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Effects of small marine energy deployments on

oceanographic systems

Jonathan Whiting, Lysel Garavelli, Hayley Farr, Andrea Copping

Abstract—The placement and operation of marine energy
deployments in the ocean have the potential to change flow
patterns, wave climate, and/or remove energy from the
oceanographic system. Changes in oceanographic systems
resulting from harvesting marine energy, particularly tidal
and wave energy, may be of concern. These changes include
alterations in nearfield and farfield physical processes, as
well as potential secondary environmental effects such as
changes in transport patterns, biological
processes, or coastal erosion. Knowledge of changes in
oceanographic systems associated with marine energy is
primarily available from numerical modeling studies,
informed by some laboratory tests and very few field
measurements. A literature review was conducted using the
Tethys knowledge base and other online sources, building
on conclusions from the Ocean Energy Systems-
Environmental State of the Science report. Potential changes
in oceanographic systems that may be caused by marine
energy differ between tidal and wave energy devices
because of different extraction mechanisms and siting
locations. Numerical models show that tidal extraction on
the order of hundreds of megawatts or with significant
channel blockage is required to create changes in
oceanographic processes that exceed natural variability.
Effects from wave energy extraction in arrays are localized
and dependent on array spacing and proximity to the shore.
Available evidence supports the conclusion that the risk of
significant environmental effects from such changes could
be retired (i.e., less investigation required for every project)
for small deployments—those representative of the state of
the industry in 2023. Determining changes in oceanographic
systems to be low risk for small deployments can thereby
streamline environmental consenting by reducing
monitoring needs at this early stage in the industry.
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L. INTRODUCTION

ARINE energy harvests power from the movement
Mof water including waves, tides, and ocean currents,
as well as thermal and salinity gradients in ocean water.
To date, global marine energy development has primarily
focused on tidal and wave energy. In the past decade
alone, the cumulative energy produced by tidal stream
and wave resources increased from less than 5 gigawatt-
hours (GWh) in 2009 to 45 GWh in 2019 [1]. As an
emerging industry, marine energy is on the cusp of
moving from test, demonstration, and pilot projects
toward larger arrays. However, uncertainties about
environmental effects continue to slow and complicate
deployments worldwide [2]. In addition to potential
effects such as marine animals colliding with operating
devices and underwater sound from marine energy
devices impacting animal communications and
navigation, there is concern about how marine energy
development might affect oceanographic processes.

Since 2009, researchers at Pacific Northwest National
Laboratory have worked closely with the marine energy
community to identify and add documents that address
the environmental effects of marine energy to the Tethys
Knowledge Base (https://tethys.pnnl.gov/knowledge-
base-marine-energy), a public database that organizes
documents about the environmental effects of marine
energy [3]. Tethys also functions as the primary platform
for the Ocean Energy Systems Environmental (OES-
Environmental) task, which conducts extensive literature
reviews and has released comprehensive State of the
Science reports about the environmental effects of marine
energy in 2013, 2016, and 2020 [4][5][6]. Each of these
has dedicated

oceanographic

reports sections about changes in

systems that summarize existing
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information and highlight the need for advancing global
understanding of the topic.

Changes in oceanographic processes due to energy
removal may affect ocean circulation, wave climate,
sediment transport, and ultimately ecosystems [7]. For
example, tidal circulation and wave action influence the
concentration of dissolved gases and nutrients, transport
sediments, and help maintain the habitats and water
quality that support healthy ecosystems. Harnessing tidal
and wave energy may affect environmental processes in
both the nearfield (within a few device lengths) and the
farfield (farther afield, including whole tidal basins).

With so few devices in the water and the inherent
challenges of conducting oceanographic research in high-
energy environments over large temporal and spatial
scales, virtually all of what is known about changes in
oceanographic systems is derived from numerical models.
Hydrodynamic models describe fluid motion with
approximating equations assessed along a grid
representation of the domain space, while wave models
estimate wave direction, energy, and frequency and can be
coupled with hydrodynamic or sediment dynamics
models [8]. While most marine energy modeling efforts
have focused on resource assessment, power generation,
and device efficiency, some numerical models have
examined the changes in oceanographic systems that may
habitats, and

ecosystem processes (e.g., [9][10][11]). Models that have

potentially impact marine animals,
been developed for both tidal and wave energy vary
significantly depending on the resolution, quality of
calibration data, and accuracy of energy extraction
parameterizations.

Regulators often expect developers to undertake
comprehensive baseline and post-installation monitoring
studies to prove that the devices do not pose unacceptable
risk to marine animals and habitats. Monitoring is
expensive, creating a cost barrier to early technology
adopters. As an International Energy Agency collaboration
focusing on the environmental effects of marine energy,
the OES-Environmental task has developed a process for
risk retirement to facilitate the consenting of small marine
energy  deployments, = whereby  stressor-receptor
interactions deemed to be of low risk need not be fully
investigated for every proposed project [2]. Rather, marine
energy regulators and developers should rely on what is
known from consented projects, related research studies,
or findings of analogous offshore industries. When larger
arrays of marine energy devices are planned, or when new
information comes to light, these risks can be revisited and
new decisions about the level of risk down-scoping or
retirement can be made. The purpose of this review is to
present the evidence base for changes in oceanographic
systems caused by tidal and wave energy devices, and to
propose that the risk of significant environmental effects

from such changes can be retired for small marine energy

deployments.

Small deployments might be defined as only a few
devices, less than 10 megawatts (MW), or 2% of the total
theoretical undisturbed resource [12], although each of
these definitions far exceed the present level of
deployment of wave or tidal farms. The largest existing
tidal array is the MeyGen project in the United Kingdom,
with four devices and a cumulative nameplate capacity of
6 MW [13]. The largest wave array deployed was Pelamis
Wave Power’s Agucadoura Wave Farm in Portugal, with
three devices and a cumulative nameplate capacity of 2.25
MW during a short period in 2008 [14]. Nuances make it
challenging to provide a fixed definition for small
deployments, but the largest tidal and wave projects
deployed as of 2023 fall short of established definitions and
can be considered small deployments. It is within the
context of small deployments that risk retirement is being
proposed.

II. METHODS

A literature review was conducted for documents
addressing changes in oceanographic systems, amounting
to 178 documents about tidal energy and 120 documents
about wave energy. This was a continuation and update of
the literature review for the 2020 State of the Science report
[4], which included content from Web of Science and
Google Scholar searches, references in key seminal
documents, and the Tethys knowledge base. The majority
of documents were peer-reviewed journal articles, but
technical reports by researchers, developers, and
government agencies were also reviewed. As previously
noted, most papers about the topic address resource
assessment, power generation, and device efficiency; these
were not considered further. A total of 59 tidal papers and
33 wave papers addressing changes in oceanographic
systems as an environmental concern were reviewed in
greater detail. All these documents were added to Tethys.
Additionally, a subset of these documents that address
small deployments has been listed on Tethys as the
primary evidence base:
https://tethys.pnnl.gov/oceanographic-changes-evidence-
base.

This review only considers tidal and wave energy
devices because they represent the majority of marine
energy devices deployed to date; it excludes tidal barrages
and tidal lagoons because such installations largely block
the channel or waterbody in which they are installed,
causing greater environmental effects than in-stream tidal
devices [15][16]. Changes in oceanographic systems differ
for tidal and wave devices because of different extraction
mechanisms and different siting locations; tidal devices
are largely deployed in channels and land constrictions,
while wave devices typically collect energy in open coastal
areas. Numerical models and investigations that address
the potential oceanographic systems changes differ in their
approaches and are addressed separately.
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The evidence naturally grouped into research
addressing nearfield effects, farfield physical changes, and
research detailing changes in secondary environmental
processes. Secondary effects are defined as impacts on
organisms or ecosystems resulting from changes in
oceanographic systems, including sediment transport,
coastal erosion, or biological impacts. Papers that advance
fundamental understanding of the
oceanographic caused by marine
extraction were summarized to detail the current
understanding of the topic. Knowledge of farfield
processes is often informed by numerical models of large
arrays, so understanding of the concerns that will arise in
future large-scale deployments is described for context.
However, conclusions of the study were made only within
the context of small deployments.

A recurring conclusion for changes in oceanographic
systems has been that should
anticipated changes with natural variability and translate
the change to meaningful ecological
References to the environmental significance of change are
referring to tangible impacts to marine animals and

changes in

systems energy

research compare

implications.

habitats. This paper builds upon these conclusions by
applying them to the present status of the industry to
support risk retirement for small tidal and wave
deployments for small deployments.

III. RESULTS

The effects of tidal turbines and wave energy converters
(WECs) on the marine environment differ, based on the
placement of the devices, and the operating aspects
needed to capture the marine energy. The potential effects
of each technology are considered separately here.

The definition of environmental effects of marine energy
has different meanings among the disciplines of the
researchers who make up the community studying these
new technologies. For example, a numerical modeler may
consider a relative change in tidal height or bed shear
stress as an environmental effect, while an ecologist may
consider changes to the food web affecting an endangered
fish species. This paper creates a distinction between
physical effects (both nearfield and farfield) and secondary
effects where the
organisms or habitats. Therefore, the nearfield physical
effects inform the farfield physical effects, which inform
the secondary environmental effects. Trends in the change
caused by energy extraction are qualitatively described,
but quantitative values are intentionally not mentioned

environmental change impacts

because they are highly dependent on contextual details
such as shoreline geometry, extraction amount, layout
configuration, and model parameterizations.

A. Tidal Energy

Tidal energy resources are strongest in channels or
around land constrictions. Tidal energy deployments as of
2023 have consisted of single devices or small arrays with
no more than four individual turbines. But larger arrays

have been planned for staged development, starting with
a few devices and increasing in number with time and
environmental observations. Some of the key physical and
environmental effects of tidal energy extraction are
illustrated in Fig. 1.

1) Nearfield Physical Effects

A single tidal turbine placed in the water forms a
blockage that creates a turbulent wake downstream of the
device and dissipates with distance. This wake field breaks
down the natural flow structure and reduces mean
velocity downstream from the turbine [17]. The wake field
may vary in shape, length, and strength and will return to
ambient conditions quicker with more turbulent inflow
conditions [18]. Ramos et al. [19] and O’Donncha et al. [20]
applied numerical models to show that as water seeks the
path of least resistance, flow velocities increase to the sides
of the turbine and over or under the turbine, depending on
whether the turbine is bottom-mounted or floating . These
increases in flow create more seabed stress, which may
affect benthic habitats [21] and can cause the seabed to
scour, particularly with smaller grain size [22].

The nearfield physical effects around single tidal
devices are primarily informed by measurements from
laboratory flume tests (e.g., [23][24]) and deployed
prototypes (e.g., [17][25]).

Nearfield physical effects of tidal energy extraction have
been observed in and around device or array footprints as
described above. Nearfield effects are localized and
therefore have little impact on the greater environment
because of the small scale [26], but nearfield changes in
flow help inform our understanding of farfield effects.

2)  Farfield Physical Effects

Measurements taken around single devices and small
arrays have focused on the nearfield wake and are not
expected to detect any changes in the farfield after wake
recovery. Because no large tidal arrays have been
deployed, current knowledge is primarily derived from
numerical models that lack real-world validation. Very
few models use the number of devices that might be
expected in early deployment scenarios, but a few that do
conclude that downstream effects dissipate quickly and
farfield effects will be negligible [9][11][27].

Many of the observations around single devices apply
to arrays, viewing the array as a single unit with a greater
magnitude of effect, causing greater cumulative blockage
for a channel. The same blockage effect causes a decrease
in water velocities upstream and downstream of the tidal
arrays, while velocities increase to the sides and in parallel
channels as flow seeks the path of least resistance, an effect
that is most notable where flow is constrained by
coastlines [19][28]. Changes in flow depend greatly on site-
specific channel geometry and seasonality and can
increase tidal asymmetry within a channel [29]. A large
amount of tidal energy extraction in a channel may change
the natural tidal phase or decrease tidal range on the order
of centimeters [30]. Phoenix and Nash [31] demonstrated
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that two arrays with the same power generation in the
same location might cause very different magnitudes of
physical change, depending on the inter-array device
configuration and the characteristics of each device.
Extracting tidal energy from one channel will cause a
parallel channel to increase in current velocities
[11][32][33], thereby implying that neighboring farms may
interact with one another [32].
Potential Secondary Effects on Environmental Processes
Understanding the potential for tidal extraction to cause
significant environmental harm requires an assessment of
secondary effects resulting from physical changes.
Changes caused by installing tidal turbines are often of
greatest concern within estuaries, where significant
blockage by a large tidal array can alter the circulation,
tidal range, and timing of tides. Potential secondary effects
are site-specific based on estuary geometry, tidal regime,
turbine dynamics, seasonality, and the magnitude of
energy extraction [34] and should be compared to the
natural variability at a given location [35]. Shapiro [35]
used numerical models to show that tidal extraction on an
open shelf results in smaller magnitude effects but may
extend over a larger distance. Secondary effects are likely
to occur only in the presence of large tidal arrays, allowing
insight into the effects to be drawn from simulations using
numerical models. Key areas of secondary effects of large-
scale extraction include biological processes, sediment
transport, and water levels.

Fig. 1. Schematic of a tidal energy array and the potential effects on hydrodynamics and sediment transport. (Illustration by Stephanie King
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Biological Processes

Food webs in the ocean are based on unicellular
organisms  including phytoplankton and  other
microorganisms, which generally depend on dissolved
nutrients and gases in seawater. Models predict that the
reduction of tidal velocities caused by tidal energy
extraction may increase vertical mixing and flushing
times, leading to a potential increase in the concentration
of dissolved nutrients and contaminants [36][37][38].
Changes in nutrients may lead to eutrophication and
harmful algal blooms or alter phytoplankton species
diversity, which may have cascading effects on the food
web [39]. While changes in biological processes are most
notably related to tidal extraction in estuaries, changes in
farfield circulation have also been predicted for tidal
extraction on open shelves [19][37]. Some farfield effects
on the ecosystem may be considered positive depending
on the setting. Van der Molen et al. [40] modeled a case
where turbid waters reduced light and limited primary
production, while tidal energy extraction reduced bed-
shear stress and turbidity in distant shallow waters,
increasing the productivity of shellfish beds.

The effects on biological processes have only been
studied using numerical models that extract energy on the
order of hundreds or thousands of megawatts, far greater
than current deployments. Changes in biological processes
are likely to scale with the level of extraction, and the
absence of studies assessing small deployments suggests
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that changes in biological processes from small numbers of
devices are likely to be less than natural variability.

Sediment Transport

Tidal channels experience a balance of sediment fluxes
between flood and ebb flows carrying suspended
sediment in and out of an estuary, respectively. Tidal
asymmetry can influence this balance by increasing the
peak velocities in one direction, while there is typically a
net export of sediment as the tidal basin is replenished
from rivers [41]. Fine sediment will suspend and transport
more quickly, while energetic conditions at peak ebb and
flood may be able to transport some coarser material. Tidal
extraction can reduce the total sediment fluxes and modify
the pathways of the sediment transiting through an array,
depending on siting of individual devices within an array
[42]. Tidal extraction can cause a decrease in suspended
sediment concentrations in shallow waters within an
estuary [43] and a decrease in the export capacity of tidal
channels, causing a gradual infilling of tidal creeks [44].
Ramirez-Mendoza et al. [24] and Neill et al. [45] modeled
modifications to tidal asymmetry caused by tidal
estuaries, enhancing changes in
hydrodynamics and sediment transport.

Although most tidal installations are not located on
sandy-bottom habitat, the geomorphology of tidal areas
can vary widely. Large-scale tidal extraction can alter the
transport and distribution of sediments from their natural
range of conditions [30]. Modeling by Fairley et al. [46] and
Chatzirodou et al. [47] shows that the introduction of large
arrays on open continental shelves may cause alterations
of local sandbanks that are used as habitat and breeding
grounds for species.
accumulation occurs upstream, downstream, and inside
tidal arrays as velocities decrease, while scour increases
along the sides of the array [48]. Local sediment
accumulation can create an obstruction that further affects
sediment transport, an effect that may be emphasized in
areas of vorticity generation [49]. Altering regional eddies
can have implications for nearby sandbanks, potentially
transporting sandbanks as a sand-wave [50][51][52][53].
Models predict different magnitudes of the impact caused
by large arrays on sandbanks that range from minimal
effects on natural morphology (e.g., [46]) to changes that
far exceed natural morphology (e.g., [47]).

The numerical models used to generate these results
assume very large energy extraction scenarios, often in the
gigawatt range, and tidal devices sited in relatively
shallow water. This size of deployment is not likely until
the industry matures. For small deployments, changes in
sediment transport are likely to fall within the natural
variability of the system if sited appropriately.

extraction in

numerous marine Sediment

Water Level

When a large tidal array is located within a channel or
estuary, the blockage effect may reduce the overall tidal
range and delay the times of high and low water within
and upstream of the array [54]. The decrease in tidal range

will cause a decrease in the maximum water level, though
dampened low tides also reduce the extent of intertidal
habitats [55]. De Dominicis et al. [56] showed that large
tidal extraction can assist with the adaptation to climate
change by reducing flood risk from sea level rise but may
also exacerbate climate change by increasing stratification
through reduced water column mixing. However, these
effects will be of much lower magnitude than the present
climate change signal. In addition, there will be a slight
increase (on the order of several centimeters based on
Kresning et al. [57]) in tidal range just before the blockage.
Nearly all models addressing change to water levels use
large extraction scenarios to create changes that exceed
natural variability, and these changes have not been
measured with present deployments. If the deployment is
not blocking a substantial portion of a channel, water level
is not expected to be changed by small tidal energy
deployments.

B.  Wave Energy

Waves are comprised of surface waves and swell;
surface waves are generated from wind blowing along the
water surface, while swell is caused by distant storms.
Wave energy resources are strongest on open continental
shelves, particularly on the eastern sides of ocean basins
due to the Coriolis effect. Wave energy deployments as of
2023 have been single WECs or small arrays of no more
than three devices, while other WECs are sited on shore or
breakwaters. Future arrays have been planned with
adequate spacing or staggered rows to avoid interference
between WECs for a variety of wave directions. Some of
the key physical and environmental effects of wave energy
extraction are illustrated in Fig. 2.

1) Nearfield Physical Effects

The nearfield physical effects associated with wave
energy extraction have been assessed through in situ
observations, laboratory experiments, and numerical
models. In the proximity of a single WEC or a small array,
these studies focused on the effects on the wave climate
(i.e., wave height, direction, period) and the associated
wake effects.

In the vicinity of a small wave array, a decrease in wave
energy slightly height, particularly
immediately down wave from the array [25][58]. Aderinto
and Li [59] show that this reduction scales with the
efficiency of the WECs and attenuates toward the
coastline. The presence of a WEC acts as a physical obstacle
and can potentially affect the diffraction and reflection of
waves [60]. These effects may change the direction of
waves but have small effects on the overall wave climate
[58].

The diffraction of waves because of the presence of a
WEC can redistribute wave energy down wave from the
WEC and create a wake effect. With individual WECs, the
dimensions and magnitudes of the wake depend on the
device type and incident wave climate and increase in the
presence of long wave periods [61].

reduces wave
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Fig. 2. Schematic of a wave energy array and the potential effects on wave height, longshore currents, sediment transport, and coastal erosion.

(Mustration by Stephanie King — Pacific Northwest National Laboratory)

Nearfield physical effects of wave energy extraction
have been observed around device footprints as described
above. Nearfield effects are localized, quickly dissipate
with distance, and should have little impact on the
environment [26]. However, descriptions of nearfield
effects inform understanding of farfield environmental
effects.

2) Farfield Physical Effects

Farfield effects from wave energy extraction have been
examined using numerical models applied to an array of
WEC devices. Common farfield effects include changes in
wave climate, longshore currents, and rip currents.

In a wave array, energy absorption increases with the
number of WECs and could affect wave climate [10].
However, the effects of an array on wave height decrease
with distance from the array [62] and are negligible a few
kilometers away [63][64][65]. WEC type and array
configuration also have limited effects on wave direction
and period [10].

A WEC array located farther offshore generates a wave
shadow with reduced wave heights that extends towards
the coast, decreasing with distance. The reduction is more
pronounced when device spacing is more compact [66].
When the array is located closer to shore, wave energy
dissipation can also generate longshore currents
converging in the lee of the farm and increase longshore
current velocities [66][67]. O'Dea et al. [68] demonstrated
that compact device spacing within arrays creates more

significant wave height reduction and can induce greater
longshore current changes, compared to widely spaced
array.

Reductions in wave height dissipate with distance, and
moderately sized arrays with tens of devices are expected
to dissipate before reaching the shore [66]. WEC arrays
located closer to shore will cause changes similar to marine
construction like breakwaters, causing local change in the
lee of the WEC array.

3)  Potential Secondary Effects on Environmental Processes

Like tidal energy, the potential secondary effects of
wave energy extraction are project- and site-specific and
should always be compared to the natural variability of a
given location [35]. Site-specific conditions need to be
considered when describing how farfield changes affect
secondary processes like sediment transport and coastal
erosion.

Sediment Transport

Sediment transport is a coastal process that cyclically
moves sediment toward and away from shore with tides,
storms, and seasons. Littoral transport also moves
sediment laterally along the coast within drift cells defined
by shoreline geometry, driven by breaking waves and
induced longshore currents. Sediment deposition can
create new habitats and provide nutrients to vegetation,
though excessive deposition can bury existing habitats.
Wave action is a major driver for sediment resuspension
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and transport, so wave energy extraction can influence this
process.

Numerical models are used to describe the effect of
potential changes in the farfield wave climate and
nearshore circulation caused by wave energy extraction on
the nearshore transport of sediment, particularly in bays.
The local accumulation and divergence of sediments
around a wave array are common secondary effects [66].
Modeling by Gonzalez-Santamaria et al. [69] shows that at
low tide during a storm, an increase in sediment
concentration associated with bottom shear stress and
changes in seabed elevations may occur in the lee of a large
array and adjacent bays along the coastline. The lee of a
large WEC array may also accumulate fine sediments, such
that a large storm event may cause more significant bed
height changes [70]. These models assume very large
extraction scenarios, and small arrays are not expected to
significantly affect sediment transport relative to natural
variability.

Couastal Erosion

Coastal erosion is largely driven by wave action that
removes rock, soil, and sand along the coast, particularly
in combination with storm surge and high tide. Coastal
erosion is exacerbated by sea level rise and can cause the
loss of coastal wetlands and damage coastal properties.
Wave energy extraction located close to shore can alter
natural erosion, similar to other built structures.

Local characteristics such as geomorphology, wave
climate, and sediment composition play a role in the
variability of erosion rates [71]. Various numerical
approaches used to assess the effects of wave energy
extraction on erosion suggest a reduction of coastal erosion
and no negative impact on the coastline (e.g., [69][72]).
Under specific wave conditions and array configurations,
the presence of a wave farm could even provide coastal
protection by reducing beach erosion [73][74]. In a sea level
rise context, wave farms could also reduce coastal erosion
and increase the accumulation of sediment, thereby
contributing to coastal protection [75]. The impact on
coastal erosion depends on the magnitude of energy
extraction and proximity to shore, so while the effects are
viewed as a positive change, they are likely to be minimal
for small deployments.

IV. DISCUSSION

While there is extensive literature exploring changes in
oceanographic systems, there are few opportunities to
validate the models that
understanding due to a lack of open water deployments.
Although the industry has been slowed over extended
permitting and licensing processes, most concerns are
associated with threats to marine animals and habitats;
however, there are also continuing concerns about
potential changes in circulation or wave climate.

numerical inform our

More than a decade of laboratory studies, small
deployments, and numerical models provide adequate

knowledge about changes in oceanographic systems.
Laboratory  studies and measurements around
deployments inform understanding of nearfield effects,
but the largest deployments as of 2023 do not cause a
measurable change in the farfield. Therefore, numerical
models that have been calibrated with measurements and
laboratory provide the Dbest quantitative
understanding of farfield physical processes, but only a
subset of models consider small deployments or potential
secondary effects on environmental processes. Numerical
modeling of energy simple
parameterizations to represent energy extraction, and the
nuances of different device types and their operation are
rarely represented. Model results can be used to reach
consensus related to the patterns of change, but this
change is driven by the location, geometry, and size of the
array, and should always be compared to the natural

tests

marine often uses

variability of the system and the tolerance thresholds of
local species [76].

For single tidal energy devices and small tidal energy
arrays, the evidence shows that the environmental effects
are dependent on the channel characteristics (i.e., depth,
width, shape) and the degree of blockage caused by the
installation. The few numerical models that simulate small
deployments changes will be
immeasurable relative to the natural variability of the
system [9][11][27]. The remaining models that simulate
large deployments offer insight into cumulative trends,
but do not provide useful quantitative information about
effects of small deployments.

For wave energy, the evidence base shows that nearfield
and farfield effects are typically minor, dissipate with

indicate that any

distance, and are dependent on array spacing and
proximity to shore. Single devices and small arrays are not
expected to exceed natural variability or cause significant
environmental harm. As the industry moves toward larger
arrays, proper siting of devices farther offshore and away
from sensitive habitats should reduce risk.

A common theme of this paper is assessing the
magnitude of change to natural variability, which defines
a threshold in which even the most sensitive habitats and
organisms can survive. However, as several modeling
studies directly address, it is important to remember that
the environmental baseline is shifting from climate change
and anthropogenic activities, which may already be
stressing habitats and organisms. Marine energy can be a
solution for coastal communities by aiding the transition
from fossil fuels, but it is important to understand how a
new influence on oceanographic systems may amplify
existing stressors, as the industry moves towards
commercialization.

This review indicates no evidence that changes in
oceanographic systems due to small tidal and wave energy
deployments will cause significant environmental effects.
Assuming proper device siting, the evidence presented
supports risk changes in
oceanographic systems caused by single devices and small

herein retirement for
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arrays. When large arrays are planned, or when new
information comes to light, this risk should be revisited
and new decisions about the level of risk down-scoping or
retirement can be made. By distinguishing between
perceived and actual risk to the marine environment, risk
monitoring
requirements for developers, provide a level of certainty
for stakeholders,
processes [2].

retirement can reduce environmental

and support efficient consenting

V. CONCLUSION

This review assesses the available evidence of changes
in oceanographic systems caused by tidal and wave energy
deployments, to inform our understanding of whether
small deployments will cause significant environmental
effects to marine animals or their habitats. Potential
environmental effects caused by large arrays described by
numerical models were presented for a comprehensive
understanding of anticipated effects, while the few studies
assessing small deployments indicate no significant
environmental change. Therefore, the evidence supports
risk retirement for small deployments, implying that
that this
environmental stressor is unlikely to have a significant
effect on the environment and need not be investigated at
each new project site.

Researchers should continue to explore the complex
relationship between physical and biological changes in

regulators have sufficient information

the ocean, reviewing natural proxies like multi-year
weather patterns and extreme storm events. Modelers
should improve device parameterizations, including
representing non-mechanical components
foundations, moorings, anchors, power cables, and

such as

substations. Models of large extraction scenarios should
not focus on unvalidated quantifications of change, but
rather on trends and patterns and the implications of those
changes on habitats and animals.

Developers are encouraged to site projects responsibly
and sustainably, recognizing site-specific sensitivities and
scaling extraction appropriately to the available resource.
Partnership between developers and researchers are
recommended to conduct farfield monitoring around
small deployments. If this monitoring finds inconclusive
results that are not detectable above natural variability,
they are encouraged to publish those findings. When
developers are required to conduct environmental
monitoring, they should follow international collection
standards and to make data publicly available for further
research.
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