According to Ocean Energy Europe (OEE, 2021), the cumulative 
tidal current energy potential (i.e. the total capacity of all tidal 
current devices that have been installed, even if some of them 
have now been removed, operating at their maximum in ideal 
conditions) installed in Europe since 2010 is 27.9MW, which is 
nearly 77% of the global cumulative installed potential of 36.3MW, 
showing European leadership. By the end of 2020, 10.1MW was still 
deployed in European waters, with other installations having been 
decommissioned. The corresponding figures for wave energy are 
12MW cumulative energy potential in Europe (51% of the global 
cumulative installed potential of 23.3MW) and 1.1MW of capacity 
still installed in 2020. These figures indicate the lower maturity of 
tidal current and wave energy, with most devices being installed for 
limited durations to facilitate testing and prototyping, rather than 
in permanent commercial farms. 

In 2021, a major advance in tidal current energy was achieved 
through the deployment of O278: the world’s largest tidal turbine 
(2MW capacity), by Orbital Marine Power in the Orkney Islands, UK. 
Another Orbital turbine is scheduled to be deployed in the same 
area in combination with a hydrogen production facility and a 
battery system within the scope of the EU’s Horizon 2020-funded 
FORWARD2030 project79. In another relevant Horizon 2020-funded 
project, EnFAIT80 (Enabling Future Arrays in Tidal), Nova Innovation 
has installed a commercial turbine as part of the tidal array 
deployed in Shetland, as noted in Section 2.2.3. 

At present there are only two operational tidal range energy plants 
in Europe: La Rance tidal barrage in France, and a smaller scale tidal 
range power plant (of 1.2MW capacity) installed in Oosterschelde in 
the Netherlands (see Figure 3.3).
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Figure 3.3  Oosterschelde tidal range power plant in the Netherlands. 

77 https://www.offshorewind.biz/2022/04/22/first-mediterranean-offshore-wind-farm-up-and-running-in-italy/ 
78 https://orbitalmarine.com/o2/ 
79 https://forward2030.tech 
80 https://www.enfait.eu/
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Regarding wave energy, two pioneering oscillating water column 
(OWC, see Section 2.2.2) power plants in Europe were the 400kW Pico 
in the Azores that was constructed in 1999 as part of a pilot project 
and closed in 201881, and the Mutriku 296kW plant constructed in 
2011 in the Basque country which is still operational82. In 2018, a 
200kW Wavepiston wave energy converter (WEC) oscillating body 
device was also installed in Gran Canaria, Spain as a demonstrator. 
This latter device will be in the water until 2023 and a second 
device is expected to be installed in the same area for desalination 
and power production purposes83. However, except for a 600kW 
oscillating body WEC that was deployed by Wello at the Biscay 
Marine Energy Platform in July 2021 and was connected to the 
grid84, most deployed devices are of limited capacity, many of them 
being sub-scale prototypes under development. The Wello device is 
undergoing two years of testing in real conditions to better assess 
its reliability and robustness.

3.2.2 Technologies in pilot/demonstration phase
Less mature ORE technology installations, considered at TRL 1-5, 
include floating solar, salinity gradient, marine biomass and 
hydrogen production.

Floating solar energy   
Although floating solar parks have been installed and are operating 
in artificial lakes etc. in Europe, especially in the Netherlands85, 
no solar park has yet been installed offshore. In 2019, the Dutch 
company, Oceans of Energy86, installed a pilot floating solar module 
in the North Sea. The system survived the harsh environmental 
conditions in the installation area for 18 months87. This was followed 
in 2022 by the installation of a 1MW system of 200 floaters 12km 
offshore in the North Sea88.

Salinity gradient 

At present, European activities utilising salinity gradients are very 
limited. The first pilot osmotic power plant was developed by the 
Norwegian company, Statkraft, in 2009 but ceased operations in 
2014 due to viability issues89. The first Reverse Electro Dialysis (RED) 
power plant (50kW) was installed in 2014 in the Afsluitdijk dam in the 
Netherlands (Wadden Sea) and is still operational90. Within the context 
of the EU’s FP7 REAPower project91, a pilot-scale plant was installed in 
2014 at Trapani (Italy), with 48m2 of total membrane area and one RED 
unit (Tedesco et al., 2016). A further scale-up (of 1kW power capacity) 
of the original pilot plant resulted in three RED units and 400m2 of 
total membrane area (Tedesco et al., 2017). The pilot plant is no longer 
in operation. The EU Horizon 2020 project INTELWATT92 aims inter 
alia to develop an integrated pilot unit in Castellgalí near Barcelona, 
Spain. This unit will comprise of RED and solar powered membrane 
distillation systems and should demonstrate a TRL of 7.

Marine biomass 

In Europe, there are 13 countries developing macroalgae production 
(Araújo et al., 2021), with the top three producers being France, 
Ireland and Spain. Macroalgae is mostly wild harvested and used 
in food related products and not in energy production. For more on 
the state of knowledge on the potential for macroalgae cultivation 
see the EKLIPSE report (Bermejo et al., 2022).

For microalgae, the current production methods are not yet ready 
to support large-scale biofuel production. Despite there being 
a growing interest in algae production, the status of the algae 
industry for biofuel production in Europe is currently unknown 
(Araújo et al., 2021). 

For a review of marine biomass energy in general and its status in 
Europe see Araújo et al., (2021) and Thomas et al., (2021).

Hydrogen

The EU has fixed an ambitious target of developing 40GW of 
hydrogen generation capacity by 2030. To achieve this target, 
renewable energy will be needed to power this process. The main 
OREs targeted are solar and wind, and more specifically offshore 
wind, due to its higher capacity factor (i.e. the ratio of the electrical 
energy produced for a specific time-period to the theoretical 
maximum electrical energy produced in the same period, see 
Section 2.1.1). Projects for coupling electrolysers with offshore 
wind turbines are under development (e.g. in the North Sea off 
Denmark) and being assessed (Singlitico et al., 2021).

3.3 Barriers
Even though the increase in ORE proposed by the EU is realistic 
and achievable, it is ambitious and will need to be supported 
across a wide range of sectors. A broad range of technological 
issues are constraints or bottlenecks to the expansion of this 
industry (see Chapter 6). The ability of the supply chain to adapt 
and respond to the exponential demand is questionable: There 
are many constraints and bottlenecks in the various domains of 
the supply chain at all stages of the life cycle of an ORE device (see 
Chapter 5).

Poulsen & Lema (2017) found that the installation of sub-stations 
and export cables and unscheduled or contingency maintenance 
operations pose logistical challenges, which will need to be overcome. 
The lack of ports equipped with adapted infrastructure and located 
in the vicinity of deployment sites, also limits optimal exploitation 
of sites with a good level of resource (Cradden et al., 2016). 

81 http://www.pico-owc.net/en/ 
82 https://www.eve.eus/Jornadas-y-Noticias/Noticias/La-planta-de-energia-de-las-olas-de-Mutriku-bate?lang=en-gb 
83 https://www.wavepiston.dk/ 
84 https://wello.eu/2021/07/28/wellos-wave-energy-converter-deployed-in-basque-country 
85 The largest one (Zonnepark Bomhofsplas) in Europe is located in the Netherlands and has 72,000 solar panels. The park, of 27.4MW installed capacity, is installed in a sand extraction lake and 

was connected to the grid in 2020.
86 https://oceansofenergy.blue/ 
87 https://www.offshore-energy.biz/oceans-of-energys-floating-solar-system-weathers-through-all-north-sea-storms/ 
88 https://oceansofenergy.blue/north-sea-2/
89 https://www.powermag.com/statkraft-shelves-osmotic-power-project/ 
90 https://www.power-technology.com/features/making-blue-from-red-the-potential-of-salinity-gradient-power/ 
91 https://www.reapower.eu/  
92 https://www.intelwatt.eu/
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93 https://oceans-and-fisheries.ec.europa.eu/ocean/blue-economy/sustainable-blue-economy_en   
94 https://cordis.europa.eu/project/id/774426

3.4 Expansion to key markets
Key objectives for ORE are to provide grid-connected electricity, 
contributing to global decarbonisation and energy transition, and 
to provide energy in a predictable, environmentally sustainable 
and affordable manner. In addition to the grid power market, 
other potential markets have been explored. The ‘Blue Economy’93, 
involving the sustainable use of the Ocean and economic growth, 
comprises a range of sectors, some of which represent additional 
opportunities for ORE. Sectors such as aquaculture are expanding 
into the open Ocean, requiring consistent and reliable energy and 
provide an opportunity for ORE market expansion. For example, the 
EU Horizon 2020-funded Blue Growth Farm project94 aims to design 
an environmentally friendly multi-purpose offshore platform, 
which accommodates an industrial aquaculture platform and 
includes a wind turbine and a set of wave energy converters.

Islands are at present heavily reliant on costly fossil fuels for 
electricity generation, and are looking to address supply security, 
environmental sustainability and energy affordability. Small Island 
Developing States (SIDS) pay some of the highest energy costs in the 
world, largely due to high fuel transportation costs. ORE can be an 
attractive option for these energy markets, as these locations tend 

to coincide with good ORE resource potential (OES, 2020). Specific 
market opportunities also exist for offshore energy technologies 
coupled with desalination projects (see Section 2.1.5), which are 
usually energy intensive. This is an opportunity for handling the 
water crisis on islands. For example, there is an increasing need for 
fresh water in the Aegean Sea and Canary Islands; desalination using 
renewable energy could be an optimal solution for resolving the 
adverse impacts that the shortage of fresh water has on economic 
activities in these areas (e.g. Kyriakarakos et al., 2022).

Alternative non-utility markets may help reduce costs by allowing 
rapid innovation and testing to a level where ORE technologies can 
be cost competitive to provide grid power and have offered a unique 
opportunity for the development of emerging ORE technologies 
(Cantarero et al., 2020). Röckmann et al., (2017) also suggest that 
operating and maintenance reductions could be achieved through 
cooperation with other sectors in hybrid installations (e.g. wind 
energy and aquaculture) by sharing costs and by reducing logistical 
waiting times.

LiVecchi et al., (2019) investigated possible applications of ORE in 
key markets of the Blue Economy as shown in Table 3.1.

Table 3.1  Market opportunities for offshore renewable energy technologies. 
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NEAR TERM EMERGING FUTURE

Power at sea

Ocean Observation and Navigation ✔

Underwater Vehicles Charging ✔

Marine Aquaculture ✔

Marine Algae ✔

Mining Seawater Mineral and Gases ✔

Resilient coastal communities

Desalination ✔

Disaster Resiliency and Recovery ✔

Community-scale Isolated Power Systems ✔
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4.1  Positive and adverse impacts 

Since the first wind turbines at sea were installed in Danish waters 
in 1991, monitoring programmes to investigate their impact on 
the surrounding marine ecosystems have been a pre-operational 
requirement and many of those results have now been published 
(e.g. Degraer et al., 2018). European and global research covers 
a wide range of potential positive and adverse impacts on all 
ecosystem components.  In relation to Ocean energy technologies 
in particular, the International Energy Agency’s (IEA) Ocean 
Energy Systems – Environmental (OES-E) initiative produces a 
bi-annual State of the Science report which integrates the latest 
scientific information and research on a range of environmental 
impacts at a global scale95. This complements the IEA’s Technical 
Collaboration Programme on Wind Energy96, that has included 
a task on social, environmental and economic impacts of wind 
energy since 2012. This task, more commonly known as Working 
Together to Resolve Environmental Effects of Wind Energy (WREN), 
was created to address the environmental issues associated with 
commercial development of land-based and offshore wind energy 
projects. The outputs from both these programmes, together 
with studies conducted by international bodies (e.g. OSPAR), 
developers, governments and researchers, have contributed to a 
solid understanding of the potential impacts of offshore energy on 
marine ecosystems.

Current knowledge indicates that fish, marine mammals, 
invertebrates, seabirds and benthic species can be affected by ORE 
installations. Data on short-term species-level impacts for some 
species (e.g. seabirds, marine mammals, fish) are available (e.g. 
Lindeboom et al., 2011). Over the long-term (e.g. around 10 years), 
marine ecosystem changes have been linked to offshore wind 
farms, predominantly in the North Sea due to the high abundance 
of farms in this location (Galparsoro et al., 2022). These short- 
and long-term impacts on species and ecosystems may be either 
positive or negative. Detailed evidence maps for different species 
have been produced by ScotMER97  and by Natural England98. A 
systematic review of the potential environmental effects of ORE is 
provided by Martínez et al., (2021).

ORE installations also impact abiotic elements of the marine 
environment, for example wave energy farms acting as wave 
breakers may have important effects on shoreline dynamics by 
affecting the coastal sea state conditions and circulation patterns 
(Onea & Rusu, 2019).

The lists below present the main positive and negative effects of 
ORE on the marine environment and ecosystems. Annex 4 includes 
key references that support the effects outlined. 

4 Environmental impacts 
from offshore renewable 
energy: Lessons learnt 

Observed and measured impacts of offshore renewable energy (ORE) installations on the marine 

environment exist for offshore wind turbines and wind farms. Such information also exists for Ocean 

energy technologies (primarily wave and tidal) though this tends to be limited to single devices deployed 

for time-limited periods. It is critical that international and European efforts continue to measure 

and monitor environmental effects, particularly as more and more commercial scale deployments 

become operational. This extends to all phases of development from project planning through to 

decommissioning. 

This chapter presents the state-of-the-art in understanding the positive and negative impacts of 

offshore wind installations on marine environments and ecosystems and proposes mitigation measures. 

It also notes the potential for similar impacts arising from different installations.

95 https://tethys.pnnl.gov/about-oes-environmental
96 https://iea-wind.org/
97 https://www.gov.scot/policies/marine-renewable-energy/science-and-research/ 
98 https://naturalengland.blog.gov.uk/2022/04/13/offshore-wind-best-practice-advice-to-facilitate-sustainable-development/
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 Positive 

• Changes in physical environment: reductions in flow 

discharge, reduced erosion along coastlines;

• Creation of new habitats, potential increase of 

biodiversity from artificial reef effect;

• Fishing exclusion zones;

• Potential increase of benthos/fish biomass from ‘reserve 

effect’ (i.e. from the creation of an area where fishing 

is effectively not taking place), and related feeding 

opportunities;

• Creation of refuges for agile invertebrates and fish;

• Enhanced ecosystem connectivity via ‘stepping-stones’ 

created by installed structures;

• Reduction of GHG emissions and global warming effects; 

and

• Reduced risk of fuel (e.g. oil, gas, nuclear) discharges into 

the environment.

Adverse 

• Changes in the physical environment: energy removal, 

temperature change, discharges, stratification, changes 

in air and/or water flow, sediment resuspension, 

deoxygenation, changes to shoreline dynamics;

• Changes in benthic communities through hard substrate 

introduction or increase in erosion effects on the seabed;

• Collisions with (moving) installation components and 

possible subsequent fatalities, impacts on migration and 

connectivity;

• Potential habitat and foraging site loss for some species 

through introduction of installations or avoidance of 

specific areas;

• Noise during installation and operation;

• Emission of contaminants (e.g. in anti-fouling paints, 

ballast water);

• Electromagnetic fields; and

• Increase in non-indigenous and invasive species through 

additional habitat provision and increased connectivity.
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Current knowledge indicates that marine mammals, such as these Common Bottlenose Dolphins, can be affected by ORE installations.
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Several studies have outlined how basic monitoring alone may not be 
sufficient to disentangle specific cause–effect relationships, especially 
for systems with high natural variability (e.g. Lindeboom et al., 2011). 
However, targeted monitoring activities such as the near-turbine effect 
studies on benthos (e.g. Degraer et al., 2018), the feeding behaviour 
of demersal fish in wind farms (e.g. Derweduwen et al., 2016) and the 
escape behaviour of harbour porpoises during piling (e.g. Haelters et 
al., 2015), have provided significant new and important knowledge on 
cause–effect relationships (Degraer et al., 2013).

Boehlert & Gill (2015) distinguish between effects and impacts 
in their synthesis of environmental and ecological effects of 
ORE development. An ‘effect’ does not indicate a magnitude or 
significance, whereas an ‘impact’ implicitly deals with severity, 
intensity or duration of the effect. Several studies have identified 
elements that suggest an effect, but further work is usually 
required for it to be interpreted as an impact. The same rationale 
is present in the extensive review of monitoring data derived from 
the licence conditions of offshore wind farms conducted by the UK 
Marine Management Organisation (MMO) (Marine Management 
Organisation, 2014). The aim was to validate predictions made in 
Environmental Impact Assessments (EIAs, see Section 4.5) or Habitat 
Regulations Assessments (HRA)99 to detect any unforeseen impacts 
and to ensure compliance with identified mitigation measures. The 
MMO provides a set of cross-topic recommendations, suggesting 
that monitoring should be species-driven, using EIA and HRA impact 
statements as a hypothesis for investigation. The MMO proposes 
that post-consent monitoring should be requested where there is 
uncertainty regarding scientific understanding, in the significance 
of an impact on a sensitive species or on the effectiveness of the 
proposed mitigation measure. They propose that environmental 
surveys should collect data which help to better understand the 
significance of impacts on marine environments and species. They 
also suggest that post-consent monitoring is not recommended 
for impacts that are already well understood and/or where the 
mitigation measures for impact have been tried and tested. A study 
with similar recommendations has also been conducted by the 
Renewables Grid Initiative (Stephenson, 2021).

4.2 Short-term and long-term effects
Monitoring of the potential environmental effects of human 
activities is required by environmental legislation across 
many countries and is addressed at EU level in the amended 
Environmental Impact Assessment Directive100 (see Section 4.5) 
of 2014. Short-term or basic monitoring focusing on the resultant 
effect of human activities, including the construction and operation 
of offshore wind farms, is the most common. The design of these 
monitoring studies (e.g. Before-After-Control-Impact or the Before-
After design) may be different but they always need to include the 
assessment of a baseline to be used as a reference to assess major 
and even unforeseen impacts. It may also trigger adjustment to or 
even halting of activities if unacceptable impacts (e.g. excessive 
noise) occur. Longer-term strategic monitoring studies are useful for 
future planning and policymaking as they can provide insight into 

population and ecosystem effects as well as implications for other 
sectors and marine users. It is essential that the results of these 
monitoring studies are used to design future research programmes 
and refine scientific knowledge. A key issue in relation to the marine 
environment is the level of information and knowledge that is 
available on the environmental baseline prior to deployments/
installations. This is critical to understanding whether observed 
changes are a result of the development occurring or alternatively 
if they are due to other stressors on the environment at a particular 
location, including climate related changes.

Most evidence indicates that ecosystems containing ORE devices 
continue to alter over time, and the patterns observed so far are 
considered short-term effects, likely reflecting the initial stages of 
ecological change and succession (Lindeboom et al., 2011). Offshore 
wind farms have only been installed for a maximum 32 years, 
and there has not been consistent monitoring of impacts for the 
full period. There are also difference between countries for what 
is permitted in these areas, e.g. whether or not certain types of 
fishing can still be conducted in these areas or whether all other 
activities are banned. For other ORE devices, the period for which 
they have been installed in the Ocean is significantly shorter and 
limited to specific areas. In short, we simply do not presently have 
data covering a long enough period, and therefore some impacts 
may not yet be detectable.

As an example, the enrichment of soft sediment macrobenthos 
observed close to wind turbines has been demonstrated to spatially 
extend over time (Mendel et al., 2019) although it might not have 
reached the spatial extent to be picked up by the basic monitoring of 
macrobenthos, where samples are collected at a distance more than 
200m from the turbines (Gill et al., 2012; Krägefsky, 2014). In another 
example, and contrary to expectation, six years after the construction 
of the Thornton and Bligh Bank offshore wind farms in Belgium, no 
effects from the exclusion of fishing activities were detected in soft 
sediment epibenthos and fish populations between the turbines 
(de Backer & Hostens, 2017) and no change had been observed in 
macrobenthos related to fisheries exclusion (Reubens et al., 2016). The 
duration for which monitoring was conducted after construction was 
probably too short and the fisheries exclusion zones linked to the wind 
farms were not sufficiently large for the effect of the fisheries exclusion 
to be detected away from the area around each individual turbine. By 
contrast, in the same offshore wind farms, temporary effects have 
been observed such as density and biomass peaks of epibenthos that 
lasted only two years post-construction and decreased towards levels 
similar to the reference areas three years post-construction (de Backer 
et al., 2017). A similar positive short-term effect was observed at the 
Horns Rev offshore wind farm in Denmark, where an initial increase 
in the abundance of juvenile sand eels (a fish species associated with 
sediment) was observed one year after construction (Danish Energy 
Agency, 2013). Long-term continuation of basic monitoring of all 
ecosystem components is recommended to record any long-term 
effects. However, it is still unclear what the appropriate time window 
is for capturing short-term and long-term effects since this varies for 
different species and devices and is also dependent on the state of the 
ecosystems that these devices are installed within. 

99 In the UK, a Habitats Regulations Assessment (HRA) refers to an assessment that must be undertaken to comply with the Conservation of Habitats and Species Regulations 2017 (as amended) 
and the Conservation of Offshore Marine Habitats and Species Regulations 2017 (as amended) to determine if a plan or project may affect the protected features of a habitats site before deciding 
whether to undertake, permit or authorise it. It is largely equivalent to the Appropriate Assessment process required under Article 6 of the EU Habitats Directive. 

100 https://ec.europa.eu/environment/eia/eia-legalcontext.htm
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101 https://webstore.iec.ch/publication/31031 
102 https://www.fisheries.noaa.gov/national/marine-mammal-protection/marine-mammal-protection-act-policies-guidance-and-regulations 
103 https://ec.europa.eu/info/research-and-innovation/research-area/environment/oceans-and-seas/eu-marine-strategy-framework-directive_en 
104 https://ec.europa.eu/environment/nature/legislation/habitatsdirective/index_en.htm
105 https://environment.ec.europa.eu/news/zero-pollution-and-biodiversity-first-ever-eu-wide-limits-underwater-noise-2022-11-29_en

4.3 Physical agents of adverse impact
There are several negative physical impacts that ORE installations 
can have on marine species and ecosystems that have been studied 
scientifically and have come to the attention of policymakers, 
namely underwater noise, electromagnetic fields, collisions and 
strikes, and seabed damage. A review of potential environmental 
effects from ORE, including these physical impacts, is given by 
Copping et al., (2020). Underwater noise and electromagnetic fields 
are discussed in more detail below. 

4.3.1 Underwater noise

As discussed by Thomsen et al., (2021), marine animals use 
sound in the Ocean in the same way as terrestrial animals and 
humans use sight on land; to communicate, navigate, find 
food, socialise and evade predators. Anthropogenic noise in the 
marine environment interferes with these activities, so it has 
received considerable attention by the scientific community. In 
the context of ORE devices, these impacts can arise both during 
the installation (e.g. from pile-driving) and operational phases. 
These and other noise sources can cause impacts including 
auditory masking, stress, behavioural changes, acoustic responses 
(temporary or permanent reduction in hearing sensitivity), injuries 
and strandings (Southall et al., 2007). The possible impact that 
noise might have on a marine species depends on the frequency 
(Hz), intensity and time duration of the noise. A significant 
amount of current underwater noise research and regulations 
have focused on noise sources that are more pervasive (e.g. vessel 

traffic) and/or are comparatively “louder” (e.g. seismic surveys). 
In 2019, the International Electrotechnical Commission published 
a standard for the acoustic characterisation of marine energy 
devices101 to support this research. However, more recent studies 
have considered noise from ORE devices and its potential impacts 
(e.g. Popper et al., 2022), concluding that at present, knowledge 
gaps around the effects of sound on some marine species and a 
lack of data under actual conditions preclude assessment of any 
potential cumulative impacts.

Globally, the regulatory protection afforded to marine animals, 
particularly marine mammals (e.g. the 1972 Marine Mammal 
Protection Act in the United States102, the EU’s 2008 Marine 
Strategy Framework Directive103 and the 1992 Habitats Directive104) 
mandate that measures should be taken to minimise any ecological 
impacts arising from emissions of anthropogenic underwater noise. 
As such, consideration of the potential impact of ORE device noise is 
often required as part of the EIA carried out in support of licensing 
processes. Although significant uncertainty remains about the 
risk posed to marine species by noise, the evidence acquired 
from post-consent monitoring studies (e.g. Marine Management 
Organisation, 2014) suggests that underwater noise emitted from 
operational ORE devices is unlikely to significantly alter behaviour 
or cause physical harm to marine animals. Most adverse effects are 
observed during the construction phase of an ORE farm. 

The EU’s Marine Strategy Framework Directive's (MSFD) Good 
Environmental Status (GES) Descriptor 11 (D11) relates to the 
introduction of energy, including underwater noise, at levels that do 
not adversely affect the marine environment. The Directive will result 
in the enforcement of recently established threshold values for Good 
Environmental Status for underwater noise, which will affect the 
ORE sector. While the threshold values are prescribed at EU level105, 
the noise sources of relevance and species of concern will be 
identified at regional and Member State level. There is significant 
opportunity to strengthen the interplay between EIA and MSFD 
requirements at government level, with input from scientists and 
other experts. 

As the number of ORE devices being installed in the Ocean increases, 
it will be important to consider noise impacts not only for a single 
device, but also cumulatively for multiple activities in a short time, 
multiple installations generating noise over a larger area and a 
longer timescale and in combination with existing noise sources 
such as shipping. 

4.3.2 Electromagnetic fields

In the marine environment, electrical cables induce electromagnetic 
fields (EMF) along their entire length, regardless of whether they 
transmit high-voltage direct currents or alternating currents. At 
present, high voltage alternating current electrical cables are used 
to connect all types of ORE devices between units in an array and 
to connect these to marine substations. High voltage alternating 
current or direct current can be used to export power to shore.

Marine species such as sharks, rays and skates are sensitive to 
electromagnetic fields.
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The Earth generates its own naturally-occurring geomagnetic 
field (GMF), which is used by some marine species to navigate and 
guide migration. Interaction between EMFs emitted by ORE power 
generation and the Earth’s natural GMF can alter the behaviour of 
some species. Current interest is focused on EMFs generated within the 
cable and existing along its length, propagating away from the cable 
into the surrounding environment and decaying in relation to distance 
from the source. Information on the intensity of the emitted EMF, 
which depends on the type of current (direct or alternating current, 
or a transformation between them), the cable characteristics and 
configuration, the power transmitted, the local GMF and surrounding 
environmental factors, is very important to assess potential impacts. 
The more and/or larger the ORE devices and the higher power-rated 
the cables the stronger the EMF. 

The biological response to this EMF depends on the sensitivity of the 
species, which is determined by their sensory systems (CSA Ocean 
Sciences Inc. and Exponent, 2019). The movement and distribution of 
animals also plays a role and may depend on their life stage, as well 
as how they use the areas where the EMF occurs in time and space. 
The literature on whether EMF impacts marine species, at which levels 
and over which timescales, is often contradictory (e.g. Cresci et al., 
2022; Hutchison et al., 2020), indicating that more research is needed 
to better understand potential impacts and their significance at 
individual- through to population level (Hutchison et al., 2020).

4.4 Mitigation measures
Potential adverse impacts from ORE projects may be temporary 
or permanent and may occur at different times during a project 
lifetime. They also occur in several development phases of an 
ORE farm. However, mitigation measures are usually categorised 
according to the species and habitats under consideration for the 
main phases (materials and manufacturing; transport and assembly; 
installation; operation and maintenance; and decommissioning and 
disposal) of the project lifetime. As an example, marine mammals 
may be the main species under consideration for the transport and 
assembly phase, as these activities are noise generating and marine 
mammals are particularly sensitive to noise. Relevant mitigation 
measures would then relate to noise mitigation or ensuring that 
marine mammal species are not present in the area where noise is 
being generated. Moreover, combinations of large ORE installations 
with other human activities in the same area may also produce 
cumulative effects that are difficult to assess, although they are 
very important. An attempt to develop a conceptual model to 
quantify cumulative impacts on the supply of marine ecosystem 
services using the case study of offshore wind in the Belgian North 
Sea is outlined in van de Pol et al., (2023) and further such research 
will be needed.

The most important and efficient mitigation measure to avoid 
or minimise potential effects on the surrounding species and 
environment is the appropriate selection of the farm location. This, 
however, requires a very detailed Environmental Impact Assessment 
(EIA) study based on actual monitoring and the development and/or 

availability of a robust baseline of environmental information (see 
Section 4.5). The most relevant mitigation measures for specific 
species and habitats are described below, some of which should 
already be applied from the onset of the design phase of an ORE 
farm, e.g. during the design of the particular wind turbines and 
decisions on the number to be installed. 

For marine mammals, the most common mitigation measures 
include: 

i) exclusion of areas with habitats that are important for 

marine mammals106; 

ii) avoiding or suspending noise generating construction 

activities during biologically sensitive seasons such as 

breeding or feeding periods; 

iii) measures related to the type of turbine foundation (low-

noise foundations); 

iv) noise-restriction measures (e.g. bubble curtains) to 

reduce the levels of noise emitted during construction, 

mainly pile-driving and detonation of historic unexploded 

ordnance that may lie in the construction area; 

v) surveillance (visual and acoustic) of marine mammal 

presence in exclusion areas; and 

vi) measures to actively deter animals away from such areas 

(e.g. by gradually starting the pile-driving process to 

allow marine mammals to leave the area, or by restricting 

the process during peak abundance). 

For fishes some of the most common measures taken are: 

i) seasonal restrictions on pile-driving to minimise vibration 

effects and strong impulsive underwater noise (Juretzek 

et al., 2021); and 

ii) burying cables at depths greater than 1m, and/or 

protection of the cables with appropriate material to 

minimise the effects of EMF.

For birds, Johnston et al., (2014) suggest that increasing hub 
height and using fewer and bigger wind turbines can reduce bird 
collisions. Flashing lights marking the location of ORE turbines are 
also suggested instead of steady red lights as they are more easily 
seen by birds. Operational mitigation measures for reducing bird 
collisions include halting operation during migration periods or 
changing rotor direction away from the direction of migration. 
The use of deterrents (visual or audible) that are activated after 
receiving feedback from a bird-detection radar system is another 
option, while permanent deterrents e.g. painting, may also be 
applied to the tower and blades (Gradolewski et al., 2021). May et 
al., (2020) propose painting one of the rotor blades black to reduce 
the visual effect of motion smear.

106 https://www.marinemammalhabitat.org/imma-eatlas/
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107 EIA Directive: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32014L0052 
108 SEA Directive: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex%3A32001L0042

Aside from addressing spatial conflicts on a case-by-case basis, EIA 
necessitates the inclusion of cumulative impacts and a mitigation 
hierarchy that can help in the management of spatial conflicts. The 
mitigation hierarchy routinely utilised in EIA consists of avoiding, 
minimising and mitigating. Where mitigation is not possible, 
reasons for proceeding should be proposed to the relevant national 
bodies during the consenting process. In specific cases where 
mitigation is not possible, offsetting or compensation should be 
considered. This does not imply financial compensation but rather 
actions to redress disruption to ecological integrity or damage to 
the supply of natural resources. 

Whilst there are a variety of technical measures used to address 
specific environmental impacts as discussed above, avoidance 
of such impacts is the most effective option and needs to be 
thoroughly embedded in strategic planning processes such as MSP. 
This can include factors such as timing of construction to minimise 
impact on habitats and species, sensitive siting of cables and 
related infrastructure and overall project/farm layout. Greenhill et 
al., (2021) found that there are currently no feasible options for the 
mitigation of displacement effects during operation. Whilst there 
may be theoretical options such as array design and corridors, these 
can result in collision and navigational risks.

4.5 Environmental assessment  
 and monitoring 

Strategic Environmental Assessment (SEA) and Environmental 
Impact Assessment (EIA) are processes that seek to ensure that 
the environmental implications of decisions are considered 
a priori. In the EU, the EIA Directive107 requires an EIA to be 
undertaken for a wide range of public and private projects. 

However, ORE installations are not explicitly included, leading 
to discrepancies in how they are addressed by Member States. 
SEA is applied earlier in the decision-making process and covers 
public plans and programmes, including those in the energy 
sector, in accordance with the requirements of SEA Directive108. 
In addition, a plan or programme that sets the framework for 
future development consent of projects listed in Annexes I and 
II of the EIA Directive, or which have been determined to require 
an assessment under Habitats and/or Birds Directives, will be 
subject to a SEA. Public plans and programmes covered by the 
Directive are subject to an environmental assessment during their 
preparation and before their formal adoption and require public 
consultation (including transboundary consultation) in a similar 
way to EIA. A key difference between SEA and EIA is scale: an SEA 
is usually conducted at national or regional scale whereas an EIA 
is conducted at site or project level. The requirement to conduct 
SEAs has been approached differently in different Member States, 
where some countries specify in legislation what plans require 
SEAs whereas elsewhere a case-by-case basis is adopted. Wide 
consultation of relevant authorities and the public are key features 
of both EIA and SEA procedures, as discussed in Chapter 5. 

SEA involves the preparation of an Environmental Report, where 
the likely significant environmental effects are identified and 
evaluated. Article 10(1) of the SEA Directive states that “Member 
States shall monitor the significant environmental effects of the 
implementation of plans and programmes in order, inter alia, to 
identify at an early stage unforeseen adverse effects, and to be able 
to undertake appropriate remedial action.” Existing monitoring 
arrangements can be used, if appropriate, to avoid duplication 
of monitoring. In the absence of a clear reporting obligation, 
however, the implementation of monitoring arrangements is not 
always apparent, and this is something that could be addressed by 
consenting authorities in the future. This would include monitoring 
of how the plan/programme has been implemented but also more 
strategic-level (national or regional) monitoring of the anticipated 
likely significant environmental effects identified. 

With respect to EIA at the project/site level, in cases where a   
significant impact is expected on a given species and/or habitat, 
Member States typically require developers to monitor those 
impacts to verify whether the expected impact is being observed. 
This is primarily achieved by the terms and conditions attached to 
the granted consent. For comparison between before and after 
construction, the monitoring activity should consider whether 
changes in the environment because of the development have 
had an effect (positive or negative) on existing environmental 
conditions. The EIA Directive stipulates that the types of parameters 
to be monitored and the duration of the monitoring should be 
proportionate to the nature, location and size of the project and 
the significance of its effects on the environment. Subsequent 
monitoring reports should highlight the perceived reasons for 
the impact and draw conclusions based on comparison with the 
original assessment(s) contributing to the evolving cycle of EIAs 
and subsequent licensing and monitoring conditions for future 
developments, with relevant, re-usable and publicly available data.

Seabirds such as gulls can collide with offshore wind turbines.
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5.1  Why are socioeconomic  
 aspects important? 

Socioeconomics is a branch of economics, but it also refers to 
the social science that studies how economic activity affects 
and is shaped by social processes. Socioeconomic theories often 
consider factors outside of mainstream economics, including 
the effect of the environment and ecology on consumption and 
wealth, and how a particular social group or socioeconomic class 
behaves within a society. Socioeconomics can impact a single 
individual, a community, a region or even larger geographic areas. 
Broadly speaking, the socioeconomic impacts from offshore 
renewable energy (ORE) can be categorised according to direct 
economic interests, infrastructure, education and other impacted 
industries (e.g. fisheries, maritime transport) along with quality 
of life, health and wellbeing aspects. The latter human impacts 
tend to be overlooked within ORE planning and development 
processes, perhaps because these developments are offshore 
and regarded as less important (Alem et al., 2020). Another 
reason why socioeconomics is not included in existing planning 
and management processes, is that these processes were not 
designed with socioeconomic impacts in mind and because ORE 
is still a relatively recent marine sector with limited longitudinal 

studies conducted to provide an evidence base. Discrete studies 
on certain socioeconomic impacts, such as jobs created or supply 
chain impacts, tend to be commissioned by developers to garner 
support from local communities, politicians and/or funding bodies. 
To foster public acceptance and trust in planning and consenting 
processes, socioeconomic valuation surveys conducted by 
impartial (academic) researchers are needed at the planning stage 
with explicit inclusion of follow-up monitoring.

In the context of ORE, the benefits of commercial-scale deployments 
are direct economic impacts such as increased jobs and the creation 
of, or strengthening of, the supply chain. Whilst predominantly 
local to development(s), these economic benefits can have wider 
regional and sometimes national impacts through investment in 
grid development, port development and/or other infrastructure. 
Indirect benefits from ORE development are much more difficult 
to define and quantify but could include new specialist training 
programmes or educational courses that are designed to ‘supply’ 
the needs of the new industry. Glasson et al., (2022) , in their review 
of socioeconomic impacts of offshore wind, found a clear focus on 
economic impacts, especially jobs, and Gross Value Added of the 
offshore element of the wind farm construction stage, but very 
little coverage of the onshore element or of social impacts. 

5 Socioeconomic impacts 
from offshore renewable 
energy: Lessons learnt 

People are as much a part of the marine ecosystem as marine habitats and species and therefore it is 

equally relevant to consider the socioeconomic impacts of offshore renewable energy developments. 

The purpose of this chapter is to provide a succinct overview of the current, documented socioeconomic 

impacts of different offshore renewable energy installations. Given the maturity level of offshore wind, 

more is known about it in terms of socioeconomic benefits than other developments. An overview of 

experience garnered to date from community benefit and ownership schemes is also presented. Social 

impacts have received less attention in the literature and in practice, yet it is often these types of 

impacts that can stymie developments through public objections and delays. 

This chapter therefore looks at how socioeconomic impacts are considered in existing decision-making 

processes, and how new approaches and concepts might assist in embedding these important impacts 

into planning and decision-making. The chapter concludes with a section on consenting and governance 

which identifies some common challenges to decision-making processes, including spatial conflicts.
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Consideration and knowledge of the potential socioeconomic 
effects of ORE developments are important because local 
communities want to know what they can expect in terms of 
employment opportunities and service industries, and how their 
local environment might be impacted. Existing businesses and 
marine sectors are interested in whether and how the new activity 
will impact them. Developers want to know if their project is 
economically viable and sustainable in terms of available workforce, 
service provision, available housing and facilities for relocating 
staff. At a national level, commercial-scale ORE developments have 
been heralded as a way to revitalise coastal communities, which 
can experience higher rates of deprivation and peripherality.

A common perception by affected communities is that large-
scale development only benefits large companies and has little 
positive impact on the local community. As a result, many countries 
are looking at ways to ensure more local employment in ORE 
developments. In the UK, there was a non-binding proposal to 
gradually increase the proportion of ‘local content’ (e.g. direct 
contracts with UK-registered companies) going into UK offshore 
wind farms from a target of 50% today to 60% by 2030109. 
This requirement is however being challenged by the EU as a 
discriminatory practice110. 

Potential socioeconomic benefits currently tend to be studied by 
project developers as an optional extra rather than a requirement. 
Research for the Danish Maritime Foundation recently found 
that there have been limited efforts to study the socioeconomic 
impacts of the expansion of offshore wind in terms of economic 
value-added and jobs, particularly locally (QBIS, 2020). The work 
acknowledges that with substantial expansions planned in the 
coming decade, including to meet the vision of the European Green 
Deal (see Section 3.1.4), governments and other stakeholders are 
increasingly expecting to know what costs and benefits to expect 
from their investments.

5.2  Socioeconomic benefits

5.2.1 Direct economic benefits

Several financial metrics can be used to quantify the economic 
viability of an ORE project, e.g. the cost of electricity and net present 
value111. These metrics are used by policymakers and investors to 
determine the pure economic value of a project and depend on the 
energy yield of the system and on expenditure. Capital expenditure 
(CAPEX) includes the cost of the ORE devices, their cables/pipelines, 
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It is important to consider and address how offshore renewable energy developments will impact on coastal communities. View of the harbour at Luarca, 
Asturias, Spain. 

109 https://www.greentechmedia.com/articles/read/over-zealous-local-content-rules-could-slow-energy-transition-warns-siemens
110 https://policy.trade.ec.europa.eu/news/eu-challenges-discriminatory-practices-uks-green-energy-subsidy-scheme-wto-2022-03-28_en
111 Net present value is a means for expressing the current value of future of future incomes and expenditures for a project against the initial capital investment.
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foundations and installation costs such as moorings and electrical 
connection and can vary substantially depending on technology 
type and location. The operational expenditure (OPEX) includes 
actual operation and maintenance costs, insurance, monitoring 
activities and licence/lease costs.

Controlling OPEX costs is key to developing economically viable 
projects. It is generally assumed that the cost of electricity will 
reduce with cumulative installed capacity, although this is not 
always the case: Costs can fluctuate according to changes in 
material costs, supply chain constraints and broader geopolitical 
factors. As more technologies are being tested and proven in deeper 
waters, their deployment will lead to increases in CAPEX and OPEX. 
Actual project costs are difficult to obtain due to confidentiality 
constraints, however according to The Carbon Trust (2018), 
CAPEX typically ranges from £1-3 billion per project for large-scale 
deployments, although this varies according to the total installed 
capacity. There is thus a need for more research and analysis of 
the factors influencing CAPEX and OPEX so that developers have a 
better basis for estimating project costs. This also needs to reflect 
current trends for larger devices with more generating capacity.

5.2.2 Job creation, training and skills

In deciding what support to provide to ORE developers, governments 
and policymakers often look at the wider economic benefits of the 
development and the opportunities it presents to boost the local, 
regional or national economy. A key aspect of this is in job creation, 
including the training and skills development needed for those jobs.

Employment in ORE has increased significantly in recent years. 
According to WindEurope (2017), the offshore wind sector was 
responsible for ~10,900 jobs in 2011 and ~20,500 in 2016 in the EU. 
The EU’s Offshore Renewable Energy Strategy (see Section 3.1.4) 
states that in 2020, 62,000 people worked in the offshore wind 
sector and ~2,500 in the Ocean energy sector (European Commission, 
2020b, 2020d). To meet the ambitions of the Strategy further, job 
creation will be required, leading to a skilled workforce estimated at 
3.5 million people working full-time in Europe by 2040 (QBIS, 2020). 
Similarly, IRENA’s energy transition modelling112 suggests that the 
onshore and offshore wind industry alone may employ 3.7 million 
people by 2030 and more than 6 million people by 2050. While 
there may be some variation in the exact figures, it is obvious that a 
significant increase in skilled workers will be needed to support the 
growing ORE sector, although improved productivity has reduced 
the labour requirement per installed ORE capacity (QBIS, 2020).

Supply chain
In addition to the direct jobs arising from designing, building and 
operating ORE devices, a significant number of jobs will also be 
created in the supporting supply chain. Ocean Energy Europe (2020) 
broke down the Ocean energy supply chain into four categories: 
operations, specialised manufacturing, heavy manufacturing and 
services. Operations include deployment, assembly, maintenance 
and decommissioning of devices on site, and accordingly must 

take place near the location of the deployment. Specialised 
manufacturing includes the design and manufacture of components 
and sub-systems and could occur further afield, representing 
a wider opportunity for regional or national companies. The 
heavy manufacturing component usually occurs in places with a 
history of heavy manufacturing, appropriate port infrastructure, 
shipyard facilities etc., which may be further away from the device 
deployment location. It is likely that most additional jobs will be 
created in the service sector, including environmental monitoring 
and impact assessment, IT, finance, project management and 
administrative roles.

In Europe, most supply chain activity for ORE installations occurs 
in the UK, Germany, Denmark, the Netherlands, and Belgium. For 
floating offshore wind devices, most fabrication and installation 
activities related to pilot schemes have been undertaken in Spain 
and Norway (ORE Catapult, 2020). As projects increase in size, 
fabrication moves from being tailored, to requiring assembly line 
production methods, which may be beyond the current capability 
and scale of regional supply, creating further development 
opportunities. IRENA & ILO (2021) state that job creation depends 
partly on the ability to establish a strong local supply chain 
through investment in manufacturing, grids, port infrastructure 
and specialised vessels. Job creation also depends on the capacity 
and political will of stakeholder countries to apply performance 
requirements such local content rules (see Section 5.1).

An IRENA study in 2018 found that for a 500MW offshore wind farm, 
the human resources required from planning to decommissioning 
account for up to 2.1 million person-days (IRENA, 2018). The vast 
majority of these activities are concentrated in the manufacturing 
and procurement phases of development. For example, 1,500 
people were employed in the construction of Scotland’s second 
largest offshore wind farm (Beatrice, 588MW installed capacity), 
with a further ~90 full-time local jobs created for the duration of its 
25-year lifespan. Completed in June 2019, the project is estimated 
to have created 800 jobs across the UK supply chain per year, 
with 370 jobs per year in Scotland during its operational phase 
(The Carbon Trust, 2020). In Hull, UK, £310 million investment to 
assemble turbines and manufacture blades created ~1,000 direct 
and indirect jobs (IRENA, 2020a). We recommend that data on job 
creation be gathered, consolidated and interpreted at the European 
scale to better understand the market.

Training and skills
ORE is often heralded as a significant opportunity for providing 
alternative employment to skilled workers affected by the energy 
transition and/or job losses in more traditional maritime industries 
such as fisheries, shipping, and oil and gas. Similarly, the operations 
and maintenance associated with ORE deployments could have 
balancing economic effects in areas with a high proportion of 
seasonal industries such as tourism and leisure. A wide variety of 
skills are needed in the sector, ranging from technical and vocational 
skills to professional and academic qualifications as illustrated in 
Figure 5.1.

112 https://www.irena.org/energytransition 
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113 Maritime Alliance for fostering the European Blue Economy through a Maritime Technology Skilling Strategy, https://www.projectmates.eu/ 
114 https://pact-for-skills.ec.europa.eu/index_en

The EU’s ORE strategy reports that 17-32% of companies are already 
experiencing skills gaps, with technical occupations experiencing 
9-30% skills shortages (European Commission, 2020b). Existing 
studies on the opportunities associated with increasing offshore 
energy deployment are mostly country or region specific, but all 

conclude that increased investment is needed to develop a skilled 
workforce.

The majority of science, technology, engineering and mathematics 
(STEM) jobs are in the development and consenting phase of the 
project, with some opportunities in other phases (e.g. environmental 
surveys, meteorological, oceanographic and resource assessment, 
geophysical and geotechnical investigations, planning and legal 
advisory services, and stakeholder engagement). Appropriate 
training must be provided to build relevant professional skills. 
Higher education institutions and industry will play an important 
role in ensuring the requirements of the evolving ORE sector are 
met (e.g. Vincx et al., 2018), however it is not clear whether they will 
have sufficient resources and expertise, including on topics such 
as safety training and certification, to do so. There will also be a 
need for the provision of industrial apprenticeships and vocational 
training by industry and other training providers.

The EU Horizon 2020 project MATES113 focused specifically on the 
shipbuilding and ORE sectors and noted that the requirement for 
jobs at all levels in a growing ORE sector will cover existing and 
new roles (Ergas & Smyrnakis, 2020). This will require significant 
(re)skilling across all job categories. The MATES Skills Strategy 
(MATES Project, 2022a) outlines the key areas (e.g. training in digital 
technologies, energy storage, soft skills and developing maritime 
intersectoral synergies), whereas the Sustainability and Long-Term 
Action Plan (MATES Project, 2022b) presents practical ways in 
which these needs could be met. In addition, in 2021 the ORE Pact 
for Skills was established under the EU Pact for Skills initiative114, 
which supports a ‘shared engagement model for skills development 
in Europe’. This group, comprising training, industry and academic 
partners, will monitor and develop dedicated ORE training in 
Europe, providing an invaluable resource to the sector.

A wide range of existing and new skills will be required to support the 
development of the offshore renewable energy sector. 
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Figure 5.1  Human resource requirements for workers in solar energy (PV), wind energy (onshore and offshore), and solar water heaters. 
STEM = Science, technology, engineering, and mathematics.
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Research, development and innovation activities are expected 
to continue as large-scale ORE deployment increases, requiring 
highly skilled professionals. Over the last 10 years, EU research 
and innovation funding programmes (i.e. Horizon 2020 and its 
predecessor FP7) granted approximately €496 million to offshore 
wind, focusing primarily on offshore technology, floating offshore 
wind, new materials and components, and maintenance and 
monitoring (Telsnig & WindEurope, 2020). Floating offshore wind, 
and other less mature ORE technologies, will need further research 
and innovation as they present new technical and scientific 
challenges. 

In their new EU Action Plan for protecting and restoring marine 
ecosystems for sustainable and resilient fisheries, the European 
Commission (2023) specifically outlined the need for “targeted 
training and upskilling programmes run with EU support under the 
Erasmus+, EMFAF or ESF+ funds” to help build bridges with other blue 
economy sectors, including renewable energy, hereby recognising 
the importance of working across sectors and supporting training 
to enable a sustainable blue economy.

5.2.3 Community benefits and ownership

One frequently cited criticism of large-scale ORE developments 
is the lack of positive impact on the local community, with a 
perception that most profits go to large multinational companies 
(Haggett, 2011). Community benefits are a form of additional 
voluntary measure that are provided by a developer outside of 
the planning and licensing processes (The Scottish Government, 
2018). As such, they are separate to funds from consents/leases or 
annual payments made in compliance with the planning process 
(received by the State or consenting authority) and to the supply 
chain dimension discussed above. These funds are also different to 
compensation payments, which may arise from disruption, loss or 
perceived negative impacts from a project to an individual or group. 
Generally, community benefits refer to directly funded projects of 
benefit to the community, in-kind work or other site-specific but 
voluntary interventions.

The rationale for community benefits is to facilitate a positive 
relationship between the developer and the community and to 
share some of the economic benefits from a common energy 
resource. The Carbon Trust (2020) identifies a range of different 
community benefits, including:

• Contributions to charitable organisations;

• Development and upgrades to areas of environmental 

and/or cultural interest;

• Educational support, including apprenticeships and 

training schemes;

• Environmental support;

• Local business support;

• Combating fuel poverty through local electricity 

discounts;

• Creation and development of local facilities, 

infrastructure or services;

• Support for local tourism facilities i.e. museums or visitor 

centres;

• Building capacity in the community;

• Support for local marine management issues; and

• Support for and development of women’s empowerment 

networks.

 
In the context of offshore developments, discussion often 
surrounds what constitutes a local community: those living and 
working closest to a deployment or those most impacted by it, 
visually or in another way. A secondary issue is who defines the 
communities that benefit from ORE and how they are defined, 
and who has the power over how and when benefits are delivered 
(Rudolph et al., 2017). In addition, local benefits from smaller-scale 
Ocean energy installations are likely to be to smaller communities 
than those of large offshore wind farms as the latter require larger 
ports and facilities for installation and maintenance, impacting 
more activities and users (e.g. Kerr & Weir, 2018). Best practice 
approaches recommend early case-specific discussions about 
what is the relevant, including with other resource users and 
residents. This information can also be used later during formal 
consultation processes. 

There is no standard community benefits package because offshore 
projects vary greatly in terms of the project scale, technology 
utilised, distance from shore and whether the project is a research 
demonstration or fully commercial. The level of ‘organisation’ 
within a community and whether there are structures (e.g. local 
authorities, community councils, charitable organisations) in 
place that could administer certain types of benefit, necessitates 
flexibility in the package of benefits proposed and implemented. 
Community benefit schemes should be tailored to local contexts 
and circumstances and Rudolph et al., (2014) recommended avoiding 
the use of restrictive guidance on community benefit scheme 
design. However, with the growing number of operational and 
planned ORE installations, and the lack of guidance for developers, 
entering negotiations with communities could be problematic.
 
Currently, few countries stipulate a legal requirement to operate 
community benefits, but this may change in the future. Denmark had 
a legally mandated ‘Green Scheme’ from 2008-2018, where funding 
was provided to community projects close to wind energy projects 
that enhanced the landscape, improved recreational values and 
supported cultural and informative activities of local associations in 
municipalities. However, this scheme did not boost local acceptance 
due to concerns around bribery, inappropriateness and unfairness 
(Jørgensen, 2020). There is a persistent perception that communities 
are being bribed into accepting a particular development, which 
in turn influences the stage at which community benefits are 
proposed (Cass et al., 2010). As an alternative, research involving 
stakeholders of an offshore wind development in North Carolina, 
USA found that there was a preference for a dedicated community 
fund to distribute benefits, to be administered by local government 
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or another trusted local organisation, and in this way priority issues 
could be properly addressed (Tyler et al., 2022).

Community ownership, where a community together owns an ORE 
development, is one form of benefit but very rare in practice. There 
are a few examples, including offshore wind projects in Denmark 
(Middelgrunden, now closed), Germany (Windreich) and The 
Netherlands (Westermeerwind and Windpark Krammer) (Rudolph 
et al., 2014; The Scottish Government, 2018). In these cases, 
benefits accrue from the revenue generated by shareholdings 
through partial ownership, rather than a truly voluntary model of 
community benefits. 

Community ownership can be administered in different ways. For 
example, in Denmark there is a legal requirement for 20% community 
ownership of nearshore wind farms. Elsewhere, such as in the UK, 
operating companies sometimes offer the community an option to 
buy-in to the development. The EU Directive on Common Rules for 
the Internal Market for Electricity115 recognises certain categories 
of citizen energy initiatives as ‘citizen energy communities’, and 
provides them “with an enabling framework, fair treatment, a level 
playing field and a well-defined catalogue of rights and obligations”. 
This may act as a stimulus for further consideration and realisation of 
community ownership of ORE projects. The European federation of 
citizen energy cooperatives116  has set up an offshore working group 
to foster cooperation and facilitate the exchange of best practice 
among members from different countries. Such best practice should 
be openly shared and adhered to at Member State level, and studied 
academically to understand whether they succeed or not.

5.3  Social impacts
Social impacts refer to ways in which a project will directly or 
indirectly affect people. The effect can be physical or mental, and 
experienced at the level of the individual, family, social group, 

workplace, or community. In other words, almost anything can be 
considered as a social impact if it has been identified as important 
or valuable to a specific group of people. In comparison to 
environmental effects, the social and human impacts of ORE have 
been much less studied (Glasson et al., 2022). Impacts on quality 
of life include effects on the surrounding sea- and landscape, the 
historic environment, cultural heritage and tourism/recreation 
opportunities. Health and wellbeing impacts include those from 
noise, vibration and increased traffic. Wider negative social 
impacts include house price inflation, competition for local 
services, rising unemployment in traditional maritime industries 
such as fisheries and population increase, all of which could lead 
to social tension.

Studies concentrating on social impacts require long-term data to 
enable trends to emerge, which is why limited research findings have 
been reported to date. Individuals and local communities take time 
to develop firm views on the impact of a large ORE development on 
their local area. Moreover, these views alter as people become more 
accustomed to the ORE installation and its consequences. In short, 
the social impacts of ORE development and operation will only 
become fully evident over decadal or longer timescales. In addition, 
there is a lack of appropriate data to create usable indicators for 
most ecosystem services provided by marine systems (Hattam et 
al., 2015).

In the USA, there is an ongoing research programme focusing on the 
social impacts of the Block Island offshore wind farm i.e. the effects 
of the development on recreation and tourism activities, recreational 
fishing, boating, indigenous life, and more general engagement 
and perceived fairness in the planning and development process. 
However, to our knowledge, there is no equivalent European 
research programme dedicated to social impacts of ORE, although 
a few project-specific studies have been carried out, such as the 
work by Allen-Jacobsen et al., (2023) looking specifically at impact 
of offshore wind on fishing operations.

115 Internal Market for Electricity Directive: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32019L0944 
116 https://www.rescoop.eu/
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The impact of offshore renewable energy installations on sea views and tourism are not yet a core part of impact assessments. View from the Cornwall coast, UK.
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5.4  How are socioeconomics currently  
 included in decision-making  
 processes?

There is often no explicit requirement to consider socioeconomic 
impacts in the planning and development process for offshore 
renewable energy projects. To a certain extent, the Environmental 
Impact Assessment (EIA) process could address this, but it very 
much depends on the type of development being planned and 
where it will be located. The EIA process is designed to ‘identify, 
predict, evaluate and mitigate the biophysical, social and other 
relevant effects of proposed development proposals prior to major 
decisions being taken and commitments made’ (IAIA, 2009). The EU 
EIA Directive (2014/52/EU) stipulates that the direct and indirect 
significant effects of projects and the interactions between them, 
should be identified, described and assessed in an appropriate 
manner. Some of these effects include population and human 
health; biodiversity; land, soil, water, air, and climate; and material 
assets, cultural heritage, and landscape. 

The term human health is quite broad and should include changes 
in living conditions and effects on vulnerable groups, exposure to 
noise and toxic substances (European Commission et al., 2017). 
The EIA baseline requires socioeconomic considerations including 
demography, infrastructure facilities, economic activities (e.g. 
fisheries) and recreational users of the area. Culturally meaningful 
aspects should also be included because these can affect 
community attitudes and perceptions (European Commission 
et al., 2017). Although such approaches are more challenging to 
assess, they are crucial to understanding a community's response 
to an ORE installation, i.e. whether or not the cultural importance 
of the seascape plays an important role (Wiersma & Devine‐
Wright, 2014).

EIAs address biophysical effects more thoroughly than the impact 
on the human environment, involving local and regional coastal 
communities adjacent to projects. However, this is changing, 
possibly due to more local community interest and involvement in 
development planning processes. The inclusion of socioeconomics 
should be seen as an integral part of EIA, relevant to all stages of a 
project’s life cycle.

5.4.1 Social Impact Assessment 

Due to the growing realisation that social issues are intrinsically 
different to the impacts covered by EIAs, there is a movement 
towards a separate requirement for Social Impact Assessment (SIA) 
in certain countries. However, SIAs are not always part of the EIA 
process. Social impacts can already be felt within a project even 
before development consent has been obtained. A key purpose 
of an SIA is to improve the management of social issues, rather 
than to merely take them into account in a decision; thus, social 
impact is relevant to all stages of ORE project development. The 
way individuals and communities are engaged during the project 
planning process, the sincerity of the engagement and the extent 
to which views are considered all have a significant bearing on the 
extent to which social impacts are experienced. 

SIAs are not the same as public participation and/or statutory 
consultation, where the law requires a specific group to be 
consulted on a given matter. A SIA is designed to influence the 
decision-making process and the management of social issues, 
which necessitates the involvement of people in a genuine, 
meaningful way. Unfortunately, public participation processes, a 
requirement under EIA legislation, often consist of informing the 
public and allowing them to submit their opinion on the planned 
project with no guarantee that this will be considered in decision- 
making. This negatively influences current and future projects 
as local communities become disillusioned and cynical about the 
process and the project, leading to direct action (protesting) rather 
than engaging with a (perceived) flawed process. Best practice, as 
shown in Figure 5.2 (Vanclay et al., 2015) highlights the need for 
deliberative and collaborative processes, where a range of options 
can be discussed in an open and inclusive way. These discussions 
should reflect the views of all stakeholders, and enable co-produced, 
agreed and actionable outcomes. These types of approaches are 
more time consuming and costly to implement and ideally should 
occur within the framework of regional/local Maritime Spatial Plans 
rather than at the level of an individual project. It may be relevant 
to consider communities in bordering countries as well, as they can 
also be impacted by a given development.

5.4.2 Social Licence to Operate 

Social licence to operate (SLO) refers to the level of social approval, 
support and cooperation that exists in communities surrounding 
private or public projects (Moffat et al., 2016). Essentially, SLO 
is grounded in the perceptions and world views held by local 
communities, how they perceive a proposed development and how 
they are engaged in its planning and development process. SLO has 
no legal basis, but for developers it represents an informal, ongoing 
contract with communities that demonstrate a willingness to go 
beyond what is required by the regulatory framework to mitigate 
social and environmental harm (Gunningham et al., 2004). As such, 
the concept can be manipulated and used opportunistically to 
progress private industry agendas (Bice & Moffat, 2014). On the 
other hand, SLO can be used by communities to impose conditions 
on developers for (expected) better societal outcomes. SLO is 
frequently mentioned by both developers and regulators as a critical 
element to advance large scale development. While consideration 
of SLO and its implications at sectoral level exist (Billing et al., 2021), 
its understanding and application to marine sectors remains limited 
(Kelly et al., 2017). 

Whilst SIA, EIA and national consenting processes incorporate public 
consultation, the requirement for SLO is more difficult to determine. 
The degree to which impact assessment processes reflect the reality 
of social acceptance is very limited, and these processes largely 
neglect important social impacts such as community wellbeing, 
social identity, community leadership, resilience and developer-
community relations, opening opportunities for more use of SLO.

Van Putten et al., (2018) contend that whilst developers and 
regulators have a role to play in building public trust, ensuring the 
protection and sustainability of public natural resources is best 
achieved through formal regulatory and assessment processes, 
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such as EIA and SIA. They also attribute the growing pressure to 
achieve SLO to widespread mistrust in government processes and 
regulation. They propose five principles that should be applied to 
reform regulatory processes, which are also fitting for ORE planning 
and consenting processes. These are: 1) clear regulatory objectives; 
2) transparent regulatory approval processes; 3) clear ways to 
appeal and review; 4) early and inclusive collaborative consultation 
processes; and 5) independence of decision-making bodies. It is 
recommended that efforts focus on these principles and better 
governance of the ORE sector generally rather than relying on the 
concept of SLO, which can be difficult to define and measure.

5.5  Consenting and governance  
Responsibility for national consenting systems (i.e. the process 
that is required for developers to gain permission for their ORE 
development) is a Member State competence but must comply 
with over-arching EU law, particularly in relation to requirements 
from the EIA and Habitats Directives. Stronger EU and national 
targets for renewable energy have driven reform of the planning 
and consenting of strategic developments such as ORE. There 

is a need for continuing reforms in this area to streamline and 
accelerate applicable processes as well as the use of approaches 
like Maritime Spatial Planning (MSP, see Section 3.1.3) for better 
strategic planning and zoning. 

Bottlenecks in consenting include the time taken to obtain the 
necessary permissions; the time needed for multiple consent 
applications; the lack of clarity and guidance around the processes; 
the need to carry out more than one EIA (e.g. at sea, on land and 
for grid aspects); the level of environmental monitoring and 
documentation required to support consenting applications; and 
the lack of design flexibility to change technology specifications 
once consent has been granted. Most of these bottlenecks are 
difficult to resolve without significant national investment and 
support. In certain locations, consenting processes have been 
designed around fixed offshore wind technologies, and as such 
are not fully suited to other ORE installations, which are different 
in terms of suitable locations, foundation design, construction 
activities, impact on marine species and other marine users/sectors 
that may be affected. These issues were recently highlighted at the 
World Economic Forum in Davos117, and have been discussed in a 
number of papers including Bald et al., (2020).
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Figure 5.2  The phases of social impact assessment.

117 https://www.weforum.org/agenda/2023/01/speeding-up-sustainable-energy-bottlenecks-and-how-you-resolve-them-davos2023/
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In a positive step, some national governments, including several in 
Northern Europe, are starting to use a more planned approach to 
consenting by pre-identifying suitable sites, carrying out preliminary 
technical and environmental surveys, and consulting with the public 
and other marine users. This front-loaded process reduces risk for 
developers who can then respond to a centrally administered call 
for tenders by proposing their most suitable technology and best 
price. If successful, the project proponent then becomes responsible 
for obtaining consent (licence/permission) to occupy the sea space, 
often incorporating EIA and authorisation to generate electricity 
and connect to the grid. The national consenting authority may 
differ according to the scale of the proposed development, and 
there is a possibility to designate large-scale infrastructure projects 
as nationally significant and therefore subject them to a more 
streamlined, centralised process. In December 2022, the Council of 
the European Union also agreed accelerated permitting rules for 
renewables under the REPowerEU initiative (see Section 3.1.4) to 
address some of these issues118.

As ORE developments move further offshore, the challenges 
associated with environmental surveys and data collection may 

lead to increased costs and longer timeframes. However, limited 
data and limited understanding of cumulative environmental 
impacts should lead to a more precautionary approach being taken 
by consenting authorities to limit risk. In terms of socioeconomic 
impact, the larger spatial footprints of floating developments 
mean there are likely to be more impacts on established marine 
sectors such as shipping, navigation and commercial fisheries. 
Assessment and management of these impacts and balancing the 
trade-offs will require dedicated mechanisms within consenting 
processes.

5.5.1 Spatial conflicts 

Although co-location of marine activities is advocated in 
many policies, examples of successful implementation are still 
relatively limited. Co-location necessitates sharing of space 
and resources, and those required to share are often private 
companies/developers with explicit requirements to minimise 
risk and adhere to strict insurance and liability policies, which 
at present restrict co-location. Health and safety issues can also 
be a barrier. 

118 https://www.consilium.europa.eu/en/press/press-releases/2022/12/19/repowereu-council-agrees-on-accelerated-permitting-rules-for-renewables/
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National legislation on what is permitted in terms of fisheries close to or within wind farms varies. 
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119 https://bluegent.ugent.be/edulis
120 Royal Decree establishing the marine spatial planning for the period 2020 to 2026 in the Belgian sea areas, https://www.health.belgium.be/en/royal-decree-msp-2020-english-courtesy-

translation (accessed 29 August 2022).
121 According to CBD Decision 14/8 "Other effective area-based conservation measure” means “a geographically defined area other than a Protected Area, which is governed and managed in ways 

that achieve positive and sustained long-term outcomes for the in situ conservation of biodiversity, with associated ecosystem functions and services and where applicable, cultural, spiritual, 
socio–economic, and other locally relevant values”; https://www.cbd.int/doc/decisions/cop-14/cop-14-dec-08-en.pdf
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The many conflicting demands for Ocean space, including for transport, energy and food, will need to be resolved for the scale-up of ORE.

A study conducted by WindEurope in 2018 found seven relevant 
projects and more than 90 scientific articles on the feasibility of 
combining offshore activities but acknowledged that new pilot 
projects are needed to achieve full commercialisation (WindEurope, 
2018). In the Belgian part of the North Sea, WindEurope found offshore 
wind to be compatible with aquaculture, other ORE devices and energy 
storage (e.g. hydrogen), nature conservation and passive fishing. The 
Edulis project119, which ended in 2019, demonstrated the feasibility of 
the co-location of mussel aquaculture within an offshore wind farm 
in harsh conditions approximately 30-50km off the Belgian coast. 
Such activities are now promoted as part of the multiple-use concept 
embedded in the most recent Belgian Maritime Spatial Plan120.

Where co-location or co-existence is not possible, or if other marine 
activities have been impacted or displaced, financial compensation 
becomes relevant. This is particularly true in the case of commercial 
fisheries. Commercial fisheries that utilise active gear e.g. bottom 
trawling are usually not permitted in or close to wind farms, or 
other ORE installations, primarily due to their potential to damage 
cables and due to navigational risks (Gray et al., 2016). In general, 
a 500m Exclusion Safety Zone is required around all installations 
and wind farm construction areas, but this is location specific and 
subject to national legislation. 

Loss of access to fishing grounds and displacement can lead to a 
reduction in annual income and increased competition in other 

fishing grounds for the displaced fishers (Gray et al., 2005). 
Experience with compensation schemes varies according to 
location: Belgium, Germany and the Netherlands have no 
compensation process, whereas Danish legislation requires that 
all fishermen who usually fish within the impacted area must be 
compensated for loss of income. In the UK, best practice guidance 
states that compensation should only be paid as a last resort 
and based on accurate and justifiable claims such as three years’ 
worth of catch records (Dupont et al., 2020; FLOWW, 2014). Van 
Hoey et al., (2021) state that the lack of examples of management 
approaches to mitigate the effects of ORE on fisheries and 
aquaculture is due to the lack of real-world cases and/or grey 
literature on the topic. MSP has a central role to play in addressing 
how conflicts between sectors are managed in future, but this 
also requires robust economic and environmental data, and 
engagement with the process. 

There are clear, small-scale examples of co-existence (e.g. Alexander 
et al., 2012) across the fisheries, aquaculture and shipping sectors. 
However, difficulties persist regarding large-scale pilot projects 
and there is a need for more engagement from the insurance, 
health and safety, and industry sectors. Less is known about 
how cultural heritage will co-exist with ORE. Opportunities could 
arise from scientific tourism, nature conservation and specifically 
Other Effective area-based Conservation Measures121 (OECMs) and 
combined uses, but these need more research. 
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6.1  Effect of climate change on  

 offshore renewable energy 

As highlighted in Section 1.3, climate change and climate variability 
are likely to affect the offshore renewable energy (ORE) sector by 
altering resource availability, and have knock-on effects on the 
design, operation, maintenance and survivability of devices. As 
well as climate change impacting ORE energy resource potential, 
the intensity and frequency of extreme events are also expected 
to increase (WMO, 2022). Climate change will also impact marine 
species’ populations and their vulnerability, which has implications 
when assessing the additional impacts from ORE installations. The 
extent of these changes depends on the measures taken by global 
societies to curb emissions and actively tackle climate change.

For a given resource, the long-term energy produced by ORE 
extraction depends on the variability of the local meteorological 
and oceanographic conditions (e.g. wind speed, wave height, period 
and direction, Ocean current speed, sea level), which is affected by 
climate change. Global warming also causes mean sea level to rise, 
increasing coastal water depths at many locations, tidal elevations 
and wave heights, which has an impact on the design of ORE devices 
and their foundations.

Climate change effects on the ORE sector could be assessed by 
using climate models to simulate future conditions associated 
with different emission scenarios e.g. those provided in the 
Intergovernmental Panel on Climate Change (IPCC)’s interactive 
Atlas122, where a regional synthesis is presented regarding 
climatic impact drivers and anticipated future changes. More 
research is needed on downscaling the climate models to 
understand the impacts of different climate change scenarios 
on ORE resource availability. The spatial and temporal variability 
of meteorological and oceanographic parameters imply that 
this will need to be done on a case-by-case basis for the specific 
region of interest. These assessments will need to be done 
during feasibility studies of new projects and will also need to 
consider economic factors (such as levelised cost of electricity, 
i.e. the average cost of generating electricity over the generation 
lifetime) for the project lifetime relating to these resource 
availability effects and trends.

There is a critical need for extreme event probability and magnitude 
information for the whole of Europe under different climate change 
scenarios, so that this information can be considered for the 
design, installation, operation and maintenance of ORE devices. 
This is especially important because reduction of operation and 
maintenance costs and increases in reliability are the key drivers 
of this sector. Commercial offshore wind turbines typically have 
an operational lifetime of 20-25 years due to the harsh marine 
environment, however not all designs have taken into account 
increasing extremes. There is no such long-term experience for 
other ORE devices, however the expected operational lifetime for 
devices such as Wave Energy Converters (WECs) is 25 years, with 
the understanding that specific elements of the device may have 
shorter lifetimes and should be replaced (Bruno et al., 2022). ORE 
devices can only be maintained when the weather conditions are 
calm enough to enable support vessels to approach the devices 
and deploy people safely. If extreme weather events become 
more severe and frequent, this will reduce the already limited 
opportunities for conducting maintenance. Further exacerbating 
the problem, structural issues such as fatigue damage are sensitive 
to these changes, so devices might require more maintenance as 
weather becomes progressively more severe. Extreme weather 
events may also cause issues in the balancing of the electricity 
loads, installation of power devices, etc.

Another key gap concerns the ability to accurately forecast 
short- and long-term conditions in ORE locations for suitable and 
realistic operating and maintenance plans. It will be important 
to develop technology and conduct demonstrations of marine 
operations related to the installation, operation, maintenance and 
decommissioning of ORE in different environmental conditions, 
especially in those sectors where a large variety of design concepts 
are utilised. 

Climate change impacts will also have consequences for Maritime 
Spatial Planning (MSP) and potentially Ocean zoning, as well as 
environmental impacts, where species and effects may change 
as Ocean warming forces species to move to other areas. Another 
aspect to consider is biofouling, where marine organisms grow 
on the devices and their supporting structures, creating another 
significant maintenance challenge (Loxton et al., 2017a). It is 

6 Knowledge and  
capacity gaps

This chapter presents the knowledge and capacity gaps related to the further development and 

understanding of offshore renewable energy and its impacts. The main research opportunities and 

recommendations corresponding to these gaps are presented in Chapter 7.

122 https://interactive-atlas.ipcc.ch/
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not clear what the impacts of climate change will be on the 
occurrence and abundance on these species, except that changes 
can be expected. 

Indirectly, climate change may also impact ORE via impacts on 
supply chains for components and raw materials, e.g. in the case of 
an increase in extreme weather events.

6.2  Technology and infrastructure  
This section examines challenges and capacity gaps relating to grid 
connection, energy storage, materials and full Life Cycle Assessment. 
It is anticipated that digital and technological advances, such as 
artificial intelligence, deep learning, smart and remote sensing, 
and robotics will help to revolutionise the ORE sector in the coming 
years. However, these advances are only beginning to be discussed 
in this context and therefore will not be addressed further here.

6.2.1 Strategic grid 

The main goal of ORE generation is to produce electricity and 
ultimately to make that electricity available to citizens via the 
grid. As they are deployed offshore, electricity-generating ORE 
devices require subsea cables and electrical infrastructures to be 
installed, both between separate devices and to export electricity 

to land. Grid integration issues associated with offshore wind 
farms differ significantly from other devices due to their higher 
technological maturity and scale. Therefore, grid connection and 
integration issues should be investigated at a sector-specific level 
(Tedeschi & Taffese, 2019). As highlighted by the EC (European 
Commission, 2020b), despite the existence of European-level rules 
on grid connections to the electricity network, the grid has not been 
developed with ORE in mind and is not optimised, and therefore 
requires further development. Related to this point is the need 
for new Maritime Spatial Plans to include grid planning as early as 
possible, at a variety of scales.

While small-scale wind farms relatively close to shore are 
connected to the main power system using traditional High Voltage 
Alternating Current (HVAC) technology, wind farms of higher power 
capacity (~hundreds of MW) and distance from shore (~hundreds of 
km) rely on High Voltage Direct Current (HVDC) technology. Today, 
most HVDC-connected wind farms have a direct connection from 
the farm to the receiver (ENTSO-E et al., 2021). Within the context 
of increasingly ambitious targets for offshore wind, constructing 
individual connections for each offshore wind farm may not be 
the most efficient approach and could become a major barrier to 
delivery, given the considerable environmental and local impacts, 
particularly from the associated onshore infrastructure required 
to connect to the national transmission network123. Large-scale 
exploitation of wind resource requires integration of individual 
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Biofouling on offshore wind farms in the Belgian part of the North Sea. 

123 https://www.gov.uk/government/groups/offshore-transmission-network-review
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wind farms into the power interconnectors built between 
countries to support security of supply and electricity trading 
(European Commission, 2020b). However, there are currently 
limited examples in operation. Combining interconnection and 
direct connections to offshore wind farms reduces infrastructure 
capital cost and coastal landing points, hence requiring less 
land-based infrastructure, and enabling more efficient use 
of offshore wind resources. This will be an intermediate step 
towards the implementation of a multi-terminal and then fully 
meshed offshore grid (i.e. a Super Grid as outlined by (Purvins 
et al., 2011)), which will include energy hubs, or energy islands, 
among its components. Eventually, energy hubs are envisaged 
using 100% renewable electricity and allowing offshore wind 
energy to be harvested, rerouted to land and traded on different 
markets, or converted into other energy forms for final use 
(Cutululis et al., 2021). These hubs bring challenges of their own, 
not only technologically in terms of building an island ‘from 
scratch’ and from a knowledge perspective for understanding the 
environment and socioeconomic impacts these hubs will have, but 
also future-proofing systems to enable later upgrades to support 
functionalities such as Power-to-X (see Sections 2.5 and 6.2.2).

Emerging small-scale non-wind ORE farms are often connected 
to coastal distribution grids, which can be quite weak with low-
capacity limits, particularly in sparsely populated areas (IRENA, 
2020b) and experience power quality problems. Despite the 
uncertainties that are inherent in the nature of ORE variables, the 
fairly accurate predictions provided by modern numerical tools 
(Sasaki, 2017) are beneficial to stabilise delivery to the local power 
system. However, grid reinforcement may still be needed to enable 
full exploitation. The problem of local grid strength, due to limited 
size and/or lack of interconnection, is exacerbated in small islands, 
which represent a primary target for emerging renewables such 
as wave and tidal. One mitigation strategy could be to combine 
different renewable sources, to reduce the intermittency of 
the total power generation (IRENA, 2020a, 2020b). Moreover, 
to overcome grid capacity limitations while avoiding power 
curtailment, the excess power can be used to produce green 
hydrogen with electrolysers (NorthWind et al., 2021), or generally 
stored in energy storage solutions as introduced in Section 2.1.5. 
Further research, most likely on a case-by-case basis, is needed 
into how these challenges can be overcome, and into further 
technology needs to support this.

Globally, there is also an urgent need to facilitate grid integration 
of energy storage systems (see Section 6.2.2) e.g. by removing 
legislative barriers for energy storage projects and innovating the 
supporting policy, regulatory and market frameworks (Stenclik et al., 
2017), such as is already being done in the UK124. Lack of, or difficult 
access to, suitable grid infrastructures remain a critical barrier to 
the large-scale development of ORE, and the high costs and low 
return associated with addressing this needs to be considered. Even 
if Europe has rules on grid connections, transnational electric grid 
expansion (or strengthening) lacks strategic policy mechanisms, 
government plans (IRENA, 2020b), and international coordination, 
all of which will be needed, at least at sea-basin scale, to support 
ORE expansion.

6.2.2 Energy storage 

The variability that characterises all ORE sources occurs at different 
timescales, as discussed in Section 2.1. This leads to an intermittent 
power delivered to the electricity grid, which is challenging for 
grid stability and operation in the short-term. Energy storage (via 
Power-to-X approaches, see Section 2.2.5) can be a key asset in 
stabilising the electrical power delivered by ORE converters and help 
compensate supply and consumption imbalances, while ensuring 
efficient operation of the system. 

The next step to consolidate integration between offshore wind 
farms and storage technologies will be to deploy an offshore 
storage solution close to the energy source, thus providing a 
much more stable power flow throughout the entire power chain. 
However, the marine environment brings challenges in terms of 
material degradation, weight/space issues, and high safety and 
reliability constraints. Tailored solutions, integrating the storage 
solution directly into the ORE device structure (e.g. in a wind 
turbine tower (Simpson et al., 2021)) or in dedicated platforms125) 
are being considered on a case-by-case basis. Further research and 
development into optimised design solutions guided by more data 
and knowledge from operational experience is necessary. 

Different battery types have different characteristics and maturity 
levels (Wang et al., 2019). The final selection greatly depends on 
the services needed, which depend on the size and nature of the 
ORE system. The application of offshore batteries, as well as fuel 
cells, for ORE integration may be eased by their recent, increased 
use in adjacent sectors, such as the maritime industry (EMSA, 2020) 
and the oil and gas industry126. Hybrid energy storage solutions 
may also need to be considered to overcome shortcomings in the 
different technologies, however more research into and operational 
experience of these solutions is needed to better understand what 
they can offer in different scenarios.

Knowledge gaps that hinder the large-scale deployment of 
ORE storage include gaps in our understanding of the storage 
technologies themselves, and these gaps also apply to other 
sectors such as the maritime industry. The knowledge gaps include 
the need for quality assurance of battery lifetime, as well as 
battery (EMSA, 2020) and fuel cell (EMSA, 2017) safety for offshore 
use. Moreover, while many energy storage systems and related 
technological solutions are emerging, and their costs are expected 
to reduce within this decade (IRENA, 2017), there is still a need 
to develop improved battery software solutions, and advanced 
energy management systems (EMSA, 2020) capable of integrating 
information such as weather forecasts, maintenance schedules, 
market prices, consumption patterns and desired grid services127. 

6.2.3 Materials and related challenges 

Given the harsh environment in which ORE devices operate (i.e. 
high salinity, high environmental loading, presence of biofouling 
species), appropriate materials are critical to their survival. 

Biofouling in particular has gained attention in recent years from 
the ORE industry since it is a critical parameter with adverse 

124 https://www.gov.uk/government/news/battery-storage-boost-to-power-greener-electricity-grid 
125 https://www.wartsila.com/media/news/09-03-2021-wartsila-s-flexible-floating-barge-mounted-energy-storage-system-will-aid-a-philippine-operator-in-meeting-grid-requirements-2875070 
126 https://www.dnv.com/news/northern-drilling-s-west-mira-first-rig-to-receive-dnv-gl-battery-power-class-notation-161303   
127 https://www.equinor.com/news/archive/26june2018-equinor-has-installed-batwind 
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128 https://www.equinor.com/en/what-we-do/hywind-tampen.html

impacts on the functionality, integrity, mechanical performance, 
efficiency and maintenance costs of ORE devices. Site specific data 
on biofouling and predictions of future population movements 
of biofouling species will greatly assist in making rational design/
antifouling choices (Loxton et al., 2017b). 

With an increasing number of offshore wind installations, the main 
support structure challenge is to design and deploy cost-effective 
structures considering both material selection and fabrication/
transport costs. Most support structures for offshore wind turbines 
(see Section 2.2.1) are made of welded steel, which can be easily 
recycled. These structures are typically mass-produced relatively 
cheaply in shipyards in Asian countries but incur high transport 
costs for European sites. Concrete support structures, which can 
also be re-used or recycled, could instead be built locally to reduce 
transport costs, as Equinor is doing for its Tampen project128. 
However, the environmental costs of concrete vs steel production 
should also be considered. For floating wind turbines, the durability 
of steel or concrete materials in cost-optimised floating structures 
still needs to be proven and should be the focus of future research 
and development. 

Material cost and availability are major concerns for developing 
large-scale commercial products of ORE devices. Costs, including 
material, fabrication and installation costs, need to be further 
reduced for novel offshore wind turbines, such as floating wind 
turbines. According to the ambitious plan to develop offshore 
wind energy around the world, a large amount of steel, concrete 
and composites are needed and in general there is a shortage of 
material supply globally (Carrara et al., 2020).

Copper and zinc are the main minerals used in the electrical 
infrastructure of offshore wind installations. Compared to other 
clean energy technologies, such as solar Photovoltaic (PV) systems 
and nuclear plants, the mineral use in terms of weight per MW 
of offshore wind power generation is much higher, reaching 15 
ton/MW, largely due to the demand for copper in their design 
(IEA, 2021b). These critical minerals are concentrated in specific 
geographic areas outside Europe and are not sufficient for future 
large-scale development of offshore wind, which requires a 
well-planned recycling policy and practice for such materials. 
This is especially important given the significant environmental 
and socioeconomic concerns regarding mining of these mineral 
resources in the deep sea (ActionAid, 2018; Rogers et al., 2015). The 
supply chains for these materials are also affected by uncertainties 
linked to geopolitical issues.

Corrosion and marine biofouling are major problems for 
marine structures that are exposed to the sea air and sea 
water environments. They induce material loss and reduce the 
strength of structures. In the case of ORE devices, this issue is 
most often associated with alterations in the hydrodynamic 
properties, structural mass and roughness of submersed devices/
components, leading to loss of integrity and performance. For 
offshore wind turbines or tidal turbines, corrosion may occur 
at critical locations, such as the bolted connection at the tower 
bottom or the welded joints in support structures and may 
significantly reduce the strength of such connections. For wave 
energy converters which often involve multiple bodies at the 
surface that move relative to each other along guides, corrosion 
or biofouling may significantly increase their resistance and 
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Traditional wind turbines blades cannot be recycled and often end up in landfill, however some companies are looking at options to develop recyclable blade, 
or at ways to reuse them. 
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therefore reduce the power absorption efficiency, in addition to 
the strength (Musabika et al., 2016). Alternative anticorrosion and 
antifouling protections that are economical and environmentally 
sustainable are needed.

The composite materials used for both onshore and offshore 
wind turbine blades, and for some wave energy devices, have a 
high stiffness-to-weight ratio, which is very important for large-
scale wind turbines under loads induced by gravity due to rotation 
(Mishnaevsky et al., 2017).   However, traditional composite materials 
are not recyclable, partly because of the difficulties in separating 
different material components caused by embedded sensors, 
and they are often taken to landfill. Re-use and/or recyclability of 
composites are key to the future sustainability of ORE. Re-use of 
blade cross-sections is possible but with limited repeatability (Liu 
& Barlow, 2017). However, research is underway to explore re-use 
and recycling of composite materials at a commercial scale, while 
retaining the required strength properties of the material. This 
includes trying to recover some of the composite material base 
components (of the resin129) or using thermoplastic materials130  
which melt at lower temperatures than they decompose allowing 

the thermoplastics to be reshaped and re-used upon melting. The 
main challenges include temperature control during manufacturing 
and making the manufacturing process more economical (Murray 
et al., 2019).

The development of new materials to achieve a higher level of 
circularity within ORE is worth specific attention. Significant 
experience has been accumulated in other offshore industries, 
which use these materials and specialist coatings (e.g. for corrosion 
and/or biofouling protection). Further understanding needs to be 
developed of the potential benefits of these new materials for ORE 
devices whilst ensuring structural integrity and durability. 

6.2.4 Full Life Cycle Assessment  

Life Cycle Assessment is commonly used to account for both 
economic (Shafiee et al., 2016) and environmental (Uihlein, 2016) 
impacts of ORE projects over their full lifetime, using detailed 
modelling of each life cycle stage. Life cycle stages are often divided 
into five areas: 1) materials and manufacturing; 2) transport and 
assembly; 3) installation; 4) operation and maintenance; and  

129 Vestas, Circular Economy for Thermosets Epoxy Composites project, 2021 https://www.vestas.com/en/media/company-news/2021/new-coalition-of-industry-and-academia-to-commercialise-
c3347473#!NewsView  

130 https://www.siemensgamesa.com/en-int/newsroom/2021/09/launch-world-first-recyclable-wind-turbine-blade

Underwater structures can create artificial reefs.
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5) decommissioning and disposal. While it is relatively 
straightforward to predict the (input) materials and manufacturing 
requirements for ORE device components, uncertainties increase in 
later life cycle stages. This is particularly the case for emerging ORE 
technologies such as wave, tidal current and floating offshore wind.

While the ORE devices themselves are able to generate energy, it is 
important to consider the energy requirements linked to all stages 
of their life when making predictions about the overall energy 
generation and emission reduction capabilities of ORE installations. 

Decommissioning of offshore wind farms is still a relatively new 
exercise, with limited data and/or experience available, which can 
lead to many uncertainties, increased assumptions, and less accurate 
estimates of the overall cost and environmental impacts. A study 
based on data available from recently decommissioned offshore wind 
farm projects showed that offshore removal operations account for 
up to 58% of the overall cost and 67% of overall lifetime emissions 
(Milne et al., 2021). Uncertainty in estimates of cost and impact of the 
later life cycle stages of offshore wind farms need to be addressed.

The cost and emissions of offshore operations are directly related 
to their duration. The duration of offshore operations is sensitive 
to the technology used to remove the devices, logistics, planning 
strategies and site characteristics. Therefore, advances in removal 
technologies, such as the development of new cutting techniques, 
are required to reduce removal time and thus emissions and cost of 
decommissioning. 

The final stage of ORE decommissioning involves disposal, recycling 
or re-use of components and materials, as discussed in Section 6.2.3. 
It is particularly important to account for the technical, economic 
and environmental considerations for ORE decommissioning at the 
early design stage. The new generation of ORE device components 
should be designed for decommissioning and recycling and be 
compatible with different ways to extend their lifespan, i.e. re-
utilisation, re-powering, and re-purposing.

In addition to considering the devices themselves, the environmental 
impacts of the decommissioning phase are also important. As 
noted in Chapter 4, the placement of hard structures on the seabed 
can have positive impacts on the marine ecosystem by acting as 
artificial reefs. It is therefore important to consider the most 
appropriate decommissioning approach from this perspective 
(European Marine Board, 2017).

6.3  Environmental impacts of  
 offshore renewable energy 
As discussed in Section 3.1 and Chapter 4, ORE capacity in Europe 
will need to be developed in a manner that sufficiently considers 
and mitigates environmental impacts, in line with relevant EU policy 
objectives and legislation. The Environmental Impact Assessments 
(EIA) Directive (see Section 4.5) already requires that likely significant 
effects “should cover the direct effects and any indirect, secondary, 

cumulative, transboundary, short-term, medium-term and long-
term, permanent and temporary, positive and negative effects of the 
project”. However, more work is needed to assess cumulative effects 
as these occur at a large scale, the ecological processes at work are 
complex and environmental baseline information is inadequate.

The guidelines produced by the EC FP7-funded project CoCoNet 
(Boero et al., 2016) outline a procedure that a project should adopt 
for the construction of an offshore wind farm, which could be 
an example for other ORE installations. This proposed procedure 
involves apparently straight-forward phases. However, to conduct 
these phases thorough knowledge is required of the conditions of 
biodiversity and ecosystem functioning in the area that is viable in 
terms of wind farm profitability. This is far from straightforward. 
Figure 6.1 presents the different layers of information needed 
for a given sea space to carry out the aforementioned procedure. 
Ensuring that all the observations and data are available to 
undertake this procedure and assess the environmental impacts 
will depend on the site-specific information and will need 
thorough research. 

6.3.1 Cumulative impacts  

Integration of the layers of the CoCoNet ‘GEODATABASE’, as shown 
in Figure 6.1, is also crucial for identifying cumulative environmental 
impacts. The concept of cumulative impacts stems from the 
necessity of upgrading reductionist approaches (considering one 
impact at a time) to holistic approaches (considering the overall 
impact of all human activities, as a single whole). This is why the 
EU’s Marine Strategy Framework Directive (MSFD, see Section 3.1.1) 
calls for Good Environmental Status focusing on the overall state of 
biodiversity and ecosystem functioning and not on single impacts. 
If a series of pressures is applied on an ecosystem (see Chapter 4), 
each might individually be below pre-determined thresholds but, if 
the environment passes from good to bad status, the cumulative 
effects are unbearable. The environmental impacts (via the 
descriptors of the MSFD) must be considered both one at a time 
and as a whole. 

A major challenge is to assess these cumulative impacts and to 
upscale locally observed impacts to the scale at which several 
ecological processes take place. In addition, impacts may affect only 
part of the marine species populations extending over larger areas, 
so the investigation of an impact should be widened to consider the 
whole population of a species. Only the assessment of the whole 
population, considering the multitude of marine uses present 
throughout the range of their spatial distribution, can indicate 
whether local impacts may affect population survival (Brabant et 
al., 2015).  ORE extraction is only one of the many human activities 
in the marine environment that can influence ecosystem structure 
and its functionality. Assessment of the combined effect of all 
these activities, framing the observed impact of ORE activities in 
a broader setting, also demands a holistic (European Marine Board, 
2019) and a strategic multi-array (Howell Marine Consulting, 2021) 
approach. However, research designs to appropriately tackle this 
issue are largely lacking, with significant knowledge gaps. 
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Figure 2. The CoCoNet GEODATABASE layers integrated in the WebGIS

6.3.2 Environmental monitoring   

EIAs (see Section 4.5) should reveal where ORE installations are 
ecologically sustainable. It is therefore critical that findings from 
the EIA process align with the terms and conditions attached to 
project consent, so that post-consent monitoring can identify and 
quantify subsequent impacts as thoroughly as possible. An initial 
on-site survey, which is usually an initial part of an EIA, should be 
conducted prior to installation to obtain reference conditions as 
a requirement of the licensing. Some changes in the conditions 
compared to the baseline results might not be (entirely) due to the 

presence of the ORE installations but could 
also be due to other variables such as global 
change or pollution generated elsewhere. 
Thus, monitoring should also be conducted 
at control sites where installations are not 
present and that have similar features to 
those at the sites of installation. This could 
be part of a more strategic monitoring 
programme conducted by national or 
regional bodies and linked to Strategic 
Environmental Assessments (SEA) for 
example. The ability to separate the ecological 
impacts from different anthropogenic 
pressures, to understand their individual as 
well as cumulative contributions is another 
important knowledge gap. It is essential that 
information and data gathered throughout 
the various environmental assessment 
processes are used, not only to learn more 
about the impacts and response of the 
environment but also to refine and adapt 
planning and consenting processes. In time, 
this could mean that certain parameters no 
longer need to be monitored as frequently 
for every EIA, or that certain risks could be 
retired. 

Most monitoring programmes include 
physical, biogeochemical, chemical, and 
geological variables, whereas the biological 
components (biodiversity) and ecosystems 
are addressed far less. Benedetti-Cecchi 
et al., (2018) stressed the urgent need of 
upgrading current monitoring programmes 
into observation systems to cover the 
biological component of the environment. 
Ecological complexity makes the goal of 
both traditional and innovative monitoring 
methods very challenging (Boero et al., 2004) 
and sensors or other automatic detection 
methods that can capture the mechanism 
of ecosystem functioning do not exist yet. 
Integrated monitoring approaches (e.g. 
She et al., 2019) are therefore needed to 
enhance our Ocean ecosystems observing 
capacity. Nevertheless, innovative methods 
are available for environmental monitoring, 

such as eDNA, Ocean acoustic methods or underwater imagery 
automatic detection methods and will complement traditional 
and well-established methodologies. Some of these innovative 
techniques have even been specifically developed in the context of 
environmental impact assessment studies for OREs (e.g. Hasselman 
et al., 2020), for example active and passive acoustic systems 
for identifying marine mammals designed specifically for highly 
energetic conditions near ORE devices, or underwater imagery with 
specially adapted algorithms to enable target detection in low light 
and contrast sites. 

Figure 6.1 Relevant variables needed to determine the use of sea space for maritime activities,  
using the example of the CoCoNet project GEODATABASE information layers. 

C
re

di
t:

 (B
oe

ro
 e

t 
al

., 
2

01
6

) C
C 

B
Y-

N
C-

N
D

 4
.0



N° 9 2023

59

Monitoring of basin-wide cumulative effects is very ambitious 
and difficult for a single country or research team to conduct. 
Close collaboration between scientists and administrators, across 
country borders, is needed to assemble and comprehensively 
analyse the information (see Figure 6.1). This accentuates the need 
for regional and transboundary data portals (e.g. EMODnet) and 
other dedicated information exchange mechanisms, such as Virtual 
Research Environments and Big Data (Guidi et al., 2020). This will 
necessitate some additional work on legislative and privacy aspects 
that currently inhibit re-use and accessibility of environmental data. 
Future monitoring programmes should upscale their surveys to take 
account of cumulative impacts as far as practicable and include 
international collaboration to develop the strategies needed. 
Lack of sustained funding for Ocean observations and marine 
monitoring (European Marine Board, 2021) has created the lack of 
baseline knowledge across European seas needed to develop the 
ORE required by European ambitions. This needs to be addressed to 
ensure the carbon neutral future of Europe.

6.4  Maritime Spatial Planning 
Maritime Spatial Planning (MSP, see Section 3.1.3) is a well-established 
tool that integrates traditional and emerging sectors, while preserving 
the marine ecosystem, preventing and mitigating conflicts between 
political priorities, and creating synergies between economic 
sectors. This approach will enable the responsible exploitation of 
ORE resources. The EU’s MSP Directive requires planning cycles of 
a maximum of 10 years, during which changes in the environment, 
Ocean governance, ORE technology, society and economy inevitably 
take place. The plans must therefore be sufficiently responsive to 
these changes while still delivering on the requirements of MSFD and 
considering socioeconomic aspects (see Chapter 5). 

As discussed in Section 6.3, spatial information on the current 
physical and biological characteristics of the marine area in question 
is crucial to be able to manage it appropriately. A strategy for data 
compilation and management in the context of MSP is needed for 
the development of national plans. This will require appropriate data 
gathering, harmonisation, standardisation and sharing at European 
level. Data collection is both time-consuming and expensive, so it 
is equally important to identify existing relevant data and make 
these accessible. The data should support the proposed holistic 
consideration of maritime activities (including ORE) and the marine 
ecosystem. At present, the available data are not sufficient to enable 
this, although the European Marine Observation and Data Network 
(EMODnet) is working to include Member States’ MSP data within 
its Human Activities portal131.

An emerging approach already touched upon in Section 3.4 is the 
multiple use of maritime space between users. This is crucial for 
having cost-effective and socially acceptable ORE installations, 
which will naturally compete with other users in the maritime 
space. If the aims of both the EU Green Deal and the EU Biodiversity 
Strategy (see Section 3.1.2) are to be met, a multi-user approach 
will be needed to allocate more space for ORE. This will require 
better understanding of the policy, economic and environmental 
impact implications of space sharing, as well as the development 
of stakeholder mediation approaches to account for these more 
complex situations. It is recommended that units of management 
and conservation should be identified to plan observation and 
monitoring strategies according to the natural connectivity 
between the species and environment in question, and the scale 
of the impacts of our activities in the Ocean. Boero et al., (2019) 
proposed the concept of Cells of Ecosystem Functioning to define 
the units that could guide this process.

6.5  Data sharing  
 
A vital barrier faced by ORE researchers is the inaccessibility 
of working data from industry (i.e. raw data generated at the 
installation location of the ORE device) and the lack of raw data from 
previously published work. The last decade brought a new era for 
data sharing in Europe, with the European Commission promoting 
open and free access to data and information. It has seen the launch 
of initiatives such as the European Open Science Cloud132 (EOSC) as 
well as open access marine data portals such as EMODnet133 and 
Copernicus Marine134. These initiatives are engaging with maritime 
industries and aiming to gain access to (some of) their data. For the 
ORE industry and the companies researching new technologies, 
close partnership with academic institutes is often a crucial 
requirement. However, confidentiality issues can arise, as industry 
partners have concerns about the competitiveness and financial 
implications of sharing their data for free. These are challenges that 
will need to be overcome.

Some progress is already being made, for instance in Germany, 
where the MARLIN135 system collects environmental data on marine 
species to form an assessment benchmark for environmentally 
friendly and sustainable expansion of offshore wind energy. In 
the UK, it is mandatory for all data from EIAs to be added to the 
MEDIN136  system. It will be important to ensure that these national 
systems connect to those at European level and the data within 
them conform to appropriate FAIR principles (Guidi et al., 2020) so 
they can be used to inform future policymaking.

131 https://www.emodnet-humanactivities.eu/view-data.php 
132 https://www.eosc.eu/
133 https://emodnet.ec.europa.eu/en 
134 https://marine.copernicus.eu/ 
135 https://www.bsh.de/EN/TOPICS/Offshore/Environmental_assessments/Biology/biology_node.html 
136 https://medin.org.uk/
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7.1  Policy 
Policy relevant to offshore renewables is generally enshrined within 

overarching policies related to renewable energy, decarbonisation, 

and marine environmental policy and planning. The following 

actions are recommended to facilitate consistent support and 

development of ORE:  

• Address misalignment within policy, which counters 

the development and cost-efficient delivery of ORE, 

including compromises with other sectors, third market 

interventions and competing policy objectives regarding 

climate change and environmental restoration;

• Create financing solutions for research and development 

to support scaling-up of ORE and increasing its technology 

readiness level (TRL), including support for both low TRL 

systems and pre-commercial demonstration projects;

• Develop requirements and funding opportunities for 

more consistent (national) datasets and make pre- and 

post-installation environmental monitoring data, and 

data from EIAs publicly available in existing European 

databases such as EMODnet;

• Refine monitoring strategies to ensure that all relevant 

variables, including bio-ecological ones, are being 

collected and shared;

• Require relevant sensors to be added to all maritime 

installations to support ongoing data gathering and 

monitoring;

• Encourage transdisciplinary cooperation, including 

between policy- and decision-makers to collaborate with 

scientists to fully utilise and learn from data collected 

in order to refine planning, design, consenting and 

management processes;

• Extend and integrate frameworks to enable trans-

national access to European test sites into long-term EU 

structures (e.g. European Strategy Forum on Research 

Infrastructures, ESFRI); and

• Develop European-level best practice guidance for re-use 

and recycling of ORE materials, including composites, 

concrete, metals, and rare Earth minerals.

7.2  Research and technology 
There is considerable research capability across the ORE spectrum in 

Europe and significant effort is being made to support the development 

of emerging technologies at EU and national levels. However, research 

gaps and opportunities remain. We recommend to:   

• Develop additional modelling capability and tools to 

predict environmental parameters and extreme events 

to better understand implications for ORE resource 

availability. This will support realistic operation and 

maintenance planning, and improve understanding of 

the impact on deployment at various scales (e.g. from 

single installation to sea basin);

• Conduct additional case studies to better understand 

the (positive and negative) marine species population 

and ecosystem consequences of environmental impacts 

from ORE, especially for regions where ORE is less well or 

not developed at all, or where new technologies are to 

be introduced;

• Develop research frameworks to conduct holistic 

environmental and socioeconomic studies and develop 

mitigation strategies considering multiple devices 

and farms / cumulative impacts / ecosystem-level 

considerations;

• When possible, design ORE installations as Other 

Effective Conservation Measures (OECMs), for instance 

using their bases as artificial reefs to enhance 

biodiversity;

• Plan decommissioning carefully, with the aim of using 

the installations as OECMs;

7 Policy, governance, and 
research recommendations

This chapter presents the main policy, research and technology, and data and capacity recommendations 

for offshore renewable energy (ORE) arising from the key messages of the document.
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• Develop research frameworks and explore data needs 

to enable an overarching study of the balance between 

positive and negative aspects of ORE, taking into 

account climate change, and environmental and socio-

economic impacts;

• Conduct research on how to establish and integrate 

cultural aspects into EIA and SIA when looking at socio-

economic impacts of ORE;

• Conduct further research into the factors influencing 

capital and operation expenses of ORE and how they 

change over time / region, to provide developers with a 

better foundation for estimating project costs;

• Analyse the ways in which local rules and measures have 

or have not worked, to support future decision-making  

and develop relevant metrics to support this;

• Develop new cost-effective monitoring solutions and 

devices;

• Conduct research into new materials that allow for 

re-use / recyclability / corrosion prevention while also 

complying with structural integrity and durability 

requirements; and

• Analyse grid infrastructure update requirements to 

identify specific cases where it would be viable and/

or critical to do these upgrades at a European level, 

also considering ways to reduce costs or collaboration 

opportunities with other sectors.

7.3  Data and capacity 
Working in the marine environment poses significant problems 

with accessing consistent long-term baseline data sets and requires 

specific skills and qualified workers. Focus must be on better use of 

data already acquired and systems to allow for better access and 

sharing of newly gathered data. Our recommendations include to: 

• Scale-up data collection and monitoring to increase 

regularity, spatial and temporal coverage, specifically 

focusing on key areas of interest for ORE, e.g. those 

with high resource availability and/or high potential 

environmental and/or socioeconomic impacts;

• Explore ways to gather and/or share (long-term) 

environmental monitoring data (e.g. environmental 

impacts, resource availability) with all relevant 

stakeholders (e.g. policymakers, science, industry, 

financing, regulators) and make it openly available at 

European level;

• Explore the gaps in current training, including academic, 

vocational, continuous professional development, and 

for re-skilling, to highlight additional needs to support 

the development and expansion of ORE. This should 

cover natural, technical and social fields;

• Consolidate data and information on jobs, training and 

skills needs in Europe; and

• Make basic ORE-relevant social science awareness 

training available to STEM professionals and vice versa 

for social science professionals.
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CAPEX Capital expenditure

CH
4
 Methane

CO
2
 Carbon Dioxide

CoCoNet 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 project

EC European Commission

ECMWF  European Centre for Medium-Range Weather Forecasts

EEC European Economic Community

EERA European Energy Research Alliance

EIA Environmental Impact Assessment

EMEC European Marine Energy Centre, UK

EMF Electromagnetic field

EMODnet European Marine Observation and Data Network

EMSA European Maritime Safety Agency

EnFAIR Enabling Future Arrays in Tidal

EOSC European Open Science Cloud

ESFRI European Strategy Forum on Research Infrastructures

ETIP European Technology & Innovation Platforms

EU European Union

GES Good Environmental Status

GHG Greenhouse gas

GIEC Guangzhou Institute of Energy Conversion, China

GMF Geomagnetic field

Gt Gigaton

GW Gigawatt

HAWT Horizontal axis wind turbine

HCMR Hellenic Centre for Marine Research, Greece

IAIA International Association for Impact Assessment
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IEA International Energy Agency

IFREMER Institut Français de Recherche pour l'Exploitation de la Mer, France

ILO International Labour Organization

INTELWATT Intelligent Water Treatment for water preservation combined with simultaneous energy 
production and material recovery in energy intensive industries project

IPCC Intergovernmental Panel on Climate Change

IRENA International Renewable Energy Agency

JRC European Commission’s Joint Research Centre

KRISO Korea Research Institute of Ships and Ocean Engineering

kW Kilowatt

kWh Kilowatt hour

LIDAR Light Detection and Ranging

MARINET Marine Renewables Infrastructure Network for Emerging Energy Technologies project

MEDIN  Marine Environmental Data and Information Network, UK

MMO Marine Management Organisation, UK

MSFD Marine Strategy Framework Directive

MSP Maritime Spatial Planning

MW Megawatt

N
2
O Nitrous Oxide

NEA Nuclear Energy Agency

NOAA National Oceanic and Atmospheric Administration, US

NREL National Renewable Energy Laboratory, US

NTNU Norwegian University of Science and Technology

OECM Other Effective Conservation Measures

OEE Ocean Energy Europe

OES Ocean Energy Systems

OPEX Operational expenditure

ORE Offshore renewable energy
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OSPAR Convention for the Protection of the Marine Environment of the North-East Atlantic

OTEC Ocean Thermal Energy Conversion

OWC Oscillating water column

PNNL Pacific Northwest National Laboratory, US

PRO Pressure-retarded osmosis

PV Photovoltaic

R&D Research and development

RED Reverse Electro Dialysis

SEA Strategic Environmental Assessment

SET European Strategic Energy Technology Plan

SGE Salinity gradient energy

SIA Social Impact Assessment

SIDS Small Island Developing States

SLO Social licence to operate

SRIA Strategic Research & Innovation Agenda

STEM Science, technology, engineering, and mathematics

TRL Technology Readiness Level

UCC University College Cork, Ireland

UK United Kingdom

US United States of America

VAWT Vertical axis wind turbine

WEC Wave energy converter
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Annex 2: European policies, strategies and directives relevant to ORE

EUROPEAN POLICY / STRATEGY / DIRECTIVE YEAR LINK
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1992
https://eur-lex.europa.eu/legal-content/EN/
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of certain plans and programmes on the environment (SEA 
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2001
https://eur-lex.europa.eu/legal-content/EN/
ALL/?uri=celex%3A32001L0042

European Strategic Energy Technology Plan (SET Plan) 2007 https://setis.ec.europa.eu/index_en

Directive 2008/56/EC of the European Parliament and of 
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2008
https://eur-lex.europa.eu/legal-content/EN/
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Council of 30 November 2009 on the conservation of  
wild birds
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of energy from renewable sources

2018
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
uriserv:OJ.L_.2018.328.01.0082.01.ENG

Directive (EU) 2019/1024 of the European Parliament and of 
the Council of 20 June 2019 on open data and the re-use of 
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2019
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
uriserv:OJ.L_.2019.172.01.0056.01.ENG

A European Green Deal 2019
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=
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the Council of 5 June 2019 on common rules for the internal 
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2019
https://eur-lex.europa.eu/legal-content/EN/
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energy for a climate neutral future

2020
https://ec.europa.eu/energy/sites/ener/files/offshore_
renewable_energy_strategy.pdf
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our lives

2020
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=
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Powering a climate-neutral economy: An EU Strategy for 
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2020
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2021
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TXT/?uri=COM:2021:82:FIN
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EUROPEAN POLICY / STRATEGY / DIRECTIVE YEAR LINK

Pathway to a Healthy Planet for All 2014 Norway

EU Action Plan: 'Towards Zero Pollution for Air, Water and Soil' 2021
https://ec.europa.eu/environment/pdf/zero-pollution-
action-plan/communication_en.pdf

A new approach for a sustainable blue economy in the EU 
Transforming the EU's Blue Economy for a Sustainable Future

2021
https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=COM:2021:240:FIN

REPowerEU: Joint European Action for more affordable, secure 
and sustainable energy

2022
https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=COM%3A2022%3A108%3AFIN

EU Nature Restoration Law 2022
https://environment.ec.europa.eu/publications/
nature-restoration-law_en

FACTOR NAME SYMBOL

10-3: 0.001 W Milliwatt mW

1 Watt W

103: 1000 W Kilowatt kW

106: 1,000,000 W Megawatt MW

109: 1,000,000,000 W Gigawatt GW

1012: 1,000,000,000,000 W Terawatt TW

1015: 1,000,000,000,000, 000 W Petawatt PW

Annex 3: Comparing units of power
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