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Introduction

uman activities, particularly the
burning of fossil fuels and deforesta-
tion, have led to an increase in green-
house gas concentrations in the
atmosphere, resulting in climate
change. The decade from 2011-2020
was particularly significant, with global
surface temperatures reaching 1.1°C
above the pre-industrial levels of
1850-1900 (IPCC, 2023; Lynas
et al., 2021). Effects of climate change
are becoming more apparent each
year, as manifested in the increases
in severe weather, strengthening in-
tensities of hurricanes and typhoons,
and rising sea levels (Edwards et al.,
2021; Wolf et al., 2020). At the
same time, coastal and island commu-
nities face increasing pressures around
the availability, security and afford-
ability of energy supplies as well as
recognizing the detrimental effects of
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fossil fuel use on public health and
nearshore environments (SIDS
Dock, 2021). These concerns are
leading to accelerated adoption of sus-
tainable renewable energy around the
world. While land-based and offshore
wind and solar photovoltaics (PV)
have gained the most ground, many
countries are taking an “all of the
above” approach, diversifying their
portfolios of renewable energy and
energy storage systems to supply
their specific needs. In addition to
countries in Europe, North America,
Asia, and Oceania, more and more
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coastal and islands nations around
the world are examining
the potential for adding marine re-
newable energy (MRE) to the mix,
which includes energy supplied by
tidal streams, waves, persistent ocean
currents, the run of large rivers, as
well as thermal and salinity gradients
in seawater.

In 2016, the United Nations
wrote the Sustainable Development
Goals, an “urgent call for action by
all countries - developed and develop-
ing - in a global partnership” (United
Nations, 2024). Different actions are
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recognized within the 17 Sustainable
Development Goals, which include
ending poverty and hunger, reducing
inequality, together with strategies to
improve health and education, pro-
moting economic growth, and tackling
climate change and environmental
degradation (especially forests and
oceans). Specifically, Goals 7 (ensuring
affordable, reliable, sustainable, and
modern energy for all) and 13 (take ur-
gent action to combat climate change
and its impacts) are related to energy
and the environment. The agenda to
achieve the Sustainable Development
goals by 2030 was unanimously
adopted in 2018 by the 193 UN
Member States. This adoption is one
of several reasons that many countries
are actively working toward using re-
newable energy supplies.

MRE resource characterization
studies have been carried out in
many parts of the ocean (nearshore
and offshore) to better understand
what resources are available in specific
regions and locations. Energy genera-
tion technology developers and re-
searchers are engineering technology
and supporting infrastructure re-
quired to efficiently and sustainably
extract the energy from tidal streams,
waves, ocean currents, large rivers,
and gradients of temperature and sa-
linity from ocean waters. While the
adoption of renewable energy genera-
tion technologies, including MRE,
are of utmost importance for climate
change mitigation, sustainability of
MRE development must also ensure
that the marine environment, the ma-
rine life and habitats supported by
oceanographic processes, and the
coastal communities who rely on the
ocean for their livelihoods are not sig-
nificantly negatively impacted in the
process. It is also important that op-
portunities for biodiversity recovery

and enhancement, as well as econom-
ic growth and social inclusion, are
considered when planning and devel-
oping MRE projects in order to max-
imize long-term sustainability.
Potential environmental effects of
MRE development will depend,
among others, on the type of genera-
tion technology selected, and its sub-
systems, supporting infrastructure
requirements, the geographic and
bathymetric aspects of the deploy-
ment site, placement of the device
on the seafloor or in the water col-
umn, the presence of specific marine
animals and habitats, the number
and size of energy generating devices,
the duration of deployment, as well as
a range of social and economic factors
such as the size and character of near-
by communities, and potential con-
flicts, synergies, and cumulative
effects with other marine uses. It will
also be driven by the particular energy
market application being targeted by
the developer, that is, whether it is a
large, utility scale development, a
small array designed to power an island
micro-grid, or an installation designed
to power ocean observation platforms
or an offshore aquaculture site.
Researchers in many nations have
examined potential interactions be-
tween stressors (those components of
MRE systems that may cause stress,
injury, death, or degradation of ma-
rine animals, habitats, or ecosystem
processes) and receptors—the ani-
mals, habitats, and processes (Boehlert
& Gill, 2010) for tidal stream and
wave devices (Copping, Hemery
et al., 2020) and additional investiga-
tions are underway for ocean thermal
energy conversion (OTEC) effects.
The greatest perceived risks are asso-
ciated with the areas of greatest un-
certainty, and are considered to be
from: marine animals colliding with

rotating turbines blades (relevant to
tidal stream, run of river, and ocean
current only); effects on marine ani-
mal navigation and communication
from underwater noise from operat-
ing MRE devices; effects on sensitive
marine species from electromagnetic
fields (EMFs) from power export ca-
bles and/or operational devices;
changes in benthic and pelagic habi-
tats from the presence and operation
of devices; entanglement of large ma-
rine animals in mooring lines and
draped cables; changes in oceano-
graphic systems from the presence
and energy removal by arrays of de-
vices; and displacement of marine
animals because of the presence and
operation of large arrays (Copping &
Hemery, 2020; Hemery et al., 2024;
Martinez et al., 2021). Some of the
potential effects on species, ecosys-
tems, and abiotic factors induced by
MRE devices are: altered behavior of
the fauna including bioenergetic ef-
fects; changes in predation or compe-
tition levels; changes in migratory
routes; population failures; injuries
or death of individuals; changes in
biodiversity and food webs; arrival of
invasive species; degradation of habi-
tats; shoreline changes; and changes
in ecosystem connectivity (Hemery
et al., 2024; Martinez et al., 2021).
The degree to which different na-
tions have examined potential envi-
ronmental effects of MRE depends
on how prolific the development of
MRE projects is in the nation; the rig-
orous nature of the regulatory process
and whether the process requires an
examination of specific types of inter-
actions between the MRE project and
associated infrastructure, with marine
animals, habitats, and ecological pro-
cesses; the location of proposed and
existing MRE projects in areas fre-
quented by marine species of concern;
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the number of researchers focused on
environmental effects of MRE; mari-
time capabilities such as vessels and
remote operating vehicles and the
trained professionals to operate
them; the presence of other maritime
industries such as fishing and ship-
ping that may cause communities to
oppose MRE; and the availability of
strategic and project level funding to
carry out studies.

Prior to the planned deployment
of an MRE device or array for dem-
onstration, testing, or commercial de-
ployment, project proponents will
collect physical data that include mea-
suring the energy resource of the area
and associated hydrographic condi-
tions, the bathymetry, seabed charac-
teristics, and potential hazards. Other
key information collected will usually
include the existing use of the area by
other sea users, distance to ports and
harbors for installation and mainte-
nance, and the distance to the
planned off-taker such as a grid or mi-
crogrid connection for grid-connected
projects (LiVecchi et al., 2019), and
the social perception toward the de-
ployment and functioning of renew-
able energy devices (Wojtarowski
etal., 2021). In addition, gaining reg-
ulatory approval in most nations re-
quires the collection of certain
physical, biological, and (often) social
and economic data. Potential envi-
ronmental effects are evaluated for
consenting/permitting (hereafter con-
senting) purposes through baseline as-
sessment of the habitat, flora, and
fauna in the region and their relation-
ship to physical parameters including
bathymetry, location with respect to
coastlines and other bodies of water,
coastal geometry, and presence of
ongoing anthropogenic stressors
(Cradden et al., 2016). Some jurisdic-

tions may also require some data col-

lection post-consenting but prior to
deployment (as a requirement of a
consent). Most jurisdictions require
some post-installation monitoring of
potential effects (Buenau et al.,
2022), although this may depend on
the outcomes of consenting processes
and the associated environmental im-
pact assessment, as well as national
and local policies.

Ocean Energy Systems-
Environmental (OES-Environmental)
is a consortium of 16 nations, tasked
under the International Energy
Agency’s OES to examine the envi-
ronmental effects of MRE to assist
with consenting of MRE projects,
helping the industry to develop in a
responsible and sustainable manner.
OES-Environmental is led by the
U.S. Department of Energy Water
Power Technologies Office and im-
plemented by Pacific Northwest
National Laboratory. For more infor-
mation see Tethys (2024a).

The work of OES-Environmental
has focused on evaluating the
risks from specific stressors from
MRE devices and systems by applying
existing research results and develop-
ing a risk retirement process. The
risk retirement process stands on the
idea that not every stressor-receptor
interaction needs to be examined at
each new project site, but rather
data and information applied from al-
ready consented sites, analogous
industries, or research studies can be
used to support regulatory processes
including consenting. This concept
of risk retirement, and the methods
to apply existing data are documented
in Copping et al. (2018) and have
been applied to the examination of
MRE projects here (Copping,
Freeman et al., 2020).

This paper seeks to assess the sta-
tus of MRE development around the
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world for which environmental effects
have been examined, as well as the
general trends in discovery of infor-
mation on stressor-receptor interac-
tions associated with MRE, by
country, and by type of MRE con-
verter. A subset of projects
were chosen for a deeper examination
of the processes of data collection
and monitoring.

Methods

The information gathered for this
analysis was collected largely from the
OES-Environmental collection of
“OES-Environmental Metadata
Forms” (Whiting et al., 2019).
These forms document environmen-
tal effects assessments and data collec-
tion for past and present deployments
of MRE devices and projects, for
which information is available. This
collection documents work at test
sites, open water pilot and demonstra-
tion projects, and commercial devel-
opments. The information reflected
in the OES-Environmental metadata
forms has been collected since 2010
with assistance of MRE technology
developers, researchers, project devel-
opers, and others, and is the most
complete collection of such informa-
tion. As of July 1st 2024, there are
145 metadata forms available online
on Tethys, reflecting tidal stream,
wave, ocean current, large run of riv-
ers, OTEC, and salinity gradient de-
ployments (Tethys, 2024b).

For this study, each metadata
form representing a deployment
of an MRE device or array was
examined for variables that describe
the stage of development, environ-
mental assessment, and monitoring
(Table 1). The resulting data were
parsed by country and region, as well
as advancement in understanding



TABLE 1

Information on MRE devices, as reflected on OES-Environmental metadata forms, for which

environmental data have been collected.

Variables

Technology Region/Country | Phase of the Environmental

Type of Deployment | Project Stressor—Receptor
Interactions
Examined

Options | Tidal stream By continent Planned Collision risk

Wave and country Deployed Underwater noise

Ocean current Operating EMFs

Run of river Tested only Changes in pelagic/
benthic habitat

OTEC Abandoned Changes in
oceanography

Salinity gradient Decommissioned | Displacement
Other

the results of specific stressor-receptor
interactions.

A framework for evaluating the
quality and outcomes of environmen-
tal assessment data collection, analysis,
and interpretation was developed for a
subset of MRE projects for which suf-
ficient data were available that repre-
sented a range of the most common
stressor-receptor interactions that
drive consenting (Table 2). The pur-
pose of this examination was to
gauge the effectiveness of the data col-
lection and monitoring for subse-
quent regulatory and operational
actions, by cataloging the outcomes
of the data collection and monitoring
in terms of reports and papers, and to
evaluate the outcomes as steps in reg-
ulatory processes.

Table 2 provides the framework
against which five case studies were
evaluated: two tidal stream projects,
two wave projects, and one run of
river project. Within the framework,
the “Level of monitoring” is designed
to evaluate the extent of baseline and
post-installation monitoring that has

been carried out, as well as the duration
of data collection and standardization
of the methods. Baseline assessments
include all activities up until an MRE
device or array is deployed, while

TABLE 2

post-installation monitoring covers all
data collection after the project is in
the water. The “Output of monitoring”
lists the reports, papers, datasets, and
other media that have been produced
and analyzed as part of the project,
while the “Outcomes or use of the in-
formation” address what has been done
with the data and information pro-
duced from environmental monitoring.
The outcomes are intended to provide
insight into how well the information
furthered the MRE project, as well as
adding to the overall knowledge base
of environmental effects. The results
criteria are adjustable based on the set
of projects examined and could be as
simple as a presence/absence or a

quality/quantity rating.

Results
The OES-Environmental metadata

forms were sorted by country and

Framework for evaluating environmental data collection, analysis, and monitoring.

Criteria Results
Level of monitoring Duration of monitoring -/+
Baseline monitoring performed Yes/No
Post-installation monitoring Yes/No
performed
Accepted methods used Yes/No
Output of monitoring Research report Citations
Government report Citations
Peer-reviewed paper Citations
Conference paper Citations
Other products Citations
Outcome or use of the information Risk was retired Yes/No
Mitigation required Yes/No
Led to delays or cancellation of Yes/No
project
Were the outcomes linked to Yes/No
monitoring outputs
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technology type, and the environ-
mental monitoring carried out at
each site was organized by stressor-
receptor interaction. This process
helped to identify the MRE projects
with the most complete monitoring
information for examination, using
the framework for evaluating the
quality and outcomes of environmen-
tal monitoring.

Environmental Monitoring at
MRE Sites Around the World

In nations where MRE projects
have been deployed and where envi-
ronmental data are collected and anal-
yses are undertaken to determine
potential ecological risks to marine
animals, habitats, or processes, the in-
formation is organized by region
(Table 3). As of July 2024, a total
of 42 tidal stream, 37 wave, and five
run of river projects were found to be
in the final process of planning and/or
have carried out environmental monitor-
ing around MRE devices. No evidence
of monitoring around OTEC or salinity
gradients devices was found. The MRE
projects have been categorized by the
six most commonly recognized poten-
tial ecological risks from MRE project
development (Copping & Hemery,
2020)—collision risk, underwater
noise, EMFs, changes in habitats, chang-
es in oceanographic systems, displace-
ment of animals—with additional
types of data collection and monitoring
noted as well.

There are clear patterns among the
various regions and countries where
MRE projects have been planned
and deployed, with the U.K. leading
with 36 devices, followed collectively
by the countries of Europe and the
Americas with 16+ and 21 devices, re-
spectively. As a nation, Australia has
deployed 9 wave devices, while other
countries and regions have fewer de-

TABLE 3

Environmental monitoring for potential MRE effects, by region and nation. Most deployments
have been of short duration for testing, while others are in late stages of planning for commer-

cial deployment.

Collison
Risk Noise

Type of Phase of

Region  [Country

Underwater |Electromagnetic |Habitat

(Changes in Displacement |Other

Fields Changes O

3 tested and
France 4 tidal

1 planned

Ireland 1 wave 1 tested and

Baseline assessment of
fauna

Italy 1 tidal 1 tested and

Netherlands 1 tidal 1 operational

Movement of fauna

1 operational

Norway 3 wave 2 tested and

Europe
1 operational
1 tested and
decommissioned

Portugal 2 wave

Sediment transport

1 operational

1 tested and
decommissioned
1 planned

Spain 3 wave

Sweden Multiple wave | Multiple tested and

Sediment sampling

Sweden 1 run of river 1 operational

7 operational
3 tested and
decommissioned
United Kingdom |14 tidal 1 tested and never
recovered

3 planned

3 tested and
decommissioned
1 planned

United Kingdom |4 wave

United 5 tested at EMEC

Kingdom | United Kingdom |9 tidal and
decommissioned

Navigation, human
dimension

2

7 tested at EMEC
and
decommissioned

1 tested and never
recovered

United Kingdom (8 wave

Atmospheric emissions,
fisheries impacts,

entanglement

1 tested and

United Kingdom |1 ocean current
decommissioned

Entanglement

5 tested and
decommissioned

Canada 8 tidal 1 tested and never Human dimrensions
recovered
2 planned
Canada 2runof river |2 fested and
decommissioned
Chile 1 wave 1 operational [ECD EEEE R
fauna
Americas Mexico 1 ocean current |1 planned
1 operational
United States |3 tidal 2 tested and
decommissioned
United States |4 wave 4 tosted and
decommissioned
1 operational
United States  [2run of river |1 tested and
decommissioned
China 1 wave 1 operational
Asia
Japan 1 tidal 1 tested and Fisheries interactions
7 tested and
decommissioned )
Baseline assessment of
Australia 9 wave 1 tested and never
fauna
recovered
Oceania " planned
+tosted and Water quality, impacts
Australia 1 tidal : on flora and fauna,
decommissioned n flor
vibration
Middle East|lsrael 1 wave 1 operational

vices around which environmental
data collection have been undertaken.
Almost all of the device deployments
and advanced planning for environ-
mental monitoring have occurred at
test sites or at pilot deployments,
without the expectation that the pro-
jects would grow into commercial ar-
rays, although many of the test and
pilot projects have sent power to
local or national grids. The number
of projects in each nation is clearly in-
fluenced by the presence of test sites,
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with the European Marine Energy
Center (EMEC) responsible for the
largest number of tidal and wave de-
ployments. Other test centers such as
the Biscay Marine Energy Platform
(BiMEP) in Spain and Wave Energy
Test Site (WETS) in the U.S. have
been responsible for other projects
that have collected environmental
data.

Operational projects should be
considered as commercial endeavors
if they address power needs of their



end users, at the appropriate scale.
Presently, these projects include: a)
the tidal array project in Pentland
Firth, Scotland, U.K.; b) the Nova
Innovation tidal array in Bluemull
Sound, Shetland, U.K.; ¢) the
Oosterschelde Tidal Power turbines
tidal turbines installed within the
Eastern Scheldt storm surge barrier
in the Netherlands; d) a river project
in Sweden; e) the RivGen river cur-
rent project in Igiugig, Alaska, USA;
and the f) Eco Wave Power Station
wave project in Jaffa, Israel.

All MRE projects examined had
carried out some degree of baseline as-
sessment in the project area prior to
installation; many of these assess-
ments relied heavily on data and in-
formation collected previously by
government agencies or other stake-

holders (e.g., Davison & Mallows,
FIGURE 1

2005; Minesto, 2016). All the juris-
dictions that were examined specified
the need to collect data post installa-
tion, for varying lengths of time.

Applying the Framework

The framework developed to
evaluate the type, level, and outcome
of environmental monitoring under-
taken around MRE projects was ap-
plied to five projects selected from
Table 3; many of the listed projects
were not mature or comprehensive
enough to be included in this analy-
sis. The framework enables an evalu-
ation of the quality and outcomes of
environmental assessment data col-
lection, analysis, and interpretation
at the selected projects, which in-
clude tidal stream, wave, and run of
river energy. The stressor-receptor

interactions covered by these selected

projects are collision risk, underwa-

ter noise, EMFs, and changes in

habitat. The projects chosen are

those that have the most complete

information available and have been

deployed following a thorough regula-

tory process:

1. Tidal stream development at
MeyGen in Scotland, U.K., with
a focus on collision risk, underwa-
ter noise, and EMFs (Figure 1A).

2. Tidal stream development by
Nova Innovation in the Shetland
Islands, U.K., with a focus on col-
lision risk (Figure 1B).

3. Wave energy development at the
Spanish test site BIMEP, with
a focus on underwater noise
(Figure 1C).

4. Wave energy development at the
Swedish test site Lysekil, with a

Tidal stream, wave, and run of river energy projects selected as case studies to apply the framework: (A) MeyGen in Scotland, courtesy of SAE
Renewables; (B) Nova Innovation in Shetland, courtesy of Nova Innovation; (C) Marmok in Spain, courtesy of IDOM; (D) Lysekil in Sweden, courtesy
of Division of Electricity, Uppsala University; and (E) RivGen in Alaska, courtesy of ORPC.

Summer 2024 \Volume 58  Number 3 75



focus on underwater noise, and
habitat changes (Figure 1D).

5. Run of river energy development
near the village of Igiugig, Alaska,
U.S., with a focus on collision risk

(Figure 1E).

MeyGen Tidal Stream
Energy Project

The first phase of the MeyGen
tidal energy project by SAE Renew-
ables (previously SIMEC Atlantic En-
ergy Ltd) was installed in 2016 in
Pentland Firth, Scotland, as a com-
mercial project. The project has
been consented for a total of 398
MW of power, divided into four
phases. The first phase consists of
four 1.5-MW turbines (6 MW
power) and has been operational
since 2018. The results of monitoring
from phase 1 will be used to inform
what monitoring is required going
forward for future phases.

MeyGen carried out an extensive
environmental impact assessment out-
lining potential risks and mitigation
measures for a variety of environmental,
socioeconomic, and ocean co-use im-
pacts (MeyGen, 2012). While both
baseline and post-installation moni-
toring include a wide range of
stressors and receptors, the two
major stressor-receptor interactions
of concern were collision risk of ma-
rine mammals and diving seabirds
with turbine blades, and electromag-
netic effects on electrosensitive species
from underwater cables.

EMF was determined to have no
significant effects on fish when miti-
gation methods were employed, such
as placing cables within natural crev-
ices and cracks of the seabed to
lower the cable below the surface of
the seafloor, reducing the potential
exposure to fish (Table 4). How-

ever, operational monitoring was still

TABLE 4

Application of framework for evaluating the quality and outcomes of environmental assessment
data collection, analysis, and interpretation of data and monitoring results for MeyGen tidal pro-
ject in Scotland. Notes are included at the bottom of the table to further explain values within the
table. Based on the OES-Environmental metadata form (Tethys, 2024c).

Criteria Results
Level of monitoring | Duration of monitoring +4!
Baseline monitoring performed Yes?
Post-installation monitoring performed Yes®
Accepted methods used Yes*

Output of monitoring | Research reports n

MeyGen, 2015
B Davies et al., 2019

®  Palmer et al., 2019

Government reports [

MeyGen, 2012
Band et al., 2016

Peer-reviewed papers De Dominicis et al., 2017

Gillespie & Macaulay, 2019
Onoufriou et al., 2019
Gillespie et al., 2020
Risch et al., 2020
Gillespie et al., 2021
Johnston et al., 2021
Risch et al., 2023

Conference papers

Fairley et al., 2015
® Williamson et al., 2018

Other products m  Thesis: Johnston, 2019

®  Presentation: Marine
Scotland, 2024

Yes, retired for EMF but not
for collision risk®

Outcome or use of Risk was retired

the information

Mitigation required Yes®

Led to delays or cancellation of project | No

Were the outcomes linked to No
monitoring outputs

Notes:

"Baseline monitoring started in 2007 and continued until the turbines were installed.

2Data are presently being analyzed for long-term trends.

3Telemetry, passive acoustic monitoring, integrated platforms with multibeam sonar, multi-frequency echo-
sounder, fluorometer, acoustic doppler velocimeter (ADV), ADCP.

4Seabed surveys, acoustic and visual survey detection of marine mammals, radar surveys for vessel traffic,
visual surveys for seabirds, grab samples and photo surveys of benthic invertebrates, physical variables
measured using ADCP, sonar, echo sounder, water quality samples, underwater photography and video.
SEMF risk was retired, but collision risk continues to be monitored. While marine mammals were found
actively avoiding the operating turbine, some were observed passing close by.

SMitigation of EMF required that when cables are not within boreholes, they must be laid where possible
within natural crevices and cracks within the seabed, ensuring that the majority of the cable is below the
seabed. When possible, use of soft start procedures to reduce noise were required.
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required for the risk of collision of
marine mammals and diving seabirds
with turbine blades to better under-
stand collision, including avoidance
and evasion behaviors, and inform
potential future mitigation.

The monitoring program around
the MeyGen array used a variety of
established methods including harbor
seal telemetry, passive acoustic moni-
toring, multibeam sonar, integrated in-
strument platforms, acoustic doppler
current profiler (ADCP), blade strain
gauge, and photo and video observa-

tion and was focused heavily around
collision risk (MeyGen, 2016).

Nova Innovation Shetland
Tidal Array

Nova Innovation’s Shetland Tidal
Array in Bluemull Sound, U.K., de-
ployed its first three turbines in 2016
and 2017; three more turbines and an
offshore hub were installed by 2023,
with a total capacity of 600 kW. The
project is grid-connected and delivers
baseload power in Shetland.

Since the deployment of the first
turbine, the company has developed
an extensive environmental monitor-
ing program focused on the risk of
collision for marine mammals (espe-
cially harbor seals and porpoises) and
diving seabirds (Table 5). While base-
line data collection focused on marine
mammals and seabirds (via vantage
point surveys) and pre-installation sea-
bed surveys using drop-down cameras,
post-installation monitoring has in-
volved both vantage point surveys
and underwater video monitoring
using device-mounted cameras.

The vantage point surveys were
used to monitor the daytime presence
and behavior of marine mammals and
seabirds around the turbines. The un-
derwater video cameras looked at the
rotor-swept area from different angles

TABLE 5

Application of framework for evaluating the quality and outcomes of environmental assessment
data collection, analysis, and interpretation of data and monitoring results for Nova Innovation in
Scotland. Notes are included at the bottom of the table to further explain values within the table.
Based on the OES-Environmental metadata form (Tethys, 2024d).

Criteria

Results

Level of monitoring

Duration of monitoring ++

monitoring performed

Baseline monitoring Yes?
performed
Post-installation Yes

Accepted methods used | Yes

3

Output of monitoring Research reports ®  McPherson, 2018
®  Smith & Simpson, 2018
= Smith, 2021
= Smith et al., 2021
= Smith, 2022
Government reports
Peer-reviewed papers
Conference papers m Love et al., 2023

Other products

Outcome or use of the information | Risk was retired No
Mitigation required No
Led to delays or No

cancellation of project

Were the outcomes linked | Yes
to monitoring outputs

Notes:

"Monitoring program ongoing since installation of first turbine in 2016.
2Vantage point surveys for marine mammals and seabirds since 2010, and seabed surveys using drop-down

cameras prior to installation.

3Device-mounted underwater video cameras and vantage point surveys.

and allowed monitoring nearfield in-
teractions between animals and the
turbines. Due to the extremely large
size video datasets accumulated over
the years, Nova Innovation started
implementing automated detection
approaches using machine learning
(Love et al., 2023).

While collision risk has not been
retired at the Shetland Tidal Array
site, continuous underwater video
monitoring has shown that no ani-
mals have ever collided with the tur-

bine blades, and that animals moved
away from the turbines when the
blades were rotating (Smith, 2021).

MARMOK-A-5 Wave
Energy Converter

The MARMOK-A-5 Wave Ener-
gy Converter (WEC) prototype de-
signed by IDOM was installed in
2016 in Bilbao, Spain, at BIMEP.
The project involved a single 30-kW
floating WEC that was deployed
twice, once from October 2016 to
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June 2018 and again from October
2018 to June 2019. The outcomes
and findings of the two deployments
will be using by IDOM in future
technological development.

IDOM monitored impacts to a va-
riety of stressor-receptor interactions,
including noise, EMFs, habirtat
change, and changes in flow. Any ob-
served changes in flow and EMF im-
pacts were found to be insignificant
or to quickly dissipate away from
the device. Noise and habitat change

TABLE 6

were considered to be the most im-
portant interactions (Table 6).

The effects of underwater noise
from the devices were measured with
three systems: A SoundTrap ST300
HF from Ocean Instruments was
used to record 10 min each hour for
41 days; mobile surveys were carried
out using passive acoustic measure-
ments at 17 sampling stations for 5-
min durations; and airborne measure-
ments using equipment from Centro
Tecnolgico Naval y Del Mar of

Application of framework for evaluating the quality and outcomes of environmental assessment
data collection, analysis, and interpretation of data and monitoring results for MARMOK-A-5
WEC. Notes are included at the bottom of the table to further explain values within the table.
Based on the OES-Environmental metadata forms (Tethys, 2024e, 2024f).

Criteria

Results

Level of monitoring

Duration of monitoring ++

1

Baseline monitoring performed | Yes

2

Post-installation Yes
monitoring performed
Accepted methods used Yes®

Output of monitoring Research reports

B Bald et al., 2021

®  Felis, Madrid, Alvarez-
Castellaros, Bald, Uriarte, &
Cruz, 2021

= Fellis, Madrid & Bald, 2021

Government reports

Peer-reviewed papers

Conference papers

= Giry et al,, 2018

Other products

Outcome or use of the | Risk was retired No*
information Mitigation required No
Led to delays or No
cancellation of project
Were the outcomes linked to
monitoring outputs
Notes:

'Studies began in 2012 and continued throughout operation.
2Grab sampling and video imaging done to evaluate the physical environment and invertebrates present;
measured sound background levels before and after cable installation.

SRemote operated vehicle imaging and sampling, passive acoustic sensor deployments, mobile acoustic surveys.
4Evidence of mooring chains clashing and turbine operations caused intermediate and low frequencies

sound.
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Cartagena were carried out over the
same timeframe and at the same loca-
tion as the mobile surveys.

Lysekil Wave Energy Test and
Deployment Site

The Lysekil Wave Energy Site was
established 2 km off the west coast of
Sweden in 2004 to avoid interference
with shipping, as a place to test WECs
and monitoring approaches. The first
wave device was deployed in 2006,
followed by several other devices.

The major environmental investi-
gations around the test site were
aimed at expected stressor-receptor
interactions, especially changes in
habitat, underwater noise, and dis-
placement, and to develop new mon-
itoring techniques. Post-installation
monitoring was required to ensure no
damage was being done to the site and
surrounding habitats and was carried out
in two phases: during the early years
of the test site (2006-2008) and 12
years later (Bender et al., 2020).

The main concerns associated with
the test site were around benthic infau-
na and biofouling organisms, as well as
mobile fauna such as fish and crusta-
ceans. Research studies focused on ar-
tificial reef effects and use of benthic
habitats, including the cavities of foun-
dations from wave devices (Table 7).

Igiugig Run of River Turbine Project

The native village of Igiugig, Alaska,
partnered with Ocean Renewable
Power Company (ORPC) to install
low-profile, horizontal, cross-flow
riverine RivGen® turbines in the
Kvichak River to provide clean power
for the village (Thomson et al., 2014).
A first test RivGen device was installed
in 2014 and re-deployed in 2015. The
Kvichak River and nearby Bristol
Bay tributaries sustains the largest
sockeye salmon population on the



TABLE 7

Application of framework for evaluating the quality and outcomes of environmental assessment
data collection, analysis, and interpretation of data and monitoring results for Lysekil Wave Energy
Test and Deployment Site. Notes are included at the bottom of the table to further explain values
within the table. Based on the OES-Environmental metadata form (Tethys, 2024g).

Criteria Results
Level of monitoring | Duration of monitoring +4!
Baseline monitoring performed Yes?
Post-installation monitoring performed | Yes
Accepted methods used Yes®

OQutput of monitoring

Research reports

® | anghamer, 2009a

Government reports

Peer-reviewed papers

Leijon et al., 2008
Langhamer et al., 2009a
Langhamer & Wilhelmsson, 2009
Langhamer, 2010
Langhamer et al., 2010
Haikonen et al., 2013a
Langhamer, 2016

Francisco & Sundberg, 2019
Bender et al., 2020

Bender et al., 2021
Francisco et al., 2022

Conference papers

Langhamer & Wilhelmsson, 2007
Langhamer et al., 2009b
Lejerskog et al., 2011
Haikonen et al., 2013b
Bender et al., 2017

Bender & Sundberg, 2018
Rémouit et al., 2018

Bender & Sundberg, 2019

Other products

Thesis: Langhamer, 2009b
Thesis: Francisco, 2016
Thesis: Bender, 2022
Book chapter: Wilhelmsson
& Langhamer, 2014

Outcome or use of
the information

Risk was retired No*
Mitigation required No
Led to delays or cancellation of project | No
Were the outcomes linked to No®

monitoring outputs

Notes:

Over 12 years of benthic habitat and artificial reef monitoring.
2Characterization of infauna using sediment cores.

3Using sediment cores, diver surveys, ROV surveys, cage studies, hydrophones, seabed-mounted sonar systems.
“Risk was not retired, but they cite “low effects/impacts by presence or operation of WECs” and “positive

effects in terms of artificial reef effects, FAD’s and no-take zone.”

SHowever, changes in macroinvertebrate distribution and abundance, succession of artificial reef commu-
nities over 12 years, differences in impact vs. control sites for decapods and sea pens were noted.

North American continent, draining II-
liamna lake into the Bering Sea. The
RivGen is a crossflow turbine (Figure
1E) that is designed to provide power to
the tribal village of Igiugig. The major
concern for regulators and stakeholders
was the possible collision of salmon adults
and smolts with the rotating turbine
blades. Underwater cameras were placed
on the turbine structure and foundation
to observe fish passage by the turbine.

The framework was applied
(Table 8), demonstrating the baseline
assessment and post installation out-
comes, including the retirement of col-
lision risk to adult salmon, and
prompting additional monitoring of
down-migrating salmon smolts past
the turbine. The outcome of the mon-
itoring allowed for the installation of a
second RivGen turbine downstream
from the first in 2023.

Discussion

This paper has documented over
80 MRE projects around the world
for which environmental data have
been collected that align with the
stressor-receptor interactions of great-
est concern for consenting processes.
For the most part, these projects
have used methods that are accepted
by the research community as perti-
nent to answering the outstanding
questions around interactions of
MRE with the marine environment.
The MRE devices for several projects
listed in Table 3 have not yet been
deployed but were included in this
analysis as they have carried out ex-
tensive baseline or pre-installation
data collection and have robust post-
installation monitoring programs
plans. Table 3 was organized by the
most commonly accepted stressor-
receptor interactions of importance

(Copping, Hemery, et al., 2020).
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TABLE 8

Application of framework for evaluating the quality and outcomes of environmental assessment
data collection, analysis, and interpretation of data and monitoring results for Igiugig riverine
MRE project. Notes are included at the bottom of the table to further explain values within the
table. Based on the OES-Environmental metadata form (Tethys, 2024h).

Criteria

Results

Level of monitoring

Duration of monitoring ++

1

Baseline monitoring performed | Yes

2

Post-installation monitoring Yes®
performed
Accepted methods used Yes*

Output of monitoring

Research reports

®  TerraSond, 2011
®  Preist & Nemeth, 2015
®  Matzner et al., 2017

Government reports

= FERC, 2019

Peer-reviewed papers ]

Guerra & Thompson, 2019
® Courtney et al., 2022

Conference papers

Other products

® Dataset: ORPC, 2014

Outcome or use of the

Risk was retired

Yes, for adult fish, smolts still

information to be investigated with later

study

Mitigation required No

Led to delays or cancellation of | Some delay in getting

project second device in the water

Were the outcomes linked to Yes, video of fish around first

monitoring outputs turbine led directly to ability
to operate and then, with
smolt collision risk planned,
for second turbine.

Notes:

"Two seasons of monitoring.

2Fisheries counts of migrating sockeye salmon, from previous fisheries surveys; no pre-installation possible

for collision risk.

3Monitoring with cameras in place around turbine for up-migrating adult salmon, later for down-migrating smolts.
“Cameras were installed at 5 points around the turbine. Closest to state of the art for fish monitoring.

However, by constraining the types of
data collection and monitoring noted
in Table 3, other approaches to pro-
viding information to support consent-
ing may have been overlooked,
including investigations into other
potential stressors that have not prov-
en to be of concern, such as potential
for chemical contamination from

MRE systems (Copping et al., 2015).

Each of the tidal stream and run of
river projects collected data to inform
collision risk (Table 3) as this remains
the most significant concern for con-
senting of MRE devices with rotating
turbine blades (Sparling et al., 2020).
Measurements of underwater noise
were the most commonly collected
data for wave projects; without con-
cerns about collisions, underwater
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noise disruption of marine mammals
and fish are generally seen as the
most likely risk from wave devices
(Copping & Hemery, 2020; Cruz
et al., 2015). Few projects collected
data on EMF emissions; field mea-
surements, supported by laboratory
studies, have generally shown that
EMF emissions from MRE export ca-
bles are low and unlikely to cause
harm to marine life (Gill & Desender,
2020; Taormina et al., 2018). Data
that describe changes in benthic habi-
tats were collected at tidal and wave
projects equally, although few moni-
toring programs address potential
changes in pelagic habitats. A subset
of the tidal and wave projects shown
in Table 3 assessed changes in oceano-
graphic conditions, either with field
measurements that could not resolve
any effects from MRE devices, or
with numerical models that predict
potential effects from very large arrays
that are not reflective of the planned
and deployed projects (Whiting,
Garavelli, et al., 2023). Few projects
attempted to monitor effects of dis-
placement by MRE devices and small
arrays (e.g., EMEG; see Long, 2017) as
these effects are not expected until much
larger arrays are deployed (Hemery
et al., 2024).

There is a growing consensus in
the research community that the six
stressor-receptor interactions (colli-
sion risk, underwater noise, EMFs,
changes in habitats, changes in ocean-
ographic systems, and displacement of
marine animals) continue to be most
closely related to potential risks from
MRE devices and systems, and that
much of that potential risk could be
addressed with additional data collec-
tion and monitoring around de-
ployed devices (Copping et al.,
2018; Eaves et al., 2022). Applying
the risk retirement construct that



OES-Environmental has developed
(Copping, Freeman, et al., 2020),
many of the stressor-receptor risks
could likely be retired for small num-
bers of devices, reinforced by addi-
tional data collection, where needed.
As these uncertainties decrease, mon-
itoring foci can be shifted to the more
complex interactions, as well as to-
ward potential effects of larger arrays.

The methods and instrumentation
that were used by the MRE projects
depicted in Table 3 are also becoming
widely recognized as most appropriate
for collecting accurate data and help-
ing to decrease the uncertainty for the
individual stressor-receptor interac-
tions (Bender et al., 2017). This is
best illustrated by the case studies
that embrace these methodologies,
for the most part. For example, colli-
sion risk of marine animals with oper-
ating turbines has been investigated
using a combination of acoustic, un-
derwater video, and/or vantage point
observations in the MeyGen, Nova
Innovation, and Igiugig case studies
(Tables 4, 5, and 8). These methods
reflect the understanding that more
than one type of data may be needed
to better understand the different fac-
tors associated with collision risk (i.e.,
encounter rate, avoidance and near
field behavior, collision detection)
for marine mammals, diving seabirds,
or fish with rotating turbine blades
(Hasselman et al., 2020; Chapman
et al., 2024). Underwater noise from
devices is increasingly being measured
within the framework of the interna-
tional specification, developed under
the International Electrochemical
Commission (Haxel et al., 2022;
IEC TC114, 2024). The Marmok
wave case study reflects these methods
(Table 6). EMF measurement
methods have not been standardized,
but the myriad of magnetometers and

electrical measurement devices
created for other industries have
been found fit for purpose (Gill &
Desender, 2020; Grear et al., 2022).
There are a number of techniques
needed to measure the extent of
changes in habitat and function
from MRE installation and operation,
based on the location, substrate type,
as well as the species composition,
abundance, and community structure
(Bender et al., 2017; Hemery et al.,
2022). Several of these techniques
are reflected in the case study from
Lysekil (Table 7). It is generally ac-
cepted by the research community
that measuring changes in oceanogra-
phy due to the operation of MRE
devices is not reasonable based on
the very limited amount of energy re-
moved by small numbers of devices.
However, once large arrays begin to
harvest significant amounts of energy
from channels for tidal or river tur-
bines, or from the height of waves,
standard oceanographic instruments
and methods will be able to note
changes (Whiting, Garavelli, et al.,
2023). Observations of animal dis-
placement will likely require the de-
velopment of new techniques and
instrument packages to measure
changes to migratory animal routes
or other movements from the pres-
ence of large numbers of MRE de-
vices (Hemery et al., 2024; Isaksson
et al., 2020).

The differential among MRE de-
ployments and environmental studies
from region to region and country to
country is significant (Table 3). Early
deployments were largely focused in
the U.K. and Europe, as well as in
Canada and the U.S., and the total
number of devices around which en-
vironmental data collection and mon-
itoring have been carried out reflects
this pattern. Australia has moved rap-

idly to add wave projects, while other
nations, including Japan, Mexico, and
Israel, are beginning to increase their
focus on testing and demonstration.
The wealth of research studies is sim-
ilarly clustered in these nations. The
patterns of early adoption of MRE
technologies follows two trends: test
sites (or “clusters”) and availability
of resources. The presence of an es-
tablished test site helps to motivate
deployments, consenting processes,
and additional research studies in en-
vironmental areas. The most obvious
example of this is the operation of the
EMEC in Scotland that was commis-
sioned in 2004. Thirty-five MRE de-
vices have been tested at EMEC from
22 different companies, which is
more than any other site in the
world (EMEC, 2024). In addition, es-
tablished test sites in Portugal
(Agugadora), Spain (BiMEP), and the
U.S. (WETS) have moved the science
forward, while new test site in Wales
(META) and the U.S. (PacWave) are
attracting MRE developers and studies
(META, 2024; PacWave 2024). Some
countries such as Mexico are exploring
the deployment of test devices while
assessing environmental changes. It
is clear that the wealthier nations
have had more government funds
available to directly support MRE de-
vice tests and deployments, as well as
to support research studies (IEA-
Ocean Energy Systems, 2024).
These same nations tend to have
more resources in terms of vessels
and supply chains, as well as greater
concentrations of marine research sta-
tions and researchers.

As additional MRE devices are de-
ployed and potential environmental
effects are examined, there is a recog-
nition of the importance of sharing
data and information, publishing
analyses and interpretations of the
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data, and disseminating the results of
studies. MRE device and project de-
velopment companies are recognizing
the need to work with academic and
other institutional researchers and to
share data and information on envi-
ronmental effects, even while protect-
ing valuable intellectual property and
power performance data (Whiting, Ri-
cardo, et al., 2023). Efforts to share
results of environmental effects find-
ings are reflected in the growing par-
ticipation in conferences, webinars,
and workshops around the world
(Rose et al., 2023).

Conclusions and

Recommendations

MRE deployments are increasing
around the world, and more of these
deployments are accompanied by en-
vironmental data collection and mon-
itoring each year. While early
deployments were centered in the
U.K. and Europe, deployments in
other locations are increasing. Project
developers and companies testing and
demonstrating technologies with
deployments at sea are increasingly re-
alizing the need to meet consenting
requirements as well as the overall ad-
vantages of adding to the environ-
mental effects evidence base to help
this industry develop sustainably, to
ensure that consenting processes are
based on the best available data, and
that the outcomes of those processes
are commensurate to the potential
risks.

The range of technologies, loca-
tions, and environmental data collec-
tion programs around the world is
reflected in the collection of OES-
Environmental metadata forms.
Interactions among researchers at
conferences, workshops, and through

strategic initiatives such as OES-
Environmental indicate that there is
growing interest among tropical and
southern hemisphere nations to ex-
plore MRE development as well.
The resources available in these na-
tions are likely to include OTEC,
wave, and ocean current, rather than
only tidal stream or large run of
river resources that predominate in
northern hemisphere countries.
While the active global MRE re-
search community globally has
reached some level of consensus on
what stressor-receptor interactions
should be prioritized for investigation
during strategic and project planning
processes, there is no agreed-upon ap-
proach to addressing the overall data
collection and monitoring needs for
each MRE project, to ensure that en-
vironmental effects are understood
and mitigated where needed. Reach-
ing a standardized set of monitoring
approaches, instruments, and analysis
methods will be needed eventually to
ensure that data collected in different
jurisdictions are comparable, and to
streamline the pathway toward a sus-
tainable MRE sector. Based on the
evaluation of this set of MRE projects
for which environmental data have
been collected, we would like to rec-
ommend that the following steps be
taken with new MRE projects:
®m  Establish a robust, suitable, and
proportionate baseline of biological
and physical features of a proposed
project/deployment site, based on
historical data, as well as any data
collected as part of the project. In
addition to the obvious need to un-
derstand the MRE resources avail-
able for generating power, the
baseline is a necessary component
against which to assess and, where
necessary, measure any potential
changes. Requirements will be de-
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termined by relevant policy, as
well as the location, scale and
type of the proposed develop-
ment, the extent of available
baseline data, and potential risks
identified in relation to the pro-
posals.

Use available data and information
from the established and growing
evidence bases wherever possible
during the consenting process.
Determine the most likely risks
from the proposed project that
might affect marine animals, habi-
tats, or ecosystem processes in or
near the project area.

Determine the likely level of con-
cern for each of the identified
stressor-receptor interactions,
using existing datasets and findings
from other MRE projects, analo-
gous industries, or research studies
that have similar features of MRE
devices and receptors.

Identify stressor-receptor interac-
tions for which insufficient data
are available and create pre-
installation and/or post-installation
monitoring plans to fill those data
gaps. Where possible and appro-
priate, use strategic resources that
have research priorities for the sec-
tor have been identified, such as
OES-Environmental or the Off-
shore Renewables Joint Industry
Programme (ORJIP) for Ocean
Energy’s “Forward Look”
(ORJIP, 2024).

Seek assistance from experts in the
supply chain, as well as academic
and other research institutions, in
designing, reviewing, and carrying
out monitoring programs.
Execute monitoring plans using
the best accepted methods avail-
able and ensure that the data
collected are robust, quality con-
trolled, and documented.



®  Use those data to inform the con-
senting process (including any
post-installation monitoring re-
porting requirements) and ensure
that the data are placed on an
open-data site where they will be
publicly and sustainably hosted.

®  Determine the values and needs of
nearby communities, including the
level of social acceptance or rejec-
tion of MRE projects.

Many of these recommendations
can be supported in detail by work
documented by OES-Environmental
and other groups, and can be found
on the Tethys website (Tethys 2024i).

Collaboration among MRE device
and project developers, researchers,
supply chain providers, regulators,
and other interested stakeholders can
provide the most efficient and effec-
tive path to creating a sustainable
MRE industry that is committed to
the mitigation of climate change as
well as protecting precious and threat-
ened marine resources.

Acknowledgments

The authors wish to acknowledge
the generous support of the U.S.
Department of Energy’s Water
Power Technologies Office and the
Ocean Energy Systems Executive
Committee.

Corresponding Author:
Andrea Copping is a Senior Advisor
and Researcher at Pacific Northwest
National Laboratory in Seattle,
WA, USA.

Email: andrea.copping@pnnl.gov

References
Bald, J., Vinagre, P.A., Chainho, P., Madrid,
E., & Muxica, I. 2021. Deliverable 2.7

Guidelines on EMF, Noise, and Seabed In-
tegrity Monitoring Planning for Wave Energy
Devices. Corporate deliverable of the WESE
Project funded by the European Commission.
Agreement number EASME/EMFF/2017/
1.2.1.1/02/S12.787640.16. https://doi.org/
10.13140/RG.2.2.14531.89122.

Band, B., Sparling, C., Thompson, D.,
Onoufriou, J., San Martin, E., & West, N.
2016. Refining estimates of collision risk for
harbour seals and tidal turbines. Scottish
Marine and Freshwater Science. 7(17).
https://doi.org/10.7489/1786-1.

Bender, A. 2022. Environmental effects from
wave power: Artificial reefs and incidental no-

take zones. Ph.D. thesis, Uppsala University.

Bender, A., Francisco, F., & Sundberg, J.
2017. A review of methods and models for
environmental monitoring of marine renew-
able energy. In: 12th European Wave and
Tidal Energy Conference (EWTEC), Cork,
Ireland.

Bender, A., Langhamer, O., Molis, M., &
Sundberg, J. 2021. Effects of a wave power
park with no-take zone on decapod abundance
and size. Journal of Marine Science and
Engineering. 9(8):1-16. https://doi.org/
10.3390/jmse9080864.

Bender, A., Langhamer, O., & Sundberg, J.
2020. Colonisation of wave power founda-
tions by mobile mega- and macrofauna—A 12
year study. Marine Environmental Research.
161:1-28. https://doi.org/10.1016/j.
marenvres.2020.105053.

Bender, A., & Sundberg, J. 2018. Effects of
wave energy generators on nephrops norvegi-
cus. In: 4th Asian Wave and Tidal Energy
Conference (AWTEC), Taipei, Taiwan.

Bender, A., & Sundberg, J. 2019. Effects
from wave power generators on the distribu-
tion of two sea pen species on the Swedish
West Coast. In: 13th European Wave and
Tidal Energy Conference (EWTEC), Napoli,

Rome.

Boehlert, G., & Gill, A. 2010. Environmental
and ecological effects of ocean renewable en-

ergy development—A current synthesis.

Oceanography. 23(10):68-81. https://doi.
0rg/10.5670/0oceanog.2010.46.

Buenau, K., Garavelli, L., Hemery, L., &
Garcia Medina, G. 2022. A review of
modeling approaches for understanding and
monitoring the environmental effects of
marine renewable energy. Journal of Marine
Science and Engineering. 10(1):1-38. https://
doi.org/10.3390/jmse10010094.

Chapman, J., Williamson, B.J., Couto, A.,
Zampollo, A., Davies, I.A., & Scott, B.E.
2024. Integrated survey methodologies pro-
vide process-driven framework for marine
renewable energy environmental impact as-
sessment. Marine Environmental Research.
198:106532. https://doi.org/10.1016/j.
marenvres.2024.106532.

Copping, A., Freeman, M., Gorton, A., &
Hemery, L. 2020. Risk retirement—Decreasing
uncertainty and informing consenting
processes for marine renewable energy
development. Journal of Marine Science and
Engineering. 8(3):1-22. https://doi.org/10.3390/
jmse8030172.

Copping, A., Gorton, A., & Freeman, M.
2018. Data transferability and collection
consistency in marine renewable energy.
Pacific Northwest National Laboratory report
for U.S. Department of Energy. https://doi.
0rg/10.2172/1491572.

Copping, A., Hanna, L., Van Cleve, B,
Blake, K., & Anderson, R. 2015. Environ-
mental risk evaluation system—An approach
to ranking risk of ocean energy development
on coastal and estuarine environments. Estu-
aries and Coasts. 38(1):287-302. hteps://doi.
org/10.1007/s12237-014-9816-3.

Copping, A., & Hemery, L. 2020. OES-
Environmental 2020 State of the Science Re-
port: Environmental effects of marine renew-
able energy development around the world.
Report for Ocean Energy Systems (OES)
hteps://doi.org/10.2172/1632878.

Copping, A., Hemery, L., Overhus, D.,
Garavelli, L., Freeman, M., Whiting, J., ...
Tugade, L. 2020. Potential environmental
effects of marine renewable energy develop-

ment—The state of the science. Journal of

Summer 2024 \Volume 58  Number 3 83


https://doi.org/10.13140/RG.2.2.14531.89122
https://doi.org/10.13140/RG.2.2.14531.89122
https://doi.org/10.7489/1786-1
https://doi.org/10.3390/jmse9080864
https://doi.org/10.3390/jmse9080864
https://doi.org/10.1016/j.marenvres.2020.105053
https://doi.org/10.1016/j.marenvres.2020.105053
https://doi.org/10.5670/oceanog.2010.46
https://doi.org/10.5670/oceanog.2010.46
https://doi.org/10.3390/jmse10010094
https://doi.org/10.3390/jmse10010094
https://doi.org/10.1016/j.marenvres.2024.106532
https://doi.org/10.1016/j.marenvres.2024.106532
https://doi.org/10.3390/jmse8030172
https://doi.org/10.3390/jmse8030172
https://doi.org/10.2172/1491572
https://doi.org/10.2172/1491572
https://doi.org/10.1007/s12237-014-9816-3
https://doi.org/10.1007/s12237-014-9816-3
https://doi.org/10.2172/1632878

Marine Science and Engineering. 8(11):1-18.
https://doi.org/10.3390/jmse8110879.

Cradden, L., Kalogeri, C., Martinez Barrios,
L., Galanis, G., Ingram, D., & Kallos, G.
2016. Multi-criteria site selection for offshore
renewable energy platforms. Renewable
Energy. 87(1):791-806. https://doi.org/10.
1016/j.renene.2015.10.035.

Cruz, E., Simas, T., & Kasanen, E. 2015.
Discussion of effects of the underwater noise
radiated by a wave energy device—Portugal.
In: European Wave and Tidal Energy

Conference, p. 5. Nantes, France.

Davies, I., Eastham, C., Gardiner, R., &
Knott, E. 2019. Consideration of Atlantic
Salmon Collision Modelling — Meygen —
Inner Sound; Pentland Firth. https://marine.

gov.scot/sites/default/files/salmon_review.pdf.

Davison, A., & Mallows, T. 2005. Strangford
Lough Marine Current Turbine: Environ-
mental Statement. Report No: 9P5161/R/
TM/Edin. Report by Royal Haskoning. Re-
port for Marine Current Turbines (MCT).

De Dominicis, M., O’Hara Murray, R., &
Wolf, J. 2017. Multi-scale ocean response to a
large tidal stream turbine array. Renewable
Energy. 114:1160-79. https://doi.org/
10.1016/j.renene.2017.07.058.

Eaves, S., Staines, G., Harker-Klimes, G., Pinza,
M., & Geerlofs, S. 2022. Triton field trials:
promoting consistent environmental monitoring
methodologies for marine energy sites. Journal
of Marine Science and Engineering. 10(2):1-17.
https://doi.org/10.3390/jmse10020177.

Edwards, T., Nowicki, S., Marzeion, B.,
Hock, R., Goelzer, H., Seroussi, H., &
Zwinger, T. 2021. Projected land ice contri-
butions to twenty-first-century sea level rise.
Nature. 593:74-82. https://doi.org/10.1038/
$41586-021-03302-y.

European Marine Energy Center. 2024.

https://www.emec.org.uk/about-us/.

Fairley, L., Masters, 1., & Karunarathna, H.
2015. Sediment transport in the Pentland
Firth and impacts of tidal stream energy
extraction. In: 11th European Wave and Tidal
Energy Conference (EWTEC). Nantes, France.

Federal Environmental Regulatory Com-
mission. 2019. Environmental Assessment for
Hydropower License Igiugig Hydrokinetic
Project—FERC Project No. 13511-003,

p. 78. Washington DC. https://www.ferc.gov/
sites/default/files/2020-06/P-13511-003-EA.pdf.

Felis, 1., Madrid, E., Alvarez-Castellanos, R.,
Bald, J., Uriarte, A., & Cruz, E. 2021. De-
liverable 2.3 Acoustic Monitoring (v3). Cor-
porate deliverable of the WESE Project funded
by the European Commission. Agreement
number EASME/EMFF/2017/1.2.1.1/02/
SI2.787640. p. 85. https://doi.org/10.13140/
RG.2.2.10406.24649.

Felis, 1., Madrid, E., & Bald, J. 2021. De-
liverable 3.2 Acoustic Modelling. Corporate
deliverable of the WESE Project funded by
the European Commission. Agreement num-
ber EASME/EMFF/2017/1.2.1.1/02/
SI2.787640. p. 57. https://doi.org/10.13140/
RG.2.2.11559.68001.

Francisco, F. 2016. Sonar for environmental
monitoring of marine renewable energy tech-

nologies. Ph.D. thesis, Uppsala University.

Francisco, F., Bender, A., & Sundberg, J.
2022. Use of multibeam imaging sonar for
observation of marine mammals and fish on a
marine renewable energy site. PLOS ONE.
17(12):1-12. https://doi.org/10.1371/journal.
pone.0275978.

Francisco, F., & Sundberg, J. 2019. Detec-
tion of visual signatures of marine mammals
and fish within marine renewable energy farms
using multibeam imaging sonar. Journal of
Marine Science and Engineering. 7(1):1-19.
https://doi.org/10.3390/jmse7020022.

Gill, A., & Desender, M. 2020. Risk to ani-
mals from electro-magnetic fields emitted by
electric cables and marine renewable energy
devices. In: OES-Environmental 2020 State of
the Science Report: Environmental Effects of
Marine Renewable Energy Development
Around the World, Eds. Copping, A., &
Hemery, L., pp. 86-98. United States: OSTL.
gov. hteps://doi.org/10.2172/1633088.

Gillespie, D., & Macaulay, J. 2019. Time of
arrival difference estimation for narrow band

high frequency echolocation clicks. The

84 Marine Technology Society Journal

Journal of the Acoustical Society of America.
146(4):EL387-92. https://doi.org/
10.1121/1.5129678.

Gillespie, D., Palmer, L., Macaulay, ]J.,
Sparling, C., & Hastie, G. 2020. Passive
acoustic methods for tracking the 3D move-
ments of small cetaceans around marine
structures. PLOS ONE. 15(5):1-16. https://
doi.org/10.1371/journal.pone.0229058.

Gillespie, D., Palmer, L., Macaulay, ]J.,
Sparling, C., & Hastie, G. 2021. Harbour
porpoises exhibit localized evasion of a tidal
turbine. Aquatic Conservation: Marine and
Freshwater Ecosystems. 31(9):2459-68.
hteps://doi.org/10.1002/aqc.3660.

Giry, C., Bald, J., & Uriarte, A. 2018. Un-
derwater sound on wave & tidal test sites:
Improving knowledge of acoustic impact of
marine energy converters. In: 7th Interna-
tional Conference on Ocean Energy (ICOE),

Normandy, France.

Grear, M., McVey, J., Cotter, E., Williams,
N., & Cavagnaro, R. 2022. Quantifying
background magnetic fields at marine energy
sites: Challenges and recommendations. Jour-
nal of Marine Science and Engineering.
10(5):1-15. https://doi.org/10.3390/
jmse10050687.

Guerra, M., & Thompson, J. 2019. Wake
measurements from a hydrokinetic river tur-
bine. Renewable Energy. 139:483-95. https://
doi.org/10.1016/j.renene.2019.02.052.

Haikonen, K., Sundberg, J., & Leijon, M.
2013a. Characteristics of the operational noise
from full scale wave energy converters in the
Lysekil Project: Estimation of potential envi-
ronmental impacts. Energies. 6(5):2562-82.
https://doi.org/10.3390/en6052562.

Haikonen, K., Sundberg, J., & Leijon, M.
2013b. Hydroacoustic measurements of the
noise radiated from wave energy converters in
the Lysekil Project and Project WESA. In:
1st International Conference and Exhibition
on Underwater Acoustics (UACE), Corfu,

Greece.

Hasselman, D., Barclay, D., Cavagnaro, R.,
Chandler, C., Cotter, E., Gillespie, D., ...


https://doi.org/10.3390/jmse8110879
https://doi.org/10.1016/j.renene.2015.10.035
https://doi.org/10.1016/j.renene.2015.10.035
https://marine.gov.scot/sites/default/files/salmon_review.pdf
https://marine.gov.scot/sites/default/files/salmon_review.pdf
https://doi.org/10.1016/j.renene.2017.07.058
https://doi.org/10.1016/j.renene.2017.07.058
https://doi.org/10.3390/jmse10020177
https://doi.org/10.1038/s41586-021-03302-y
https://doi.org/10.1038/s41586-021-03302-y
https://www.emec.org.uk/about-us/
https://www.ferc.gov/sites/default/files/2020-06/P-13511-003-EA.pdf
https://www.ferc.gov/sites/default/files/2020-06/P-13511-003-EA.pdf
https://doi.org/10.13140/RG.2.2.10406.24649
https://doi.org/10.13140/RG.2.2.10406.24649
https://doi.org/10.13140/RG.2.2.11559.68001
https://doi.org/10.13140/RG.2.2.11559.68001
https://doi.org/10.1371/journal.pone.0275978
https://doi.org/10.1371/journal.pone.0275978
https://doi.org/10.3390/jmse7020022
https://doi.org/10.1121/1.5129678
https://doi.org/10.1121/1.5129678
https://doi.org/10.1371/journal.pone.0229058
https://doi.org/10.1371/journal.pone.0229058
https://doi.org/10.1002/aqc.3660
https://doi.org/10.3390/jmse10050687
https://doi.org/10.3390/jmse10050687
https://doi.org/10.1016/j.renene.2019.02.052
https://doi.org/10.1016/j.renene.2019.02.052
https://doi.org/10.3390/en6052562

Williamson, B. 2020. Environmental moni-
toring technologies and techniques for de-
tecting interactions of marine animals with
turbines. In: OES-Environmental 2020
State of the Science Report: Environmental
Effects of Marine Renewable Energy Devel-
opment Around the World, Eds. Copping,
A., & Hemery, L., pp. 176-213. United
States: OSTLgov. https://doi.org/10.2172/
1633202.

Haxel, J., Zang, X., Martinez, J., Polagye, B.,
Staines, G., Deng, Z., ... O’Byrne, P. 2022.
Underwater noise measurements around a
tidal turbine in a busy port setting. Journal of
Marine Science and Engineering. 10(5):1-16.
https://doi.org/10.3390/jmse10050632.

Hemery, L., Garavelli, L., Copping, A., Farr,
H., Jones, K., Baker-Horne, N., ... Verling,
E. 2024. Animal displacement from marine
energy development: Mechanisms and conse-
quences. Science of The Total Environment.
917:1-12. https://doi.org/10.1016/].
scitotenv.2024.170390.

Hemery, L., Mackereth, K., & Tugade, L.
2022. What's in my toolkit? A review of
technologies for assessing changes in habitats
caused by marine energy development.
Journal of Marine Science and Engineering.
10(1):1-42. hteps://doi.org/10.3390/
jmse10010092.

International Electrochemical Commission.
2024. Technical Committee 114 Marine
Energy—Wave, Tidal and Other Water Cur-
rent Converters. Geneva, Switzerland. hteps://

iec.ch/dyn/www/f2p=103:7:0::::FSP_ORG_ID.

International Energy Agency-Ocean Energy
Systems. 2024. Annual Report: An Overview
of Ocean Energy Activities in 2023. Lisbon,

Portugal, p. 228. https://www.ocean-energy-

systems.org/publications/oes-annual-reports/.

International Panel on Climate Change.
2023. Climate Change 2023: Synthesis re-
port. Contribution of Working Groups I, II
and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change.
IPCC, Geneva, Switzerland, pp. 35-115.
https://doi.org/10.59327/IPCC/ARG-
9789291691647.

Isaksson, N., Masden, E., Williamson, B.,
Costagliola-Ray, M., Slingsby, J., Houghton,
J., & Wilson, J. 2020. Assessing the effects of
tidal stream marine renewable energy on sea-
birds: A conceptual framework. Marine Pol-
lution Bulletin. 157:1-13. https://doi.org/10.
1016/j.marpolbul.2020.111314.

Johnston, D. 2019. Investigating the foraging
ecology of black guillemots Cepphus grylle in
relation to tidal stream turbines and marine
protected areas. Ph.D. thesis, University of the
Highlands and Islands.

Johnston, D., Furness, R., Robbins, A.,
Tyler, G., Mcllvenny, J., & Masden, E. 2021.
Tidal stream use by black guillemots Cepphus
grylle in relation to a marine renewable energy
development. Marine Ecology Progress Series.
669:201-12. https://doi.org/10.3354/
meps13724.

Langhamer, O. 2009a. Colonization of Blue
Mussels (Mytilus Edulis) on Offshore Wave
Power Installations. Report by Uppsala
University.

Langhamer, O. 2009b. Wave Energy Con-
version and the Marine Environment: Colo-
nization Patterns and Habitat Dynamics.

Ph.D. thesis, Uppsala University.

Langhamer, O. 2010. Effects Of wave energy
converters on the surrounding soft-bottom
macrofauna (west coast of Sweden). Marine
Environmental Research. 69(5):374-81. https://
doi.org/10.1016/j.marenvres.2010.01.002.

Langhamer, O. 2016. The location of off-
shore wave power devices structures epifaunal
assemblages. International Journal of Marine
Energy. 16:174-80. https://doi.org/10.1016/
j.ijome.2016.07.007.

Langhamer, O., Haikonen, K., & Sundberg,
J. 2010. Wave power—Sustainable energy or
environmentally costly? A review with special
emphasis on linear wave energy converters.
Renewable and Sustainable Energy Reviews.
14(4):1329-35. https://doi.org/10.1016/j.
rser.2009.11.016.

Langhamer, O., & Wilhelmsson, D. 2007.
Wave power devices as artificial reefs. In: 7th
European Wave and Tidal Energy Conference
(EWTEC), Porto, Portugal.

Langhamer, O., & Wilhelmsson, D. 2009.
Colonisation of fish and crabs of wave energy
foundations and the effects of manufactured
holes—A field experiment. Marine Environ-
mental Research. 68(4):151-57. https://doi.
org/10.1016/j.marenvres.2009.06.003.

Langhamer, O., Wilhelmsson, D., &
Engstrom, J. 2009a. Artificial reef effect and
fouling impacts on offshore wave power
foundations and buoys—A pilot study.
Estuarine, Coastal and Shelf Science.
82(2):426-32. https://doi.org/10.1016/j.ecss.
2009.02.009.

Langhamer, O., Wilhelmsson, D., &
Engstrom, J. 2009b. Development of Inver-
tebrate Assemblages and Fish on Offshore
Wave Power. In: 28th International Confer-
ence on Ocean, Offshore & Arctic Engineer-
ing (OMAE), Honolulu, Hawaii, USA.
https://doi.org/10.1115/OMAE2009-79239.

Leijon, M., Bostrom, C., Danielsson, O.,
Gustafsson, S., Haikonen, K., Langhamer,
0., ... Waters, R. 2008. Wave energy from
the north sea: Experiences from the Lysekil
Research Site. Surveys in Geophysics.
29(3):221-40. https://doi.org/10.1007/
s10712-008-9047x.

Lejerskog, E., Gravrakmo, H., Savin, A.,
Stromstedst, E., Tyrberg, S., Haikonen, K., ...
Leijon, M. 2011. Lysekil Research Site,
Sweden: A status update. In: 9th European
Wave and Tidal Energy Conference
(EWTEC), Southampton, UK.

LiVecchi, A., Copping, A., Jenne, D., Gorton,
A., Preus, A, Gill, G,, ... Spence, H. 2019.
Powering the Blue Economy; Exploring op-
portunities for marine renewable energy in
maritime markets. U.S. Department of Energy,
Office of Energy Efficiency and Renewable
Energy. Washington, D.C., p. 207. https://doi.
org/10.2172/1525367.

Long, C. 2017. Analysis of the Possible Dis-
placement of Bird and Marine Mammal Spe-
cies Related to the Installation and Operation
of Marine Energy Conversion Systems (Report
No. 947). Report by Scottish Natural Heritage.
Report for Scottish Natural Heritage.

Love, M., Vellappally, A., Roy, P., Smith, K.,
McPherson, G., & Gold, D. 2023. Automated

Summer 2024 Volume 58 Number 3 85


https://doi.org/10.2172/1633202
https://doi.org/10.2172/1633202
https://doi.org/10.3390/jmse10050632
https://doi.org/10.1016/j.scitotenv.2024.170390
https://doi.org/10.1016/j.scitotenv.2024.170390
https://doi.org/10.3390/jmse10010092
https://doi.org/10.3390/jmse10010092
https://iec.ch/dyn/www/f?p=103:7:0::::FSP_ORG_ID
https://iec.ch/dyn/www/f?p=103:7:0::::FSP_ORG_ID
https://www.ocean-energy-systems.org/publications/oes-annual-reports/
https://www.ocean-energy-systems.org/publications/oes-annual-reports/
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.marpolbul.2020.111314
https://doi.org/10.1016/j.marpolbul.2020.111314
https://doi.org/10.3354/meps13724
https://doi.org/10.3354/meps13724
https://doi.org/10.1016/j.marenvres.2010.01.002
https://doi.org/10.1016/j.marenvres.2010.01.002
https://doi.org/10.1016/j.ijome.2016.07.007
https://doi.org/10.1016/j.ijome.2016.07.007
https://doi.org/10.1016/j.rser.2009.11.016
https://doi.org/10.1016/j.rser.2009.11.016
https://doi.org/10.1016/j.marenvres.2009.06.003
https://doi.org/10.1016/j.marenvres.2009.06.003
https://doi.org/10.1016/j.ecss.2009.02.009
https://doi.org/10.1016/j.ecss.2009.02.009
https://doi.org/10.1115/OMAE2009-79239
https://doi.org/10.1007/s10712-008-9047-x
https://doi.org/10.1007/s10712-008-9047-x
https://doi.org/10.2172/1525367
https://doi.org/10.2172/1525367

detection of wildlife in proximity to marine
renewable energy infrastructure using machine
learning of underwater imagery. In: 15th Eu-
ropean Wave and Tidal Energy Conference
(EWTEC 2023), Bilbao, Spain. https://doi.
0rg/10.36688/ewtec-2023-623.

Lynas, M., Houlton, B., & Perry, S. 2021.
Greater than 99% consensus on human
caused climate change in the peer-reviewed
scientific literature. Environmental Research
Letters. 16 https://doi.org/10.1088/1748-
9326/ac2966.

Marine Energy Test Area (META)—Wales’
Test Center. 2024. https://www.meta.wales/.

Marine Scotland. 2024. 6th ScotMER Sym-
posium: Marine mammals presentation. In:
6th Symposium of the Scottish Marine Energy
Research Programme (ScotMER), Online.

Martinez, M.L., Vizquez, G., Pérez-Maqueo,
., Silva, R., Moreno-Casasola, P., Mendoza-
Gonzdlez, G., ... Lara-Dominguez, A. 2021.
A systemic view of potential environmental
impacts of ocean energy production. Renew-
able and Sustainable Energy Reviews.
149:1-13. https://doi.org/10.1016/j.rser.
2021.111332.

Matzner, S., Trostle, C., Staines, G., Hull, R.,
Avila, A., & Harker Klimes, G. 2017. Triton:
Igiugig fish video analysis report by Pacific
Northwest National Laboratory for US De-
partment of Energy (PNNL 26576), p. 60.
Sequim, Washington, US. https://doi.org/10.
2172/2348943.

McPherson, G. 2018. Marine Scotland
Licence Application and Shetland Islands
Council Works License Application Shetland
Tidal Array Extension—Environmental As-
sessment Report. Report by Nova Innovation
Ltd for Marine Scotland, Shetland Islands
Council, p. 30.

MeyGen. 2012. MeyGen Tidal Energy
Project Phase 1 Environmental Statement.
https://marine.gov.scot/datafiles/lot/Meygen/
Environmental_statement/Complete%20ES.pdf.

MeyGen. 2015. MeyGen Tidal Energy Pro-
ject Phase 1 Electromagnetic Fields Best

Practice Report, p. 17. https://marine.gov.

scot/sites/default/files/electromagnetic_fields_

emf_best_practice_report_-_september_

2015.pdf.

MeyGen. 2016. MeyGen Tidal Energy Pro-
ject Phase 1 Project Environmental Monitor-
ing Programme. https://marine.gov.scot/sites/
default/files/project_environmental

monitoring_programme_pemp.pdf.

Minesto. 2016. Deep Green Holyhead Deep
Project Phase I (0.5 MW)—Environmental
Statement. Report no: 1L-100194-S14-EIAS-001.

Ocean Renewable Power Company. 2014.
RivGen Current Flow Measurements, Igiugig,

A. hteps://doi.org/10.15473/1418350.

Offshore Renewables Joint Industry Pro-
gram. 2024. hetps://www.orjip.org.uk/sites/
default/files/ ORJIP%200cean%20Energy%
20Forward%20Look%203%20FINAL.pdf.

Onoufriou, J., Brownlow, A., Moss, S.,
Hastie, G., & Thompson, D. 2019. Empirical
determination of severe trauma in seals from
collisions with tidal turbine blades. Journal of
Applied Ecology. 56(7):1712-24. https://doi.
org/10.1111/1365-2664.13388.

PacWave. 2024. https://pacwaveenergy.org/.

Palmer, L., Gillespie, D., Macaulay, J.,
Onouftiou, J., Spatling, C., Thompson, D.,
& Hastie, G. 2019. Marine Mammals and
Tidal Energy. SMRU Report to Marine
Scotland, Scottish Government. http://www.
smru.st-andrews.ac.uk/files/2020/02/MRE1-
yrd_annual-rep_web.pdf.

Preist, J., & Nemeth, M. 2015. Data Analysis
for Monitoring of the RivGen® in the
Kvichak River. Memo for Ocean Renewable
Power Company, p. 12. Anchorage Alaska.
hetps://orpc.co/storage/2022/02/2015-LGL-
Report-for-RivGen.pdf.

Rémouit, F., Chatzigiannakou, M., Bender,
A., Temiz, 1., Sundberg, J., & Engstrom, J.
2018. Deployment and maintenance of wave
energy converters at the Lysekil Research
Site: A comparative study on the use of
divers and remotely-operated vehicles.
Journal of Marine Science and Engineering.
6(2):1-21. https://doi.org/10.3390/
jmse6020039.

86 Marine Technology Society Journal

Risch, D., Marmo, B., van Geel, N., Gillespie,
D., Hastie, G., Sparling, C., ... Wilson, B.
2023. Underwater noise of two operational
tidal stream turbines: A comparison. The Ef
fects of Noise on Aquatic Life. 1-22. htps://
doi.org/10.1007/978-3-031-10417-6_135-1.

Risch, D., van Geel, N., Gillespie, D., &
Wilson, B. 2020. Characterisation of under-
water operational sound of a tidal stream tur-
bine. The Journal of the Acoustical Society of
America. 147(4):2547-55. https://doi.org/10.
1121/10.0001124.

Rose, D., Freeman, M., & Copping, A. 2023.
Engaging the regulatory community to aid
environmental consenting/permitting process-
es for marine renewable energy. International
Marine Energy Journal. 6(2):55-61. https://
doi.org/10.36688/imej.6.55-61.

Small Islands Developing States (SIDS)
Dock. 2021. Global Ocean Energy Alliance.
https://sidsdock.org/no-more-leaders-from-
small-islands-abandoning-fossil-fuels-for-

ocean-energy/.

Smith, K. 2021. Shetland Tidal Array Moni-
toring Report: Subsea video monitoring (Re-
port No. EnFAIT-0364 Version 4.0). Report
by Nova Innovation for Marine Scotland,

Shetland Islands Council, p. 76.

Smith, K. 2022. Shetland Tidal Array Project
Environmental Monitoring Plan (Report No.
EnFAIT-0362 Version 6.0). Report by Nova
Innovation for Marine Scotland, Shetland
Islands Council, p. 85.

Smith, K., Date, H., & Waggitt, J. 2021.
Shetland Tidal Array Monitoring Report:
Vantage point surveys (Report No. EnFAIT-
0347 Version 5.0). Report by Nova Innova-
tion for Marine Scotland, Shetland Islands
Council, p. 111.

Smith, K., & Simpson, N. 2018. Enabling
Future Arrays in Tidal: Y1 Environmental
Monitoring Report (Report No. EnFAIT-EU-
0035). Report by Nova Innovation for the
European Union, p. 16.

Sparling, C., Seitz, A., Masden, E., & Smith,
K. 2020. Collision risk for animals around
turbines. In: OES-Environmental 2020 State


https://doi.org/10.36688/ewtec-623
https://doi.org/10.36688/ewtec-623
https://doi.org/10.1088/1748-ac2966
https://doi.org/10.1088/1748-ac2966
https://www.meta.wales/
https://doi.org/10.1016/j.rser.2021.111332
https://doi.org/10.1016/j.rser.2021.111332
https://doi.org/10.2172/2348943
https://doi.org/10.2172/2348943
https://marine.gov.scot/datafiles/lot/Meygen/Environmental_statement/Complete%20ES.pdf
https://marine.gov.scot/datafiles/lot/Meygen/Environmental_statement/Complete%20ES.pdf
https://marine.gov.scot/sites/default/files/electromagnetic_fields_emf_best_practice_report_-september_2015.pdf
https://marine.gov.scot/sites/default/files/electromagnetic_fields_emf_best_practice_report_-september_2015.pdf
https://marine.gov.scot/sites/default/files/electromagnetic_fields_emf_best_practice_report_-september_2015.pdf
https://marine.gov.scot/sites/default/files/electromagnetic_fields_emf_best_practice_report_-september_2015.pdf
https://marine.gov.scot/sites/default/files/project_environmental_monitoring_programme_pemp.pdf
https://marine.gov.scot/sites/default/files/project_environmental_monitoring_programme_pemp.pdf
https://marine.gov.scot/sites/default/files/project_environmental_monitoring_programme_pemp.pdf
https://doi.org/10.15473/1418350
https://www.orjip.org.uk/sites/default/files/ORJIP%20Ocean%20Energy%20Forward%20Look%203%20FINAL.pdf
https://www.orjip.org.uk/sites/default/files/ORJIP%20Ocean%20Energy%20Forward%20Look%203%20FINAL.pdf
https://www.orjip.org.uk/sites/default/files/ORJIP%20Ocean%20Energy%20Forward%20Look%203%20FINAL.pdf
https://doi.org/10.1111/136513388
https://doi.org/10.1111/136513388
https://pacwaveenergy.org/
http://www.smru.stndrews.ac.uk/files/2020/02/MRE1-r4_annual-ep_web.pdf
http://www.smru.stndrews.ac.uk/files/2020/02/MRE1-r4_annual-ep_web.pdf
http://www.smru.stndrews.ac.uk/files/2020/02/MRE1-r4_annual-ep_web.pdf
https://orpc.co/storage/2022/02/2015-GL-eportor-ivGen.pdf
https://orpc.co/storage/2022/02/2015-GL-eportor-ivGen.pdf
https://doi.org/10.3390/jmse6020039
https://doi.org/10.3390/jmse6020039
https://doi.org/10.1121/10.0001124
https://doi.org/10.1121/10.0001124
https://sidsdock.org/nooreeadersrom-mallslandsbandoningossiluelsorceannergy/
https://sidsdock.org/nooreeadersrom-mallslandsbandoningossiluelsorceannergy/
https://sidsdock.org/nooreeadersrom-mallslandsbandoningossiluelsorceannergy/

of the Science Report: Environmental Effects
of Marine Renewable Energy Development
Around the World, Eds. Copping, A., &
Hemery, L., pp. 176-213. United States:
OSTI.gov. https://doi.org/10.2172/1632881.

TerraSond Ltd. 2011. Kvichak River RISEC
Project—Resource Reconnaissance & Physical
Characterization Final Report. Prepared for
State of Alaska Department of Community
and Economic Development, p. 95. Palmer,
Alaska. https://mhkdr.openei.org/files/82/
Terrasond_Igiugig Site_Characterization_
Final_Report%2012.9.2011.pdf.

Taormina, B., Bald, J., Want, A., Thouzeau,
G., Lejart, M., Desroy, N., & Carlier, A.
2018. A review of potential impacts of sub-
marine power cables on the marine environ-
ment: Knowledge gaps, recommendations and
future directions. Renewable and Sustainable
Energy Reviews. 96:380-91. https://doi.org/
10.1016/j.rser.2018.07.026.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024a. Ocean
Energy Systems—Environmental. hteps://

tethys.pnnl.gov/about-oes-environmental.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024b. Marine
Energy Metadata. https://tethys.pnnl.gov/

marine-energy-metadata.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024c. MeyGen
Tidal Energy Project. https://tethys.pnnl.gov/

project-sites/meygen-tidal-energy-project.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024d. Nova
Innovation — Shetland Tidal Array. heeps://
tethys.pnnl.gov/project-sites/nova-innovation-

shetland-tidal-array.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024e. Marmok
A-5 Wave Energy Converter. https://tethys.
pnnl.gov/project-sites/marmok-5-wave-

energy—converter.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024f. Biscay
Marine Energy Platform (BiMEP). hteps://
tethys.pnnl.gov/project-sites/biscay-marine-

energy-platform-bimep.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024g. Lysekil
Wave Energy Site. https://tethys.pnnl.gov/

project-sites/lysekil-wave-energy-site.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024h. RivGen
Power System. https://tethys.pnnl.gov/

project-sites/rivgenr-power-system.

Tethys Environmental Effects of Wind and
Marine Renewable Energy. 2024i. https://
tethys.pnnl.gov/.

Thomson, ]., Kilcher, L., & Polagye, B. 2014.
RivGen Current Flow Measurements, Igiugig,
AK. United States. https://doi.org/10.15473/
1418350.

United Nations. 2024. Department of Eco-
nomic and Social Affairs. Sustainable Devel-

opment Goals. hteps://sdgs.un.org/goals.

Whiting, J., Copping, A., Freeman, M., &
Woodbury, A. 2019. Tethys knowledge
management system: Working to advance the
marine renewable energy industry. Interna-
tional Marine Energy Journal. 2(1):29-38.
https://doi.org/10.36688/imej.2.29-38.

‘Whiting, J., Garavelli, L., Farr, H., &
Copping, A. 2023. Effects of small marine energy
deployments on oceanographic systems. Inter-
national Marine Energy Journal. 6(2):45-54.
hetps://doi.org/10.36688/imej.6.45-54.

Whiting, J., Ricardo Castillo, C., Weers, J.,
Peterson, K., Peplinski, W., Ruehl, K., ...
Morris, S. 2023. Knowledge management for
the marine energy industry: PRIMRE.
IntechOpen. https://doi.org/10.5772/
intechopen.1002355.

Wilhelmsson, D., & Langhamer, O. 2014.
The influence of fisheries exclusion and addi-
tion of hard substrata on fish and crustaceans.
In: Marine Renewable Energy Technology
and Environmental Interactions, Eds. Shields,
M., & Payne, A., pp. 49-60. Dordrecht:
Springer. https://doi.org/10.1007/978-94-
017-8002-5_5.

Williamson, B., Fraser, S., Mcllvenny, J.,
Couto, A., Chapman, J., Wade, H., ... Scott, B.
2018. Muld-platform studies of the MeyGen
tidal energy site—Using UAV's to measure

animal distributions and hydrodynamic

features. In: MASTS: Annual Science Meeting,
Glasgow, UK. https://www.masts.ac.uk/media/
36585/gss2-abstracts.pdf.

Wojtarowski, A., Martinez, M.L., Silva, R,,
Vizquez, G., Enriquez, C., Lépez-Portillo,
J., ... Lithgow, D. 2021. Renewable energy
production in a Mexican biosphere reserve:
Assessing the potential using a multidisci-
plinary approach. Science of the Total Envi-
ronment. 776:1-13. https://doi.org/10.1016/
j.scitotenv.2021.145823.

Wolf; J., Woolf, D., & Bricheno, L. 2020.
Impacts of climate change on storms and
waves relevant to the coastal and marine en-
vironment around the UK. Marine Climate
Change Impacts Partnership Science Review.
2020:132-57. https://doi.org/10.14465/
2020.arc07.saw.

Summer 2024 Volume 58  Number 3 87


https://doi.org/10.2172/1632881
https://mhkdr.openei.org/files/82/Terrasond_Igiugig_Site_Characterization_Final_Report%2012.9.2011.pdf
https://mhkdr.openei.org/files/82/Terrasond_Igiugig_Site_Characterization_Final_Report%2012.9.2011.pdf
https://mhkdr.openei.org/files/82/Terrasond_Igiugig_Site_Characterization_Final_Report%2012.9.2011.pdf
https://doi.org/10.1016/j.rser.2018.07.026
https://doi.org/10.1016/j.rser.2018.07.026
https://tethys.pnnl.gov/aboutesnvironmental
https://tethys.pnnl.gov/aboutesnvironmental
https://tethys.pnnl.gov/marinenergyetadata
https://tethys.pnnl.gov/marinenergyetadata
https://tethys.pnnl.gov/project-ites/meygen-idalnergy-roject
https://tethys.pnnl.gov/project-ites/meygen-idalnergy-roject
https://tethys.pnnl.gov/project-ites/novannovation-hetland-idalrray
https://tethys.pnnl.gov/project-ites/novannovation-hetland-idalrray
https://tethys.pnnl.gov/project-ites/novannovation-hetland-idalrray
https://tethys.pnnl.gov/project-ites/marmok-wavenergyonverter
https://tethys.pnnl.gov/project-ites/marmok-wavenergyonverter
https://tethys.pnnl.gov/project-ites/marmok-wavenergyonverter
https://tethys.pnnl.gov/project-ites/biscayarinenergy-atformimep
https://tethys.pnnl.gov/project-ites/biscayarinenergy-atformimep
https://tethys.pnnl.gov/project-ites/biscayarinenergy-atformimep
https://tethys.pnnl.gov/project-ites/lysekil-avenergy-ite
https://tethys.pnnl.gov/project-ites/lysekil-avenergy-ite
https://tethys.pnnl.gov/
https://tethys.pnnl.gov/
https://tethys.pnnl.gov/
https://doi.org/10.15473/1418350
https://doi.org/10.15473/1418350
https://sdgs.un.org/goals
https://doi.org/10.5772/intechopen.1002355
https://doi.org/10.5772/intechopen.1002355
https://doi.org/10.1007/978-017-5_5
https://doi.org/10.1007/978-017-5_5
https://www.masts.ac.uk/media/36585/gss2bstracts.pdf
https://www.masts.ac.uk/media/36585/gss2bstracts.pdf
https://doi.org/10.1016/j.scitotenv.2021.145823
https://doi.org/10.1016/j.scitotenv.2021.145823
https://doi.org/10.14465/2020.arc07.saw
https://doi.org/10.14465/2020.arc07.saw

	This link is https://doi.org/10.36688/imej.2.29-,",
	This link is https://doi.org/10.36688/imej.6.45-,",
	This link is https://doi.org/10.1007/978-031-6_135-,",
	This link is https://doi.org/10.36688/imej.6.55-,",

