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A B S T R A C T

Offshore renewable energy technologies are being tested and deployed around the world to mitigate climate 
change and to bring clean sustainable energy to remote locations. The trend is being led by the development of 
offshore wind, with energy from waves, tides, and large run of the river turbines also increasing. However, there 
are additional marine renewable energy technologies that will help to fill in gaps of availability and location for 
power production. These emerging technologies are generally less well known, including ocean thermal energy 
conversion, seawater air conditioning, power from salinity gradients, and floating solar photovoltaics (floato
voltaics). Coupled with each of these power production systems is the need for energy systems at sea to aid in 
storage and transport of the energy. There is little known about the potential environmental effects of these 
emerging technologies or undersea energy storage, or how they might best be managed. This paper describes the 
new technologies and explores the potential effects on the marine environment and wildlife and recommends 
approaches to their management.

1. Introduction

Offshore renewable energy is expanding across the globe with 
countries deploying offshore wind, wave, and tidal devices in nearshore 
and in coastal waters to generate power to augment national grid elec
tricity (Copping et al., 2018). Smaller versions of wave and tidal devices 
are under development to power remote communities and islands, as 
well as to provide power at sea for ocean observation platforms, aqua
culture facilities, seawater mining for critical minerals, and to develop 
methods for marine carbon dioxide removal (mCDR) (Cotter et al., 
2021). These smaller scale offshore renewables often rely on storage and 
microgrids, adding security to the energy supply and minimizing 
intermittency (Green et al., 2019). Bottom-based offshore wind is a large 
commercial industry while wave, tidal, floating offshore wind are pro
gressing towards large deployments (Mathijssen et al., 2020). In
vestigations of potential environmental effects of offshore renewables on 

marine animals, habitats, and ecosystem processes are ongoing, to meet 
statutory requirements for project development, as well as to address 
ongoing concerns from stakeholders and regulators driven by un
certainties of interactions (Garavelli et al., 2024).

Potential environmental effects from existing offshore renewables 
continue to be investigated and there remain questions about in
teractions with marine animals and seabirds, habitats, and ecosystem 
processes, particularly as larger arrays are deployed. At the same time 
emerging offshore renewable technologies are under development 
around the world. To date few of these emerging technologies have been 
deployed at scale and there is little known about the potential envi
ronmental effects of these technologies (Fig. 1). These emerging tech
nologies include those that derive power from seawater gradients 
including thermal gradients - Ocean Thermal Energy Conversion (OTEC) 
and seawater air conditioning (SWAC), as well as from salinity gradients 
(Soukissian et al., 2023). Energy from solar radiation is under scrutiny 
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with deployments of floating photovoltaic installations or floatovoltaics 
moving out of sheltered bays and reservoirs to the open sea. In
vestigations are ongoing into storing excess power produced at sea that 
is not transmitted to land by export cable or used onsite, through a range 
of energy storage media including battery banks, conversion and 
transport of hydrogen or ammonia. The potential for merging and 
co-locating several of these emerging technologies has led to in
vestigations into multi-use platforms that may combine several tech
nologies and end uses (e.g., the EU-project TROPOS: https://mcc.jrc.ec. 
europa.eu/main/dev.py?N=simple&O=300&titre_chap=%C2%A0 
&titre_page=TROPOS)

The energy efficiency, engineering details, and methodologies for 
installation, operation, and maintenance of these systems, and are well 
covered in the engineering literature, and are not within the scope of this 
study.

Each of the emerging technologies has specific siting and operating 
conditions that must be met. Few of each of these technologies have yet 
been deployed. Table 1 outlines the requirements for siting and oper
ating each. Because few of these technologies have been deployed, there 
is little research on public perceptions and attitudes towards these 
installations.

This paper seeks to place the emerging offshore renewable technol
ogies in perspective, to examine what is known about potential effects of 
these technologies on the marine environment at small and large scale, 
to explore knowledge gaps, and to recommend research and monitoring 
studies that will help clarify these effects. This information will be 
needed to responsibly develop emerging renewables and to provide a 
path forward for regulators and advisors to engage with project de
velopers in the pursuit of low carbon power. A description of each of the 
emerging technologies will be presented, with a review of existing 
studies, and recommendations for research and monitoring that will 
clarify effects. An initial assessment of the likely risks posed by these 
technologies will be provided.

2. Methods

As there are few commercial scale deployments of emerging 
renewable offshore energy technologies, information for this study was 
taken from the scientific literature, from small pilot or demonstration 
projects, and from expert opinion as represented on the ICES workgroup 
on offshore renewable energy (https://www.ices.dk/community/group 

s/Pages/WGOre.aspx).
Commensurate with the scale of deployment, there are few well 

developed consenting and licensing processes that adequately address 
these emerging technologies in Europe (Galparsoro et al., 2022). There 
is a similar lack of documentation of existing consenting and licensing 
processes for emerging renewable technologies offshore in the Americas 
and Asia. Most applications for emerging (and even some more estab
lished offshore renewables) are viewed through a lens of offshore oil and 
gas development, or other offshore installations, although most nations 
are in the process of developing regulatory schemes that are better 
adapted to offshore renewables, particularly offshore wind. In evalu
ating the potential effects of emerging renewables on the ocean envi
ronment and its inhabitants, this study is taking a risk-based approach, 
evaluating each technology and its subsystems against the most likely 
marine animals, habitats, or ecosystem processes that may be affected. 
In keeping with the approach to environmental effects on more estab
lished offshore renewables, stressors such as risk of collision with 
rotating blades, effects of underwater noise from devices on animal 
navigation and communication, and others are lined up against each of 
the emerging technologies (Table 2) Some risks will be encountered 
across all the emerging technologies. These may include: construction 

Fig. 1. Illustration of established offshore renewables (bottom based wind on left) and emerging renewables and subsea storage: floating solar (center), floating 
OTEC (right), and bottom based subsea storage (bottom right).

Table 1 
Locations that are most appropriate for siting and operating emerging marine 
renewable energy technologies.

Emerging 
Technology

Criteria for Siting

OTEC Tropical and subtropical areas where 20oC differential between 
warm surface and cold deep water can be maintained. 
Generally, water intake depths of 800–1000m

SWAC Can be used in tropical, subtropical, and temperate/boreal 
areas where deep water is cooler than ambient air 
temperatures. Water intake depth can vary from the surface (in 
temperate areas) to 100s of m in the tropics.

Salinity gradient Mouths of large freshwater rivers that discharge into saline 
waters, generally in tropical areas.

Floating PV Year round generation in tropical, subtropical, and temperate 
areas with little cloud cover, seasonal generation in boreal 
areas.

e-fuels Can be generated wherever offshore renewables are sited.
Energy storage Storage can be situated on the sea surface, subsurface, or on the 

seabed, depending on type.
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sounds that may range from pile driving to setting of anchors (Bellmann 
et al., 2020), as well as acoustic output from the additional vessel traffic 
needed for deployment and maintenance (Stanley et al., 2017; Lemos 
et al., 2022); physical risk to large cetaceans from the increase in vessel 
traffic (Peltier et al., 2019); providing potential pathways for invasive 
species to enter into the ecosystem (De Mesel et al., 2015); and emissions 
of electromagnetic fields from power export cables (Gill and Desender, 
2020). These risks are similar to those investigated for other offshore 
renewables and are not the focus of this study as they are well docu
mented elsewhere. This study focuses on risks that are unique to the 
emerging renewable technologies.

In addition to environmental considerations, socio-economic effects 
of emerging offshore renewables may occur, such as effects on com
mercial and recreational fishing, interference in shipping lanes and 
routes for commercial, recreational, and security traffic (Sahu et al., 
2016). Tools such as marine spatial planning can assist with recognizing 
and minimizing these effects as they have for offshore wind (Schupp 
et al., 2019), as well as co-location of offshore renewables with other 
industries such as aquaculture (Zheng et al., 2020). These effects will 
need to be investigated but are also not the focus of this study.

3. Results

Each of the emerging renewable energy technologies – ocean thermal 
energy conversion, seawater air conditioning, salinity gradient power, 
floatovoltaics, and undersea energy storage – are addressed by the 
source of the energy, description of the technology, and potential 
environmental effects.

Many of these emerging technologies share potential environmental 
effects which will need to be evaluated through installation, operation, 
maintenance, and decommissioning stages (Gorjian et al., 2021). For 
example, several of the emerging technologies examined are dependent 
on a floating platform, tethered to the seafloor. Effects of floating 
offshore wind platforms may create similar effects and potential risk 
involving interference of movement by large marine animals. However, 
OTEC and SWAC platforms and floating solar systems will cover much 
greater areas of the sea surface, and may create shading (de Lima et al., 
2021) and changes in local hydrodynamics (Karpouzoglou et al., 2020). 
These structures will also form larger reefs and fish aggregation devices, 
which may change the local ecology, and could provide a route for 
non-indigenous invasive species to enter into an area (Duarte et al., 
2013; Adams et al., 2014).

3.1. Ocean thermal energy conversion (OTEC) and seawater air 
conditioning (SWAC)

3.1.1. Source of energy
The circulatory pattern of the world oceans - “ocean conveyor belt” - 

creates temperature gradients in tropical and subtropical waters with 
warm surface water and deep cold water (Lozier, 2010). The potential 
heat energy between these two water masses can be used to generate 
power through OTEC in areas where the temperature differential is at 
least 20oC. This distribution of warm and cold water offers opportunities 
to produce energy to reduce conventional energy consumption and 
provide products such as potable water, energy carriers, and critical 
minerals (Wick and Schmitt, 1977; Penney and Bharathan, 1987; Avery 
and Wu, 1994; Takahashi, 1999; National Research Council, 2013).

The ocean thermal resource exploitation is divided into two major 
categories—OTEC and cold water source cooling, also known as 
seawater air conditioning (SWAC). Warm surface water overlies cold 
deeper water in the tropical and subtropical oceans, where the 

temperature difference can reach more than 25oC during summer 
months. OTEC uses thermal heat engines that generate power using this 
temperature difference (D’Arsonval, 1881; Claude, 1930; Avery and Wu, 
1994; Vega, 1995). SWAC uses cold ocean water, which can be located 
on the surface or drawn up from deeper regions to provide the cold 
source for air conditioning (Kempener and Neumann, 2014).

3.1.2. OTEC and SWAC technologies
OTEC plants are made up of heat exchangers, turbines, long seawater 

pipes and pumps with the intake (warm surface and cold deep water) 
and discharge pipes running to the appropriate depths in the ocean. 
Warm surface water is generally drawn from a few meters below the 
surface while the cold deep water is drawn from depths of 600–1000 m 
or deeper. Used (cooled) warm water is discharged near the surface 
while the used (warmed) deep cold water is discharged through a 
diffuser at a depth greater than the seasonal thermocline but shallower 
than the permanent thermocline.

OTEC plants can be designed for onshore with all the components on 
land except the intake and discharge pipes. An excellent example is the 
100 kWnet plant at Kumejima island near Okinawa (http://www.ocea 
n-thermal.org/kumejima-model-project/). Maintenance for onshore 
plants is simplified by their location and is treated as routine industrial 
maintenance. Offshore OTEC plants can be mounted on barges or vessels 
at sea, either anchored to the seafloor or freely drifting, with all com
ponents placed on the offshore platform and flexibly attached to the 
intake and discharge pipes to manage movement of the platform and to 
allow for disconnecting the platforms during severe storms. Construc
tion of onshore plants follows that of other industrial facilities with the 
intake and discharge pipes laid from shore through the intertidal areas. 
Offshore platforms are designed usually to be moored to the seabed with 
a power export cable to shore. Full-scale OTEC plants require high flow 
rates; for example, a 1 MWnet plant will require a cold water flow of 2–3 
m3/s, with similar volumes of the warm water (Vega, 2017).

New offshore OTEC designs envision free floating or motorized 
vessels that can be used to move the plant to different locations. These 
platforms could be deployed far from land and, rather than connecting 
to shore via an export cable, would likely produce electrofuels (efuels) 
for export, such as ammonia and hydrogen. While maintenance of the 
platforms and OTEC systems should be minimal, maintenance crews 
would be deployed from land as the platforms are not likely to be 
crewed.

OTEC technologies heat a working fluid to a vapor that drives a 
generator (Fig. 2) (Johnson, 1992; Ascari et al., 2012). OTEC technol
ogies exist as three major types: closed cycle, open cycle, and hybrids of 
the two. Closed cycle OTEC systems use a working fluid with a low 
boiling point, most commonly ammonia. Although other working fluids 
are also used, many are toxic (e.g., hydrocarbons) or of environmental 
concern (e.g., chlorofluorohydrocarbons). The working fluid is heated to 
a gas by passing warm surface seawater through a heat exchanger and is 
used to power a turbogenerator to produce electricity. Cold deep 
seawater is pumped through a second heat exchanger to condense the 
working fluid back to a liquid. The working fluid exists in a closed 
system and is reused throughout the life of the plant. Open cycle OTEC 
plants use seawater directly, rather than a working fluid, to generate 
electricity. Warm surface water is placed under low pressure, distilling 
the water to a freshwater vapor which can be used to drive a turbine and 
an electrical generator. The water vapor is condensed through heat ex
changers with the cold deep ocean water, creating freshwater that is 
suitable for drinking and other uses. Hybrid OTEC systems combine the 
closed and open cycle systems, with warm seawater evaporating to 
steam. The steam is used to heat the working fluid (most commonly 

Table 2 
Framework for evaluating risk from emerging renewable offshore technologies.

Emerging Technology Stressor Source of stress Receptor most likely to be affected Probability of interaction Consequences of the interaction Overall level risk
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Fig. 2. Schematic that describes a typical OTEC cycle to generate power.

Fig. 3. Schematic of SWAC process that involves the intake of cool water, circulation through buildings, and return of warmer water to the ocean. (Source: Ocean 
Thermal Energy Corporation).
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ammonia) in a closed loop cycle and is then cooled with the cold ocean 
water. This type of system can also produce freshwater.

More recently, innovative smaller-scale OTEC technologies and ap
plications are providing interesting and increasingly affordable marine 
energy solutions. Waste heat recovery from commercial processes is yet 
another application of OTEC that can increase energy efficiency by using 
the temperature difference between heated water used for plant cooling 
and cooler local waters.

Nations with significant tropical waters have been developing small- 
scale coastal SWAC combined with desalination to provide cooling and 
desalinated water for small coastal communities and resorts.

SWAC for residential use of cold water for cooling can save signifi
cant amounts of energy used for air conditioning, both in temperate 
areas for industrial use (Mitchell and Spitler, 2013) and in tropical areas 
where the energy use can be reduced by as much as 85 to 90 percent 
(Makai, 2022). SWAC uses much lower volumes of cooling water than 
OTEC, due to the high thermal capacity of water, allowing for efficient 
SWAC at lower temperature differentials than OTEC (Essalhi et al., 
2023; Kempener and Neumann, 2014). SWAC is also referred to as cold 
water cooling and has been used for pre-cooling in coastal thermal 
plants generating power from fossil fuels for decades (Fig. 3).

In regions with colder climates, the coastal waters and fjords may 
stay warmer at depth than the surface waters during winter. During 
winter the warmer deep water can be used for residential/district 
heating via heat pumps and an onshore network for warm water dis
tribution. This is commonly termed ‘thermal fjord energy’. Such plants 
may be run in reverse during summer, to provide residential air condi
tioning (Fig. 4).

3.1.3. Potential environmental effects of OTEC and SWAC
There are three potentially important environmental effects of OTEC, 

as well as some speculative additional other effects (Coastal Response 
Research Center, 2010a, 2010b). Potential effects of SWAC are similar to 
those of OTEC but are less severe as lower volumes of seawater are 
entrained with smaller thermal differentials. The three effects of OTEC 
that need particular scrutiny are: effects of the cold water return; 
entrainment of marine life in cold water pipes; and chemical discharges. 

Other potential effects from OTEC include reefing, effects on habitats 
and migratory routes, entanglement, and pathways for invasive species.

The cold deep ocean water brought to the surface for heat exchange 
in the OTEC process could be up to 20oC colder than ambient surface 
water, creating a thermal shock to organisms if discharged in the surface 
or shallow subsurface waters, and potentially destabilizing the stratifi
cation of ocean water locally that maintains warm water at the surface 
(Giraud et al., 2019). To mitigate these effects, the used cold water must 
be discharged at an intermediate depth (which can be determined by 
numerical modeling) in such a manner that it is diluted to match 
ambient water temperatures and the denser water sinks to the appro
priate depth. Discharges of this type are used for wastewater and in
dustrial discharges into the ocean and are regulated under water quality 
regulations in most nations. The cold deep water will also contain higher 
levels of dissolved nutrients, carbon dioxide, and lower levels of dis
solved oxygen, which will also reach background levels at the appro
priate depths in the subsurface ocean if the discharge is managed 
correctly.

The cold water pipe that pumps deep ocean water in most OTEC 
operations has the potential to entrain fish or other marine organisms, 
bringing them up to the surface where they are unlikely to survive the 
change in pressure. The presence of marine life in the deep sea is sparse, 
as there is little food at these depths to sustain a complex food web. 
Evidence from the operational OTEC plant in Okinawa province in 
Japan over 8 years indicates that this event is very rare—less than one 
fish is seen a year (pers. comm. B. Martin). Similarly, evidence from the 
Natural Energy Laboratory of Hawaii Authority (NELHA) plant in 
Hawaii indicates that this event is so rare it is never recorded. Special 
consideration would be given to threatened and endangered species that 
might come into contact with an OTEC platform or pipes, although in
ventories and monitoring of deep sea life are rare and effects would be 
difficult to discern.

OTEC platforms, particularly large plants at sea, will have some 
harmful chemicals on board, notably petroleum products for lubricating 
turbines (although biobased oils may be substituted). Closed OTEC 
systems use ammonia or other chemicals as the heat exchange medium. 
Leakage of these chemicals in gaseous form could be harmful to human 

Fig. 4. Two operational modes of a plant extracting thermal energy from mid-depth in a fjord: warming during winter, and cooling during summer. The water intake 
in this example is at 20 m depth, and the discharge at 10 m depth. In both modes, the discharge plume tends to sink below the discharge depth and interleave 
somewhat deeper during winter than during summer.

A. Copping et al.                                                                                                                                                                                                                                Ocean and Coastal Management 264 (2025) 107598 

5 



and marine life. Assessments and mitigation plans for hazardous mate
rials can be helpful in mitigating this threat and should also address 
shoreline and nearshore effects from losses of portions of the platform, 
moorings, pipes, and other hardware that might occur during a storm. 
The electricity cable will set up an EMF at the seabed that potentially can 
affect marine organisms.

For onshore OTEC plants there may be effects on subtidal and 
intertidal habitats from the cold and warm water pipes crossing coral 
reefs and other valuable habitats. Fish and other organisms may reef or 
congregate around an offshore floating OTEC plant and/or the intake 
pipes. However, it is difficult to define a pathway for harm to the or
ganisms or the environment. Similarly, biofouling organisms will grow 
in heat exchangers, pipes and on all submerged parts of an OTEC plant. 
This becomes a maintenance issue to ensure that the growth does not 
impede operations but does not affect the surrounding environment. If 
floating offshore OTEC plants were to increase in size and number in the 
area of key migratory pathways for marine organisms, there is the po
tential for the presence of the platforms to interfere with migratory 
routes of marine mammals, sea turtles, and large fish to be displaced 
from their preferred routes, potentially causing the animals to suffer 
from bioenergetic losses, increased predation or competition for food, or 
other potentially deleterious effects. It has been postulated that mooring 
lines and electrical cables draped in the water column from floating 
platforms for offshore wind, and presumably OTEC, could pose an 
entanglement risk to large marine animals swimming nearby, however, 
to date there has been no evidence of this risk.

SWAC plants will have similar impacts in the nearshore from dis
charging the used water, as for OTEC. The deep water will usually 
contain higher concentrations of nutrients than the surface water, and 
thus can cause some local marine growth and eutrophication. There will 
also be a plume with anomalously cool water, compared to the ambient. 
The same applies to thermal fjord energy (Fig. 4), where discharges 
usually go out nearshore or in a river mouth, with potential thermal 
stress and nutrient stress to the surrounding aquatic environment.

3.2. Salinity gradients

3.2.1. Source of energy
Seawater salinity varies with depth, input of freshwater, and evap

oration, with surface ocean waters most commonly of lower salinity 
than deeper waters. Areas near coastlines, particularly those with large 
or plentiful river mouths, tend to be less saline than open ocean water. In 
hot arid low latitudes, evaporation at the sea surface may result in more 
saline water overlaying lower salinity waters. The ocean maintains a 
permanent thermocline at depth while shallower waters gradually 
decrease in salinity towards a seasonal pycnocline with increased 
salinity, depending on the latitude (Tomczak, 2001).

Salinity gradient (osmotic pressure) technology can only be effec
tively implemented in specific locations which are limited by the 
steepness and stability of the gradient in a river mouth or estuary. Strong 
stratification or the interface between the river and seawater creates a 
high salinity differential over a short distance which is needed to make 
power generation viable (Sánchez-Santillán et al., 2012). There is in
terest in the use of renewable energy in several sectors in addition to 
generating power such as desalination and wastewater treatments 
(Panagopoulos and Giannika, 2022).

Producing power from salinity gradients generates negligible CO2 
emissions during operation and there is no fuel cost associated with this 
energy (Cipollina et al., 2018).

3.2.2. Salinity gradient technology
Harvesting energy from salinity gradients takes place by exploiting 

the difference in salt concentration between two fluids, across a polymer 
membrane (IRENA, 2014). It can be classified as a chemical to electrical, 
or chemical to mechanical energy system (Jung et al., 2022). Salinity 
gradient energy can be generated using two primary methods - 

pressure-retarded osmosis (PRO) and reverse electrodialysis (RED). 
Salinity gradients worldwide are thought to have the potential to pro
duce about 625 TWh (Marin-Coria et al., 2021).

PRO converts the osmotic pressure difference between fresh and 
saline water to electrical energy by creating hydraulic pressure to rotate 
a turbine (Jung et al., 2022). A higher power output is produced when 
there is a higher osmotic pressure difference between the two solutions. 
Due to this potential, mixing brine (from desalination) and treated 
wastewater would produce more power than mixing seawater and 
freshwater (Al Mashrafi et al., 2022). This would allow future salinity 
gradient plants to be integrated with desalination plant infrastructure to 
utilize water with high salt concentrations (Helfer and Lemckert, 2015). 
RED relies on the differential salt concentrations between salt and 
freshwater to generate a voltage as the fluids are passed over cation and 
anion exchange membranes (similar to a battery) (Gill et al., 2021).

3.2.3. Potential environmental effects of salinity gradients
Generating power from salinity gradients creates outputs of water 

with increased salinity that must be returned to the ocean or disposed of 
elsewhere. Releasing high salinity plumes at river mouths or in estuaries 
could affect salinity patterns in the surrounding area, leading to 
ecosystem changes that may affect the marine food web, including fish 
abundance and diversity (Gallardo-Torres et al., 2012; Marin-Coria 
et al., 2021). The increased salinity brine produced from salinity 
gradient plants poses a contamination risk, as discharged brackish water 
is likely to contain chemical residues of antifoulants, cleaning products, 
and others from operation of the power plant (Seyfried et al., 2019). 
Industrial discharges are known to increase the frequency of harmful 
algal blooms around pipes, creating a health risk for humans and marine 
organisms (Chen et al., 2019).

3.3. Floating solar photovoltaic (PV)

3.3.1. Source of energy
Direct sunlight provides the thermal energy that enables energy 

production from photovoltaic (PV) panels. Offshore floating PV panels 
operate just as they do on land but alleviate the need for land use and 
other terrestrial infrastructure.

3.3.2. Floating PV technology
Photovoltaic panels are mounted to a buoyant structure and tethered 

to the floor or shore of the water body in which they float. Floatovoltaics 
can be a valuable investment for countries with minimal land available 
and abundant sunlight, such as small island states. The technology has 
been previously implemented on inland water bodies where there is less 
risk of damage from weather. Marine floatovoltaics have mainly been 
deployed in sheltered coastal areas and tidal flats, for example with a 
180 MW project off the west coast of Taiwan (chenya-energy.com). 
Recently, several demonstration and commercial projects have been 
deployed in offshore seas in The Netherlands (https://oceansofenergy. 
blue) and China (https://oceansun.no). Fig. 5 illustrates one type of 
plant.

The basic individual components required to establish a floating PV 
system include a floating pontoon which is necessary to support the 
panels and their electronic parts. The buoyant structures are usually 
composed of hollow plastic laid out in various designs depending on the 
specific needs and environmental conditions of each location (The 
World Bank, 2019). A mooring system that may include a permanent 
cable connected to anchors that can be fixed to the seafloor or shore, 
depending on location, bathymetry, sediment type, etc. (Lee et al., 
2020). The PV modules are generally constructed of poly- or mono
crystalline thin film solar panels, as are used on land. However, future 
developments are likely to focus on creating solar panels that are more 
resistant to salt, water, corrosion, and extreme wind (Sahu et al., 2016). 
Cables and connectors are needed to transfer the electricity generated 
from floatovoltaics directly to a grid connection or stored in batteries, 
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depending on the location of the panels and ease of access for 
maintenance.

The cooling effect of water on PV cells at sea has been calculated to 
create up to 10% more electricity per unit solar energy than on land. 
Offshore PV technology has the potential to be combined with other 
activities such as aquaculture (Pringle et al., 2017; López et al., 2022), 
which could increase the efficiency of offshore industries such as 
aquaculture and wind turbines by sharing existing electrical infra
structure (Acharya and Devraj, 2019),

Floatovoltaics are at risk of damage from weather and waves. Further 
research is needed to establish floating system designs that can with
stand harsh ocean conditions such as waves, ocean currents, harsh 
salinity and temperature conditions and variability, and extreme 
weather events including storms and rogue waves (Sahu et al., 2016), 
lowering the risk of disintegration at sea, spreading debris in the marine 
environment.

Maintenance is likely to be high for floating PV structures, due to 
fouling of components of the platforms including floats and cables (Nall 
et al., 2017; Hooper et al., 2021). Heavy biofouling loads may affect the 
hydrodynamics of the structure, enhance rates of corrosion, and lead to 
reduced efficiency, and increased maintenance costs. Similarly, salt 
deposition (or bird droppings) directly on the PV cells will require a 
means of washing the plates that has yet to be developed. Salt deposition 
is not a problem for floatovoltaics based in freshwater bodies 
(Karpouzoglou et al., 2020).

3.3.3. Potential environmental effects of floatovoltaics
Effects from floating PV are likely to be similar to those of other 

offshore structures such floating offshore wind platforms. Floating solar 
requires many more mooring lines to hold the platforms in place than 
floating offshore wind platforms (Yu et al., 2021). The three to four 
mooring lines that anchor floating offshore wind platforms, with spacing 
of 500–1000m or more between platforms, are unlikely to cause major 
harm to marine animals (Copping and Grear, 2018; Garavelli, 2020), the 
number and density of mooring lines needed to hold floatovoltaics in 
place may cause an increased risk. In particular, the presence of multiple 
catenary or tension leg mooring lines underneath and at the perimeter of 
a floatovoltaic installation could present a risk to large marine mammals 
that might become disoriented and entangled in the lines while 
traversing an array. Smaller marine mammals and fish are likely to 
navigate the lines, but large cetaceans may be at risk.

Also of environmental concern for offshore photovoltaics is the 

reduced light penetration, or shading effect, on the primary productivity 
of marine ecosystems (Karpouzoglou et al., 2020). The shading could 
alter the temperature and reduce the quantity of light reaching photo
autotrophs, consequently limiting dissolved oxygen production and 
disrupting the planktonic food web and community structure (de Lima 
et al., 2021). The shading could also alter the thermal dynamics of the 
water body and subsequently modify biogeochemical processes (Exley 
et al., 2021). Furthermore, offshore platforms could affect local hydro
dynamics, where changes in current and wave actions are expected to 
happen from the platform shading, shielding the sea surface from wind 
and the friction induced by currents at the edges of the platforms. 
However, these impacts are highly dependent on the characteristics of 
the location (e.g. mixing and stratification) and coverage percentage of 
offshore photovoltaic platforms (Karpouzoglou et al., 2020).

There is the potential leaching of substances/additives used in 
floating solar designs and maintenance into marine waters such as heavy 
metals, plastics, and cleaning agents, contaminating water and affecting 
the functioning of ecosystems (Mathijssen et al., 2020). Conversely, a 
study of flotovoltaics in freshwater bodies has found an increase in water 
quality by reducing nuisance algal blooms due to decreased light 
penetration into the water (Jones and Armstrong, 2018). Similarly, 
Karpouzoglou and colleagues suggested a reduction in turbidity in ma
rine arrays, which is beneficial for light penetration in the waters under 
the floating structure (Karpouzoglou et al., 2020). To date, most infor
mation has come from numerical modeling with a very limited number 
of field studies. There is a need for extensive environmental assessments 
and testing of floatovoltaic arrays to obtain empirical data and validate 
the existing predictive models.

3.4. Production of e-fuels at sea

Power generated at sea that cannot readily be transmitted to shore 
due to the excessive distances for cable runs, or when the power cannot 
be used immediately onshore, can be transformed into compressed 
gasses, notably compressed air, ammonia, and hydrogen. These so- 
called electrofuels or e-fuels are produced from renewable energy 
sources, water, and CO2. The use of these compressed gasses for energy 
storage is explored in the next section Energy Storage at Sea. These 
gasses are currently produced with the aid of industrial processes used 
primarily with fossil fuels, which can be adapted for using the me
chanical or electrical energy from renewables (Bicer and Dincer, 2018; 
Kim et al., 2019; Cha et al., 2021; Sun et al., 2022).

Fig. 5. A floating PV-plant. Photo: Moss Maritime.
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3.4.1. Efuels technology
E-fuels can be produced by virtually any of the offshore renewable 

energy technologies. While such plants are not yet in use, it is assumed 
that installations of sufficient size would be needed to support the un
derlying energy harvesting technology, for the additional conversion 
plant that would use mechanical or electrical energy to generate e-fuels, 
as well as docking or lightering facilities to offload and transport the e- 
fuels to locations where they might be used.

As an example, emerging offshore OTEC designs envision free 
floating or motorized vessels that can be used to move the plant to 
different locations. These platforms could be deployed far from land 
and, rather than connecting to shore via an export cable, would likely 
produce e-fuels for export, such as ammonia or hydrogen. While main
tenance of the platforms and OTEC systems should be minimal, main
tenance crews would be deployed from land as the platforms are not 
likely to be crewed.

3.4.2. Potential environmental effects of e-fuels
The additional industrial processes added to offshore renewables 

brings increased risk from chemical spills particularly lubricants and 
process chemicals (Kim et al., 2019). In addition, if the efuel consists of a 
toxic gas such as ammonia, releases of the compressed gas itself poses a 
risk to marine life as well as birds and bats (Kim et al., 2019). Additional 
information is contained in the next section.

3.5. Energy storage at sea

While some of the energy harvested at sea may be used locally for 
aquaculture operations or ocean observations, most will be used on land 
which will require transport or transmission of the power to shore. 
Undersea power cables have been located in the ocean for over a century 
and many more are being laid for offshore wind and other more estab
lished offshore renewable sources. As power generated at sea is located 
at ever increasing distances from shore, there is a need to store and 
transform that power in new ways. Undersea energy storage is a new 
area of research and only a few prototypes have been tested in the ocean, 
while others are at the conceptual stage. The main types of storage 
include mechanical, electrochemical, thermal, electrical, and magnetic.

Selecting the best-suited energy storage system for power generated 
offshore is highly dependent on the use to which that power will be put 
(Olabi and Abdelkareem, 2021). Examining the availability and 
inherent intermittency, energy capacity, and seasonality of the renew
able energy source will help to decide the optimum type and size of 
energy storage system, as will the type of application including indus
trial, domestic, or transportation-related uses.

3.5.1. Different types of energy storage
Based on early experiments and growing use in the marine envi

ronment, it is likely that energy storage at sea will take one of two forms: 
solid storage in the form of battery banks or similar media, or com
pressed gasses in impermeable containers on the sea surface and at 

depth. Other potential solutions have been proposed such as the use of 
pressurized seawater and air used through a hydropneumatic accumu
lator in a subsurface container or beneath the seabed (Slocum et al., 
2013; Buhagiar et al., 2019); the development of supercapacitor cells 
(Cheng et al., 2021); deep ocean gravitational storage with either cav
ities of water buried at great depths in the ocean (Cazzaniga et al., 2017; 
Wang et al., 2019; Hunt et al., 2021) or solid masses moved up and down 
from deep depths (Botha and Kamper, 2019). Another concept offering 
promise is the sub-sea ‘StEnSea’ concrete sphere, sitting on the sea 
bottom at deep depths (Fig. 6). This form operates by sequentially 
evacuating the sphere (charging) and filling the sphere with ambient 
water (discharging), with capacity of 20 MWh per sphere (Puchta et al., 
2017).

Batteries, either mounted on floating platforms or on the seabed are 
likely to play a significant role in energy storage for the emerging 
offshore renewable energy technologies. Batteries at sea will consist of 
one or more cells connected in series or in parallel, as needed to provide 
the desired output voltage and capacity. As with all electrical batteries, 
each battery cell will have two electrodes and an electrolyte solution to 
transfer electrons. The most common batteries used for storage include 
lead acid batteries, nickel-based batteries, lithium-ion batteries, sodium- 
sulphur batteries, or flow batteries, although increasingly the use of 
lithium and other heavy metal batteries are under scrutiny at sea for 
safety reasons (Romana, 2021).

Compressed gasses can be stored at sea on the surface, at depth, or 
attached to the seafloor in bags (Pimm et al., 2014), within offshore 
energy infrastructures (Li et al., 2011), or solid shaped containers 
(Slocum et al., 2013), with some potential for storage within seafloor 
sediments (Fiaschi et al., 2012). Excess energy that cannot be used 
immediately from each of the emerging offshore renewable technologies 
described here could be stored as compressed gasses, including com
pressed air, ammonia, hydrogen, carbon dioxide, and presumably other 
compounds. These gasses include compressed air that can be stored at 
high pressure then released through a turbine or other device that drives 
a generator (Pimm et al., 2014). Ammonia and hydrogen produced at 
sea would currently be considered as efuels that could be transported for 
use on land, although perhaps future processes could use these gasses at 
sea for powering applications. Vessels for storing compressed gasses at 
sea may include cable-reinforced fabric bags anchored to the seabed, 
known as Energy Bags (Pimm et al., 2014); concrete or metal spheres or 
differently shaped objects (Lim et al., 2012); as well as repurposed 
offshore pipelines or other offshore infrastructure (Dehghani-Sanij et al., 
2019).

3.5.2. Potential environmental effects of energy storage at sea
With few large energy storage installations at sea, assessment of the 

risks must be considered somewhat speculative. The presence of sig
nificant electrical energy storage at sea, whether on or near the sea 
surface or on the seabed should be regarded as a concentrated form of 
electromagnetic fields that might be emitted from a power export cable. 
The effects on electo- and magneto-sensitive species such as certain 

Fig. 6. Sub-sea energy storage by ‘StEnSea’ concrete spheres utilizing the hydrostatic pressure. Each plant will have capacity on the order of 20 MWh/4 MW. Source: 
Fraunhofer IEE.
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elasmobranchs and crustaceans, and perhaps sea turtles and some spe
cies of fish, have been examined (Gill and Desender, 2020). It is antic
ipated that electrical storage at sea, unless buried deeply, will generate 
sizable amounts of EMFs.

Compressed gas storage at sea is likely to create few effects if the 
integrity of the storage chamber (bags, concrete spheres, other hollow 
objects) is maintained (Bouman et al., 2016). If leaks were to occur, the 
effects would depend on the gas used for storage, as well as the pressure 
under which the gas is stored. Releases of compressed air at the surface 
are unlikely to cause harm while the release of compressed air or any 
compressed gas from depth could affect water column stratification if 
the release were large. If the stored gas were ammonia, releases from the 
surface or from depth is likely to be toxic to many marine organisms in 
close proximity. Releases of hydrogen are likely to behave similarly to 
that of compressed air. There is not published research on how releases 
of carbon dioxide at depth might act, but it might be considered that 
sufficient releases could change the pH locally and or make some 
changes in the deep water column.

If abandoned pipelines were used for energy storage of gasses or 
water under pressure, any effects could be spread over longer distances 
but unless a toxic gas were used, the effects from pipeline leaks is likely 
to be small.

4. Discussion

The emerging offshore renewable energy technologies that are the 
subject of this paper represent existing technologies but all have had 
limited deployments and are not considered to be at the commercial 
scale that will allow end users to procure and deploy them at this time.

OTEC and SWAC are technologies that have been tested, and in the 
case of SWAC, used in limited circumstances for several decades. These 
technologies are made up of well-known subsystems that are unlikely to 
present difficult technical challenges to their wide spread deployment. 
The major environmental concern for OTEC and SWAC is the return of 
cold deep water to the appropriate intermediate depth to avoid thermal 
and chemical shocks to ambient organisms and the stability of the water 
column. The major impediments to large scale OTEC and wider use of 
SWAC is the large capital costs associated with manufacture and 
deployment.

Salinity gradient technologies have also not been widely in use, 
although the membrane technologies and water pumping do not present 
large technical barriers. Progress in membrane technologies will 
continue to improve the efficiency of systems, bringing down capital and 
maintenance costs. The major environmental effect of salinity gradient 
energy production will be the need to dispose of the brine generated on 
one side of the membrane; existing markets and technologies are likely 
to be able to take up this challenge.

Floating solar (floatovoltaics) have been deployed in sheltered 
freshwater lakes, ponds, and lagoons, and appear to be efficient and 
scalable. The major challenges facing floatovoltaic deployment in ma
rine waters are the need to provide stable platforms that are likely to 
survive harsh conditions and the need to clean the plates on a frequent 
basis. The environmental effects associated with this technology focuses 
around the coverage of significant areas of the sea surface that may 
cause interruptions of important biological functions and changes in 
hydrodynamics.

Production of ammonia and/or hydrogen at sea is very much in the 
developmental stage and it is not clear if or when large capacity pro
duction will become economically or technically feasible. Potential 
environmental effects of this production will be associated with poten
tial spills of precursor chemicals or finished products that could harm 
sea life.

Energy storage at sea will become more and more important as more 
established and emerging offshore renewables come online. Conven
tional battery storage in the form of metal ions and other media could 
pose a threat to the marine environment from the enhanced 

electromagnetic fields emitted, from potential spills of liquid compo
nents, and from inappropriate disposal at sea. Containers of compressed 
gasses used as energy storage are an option for energy storage at sea that 
is of great interest. If compressed air is used as the storage medium, it is 
unlikely to cause a risk to the marine environment. Other compressed 
gasses such as ammonia may cause harm to organisms, while the effect 
of inappropriately released hydrogen is unknown.

4.1. Risk from emerging offshore renewables

With so few commercial developments of the emerging offshore 
energy technologies, it is difficult to assess the potential effects of large 
scale development, as well as assessing which of these technologies 
might cause the greatest concern for marine organisms, habitats, and 
ecosystem processes. Based on the limited small deployments of each of 
the emerging technologies, some level of relative risk could be made 
(Table 3).

4.2. Scale and location of emerging offshore renewables

Meeting climate goals and providing electricity to the grids of 
developed and developing countries will require large scale deployment 
and operation of renewable energy sources. While solar and wind energy 
can be expected to take up to 80% of the renewable energy needs 
worldwide (Ember, 2023), the remaining 20% of current global loads 
will have to come from other sources, most particularly those deployed 
offshore. OTEC, salinity gradients, and floating solar will need to be 
deployed in large arrays offshore, covering significant areas of the ocean 
surface in many coastal areas. In addition, if removal of carbon dioxide 
at sea (mCDR) is to be viable at a significant scale, large offshore plat
forms with power generation will be needed far from shore (Cotter et al., 
2021). While risks from small emerging offshore renewable installations 
are important avenues for research and understanding, the large com
mercial farms are likely to manifest the potential risks discussed in this 
paper. In addition, the ocean is a busy place with many other anthro
pogenic activities that lead to cumulative effects; adding these emerging 
offshore renewables will have to be examined in the context of these 
multiple stressors and potential synergistic or additive effects (Fulton 
et al., 2022). Similarly, emerging offshore industries such as large 
floating fish farms or multi-trophic aquaculture installations might be 
co-located with emerging renewable energy sources.

The emerging renewables (OTEC, SWAC, salinity gradients, floato
voltaics, e-fuel production, and undersea energy storage) will not be 
evenly distributed across the world. OTEC, and to a lesser degree, SWAC 
are dependent on warm surface waters in contrast to deep cold ocean 
water, limiting their use to the tropics or subtropics (although SWAC 
may have a wider distribution). Salinity gradient energy harvest will 
likely be limited to the mouths of the larger rivers on each continent. 
Floatovoltaics will be financially viable from the equator through 
temperate latitudes. E-fuel production and undersea energy storage are 
likely to be widespread, sited where production is located.

4.3. Research and monitoring needs for emerging offshore renewable 
energy effects

With few devices or commercial farms deployed, the effects of each 
of the emerging offshore renewables will require extensive research to 
determine mechanisms of potential harm to marine species, habitats, 
and ecosystem processes. Numerical modeling studies can assist with 
understanding the scale, scope, and potential severity of effects of each 
of the stressors from Table 3. Monitoring of small installations prior to 
widespread commercial development will provide essential data for 
validating models, while studies of animal behavior in the vicinity of 
early deployments will provide clues as to the potential effects of com
mercial scale development. Specifics of the preferred models and the 
field studies planned will be driven by the likely interactions of each 
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technology, with opportunities to use similar models and study meth
odology among emerging technologies when there are stressors in 
common. For example, OTEC, SWAC, and salinity gradient energy har
vesting are most likely to affect oceanographic processes and primary/ 
secondary production. Hydrodynamic models that account for physical 
factors and planktonic organisms, coupled with standard oceanographic 
sampling for temperature, salinity, density, plankton biomass, primary 
production, and certain chemical constituents could be used across these 
technologies. This commonality would allow for assessments of relative 
risk provided by each of the emerging technologies. Similarly, the 
stresses of floatovoltaics, e-fuel spills, and energy storage on higher 
levels of the marine food web could be examined together, although the 

scale and placement of these emerging technologies might also require 
additional separate assessments. Ultimately, a life cycle assessment for 
each of the technologies that accounts for the carbon (and potentially 
toxic chemical) contributions from production through deployment, 
operation, maintenance, and decommissioning, will be needed to assess 
the real value to carbon reduction and providing clean energy.

5. Summary/Conclusion

The emerging offshore renewable technologies that are under 
consideration in many parts of the world include OTEC, SWAC, salinity 
gradient power, floating PVs, e-fuels, and energy storage. Each has its 

Table 3 
Relative risk of emerging offshore energy technologies on the marine environment. Currently no data exist that will provide specific interaction outcomes between 
these emerging technologies and marine animals. The analysis is based on what is known about analogous offshore renewables and platforms.

Emerging 
Technology

Stressor Source of stress Receptor most likely 
to be affected

Probability of 
interaction

Consequences of the 
interaction

Overall risk

OTEC and 
SWAC

Thermal stress, 
changes in 
oceanographic 
conditions

Deep cold water 
return

Most pelagic 
tropical species 
including plankton 
and other micro- 
organisms, fish, sea 
turtles

Very high unless 
mitigated with 
discharge at depth

Very high unless mitigated 
with discharge at depth

High, but effective 
mitigations are available

OTEC and 
SWAC

Loss of deep sea 
organisms

Uptake in cold water 
pipe, brought to 
surface with 
subsequent pressure 
shock

Deep sea pelagic 
organisms, largely 
fish

Low as deep sea 
organisms are few in 
number

Very high if fish are brought to 
the surface

Low. Mitigation measures 
like screens on cold water 
pipe can lower risk 
further

OTEC and 
SWAC

Chemical releases Ammonia or other 
heat exchange 
medium could leak 
into the air or marine 
environment

Most pelagic and 
benthic organisms 
in vicinity of spill

Low as closed-cycle 
OTEC systems are 
extensively monitored 
for leaks

High. A significant ammonia 
spill could be deadly to many 
organisms

Low. Monitoring of OTEC 
systems should provide 
warning of leaks and 
allow for mitigation and 
plant shutdown

OTEC and 
SWAC

Loss of pelagic 
habitat, interference 
with migratory 
corridors

Presence of many 
large plants at sea

Migratory cetaceans 
and sea turtles

Medium at high 
density of commercial 
plants in open ocean

Low-medium Low as most migratory 
species have discretion in 
their movement. Very 
high sea cover by plants 
could cause additional 
risk.

Salinity 
gradients

Changes in 
oceanographic 
conditions, altering 
salinity regimes

Disposal of brine in 
nearshore areas

Small pelagic and 
benthic organisms 
including plankton 
and micro- 
organisms

High if brine is 
disposed of in area 
with limited 
circulation

Medium as most nearshore 
organisms are euryhaline

Medium risk that can be 
mitigated with careful 
dispersal and discharge of 
brine or disposal on land

Floatovoltaics Entanglement Multiple mooring 
lines

Large marine 
mammals, basking 
sharks

High if sited in 
migratory route of 
large cetaceans

High Low if careful siting and 
mitigation that prevent 
large animals from 
entering array are taken

Floatovoltaics Changes in 
oceanographic 
conditions

Shading from 
platforms

Planktonic primary 
producers, and 
hence marine food 
web

Very high as platforms 
will be anchored in 
place

High for limited areas of ocean Low-medium as ocean 
waters move past the 
platforms

Floatovoltaics Toxic waste and 
chemical discharges

Spills and use of 
plastics and other 
materials for 
operations and 
maintenance

Most pelagic and 
benthic organisms 
in vicinity

Medium Medium for limited area of 
ocean

Low-medium. Hazardous 
waste management plans 
are used to minimize 
waste disposal and spills.

efuel 
production 
at sea

Toxic chemical 
discharge

Spill from 
production or 
transport of efuels at 
sea surface or at 
depth

Most pelagic and 
benthic organisms 
in vicinity of spill

Low. Ammonia and 
hydrogen production 
and transport is 
known technology 
that is tightly 
controlled

High. A significant ammonia 
spill could be deadly to many 
organisms.

Low-medium. Hazardous 
waste production, 
transport, and 
management plans are 
well tuned to avoid spills.

Energy storage Electromagnetic 
fields

Emissions from 
battery banks, 
substations, power 
export cables

Marine organisms 
that are sensitive to 
EMFs

Medium, depending 
on the architecture of 
the substations and 
proximity to EMF- 
sensitive organisms

Low. To date, laboratory and 
field studies do not show 
adverse effects on EMF- 
sensitive organisms from 
emissions

Low. Substations can be 
separated from sensitive 
species through burial 
and shielding.

Energy storage Changes in 
oceanographic 
conditions

Unintended releases 
of compressed gasses

Small pelagic 
organisms and 
perhaps fish with 
swim bladders

Medium. Low. Releases of compressed 
air or hydrogen are unlikely to 
affect the chemistry or biology 
of the ocean. The effects of 
carbon dioxide releases are 
unknown.

Low, with proper 
management of energy 
storage containers.
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own optimal areas where siting and operation are likely to be most 
effective. In addition, each of these technologies will pose novel envi
ronmental challenges for management, policy, and research approaches.

OTEC, SWAC, and salinity gradient power are most likely to create 
pressures on oceanographic processes as the technologies scale up, with 
the discharge of water of different temperatures or salinities meet 
ambient seawater. Each of these technologies will require specialized 
modeling and design of discharge pipes and diffusers to ensure that the 
process water does not harm local environments or disrupt the stability 
of the water column. Additional concerns for these technologies will 
include potential spills from process chemicals and by products, and 
perhaps entanglement and displacement risks as open ocean plants are 
developed at scale. The very deep OTEC cold water pipe also has the 
potential to entrain deep sea organisms.

Floating PV systems will cover large areas of the ocean surface at 
scale, shading and limiting primary production in those regions, which 
in turn could reduce productivity throughout the marine food web. 
Careful siting and areas between PV platfoms may help to ameliorate 
some of this risk. Entanglement and displacement risks, as well as haz
ardous chemical spills could also result from large scale development.

E-fuels will create some risk for hazardous spills at sea or releases 
into the air and will require handling to that which monitors other 
chemicals at sea. Energy storage risks could include EMF emissions 
affecting sensitive species and changes in oceanographic conditions 
from releases of compressed gasses; these will depend on the type and 
location of the installation, but most could be sited and operated safely 
with careful planning.

As these emerging offshore technologies become more widespread, 
with development applications for deployments of pilot, demonstration, 
and commercial projects in many nations, it is essential that each project 
be used to learn more about potential risks to the marine environment at 
small and large scales. Governments and funding entities have the power 
to require that research and monitoring activities are carried out each 
time a device or platform goes in the water. The process of biodesign – 
the use of living organisms and systems in the design of products and 
services (Myers and Antonelli, 2012) – allows for technologies to be 
created that minimize harm and may provide benefits to living systems. 
Biodesign has been used effectively in other industries. For example, 
biodesign in conventional hydropower has led to the design of 
fish-friendly turbines that cause significantly less damage to fish 
traversing hydroelectric dams (Hou et al., 2018), while biodesign of 
marine anchors with crevices and holes have provided additional 
habitat for mobile benthic organisms such as crustaceans (Steins et al., 
2021).

This paper seeks to provide insight into the available information on 
these new emerging offshore technologies. There are few research 
studies and fewer empirical data available to test the likely risk of each 
of the technologies examined here; as the technologies develop, it is 
expected that the area of study will flourish.

By ensuring that information is collected around each emerging 
offshore renewable, the time to fully understand the risks through 
accelerated learning will help these industries reach their goals of clean 
energy faster than older industries at sea and on land, avoiding expen
sive retrofitting and public outcry. This knowledge will inform the 
design of each of these technologies and subsystems to become 
increasingly more environmentally friendly over time, to improve the 
siting of commercial installations, and help deliver on the promise of 
offshore renewable energy.
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