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Abstract: Recommendations derived from papers documenting the Triton Field Trials (TFiT) study of
marine energy environmental monitoring technology and methods under the Triton Initiative (Triton),
as reported in this Special Issue, are summarized here. Additionally, a brief synopsis describes how to
apply the TFiT recommendations to establish an environmental monitoring campaign, and provides
an overview describing the importance of identifying the optimal time to perform such campaigns.
The approaches for tracking and measuring the effectiveness of recommendations produced from
large environmental monitoring campaigns among the stakeholder community are discussed. The
discussion extends beyond the initial scope of TFiT to encourage discussion regarding marine energy
sustainability that includes life cycle assessment and other life cycle sustainability methodologies.
The goal is to inspire stakeholder collaboration across topics associated with the marine energy
industry, including diversity and inclusion, energy equity, and how Triton’s work connects within
the context of the three pillars of energy sustainability: environment, economy, and society.

Keywords: marine energy; life cycle assessment; sustainable energy; environmental monitoring;
renewable energy

1. Introduction

As society transitions to clean energy solutions to reduce the impacts of climate
change and minimize biodiversity loss, associated ecological changes will occur at sites
where renewable marine and wind energy sources are extracted [1–3]. Marine energy
(ME) devices harness energy from waves, tidal currents, ocean currents, ocean thermal
gradients, and river currents [4]. The types of energy devices, such as wave and tidal
energy converters, are as unique as the environments proposed to host these new clean-
energy technologies. ME developments may extend beyond the footprint of existing oil
and gas extraction in terrestrial and marine habitats to maximize the amount of energy
generated [5]. As ME sites are explored through the resource characterization process, there
is an opportunity to characterize the biodiversity and resilience within these important
marine ecosystems. ME devices may create new habitats where an increase in biodiversity
thrives, or they may cause a loss in biodiversity resulting from deleterious effects [6]. The
Triton Initiative (Triton) aims to support the development of advanced and cost-effective
environmental monitoring technologies for ME applications to understand these potential
effects better. The novelty of the Triton Field Trials (TFiT) research conducted under the
auspices of the US Department of Energy’s Water Power Technology Office has been
the opportunity to perform environmental monitoring using diverse technologies and
methodologies involving ME devices to evaluate their environmental impacts.
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Currently, only a few ME deployment locations existing in the United States are used
to advance research and development, and demonstrate the technical readiness of devices
for commercial ME deployments [7]. Although the evaluation of environmental impacts
from these devices is a high priority for industry and regulators, opportunities to perform
environmental monitoring have been limited because of the lack of deployed devices,
resulting in high levels of uncertainty for regulators. Uncertainty of what will happen to the
environment when an ME device is deployed leads to lengthy project-review periods used
to gather sufficient knowledge about the environmental baseline and evaluate mitigation
for potential risk—both of which result in significant project costs for developers [8,9]. To
reduce uncertainty, data collection around operational ME devices is required (1) to fill
knowledge gaps and (2) to validate models. TFiT was created to address these uncertainties
as part of the Triton Initiative’s efforts to support the development of advanced and cost-
effective environmental monitoring technologies for ME applications [7]. Throughout
2020 and 2021, TFiT explored ways to promote consistent environmental data collection
and enable transferability across ME device types and locations, while emphasizing cost-
effectiveness [7]. TFiT studies contribute datasets and recommendations to regulators and
other stakeholders in the ME industry. In turn, TFiT outcomes and recommendations can
be used to help future projects to assess the environmental risk posed by ME installations,
reducing uncertainty, and informing the permitting and authorization process in a more
efficient manner [7].

In this Special Issue, recommendations for monitoring technologies and methodolo-
gies are evaluated for four common environmental concerns: collision risk [10], underwater
noise [11], electromagnetic fields (EMFs) [12], and changes in habitat [13,14]. The research
reviewed technologies and methods to measure the impacts of ME devices in the open
ocean and riverine environments around current energy converter (CEC) devices and a
wave energy converter (WEC). During the course of performing these other tests, TFiT re-
search identified a potential new stressor—anthropogenic light [15]. Furthermore, the TFiT
recommendations provided empirical data that can inform models (as identified in [16]) and
field-tested technology approaches for measuring various stressors (as identified in [17]).

During the conception of TFiT, emphasis was placed on creating pathways for outreach
and engagement to engage with and distribute the recommendations to decision makers,
industry partners, and other academic and research institutions [18]. The dissemination
strategy started with publishing all TFiT-derived recommendations in this open-access
Special Issue for stakeholders to access in one location.

Holistic Sustainability Considerations for Marine Energy

Marine environments contain substantial renewable energy potential, equivalent
to meeting the world’s current electricity demand many times over [19]. Meanwhile,
concerns about climate change have motivated the global energy transition from fossil
fuels to more carbon-neutral renewable sources. Although ME is still in the early stages of
development compared to solar and wind energy capture, with increasing investment and
technology advancements, ME could become an important contributor to a low-carbon
energy future [20]. ME is also a key component of the broader Blue Economy, defined
as “the sustainable use of ocean resources for economic growth, improved livelihoods,
and jobs while preserving the health of ocean ecosystems” [21]. The Triton Initiative and
TFiT are vital components of ensuring that ME development and deployment meet the
lofty goals set forth by the Blue Economy [22]. Early monitoring efforts for environmental
impacts, such as TFiT, are essential for addressing environmental issues and concerns at the
forefront of the energy transition to renewable sources. However, a holistic sustainability
assessment covering environmental, economic, and social dimensions is also essential for
minimizing the tradeoffs and maximizing the benefits of ME implementation that support
the energy transition, community wellbeing, and economic prosperity.

In researching environmental monitoring practices, Triton identified several gaps in
the research about implementing environmental monitoring practices and considerations
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for holistic sustainability for ME. Due to the novelty of ME devices, uncertainty around
their impacts, and the lack of established ME test sites and subsequent data transferability,
there is a need for site-specific spatial and temporal monitoring, along with inclusion of life
cycle sustainability assessments, to address uncertainty comprehensively. Communication
and involvement among stakeholders play a critical role in understanding the effectiveness
of such monitoring and sustainability efforts [23]. This paper addresses these gaps by
offering summaries of current published monitoring recommendations, a use case for
temporal planning for monitoring, considerations for measuring communication and
outreach effectiveness, and a discussion of the broader impacts on energy sustainability.

2. Special Issue Summary and Discussion

The following discussion integrates the TFiT research into existing interests among
the ME community at large. A high-level summary of the TFiT recommendations, along
with discussions in the context of the implementation of TFiT recommendations and
measuring the effectiveness of the recommendations, is provided. Awareness for adding
temporal parameters to environmental monitoring campaigns to maximize data collection
is addressed. In conclusion, a broad discussion on ME sustainability and where the TFiT
campaign contributes to this area of interest is included.

2.1. Summary of TFiT Recommendations

The papers in this Special Issue address collision risk, underwater noise, EMFs,
changes in habitat, anthropogenic light, physical and biological modeling, and science
communication, outreach, and engagement, and provide the recommendations summa-
rized below. Additionally, we provide a high-level overview of the four stressors tested in
the field, including the test sites and types of ME devices, to showcase the complexity of
environmental monitoring efforts included in the TFiT (Figure 1).

Figure 1. Technology and field trial locations for each stressor. Illustration modified from [7] to
include energy device types (illustration by Stephanie King).

2.1.1. Collision Risk Recommendation Summary

The collision risk technology included an underwater acoustic imaging camera de-
ployed at two tidal turbines: one testing in the Tanana River in Alaska, and the other at
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Portsmouth Memorial Bridge in New Hampshire (Figure 1). The use of acoustic cameras is
recommended where turbid water precludes the use of video cameras to inform decisions
made about collision risk [10]. The selection of an acoustic camera should be informed by
the size of the fish expected in the field setting as well as the detection range needed. This
information will allow researchers to choose an acoustic camera that has the appropriate
operating frequency and image resolution for the intended test environment. The image
quality of fish targets can be degraded if the fish are moving faster than the acoustic cam-
eras can create the associated images. Attenuation and low signal-to-noise ratios for fish
targets can occur when conditions feature suspended water column debris and entrained
air. Acoustic cameras are effective in turbid water conditions in place of video cameras,
but have target detection and classification limitations that researchers should be aware
of and prepare for. Prior knowledge of these limitations will help researchers to choose
the acoustic camera best suited to mitigating these undesirable conditions. Models that
inform decisions made about collision risk, such as encounter rate models, have been
introduced, but have only rarely been parameterized with empirical data. Fish behaviors
such as avoidance and evasion are important for informing models, and acoustic cameras
provide evidence of these behaviors. However, challenges remain for acoustic camera use,
and further testing and methodological refinement are needed to gather fish behavior data
to inform models most effectively.

2.1.2. Underwater Noise Recommendation Summary

The International Electrotechnical Commission (IEC) 62600-40 Technical Specification
(TS) provides a valuable framework and guidance for selecting equipment and conducting
data collection, analysis, and presentation of results for underwater noise measurements
and acoustic characterization of CECs [11]. The IEC 62600-40 TS should be followed to
the greatest extent possible to collect the most transferable data and analysis for compar-
isons across sites and devices [11]. An underwater noise field effort deployed a drifting
hydrophone at the Portsmouth Memorial Bridge in New Hampshire and performed calibra-
tion tests in Sequim Bay (Figure 1). Still, given the logistical challenges and data limitations,
some modifications to field and analysis efforts will be needed to acquire meaningful data.
For instance, moving the measurement zones to accommodate flow characteristics and
avoid site-specific obstacles (e.g., reefs, piers, pilings) might be required [11]. Additionally,
for acoustic measurements of CECs, flow shield mitigation strategies are critical [24,25]. An-
other mitigation strategy is to use the ability to record at night with reduced boat traffic to
improve data quality and enable recording during peak flows that occur during dark hours,
along with higher turbine power generation states. Furthermore, in situ acoustic measure-
ments can be used to parameterize underwater noise-modeling efforts for future device
deployments and provide important validation of model outputs at active project sites.

2.1.3. Electromagnetic Fields Recommendation Summary

The power cables to connect ME and offshore wind devices to land are shielded
from the electrical component of the EMF, but the magnetic component persists [26].
Technologies used to measure background versus anthropogenic EMFs are not as advanced
as other underwater environmental monitoring technologies. The EMF tests did not test
around an ME device; rather, they focused on gathering EMF background and powered
cable measurements to validate the technology and methods used in Sequim Bay (Figure 1).
Two sensors were evaluated: one sensor measured the magnitude of the total magnetic
field, and provided more reliable measurements of the magnetic field than a modified
but less expensive sensor [12]. Test results indicate that taking a background magnetic
field survey is important for assessing both the impacts of the cable and what natural
fluctuations organisms may encounter in the benthic or pelagic habitat. To minimize EMF
uncertainty, modeling different types of typical ME cables using background magnetic
field surveys is recommended [12]. Modeling results may also aid in designing cable
layouts for future installations. For modeling to contribute effectively to determining
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the EMF stressor, acquiring EMF background data to inform the localized natural EMF
measurements is essential.

2.1.4. Changes in Habitat Recommendation Summary

Because of the high diversity of possible habitat changes and technologies available
to monitor these changes, it is recommended that surveyors identify early which habitat
categories and potential effects they will monitor, so that they can select the appropriate
technology [14]. Technologies and sampling methods that are adaptable and designed
for working efficiently in energetic environments should be favored, along with sampling
designs and statistical analyses carefully thought out to identify differences in faunal as-
semblages and spatiotemporal changes in habitats. Many technologies come in various
sizes and shapes, and the best options for monitoring high-energy environments may be
the most adaptable ones. Changes in habitat technology deployment included a 360-degree
underwater video camera near a wave energy converter during testing at the Scripps Insti-
tution of Oceanography in California [13] (Figure 1). The 360-degree video lander approach
provides a useful solution for monitoring the artificial reef and fish-aggregating device
effects of ME installations, without the constraints and limitations inherent to remotely
operated vehicles and scuba divers [13]. Despite some challenges (e.g., the stitching process
being tricky for beginners), 360-degree cameras are useful tools for monitoring animals’
interactions with ME devices. In addition, many different modeling approaches used in
ecology in general can be applied to various aspects related to changes in habitats, but very
few have been used in the ME context, and input data are often missing.

2.1.5. Anthropogenic Light Recommendation Summary

Light generated by humans is known to disturb animals that rely on ambient light
levels for critical life functions. Minimal information is known about this potential stressor
and how it relates to ocean renewable energy and associated marine navigation systems.
This research provided an important, initial review of the potential stressor, introducing
early mitigation strategies for reducing the impact of light at night [15]. Lighting for ME
devices should be minimized where possible to reduce their ecological impacts, especially
when the light is directed upward or into the water [15]. The use of timers, dimmers, flash-
ing lights, lower lighting intensities, and light-emitting diode lights are all recommended
best practices. Wildlife-friendly lighting spectra may also be employed where appropriate.
The minimum number and intensity of lights should be used when lighting open-ocean
structures for ME devices. General area floodlighting should be avoided, and the spe-
cific environment should be considered so that species of interest are minimally affected.
Anthropogenic lighting affects the environment in various ways, and different species
perceive light spectra uniquely [27]. A better understanding of the ecosystem-level effects
of lighting and the threshold sensitivities of various species is necessary. The development
of high-sensitivity instrumentation can help researchers studying the effects of lighting
better measure the light and improve the reporting of lighting characteristics [28].

2.1.6. Physical and Biological Modeling Recommendation Summary

A comprehensive approach to stressor–receptor interaction research, monitoring, and
modeling can advance the pace of ME development [16]. Predictive models can be used to
evaluate the potential effects of ME projects, extend the utility of existing monitoring data,
and prioritize future monitoring. The collection of empirical data for both physiological
and biological processes is necessary to improve physical and biological models. Given the
limited number of operating devices, it is essential for the ME industry to test its ability to
collect data to inform and validate models used to address stressor–receptor effects. An
investment to coordinate modeling and monitoring protocols includes identifying the most
appropriate models for the device and its setting, and employing data collection methods
that will best inform the models—standardizing data types and formats to streamline the
process and facilitate reuse of data and comparability between sites. Most modeling studies
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focus on single stressor–receptor interactions, thereby missing opportunities to leverage
monitoring information and more comprehensively address the physical and biological
effects of ME devices. Developing a modeling process that accounts for all stressor–receptor
interactions will streamline research and monitoring requirements and provide a holistic
approach to determining ME devices’ environmental effects. The published models of ME
devices’ environmental effects vary from well-developed to theoretical, and include few
observational data with operating devices present. There are no universally appropriate
models for all ME projects, but coordinating modeling approaches within and across
projects makes the best use of available data.

2.1.7. Communication Recommendation Summary

Increased access to information about various sections of the ME industry is needed [18].
It is highly recommended that ME projects implement communications and outreach frame-
works tailored to target audiences, such as research partners and industry stakeholders, to
effectively disseminate research to support the informed advancement of the ME industry.
Initial communication frameworks may start small and build content based on what most
effectively reaches target audiences. Framework elements may include building a website
that highlights the project mission and team, curating content for one social media platform,
launching a newsletter, or gathering data through surveys and platform analytics to track
success. Additionally, it is advisable for projects that implement a communication, out-
reach, and engagement framework to publish their results and lessons learned. By sharing
the ways ME projects improve communications with industry stakeholders and decision
makers, science communication efforts can most effectively contribute to the advancement
of the ME industry. For example, Triton found its pilot communications framework to be a
valuable method for communicating the project’s mission and disseminating results and
project information to key audiences. Given the breadth of Triton’s audiences and end-users
of research results and products, diverse tactics—including websites, blogs, newsletters,
social media, and webinars—were needed to reach each target audience. Metrics of success
were tailored to each communications channel based on available data, and more extensive
survey work is still needed to quantify audience understanding and perceptions. Partner-
ships with research collaborators were valuable for bolstering communications content and
increasing exposure to information.

2.2. Applying the TFiT Recommendations

TFiT’s environmental monitoring data collection around active ME devices enabled
the first-of-its-kind technology and methods recommendations, and provided a real-world
scenario for collaboration between developers, test sites, and researchers. TFiT recommen-
dations can inform which technologies and methods provide the most meaningful data as
they develop the environmental monitoring requirements around ME projects necessary to
expedite the permitting process. Monitoring has become a major feature of environmental
assessment and natural resource management over recent decades, largely as part of a
shift toward ensuring the sustainability of ecosystems and maintaining their ecological
resilience in the face of increasing anthropogenic pressures [29,30]. Multiple decades of
data collection and significant funds were contributed to permit the PacWave Open Water
Marine Energy Test Facility (PacWave) in Newport, Oregon [31]. The PacWave South site
can test 20 utility-scale WECs, and is able to test arrays of devices simultaneously. The
opportunity to collect environmental data around an array of devices will be the next sig-
nificant accomplishment for monitoring stressor–receptor interactions. PacWave’s Federal
Energy Regulatory Commission (FERC) license and Bureau of Ocean Energy Management
lease are approved for 25 years. The license and lease support the testing of diverse devices
at the site, offering short- and long-term environmental monitoring opportunities. The
PacWave license established protection, mitigation, and enhancement measures (PM&Es)
with specific environmental protocols for monitoring. This monitoring will inform environ-
mental and biological changes over the 25-year lease period, allowing for comparison to the
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decadal body of knowledge collected about various species and the environment during
the Environmental Assessment (EA) published in April 2020 [31]. TFiT recommendations
may be adapted for use in conjunction with PacWave PM&Es. Furthermore, the TFiT rec-
ommendations may be incorporated into the ME industry’s momentum towards in-water
testing of different categories of marine energy devices and installation environments.

2.3. Temporal Planning for Environmental Monitoring

Aligning environmental monitoring campaigns to capture temporal movements and
changes within the biological community at an ME site is necessary to observe, measure,
and record different environmental variables of the operational parameters [32]. The TFiT
research approach adopted flexibility to perform monitoring when devices were in the
water. As a result, the opportunity to integrate timing as a parameter for optimizing
biological movement or response was not prioritized. Here, we compile the PacWave
EA data as a case study to conceptualize a spatiotemporal-influenced environmental
monitoring campaign based on several species that use the PacWave site throughout the
year [31], and how this information may be used in context with the TFiT recommendations.

Marine species use different habitats at various times of the year and for different
biological and ecological purposes in the ocean and coastal environments [33,34]. Timing
environmental monitoring campaigns to capture the movement of species in environments
using ME devices is a scientifically accepted parameter related to informing permits and
lease agreements associated with ME development [35]. For example, the PacWave EA
documented various studies of the area ecology and biodiversity spanning from 1978 to the
approval of the FERC Environmental Assessment for Hydropower License at the site [31].
Temporal planning may also consider the duration of an animal’s exposure to a specific
stressor. One such example may include observing seabirds that use diving behavior to
forage. These birds may be exposed to collision risk or underwater noise stressors while
diving near an operational WEC. Deployment of hydrophones and underwater acoustic
cameras near the WEC using similar technologies to [10,11] for short-term deployments
may provide information necessary for understanding seabird diving behavior around
WECs and the exposure time to underwater noise and collision risk stressors. Data may
be used in ecological models to understand population effects over time [16]. Collectively,
these data may inform mitigations to reduce localized impacts and promote ecological
resilience [36].

Figure 2 presents a small portion of the biodiversity in the marine and coastal habitats
around PacWave South, as documented in the EA. The PacWave South site is a static
site over time, highlighted by the white-dashed lines that represent three operational
areas: (1) the offshore cabled berths for ME device testing, (2) the underground cables
connecting offshore devices to the shoreline, and (3) the shoreline and power transmission
area. The seasonal distribution of species per month during a year is provided on the
x-axis, and an increase in the number of species icons in a month represents an increase
in population numbers during that month. For example, copepod abundance increases in
June through August, as represented by three copepod icons. Then, the number of copepod
icons decreases from November to March, representing the lower copepod numbers found
during the winter season [31].

The y-axis represents where species may be found in relation to the three operational
areas per the documented observations in [31]. However, any species may be found in other
areas and distributed throughout the PacWave site. For example, the migratory movement
of the humpback whale population to the Oregon coast is highest, as represented by three
humpback whales, from June to August [37]. The humpback whale icon in Figure 2 shows
the annual migratory movement in pelagic waters west of the test site. The population
decreases in September and October (as represented by two humpback whale icons), and
decreases again from November to February (as represented by one icon), as the humpbacks
migrate to winter reproductive habitats far from the PacWave area. In March and April,
humpback numbers increase (as represented by three humpback whale icons) as the whales
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return during their northward seasonal migration [37,38]. Humpback whales may move
through the three operational areas of the PacWave South site, even though this image
shows them west of the site.

Figure 2. The placement of each species is spatially representative of the various regions where they
might be found at the PacWave marine energy test site in Newport, OR. At different times of the year,
some species are in higher abundance. During these periods of time it may be more beneficial to target
specific species to monitor their behavior and physiological responses to the marine energy device,
or changes related to a specific environmental stressor in the space where species are most likely to
be found. This illustration does not include the entirety of species included in the environmental
impact assessment that informed the permitting process for this test site (illustration by Stephanie
King, PNNL).

When timed with migratory behavior, environmental monitoring data may be adopted
by endangered species management authorities. For example, in Figure 2, Chinook salmon
occur in the PacWave area from May to June, and their main predator is the southern
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resident killer whale [31]. Both are listed as endangered species. This represents a scenario
where the inclusion of a temporal parameter would aid the regulatory community by pro-
viding an opportunity to observe endangered species around ME devices. In combination
with the integration of TFiT-tested technologies [10–13], temporal data may provide insight
into stressor–receptor interactions necessary for removing barriers to the implementation
of marine energy.

Over time, as oceanic conditions change due to climate change, there may be temporal
changes in species distribution around the PacWave South test site. Although not the
responsibility of the marine energy industry, monitoring over the next 25-year duration
of the project lease offers a unique and valuable research opportunity to observe changes
beyond those created by the ME test facility, and to continue technological innovation and
development for environmental monitoring. Furthermore, the short- and long-term assess-
ments will demonstrate the adaptability and resilience of biodiverse animal communities
in the habitat shared with ME devices.

2.4. Measuring the Effectiveness of TFiT Recommendations

The process for which TFiT was designed to generate a robust representative data
record for each stressor interaction of concern, in turn, can be used to assess the actual
environmental risk posed by ME installations and help future projects to complete the
permitting process in a more efficient manner [7]. For each article, the number of views
and citations will be an important metric for tracking dissemination and reach. Addition-
ally, monitoring the literature over time to observe whether there is an increase in the
recommended technologies implemented for marine energy environmental monitoring is a
valuable metric for success. Beyond journal statistics and literature reviews, the measur-
able effectiveness of these recommendations can be challenging to quantify, and doing so
relies on feedback from end-users to provide insights into how recommendations influence
decisions within the industry on what types of environmental monitoring technologies
and methodologies to implement, and for what additional guidance they may provide
for future applications and the needs of the industry. Multiple avenues will be used to
disseminate recommendations and engage with audiences more broadly, including more
traditional approaches such as technical conferences and events, as well as more informal,
publicly available webinars.

Triton launched a webinar series titled Triton Talks, specifically designed for broad-
casting the TFiT recommendations and as a forum for dialog with ME stakeholders. The
webinar series comprises monthly, topic-specific informational sessions, led by Triton task
leads, who dive into specific TFiT stressor research topics, and the results are reported in
accompanying articles in this Journal of Marine Science and Engineering Special Issue. The
webinars offer a transparent look at the TFiT research process for each stressor, from its
inception through the field trials and analysis of results that led to recommendations, end-
ing with an open question-and-answer session. The webinar series invites both technical
and nontechnical audiences to engage with Triton researchers and ask questions during the
talk. Each webinar is posted on the Triton website for the purpose of continuing discussion
with ME stakeholders. Post-webinar surveys are used to gauge understanding and collect
feedback that enables quantitative analysis.

Without qualitative and quantitative data provided by communication, outreach,
and engagement efforts, uncertainty remains around how recommendations will be used
among the ME stakeholders. Careful tracking of audience attendance, live discussions
and questions, and responses to strategic survey questions provide opportunities to gain
insights into how audiences access and implement the recommendations, any resulting
increase in understanding or change in action, and about additional topics of interest to
the target audiences [18]. An important component of tracking effectiveness involves
audience composition analysis. Target audiences for TFiT recommendations are end-users
within the ME industry, including ME stakeholders such as developers, regulators, and
consultants, who make permitting decisions. Additionally, the recommendations may
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influence research partners such as environmental monitoring technology and sensor
developers, subject matter experts, academic institutions, and state and federal government
agencies. From topic-specific webinar attendance reports, survey responses, and ancillary
data on who engages and offers feedback, we gain insight into how audiences plan to use
the recommendations.

Each webinar and accompanying survey, along with the tracking of additional data,
is intended to make available all information about use cases, which is a valuable tool
for evaluating the reach and practical implementation of recommendations. The impacts
can then be maximized through feedback loops in which methods of dissemination and
engagement are tailored based on feedback data and audience composition. Data from
feedback efforts also inform how to design the associated workshop on implementing
recommendations for end-users.

2.5. Energy Sustainability

Inherent in developing, testing, and evaluating all new renewable energy systems
is the implicit consideration of sustainability. However, care must be taken to not make
assumptions and unintentionally overlook impacts and tradeoffs that challenge overall
sustainable development. Hence, a comprehensive life cycle sustainability approach is
invaluable to the process of designing and developing ME technologies as early as possible
to avoid overlooked tradeoffs and unintended consequences prior to full-scale deployment.
TFiT is an example of constructive efforts undertaken to thoroughly understand the direct
marine environmental and ecosystem impacts of these novel renewable energy systems
before they are fully deployed. However, to wholly exploit this focused research and
reveal the life cycle implications of proposed ME technology and system deployment, the
findings of TFiT highlighted in this Special Issue must be integrated and evaluated within a
holistic sustainability viewpoint that considers direct and indirect life cycle environmental,
economic, and social impacts, benefits, and tradeoffs (Figure 3).

2.5.1. What Is Sustainability?

Sustainability has been broadly defined as the “conditions under which humans
and nature can exist in production harmony, and fulfill the social, economic and other
requirements of present and future generations” [39]. This definition established what
have been widely considered the three pillars, or triple-bottom-line, of sustainability:
environment, economy, and society. These three pillars are inherently and intricately
interconnected, with positive and negative internal and external feedback loops. For
example, well-intentioned efforts to promote and develop green energy in major US cities
have had negative social impacts on disadvantaged communities in the regions, also known
as climate gentrification [40]. On the other hand, many examples exist of how improving
the environmental performance of a product or system can also reduce internal economic
costs within the production process, while avoiding future liability for external impacts
and costs [41].

Most products, processes, and activities in our global society have complex life cycles,
with upstream and downstream flows and interactions from raw material extraction to
manufacturing and distribution, through use and maintenance, to the end-of-life stage
(Figure 4). Assessing these systems through a life cycle thinking perspective is essen-
tial to help avoid overlooking or displacing impacts from one stage of the life cycle to
another. Likewise, considering a comprehensive suite of impact categories helps avoid
impact tradeoffs from one impact category to another. Quantitative frameworks have been
developed that correspond to the three pillars of sustainability: life cycle assessment (LCA)
for environmental impacts, life cycle costing (LCC) and techno-economic analysis (TEA) for
economic feasibility, and social life cycle assessment (S-LCA) for social impact evaluation.
These and other methods comprise a so-called sustainability toolkit for broad application
by a variety of industries and product systems [42].
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Figure 3. The three pillars of sustainability and sustainable energy applied to marine energy (ME),
with the segment of the marine environment covered by the Triton Initiative highlighted. The
TFiT results are a vital to ensuring minimal impact on the marine environment by ME deployment.
However, life cycle environmental, economic, and social considerations for marine and terrestrial
settings must be evaluated and considered (illustration by Stephanie King, PNNL).

Figure 4. The life cycle of marine energy (ME) technology, including the pre-deployment testing
and improvement cycle, with example environmental, economic, social, and cross-cutting impacts
and benefits. By including a pre-deployment testing and improvement cycle in the ME life cycle,
unintended consequences and tradeoffs can be identified, mitigated, and avoided (illustration by
Stephanie King, PNNL).
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LCA assesses the environmental burdens and impacts as the only internationally stan-
dardized life cycle environmental assessment method (ISO 14040 Series). LCA has emerged
as a valuable decision-support tool across the research, industry, and policy domains [43].
LCC and TEA take a broader economic view of the traditional cost–benefit analysis to
include operation, maintenance, and end-of-life financial burdens, as well as the ability
to include external costs and liabilities. LCC and TEA are the natural economic counter-
parts to environmental LCA. They are increasingly used in tandem with LCA to include
broader consideration of the sustainability dimensions, while increasing the relevance of
environmental results to decision makers, who must balance limited financial resources [44].
S-LCA evaluates social impacts and benefits. However, it is in a nascent stage compared to
LCA and LCC, and has substantial work left to do relative to data collection standards and
standardized impact indicators, categories, and methods [45,46]. Life-cycle sustainability
assessments attempt to combine all of these life cycle methodologies into a single frame-
work for a more comprehensive quantitative sustainability evaluation. However, some
have pointed out that “most published (life cycle) works do not consider the economic
needs of the populations and their perspective in the potential changes in the surround-
ing environment”, requiring the integration of the populations into the decision-making
process [47]. Therefore, more research and development in the field of life cycle sustain-
ability engineering is required to achieve a truly comprehensive sustainability evaluation
methodology that includes outreach and engagement with the affected populations. In the
meantime, we must use the tools available to us when considering all pillars to help ensure
the most sustainably developed future possible.

2.5.2. Environmental Pillar

Principal drivers of renewable energy are reduced greenhouse gas (GHG) emissions
and global warming potential (GWP), as well as the self-replenishing nature of the energy
source. However, other environmental impacts of importance include an increase in the
frequency and intensity of extreme weather events (such as heat waves, droughts, and
floods), ozone depletion, smog formation, acidification, eutrophication, human health (can-
cerous and noncancerous), airborne particulate matter, ecotoxicity, resource depletion, land
use, and water use. Focusing on assessing and mitigating a subset of these environmental
impacts can leave tradeoff hotspots and unintended consequences. Having a life cycle
perspective is vital to ensuring that there are no unaccounted-for impacts within a product
system’s direct and indirect sphere of influence, such as electric vehicles charging from a
high-GHG-emission electricity source. A comprehensive suite of environmental impacts
must be considered so that mitigating for one environmental impact category does not
drastically increase environmental damage in another. Thus, balancing, minimizing, and
mitigating the life cycle environmental impacts of products and services establishes the
environmental pillar of sustainable energy (Figure 3).

An example of this unintended tradeoff potential from the renewable energy industry
is the adoption and promotion of the first generation of biofuels [48]. Ethanol biofuel
was primarily introduced to the US market in the early 2000s as an oxygenated addi-
tive/component (for antiknock properties, improved thermal efficiency, and nitrogen
oxides emission reduction) in gasoline to replace methyl tert-butyl ether, because of envi-
ronmental contamination [49]. Ethanol and other biofuels quickly gained popularity as
cleaner, renewable, and GHG-mitigating alternatives to gasoline as climate change concerns
grew stronger [50]. However, in addition to the food vs. fuel debate, LCA showed that
ethanol from corn feedstock did not significantly reduce GHG emissions per unit of fuel
when considering land-use impacts, and showed that first-generation corn ethanol signifi-
cantly increased other impact categories, such as eutrophication potential from agricultural
nutrient runoff [51]. Subsequent research and policy have promoted the development of
advanced biofuels requiring the use of LCA to verify impact reductions against baseline
values [52].



J. Mar. Sci. Eng. 2022, 10, 586 13 of 20

Furthermore, the principles of industrial ecology and circularity help to define a
roadmap for the development of new technologies, such that our engineered systems
mimic the more circular ecosystems found in nature [53,54]. The practice of design for
sustainability (or design for X) is one where early in the research, development, design, and
testing of a product system, life cycle thinking and sustainability are included to ensure that
design decisions made prior to full-scale deployment do not have unintended consequences
that are too late or costly to address. Design for environment, design for recycling, design
for disassembly, and design for remanufacture are just a few of the methods that may be
used to improve the final rollout of novel technologies and systems [55].

In the context of ME, additional considerations for LCA might include changes in
oceanographic systems, water-flow alteration, sediment and nutrient transport, biofouling,
artificial reef structures, reserve effect and pollution risk, and behavioral responses [2,56–59].
ME may also help to foster healthy environments and coexistence, with proper design and
operation verified through continuous testing and monitoring programs. Ensuring such
marine environmental health amid ME deployment and operation would have follow-on
economic and social benefits related to continued opportunities for the recreation, tourism,
and commercial fishing industries, while also providing cleaner renewable energy sources
for coastal communities. ME may also help to foster healthy environments and coexistence,
with proper design and operation verified through continuous testing and monitoring
programs combined with LCA studies. Ensuring such marine environmental health amid
ME development, testing, deployment, and operation through LCA would help to promote
economic and social benefits while minimizing life cycle environmental impact tradeoffs
and providing cleaner renewable energy sources for coastal communities.

2.5.3. Social Pillar

At the core of sustainability is the sustainment and development of human beings and
their collective and individual welfare (health, safety, happiness, and prosperity). As such,
the importance of social sustainability in the broader context of sustainability must not be
overlooked. Though least developed in the field of life cycle engineering, social life cycle
studies, as well as the fields of environmental justice and energy equity, are rapidly advanc-
ing. S-LCA impact categories encompass various stakeholder groups (e.g., local community,
value chain actor, consumer, worker, and society), and include community engagement,
living conditions, fair competition, transparency, equal opportunity, and economic devel-
opment [60]. Though its roots in the United States are in the Civil Rights Movement of the
1960s, environmental justice was first formalized in the National Environmental Policy Act
process in the 1990s, and was more recently highlighted for further consideration [61]. The
US Environmental Protection Agency defines environmental justice as “the fair treatment
and meaningful involvement of all people regardless of race, color, national origin, or in-
come with respect to the development, implementation and enforcement of environmental
laws, regulations and policies”, and has developed the EJSCREEN tool for mapping and
screening environmental and demographic indicators [62]. Energy, environmental, and
climate equity and justice more broadly include the marginalization of disadvantaged
communities in terms of insufficient investment in clean energy infrastructure and access
to energy-efficient housing and transportation.

Thus far, the literature on the social impacts of ME has focused on public opinions
and social acceptance. Support and opposition to ME both often stem from environmental
and social factors constituting the social pillar (Figure 3). For example, ME support may be
driven by a desire to reduce climate change and the harmful environmental effects of fossil
fuels (Table 1). Alternatively, ME opposition may be driven by a desire to protect marine
biodiversity and ecosystems. Similarly, ME support may be driven by desires for improved
energy affordability and new job creation, while it may be opposed because of its impacts
on marine-based employment and tourism [56].

Some opposition related to renewable energy installations has been referred to as “not
in my back yard” (NIMBY), where there is general support for increasing renewable energy
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production but resistance to development in locations near stakeholders’ communities. An
example has been opposition to offshore wind development efforts, where coastal commu-
nities opposed development efforts because they felt that the turbines interfered with the
natural beauty of the ocean [63]. However, NIMBY has been criticized as being a simplistic
term intended to discredit the often well-founded objections of local residents [56].

Historical examples of what has been referred to as the “resource curse” (or the
“paradox of plenty”) are found across the nation and around the globe. Traditionally
associated with fossil and mineral resource extraction, an example of the resource curse
is when a region is rich in resources, yet the local communities do not benefit from their
extraction and use, while being burdened with harsh labor conditions and significant
environmental and social impacts and fallout [64]. Coastal communities located near oil
developments often have not received any of the promised socioeconomic benefits of the
oil development, but have experienced reduced access to ocean-based livelihoods [65].

Table 1. ME deployment incurs various positive and negative effects on the surrounding community.
This table provides a high-level summary of the potential social effects of ME deployment. However,
communities are as unique as potential ME devices, and they have varied perceptions and values, so
analysis should be developed with stakeholder input.

Social Considerations of ME

Positive Negative

• Improved health if displacing fossil fuels:
In general, ME operation and
maintenance phase impacts will not be on
people.

• Public participation [47]: In ME projects,
opposition may be more related to the
planning and decision-making processes
than to the projects themselves. Public
engagement may require additional time
and resources, but will provide valuable
information related to community
concerns and potential conflicts early in
the planning stage, when it is easier to
implement changes or consider
alternatives, and may lead to a greater
and more robust level of support for the
project. Trust is a major factor in public
acceptance [56].

• Local ownership [56], energy
independence, consumer choice [56].

• Green jobs.

• Noise [47]: For wind turbines, noise
concerns are focused on coastal
communities. For ME, noise concerns are
focused on anthropogenic underwater
noise affecting marine ecosystems by
changing coastal soundscapes [66].

• Use restrictions: Alteration of navigation
routes [47] and potential fishing,
recreational use, and other maritime
industry disruptions.

• Visual interruption of the landscape [47]:
This may cause follow-on economic
impacts related to tourism, property
value, etc. [56].

• Construction impacts related to noise,
transportation, pollution, etc. [47].

The life cycle of ME technology includes the pre-deployment testing and improvement
cycle, along with associated examples of environmental, economic, social, and cross-cutting
impacts and benefits. By including a pre-deployment testing and improvement cycle in
the ME life cycle, unintended consequences and tradeoffs can be identified, mitigated,
and avoided.

The principal driver of ME deployment is the national and global energy transition to
clean renewable energy sources; therefore, social considerations of ME technologies can
be improved through connection to the wider literature on the just transition to a socially
beneficial energy source. Energy justice seeks to ensure that all individuals “have access to
energy that is affordable, safe, sustainable and able to sustain a decent lifestyle, as well as
the opportunity to participate in and lead energy decision-making processes with authority
to make change” [67].
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Jenkins et al. (2016) offer three energy justice tenets to identify (1) where the inequities
occur, (2) who they affect, and (3) how the inequity affects them [68]. The first tenet,
distributive justice, relates to understanding the unequal allocation of energy burdens
and benefits, and their associated responsibilities and consequences. The second tenet,
recognition justice, relates to uncovering the practice of cultural domination, exposing
disregard for people and their concerns, and addressing misrecognition to allow for a more
inclusive energy system. The third tenet, procedural justice, deals with the fairness of the
decision-making process, and assesses whether public participation, information disclosure,
decision-making transparency, and due diligence processes exist and are accessible to ev-
eryone. McCauley and Heffron (2018) added restorative justice as a fourth tenet to account
for a retrospective and proactive assessment of the energy system, and to respond to those
historically affected by the energy system. Therefore, justice-informed ME deployment
should include analysis of energy affordability, energy insecurity, energy vulnerability, and
energy access to ensure that people have access to low-GHG-emitting energy sources [69].

2.5.4. Economic Pillar

The economic pillar of sustainability (Figure 3) is vital to the success of sustainable
development in a capitalist society, because little can be accomplished without ensuring
that the traditional bottom line, profit margin, and competitive market are maintained.
Economic factors have been the primary driver of development activities throughout
history; therefore, economic tools are the most well established and well used across the
three pillars. Although this historical imbalance in economic prioritization has led to
many of today’s environmental and social challenges, sustainability practitioners cannot
neglect the importance of economic feasibility in their research and development efforts
while including the economic and social welfare of all stakeholders and communities.
Furthermore, care must be taken not to externalize or ignore indirect costs and liabilities
when considering the life cycle economics of ME development.

ME has two primary economic dimensions: (1) ME powers existing and future growth
in marine areas that require a safe, reliable, and affordable energy source; and (2) ME
enables economic development drivers for all stakeholders. While the focus of technological
development has often been limited to the payback for investors, ME has the potential to
provide economic benefits more holistically. There are economic dimensions to all ME life
cycle stages and stakeholders involved, including investors, communities where ME is
located, and those working on ME development, testing, installation, maintenance, and
disposal. As ocean resources grow in importance, efforts such as the Blue Economy have
emerged to sustainably develop new ocean sectors so as to promote healthy oceans [21].

Marine and coastal areas are of particular importance. In the United States, 40% of
the population lives in coastal areas, despite these areas accounting for less than 10% of
the total land [70]. This also does not account for the human populations living near lakes
or rivers, where ME can also be implemented. Coastal communities are diverse, ranging
from densely populated cities to isolated and islanded communities. Energy prices may be
extremely high in coastal communities [71]. These communities are often more susceptible
to climate change impacts such as sea-level rise, flooding, and hurricanes. Installation of
ME in coastal areas may encourage economic development in response to the impending
need for climate-related solutions. For coastal populations, ME can improve the resilience
of isolated coastal and island communities, while creating economic development drivers
through high-quality and well-paying jobs. As Blue Economy sectors move farther offshore
and maritime transportation grows, ME will provide an essential opportunity for economic
development in these sectors [22].

2.5.5. Sustainability Marine Monitoring Device Connection

Although the energy transition is driven by desires for a cleaner energy system, it is
not without impacts. Therefore, efforts such as TFiT to evaluate, monitor, and report direct
environmental and ecosystem impacts of the deployment of new ME technologies early in
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the design and development stages are vital to detecting and mitigating impacts prior to
full-scale deployment. However, the efforts of TFiT cover only a portion of the environmen-
tal pillar in the marine environment (Figure 3). LCAs of individual ME devices have most
often focused on GWP (from GHG emissions) and embodied energy (or the life cycle energy
inputs required to manufacture and deploy the technology before operation—a common
indicator of a range of environmental impacts). These LCAs indicate that ME technologies
generally perform well in the GWP and embodied energy impact categories compared to
other (renewable and fossil) electrical energy sources [72–74]. However, when quantifying
other important environmental impact categories—such as acidification, ecotoxicity, eu-
trophication, land occupation, and resource depletion—tradeoffs in ME technologies have
been found in metal depletion, smog formation, terrestrial ecotoxicity, and other impact
categories [75]. These more comprehensive LCAs can help identify impact hotspots for
mitigation in the ME design and operational process. Furthermore, environmental impacts
in the marine environment that are not yet standardized for inclusion in LCA, such as
those identified in this Special Issue, should be formalized for impact characterization and
modeling in future LCA studies [76]. Other studies have addressed these marine impacts
in light of the social acceptance of ME technologies [56]. Reliability and sizing LCC studies
have also demonstrated the economic feasibility of ME devices when optimally configured
for grid integration [77–79]. Finally, studies have shown that the levelized cost of energy for
ME technologies tailored to the specific location of deployment are viable for early market
adoption, but cost reductions are required for full market adoption [80].

3. Conclusions

This article summarizes the TFiT recommendations for performing environmental
monitoring using various technologies and methods to measure four stressor interactions
related to ME devices: collision risk, underwater noise, electromagnetic fields, and changes
in habitat. Further discussion of the deployment of ME technologies and the findings of
TFiT applied to the context of life cycle and environmental, economic, and social sustain-
ability aims to inspire marine energy research to consider broader impacts and address
them when possible. The lessons learned and proposed considerations are as follows:

3.1. Environmental Monitoring Recommendations

1. Establish agreed-upon technologies and methods with ME stakeholders that offer
similar data outputs to improve the communication of results to regulators, because
transferability of environmental monitoring data is vital to advancing understanding.

2. Continue using environmental monitoring to develop evaluation approaches that can
realistically and accurately assess impacts and their effects on the users, and to inform
future research requirements for the industry.

3. Time environmental monitoring campaigns around the temporal movement of critical
species to achieve effective and accurate monitoring outcomes and recommendations.

4. Collaborate with stakeholders to build trust through community engagement and par-
ticipatory justice processes. Conduct monitoring transparently, and ensure that results
are openly accessible and understandable to general audiences to facilitate community
involvement in the decision-making process and enable relationship building.

3.2. Energy Sustainability Recommendations

1. Capture life cycle environmental, economic, and social benefits, impacts, and tradeoffs
related to ME. Expand LCA to include marine-specific impacts related to ME, and
identify hotspots for improvement in existing impact categories. Use the broader
sustainability toolkit to capture environmental, economic, and social benefits, impacts,
and tradeoffs related to ME, to enable implementation that maximizes benefits and
minimizes burdens. Evaluation of social impacts is essential to ensuring that the
energy transition does not continue historical patterns of injustice.
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2. Develop ME devices and installations using the principles of design for environment,
design for repair, and design for recycling. Implement these practices early in the
design process. Identify which metric results would allow technologies to move from
testing to deployment early in the process.

3. Establish testing locations and a permitting process to allow for impact monitoring,
including job creation, equity and inclusion, and climate solution integrations.
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