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Summary
Potential environmental effects of marine and hydrokinetic (MHK) energy development are not well
understood, yet regulatory agencies are required to make decisions in spite of substantial uncertainty
about environmental impacts and their long-term consequences. An understanding of risks associated
with interactions between MHK installations and aquatic receptors, including animals, habitats, and
ecosystems, can help define key uncertainties and focus regulatory actions and scientific studies on
interactions of most concern. During FY 2012, Pacific Northwest National Laboratory (PNNL) continued
to follow project developments on the two marine and hydrokinetic projects reviewed for Environmental
Risk Evaluation System (ERES) screening analysis in FY 2011: a tidal project in the Gulf of Maine using
Ocean Renewable Power Company TidGenTM turbines and a wave project planned for the coast of
Oregon using Aquamarine Oyster surge devices.
The ERES project in FY 2012 also examined two stressor–receptor interactions previously identified
through the screening process as being of high importance: 1) the toxicity effects of antifouling coatings
on MHK devices on aquatic resources and 2) the risk of a physical strike encounter between an adult
killer whale and an OpenHydro turbine blade.
The screening-level assessment of antifouling paints and coatings was conducted for two case studies:
the Snohomish County Public Utility District No. 1 (SnoPUD) tidal turbine energy project in Admiralty
Inlet, Puget Sound, Washington, and the Ocean Power Technologies (OPT) wave buoy project in
Reedsport, Oregon. Results suggest minimal risk to aquatic biota from antifouling coatings used on
MHK devices deployed in large estuaries or open ocean environments.
For the strike assessment of a Southern Resident Killer Whale (SRKW) encountering an OpenHydro
tidal turbine blade, PNNL teamed with colleagues from Sandia National Laboratories (SNL) to carry out
an analysis of the mechanics and biological consequences of different blade strike scenarios. Results of
these analyses found the following: 1) a SRKW is not likely to experience significant tissue injury from
impact by an OpenHydro turbine blade; and 2) if whale skin behaves similarly to the materials considered
as surrogates for the upper dermal layers of whale skin, it would not be torn by an OpenHydro blade
strike. The PNNL/SNL analyses could not provide insight into the potential for more subtle changes to
SRKWs from an encounter with a turbine, such as changes in behavior, or inform turbine interactions for
other whales or other turbines. These analyses were limited by the available time frame in which results
were needed and focused on the mechanical response of whale tissues and bone to blade strike. PNNL
proposes that analyses of additional turbine designs and interactions with other marine mammals that
differ in size, body conformation, and mass be performed.
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Project Overview
Energy generated from the world’s oceans and rivers offers the potential to make substantial contributions to the domestic and global renewable energy supply. The U.S. Department of Energy (DOE)
Office of Energy Efficiency and Renewable Energy (EERE) Wind and Water Power Program supports
the emerging marine and hydrokinetic (MHK) energy industry. As part of an emerging industry, MHK
project developers face challenges related to siting, permitting, construction, and operation of pilot- and
commercial-scale facilities, as well as the need to develop robust technologies, secure financing, and gain
public acceptance.
Although potential effects of MHK energy generation on the aquatic environment have been
catalogued (e.g., EERE 20091), the conditions under which those effects could occur and their relative
significance have not been firmly established. This lack of certainty affects siting and operations
decisions, the regulatory process, and the level and nature of stakeholder concerns, all of which limit the
pace and scale of MHK deployment.
To unravel and address the complexity of environmental issues associated with MHK energy, Pacific
Northwest National Laboratory (PNNL) is developing a program of research and development that draws
on the knowledge of the industry, regulators, and stakeholders and builds on investments made by the
EERE Wind and Water Power Program. The PNNL program of research and development—together
with complementary efforts of other national laboratories, national marine renewable energy centers,
universities, and industry—supports DOE’s market acceleration activities through focused research and
development on environmental effects and siting issues.
Research areas addressed include
• Categorizing and evaluating effects of stressors – Information on the environmental risks from
MHK devices, including data obtained from in situ testing and laboratory experiments (see other
tasks below) will be compiled in a knowledge management system known as Tethys to facilitate the
creation, annotation, and exchange of information on environmental effects of MHK technologies.
Tethys will support the Environmental Risk Evaluation System (ERES) that can be used by
developers, regulators, and other stakeholders to assess relative risks associated with MHK
technologies, site characteristics, waterbody characteristics, and receptors (i.e., habitat, marine
mammals, and fish). Development of Tethys and the ERES will require focused input from various
stakeholders to ensure accuracy and alignment with other needs.
• Effects on physical systems – Computational numerical modeling will be used to understand the
effects of energy removal on water bodies from the short- and long-term operation of MHK devices
and arrays. Initially, PNNL’s three-dimensional coastal circulation and transport model of Puget
Sound will be adapted to test and optimize simulated tidal technologies that resemble those currently
in proposal, laboratory trial, or pilot study test stages. This task includes assessing changes to the
physical environment (currents, waves, sediments, and water quality) and the potential effects of
these changes on the aquatic food webs) resulting from operation of MHK devices at both pilot- and
commercial-scale in river and ocean settings.
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• Effects on aquatic organisms – Testing protocols and laboratory exposure experiments will be
developed and implemented to evaluate the potential for adverse effects from operation of MHK
devices in the aquatic environment. Initial studies will focus on electromagnetic field effects, noise
associated with construction and operation of MHK devices, and assessment of the potential risk of
physical interaction of aquatic organisms with devices. A variety of fish species and invertebrates
will be used as test animals, chosen due to their proximity to and potential susceptibility to MHK
devices.
• Permitting and planning – Structured stakeholder communication and outreach activities will
provide critical information to the project team to support execution of other project tasks. Input
from MHK technology and project developers, regulators and natural resource management agencies,
environmental groups, and other stakeholder groups will be used to develop the user interface of
Tethys, populate the database, define the risk attributes of the ERES, and communicate results of
numerical modeling and laboratory studies of exposure of test animals to MHK stressors. This task
will also include activities to promote consideration of renewable ocean energy in national and local
Coastal and Marine Spatial Planning activities.
The team for the Environmental Effects of Marine and Hydrokinetic Energy Development project is
made up of staff, faculty, and students from
• Pacific Northwest National Laboratory
–

Marine Sciences Laboratory (Sequim and Seattle, Washington)

–

Risk and Decision Sciences (Richland, Washington)

–

Knowledge Systems (Richland, Washington)

• Oak Ridge National Laboratory (Oak Ridge, Tennessee)
• Sandia National Laboratories (Albuquerque, New Mexico; Carlsbad, California)
• Oregon State University, Northwest National Marine Renewable Energy Center (Newport, Oregon)
• University of Washington, Northwest National Marine Renewable Energy Center (Seattle,
Washington)
• Pacific Energy Ventures (Portland, Oregon).
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Acronyms and Abbreviations
CT

computed tomography

DOE

U.S. Department of Energy

EERE

DOE Office of Energy Efficiency and Renewable Energy

EPA

U.S. Environmental Protection Agency

ERES

Environmental Risk Evaluation System

FERC

Federal Energy Regulatory Commission

kg

kilogram(s)

kPa

kilopascal(s)

kw

kilowatt(s)

L

liter(s)

µg/L

microgram(s) per liter

m

meter(s)

MHK

marine and hydrokinetic

MPa

megapascal(s)

MW

megawatt(s)

ng

nanogram(s)

NOAA Fisheries

National Oceanographic and Atmospheric Administration fisheries service

ORPC

Ocean Renewable Power Company

OPT

Ocean Power Technology

PNNL

Pacific Northwest National Laboratory

S–R

stressor–receptor

SnoPUD

Snohomish County Public Utility District No. 1

SNL

Sandia National Laboratories

SRKW

Southern Resident killer whale

T&E

threatened and endangered
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1.0

Introduction

Pacific Northwest National Laboratory (PNNL) has been tasked by the U.S. Department of Energy
(DOE) to investigate environmental effects from the deployment and operation of marine and
hydrokinetic (MHK) devices, to provide information that will facilitate siting and permitting processes,
and to recommend the most pertinent and useful research that supports those priorities.
A key step in setting regulatory and research priorities is the assignment of risk to interactions
between MHK installations and aquatic receptors, including animals, habitats, and ecosystem processes in
the marine and fresh waters where MHK development is feasible. Risk is defined as the likelihood of a
prescribed adverse outcome from an action or set of actions. Risk assessment is the process of evaluating
scientific information to estimate the probability of occurrence of the action and the severity of the effect
(Suter 1993; U.S. Environmental Protection Agency [EPA] 2011). PNNL developed the Environmental
Risk Evaluation System (ERES) to help define and assess the environmental risks arising from these new
renewable energy installations.

1.1 Environmental Risk Evaluation System
The Environmental Risk Evaluation System (ERES) is a process PNNL developed to address the
environmental risks associated with marine and hydrokinetic energy (MHK) devices in a context of
environmental and regulatory uncertainties. Because the technology is new, the environmental impacts of
MHK devices are not well known and the federal, state, and local regulatory oversight is unclear.
Traditional methods of standardized risk assessment that require large known data sets are not well-suited
to assess or set priorities for MHK, when hard scientific data is largely unavailable. The purpose of
ERES is to provide regulators, decision-makers, and stakeholders an adaptive means to assess their
tolerance toward risk, set priorities for research activities, and compare the costs and benefits of different
MHK installation options both now, when uncertainties are high, and in the future, as more hard data on
actual environmental effects becomes available.
ERES accomplishes this by evaluating all possible scenarios that could lead to adverse environmental
impacts, from episodic scenarios such as a collision of a vessel with a MHK device, to chronic scenarios
such as toxicity due to low-level chemical releases from anti-fouling paints or coatings. Between these
two extremes, there are intermittent events, such as encounters between fish and rotating turbine blades.
A key feature of understanding risk is describing the uncertainty associated with the occurrence of an
episodic, intermittent, or chronic event, as well as the uncertainty of the resulting consequences.
Figure 1 shows the risk assessment process developed by PNNL. The initial steps in the process
consist of a case selection process (blue box) and screening analysis based on environmental consequence
(green box). Subsequent steps in the process include the refinement of risk characteristics through
probability modeling (purple box) and communicating the findings for the development of monitoring
and mitigation plans (red box).
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Figure 1. Risk-informed analytical process.
The process begins by selecting MHK cases of national interest for the ERES process (blue box). In
FY 2010 and FY 2011, a diverse set of cases was selected from real MHK projects expected to be
deployed within 2 years, to provide an integrated profile of the collective risk posed by a specific MHK
system deployed in a specific body of water. In FY 2010, three cases were chosen for analysis: one tidal
energy case (Snohomish County Public Utility District No. 1 [SnoPUD] in Admiralty Inlet, Puget Sound,
Washington), one wave energy case (Ocean Power Technology [OPT] installation off Reedsport,
Oregon), and one river installation (Free Flow Power [FFP] in the Mississippi River, Louisiana). In
FY 2011, two additional cases were chosen for analysis: a second tidal energy case (Ocean Renewable
Power Company [ORPC] in Cobscook Bay, Maine) and a second wave case (Aquamarine Power Ltd.,
Oyster wave energy converter [Oyster] off the Oregon coast).
For each case selected, scientific literature and reports were reviewed on each MHK technology and
the specific aquatic animals, habitats, and ecosystem where the technology is intended to be deployed. A
list of risk-relevant environmental stressors (e.g., spinning turbine blades, noise, chemical leaching) was
developed, and possible environmental receptors (e.g., marine mammals, fish, birds, nearfield habitats)
were identified.
Following case selection, the ERES process consists of a screening analysis for environmental
consequence (Figure 1, green box), which involves determining the potential effects for the highestpriority interactions between the stressors and the chosen receptors from the case selection process. Each
stressor–receptor (S–R) interaction is ranked using 14 biophysical risk factors (or biological imperatives)
to determine the vulnerability of the receptor to the stressor. A second set of risk factors, regulatory risk
factors, is then applied to the S–R pairs to create a new ranking of S–R interactions that prioritizes
interactions having high regulatory risk. Details on the methods for environmental consequence and the
results from each of the five cases can be found in two previously published ERES project reports:
Preliminary Screening Analysis for the Environmental Risk Evaluation System (Anderson et al. 2010) and
Screening Analysis for the Environmental Risk Evaluation System (Copping et al. 2011).

2
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Once environmental consequences have been analyzed, the screening analysis proceeds to scoping for
probability modeling (Figure 1, second light-green box). Refined characterization of priority risks
identified through consequence analysis will be further evaluated (purple box) through probability
modeling (first light purple box) in cases for which environmental data are available and expertise-based
evaluation (second light purple box) in cases for which data are not yet available. Probability modeling
will be preferentially conducted on top-ranked S–R interactions that appear to be most highly affected by
the probability of occurrence (i.e., most probability-dependent interactions).
In FY 2012, the two cases that were screened for consequence analysis in FY 2011 were submitted to
the developers for expertise-based evaluation. PNNL also conducted probability analyses for two S–R
interactions for which sufficient data exist: 1) toxicity from anti-biofouling paints leaching into the
marine environment and 2) a probability analysis focused on the physical strike encounter between a tidal
turbine blade and a Southern Resident Killer Whale (SRKW), Orcinus orca.
With this report, the initial stages of ERES framework development are completed. Until many more
data are available to replace the professional judgment used to rank consequences of S–R interactions for
specific cases, the focus in risk assessment for MHK development will be on determining risk for specific
interactions, such as the two interactions documented here.
This report discusses the progress made in the consequence analysis (expertise-based evaluation)
conducted in FY 2012 for the wave and tidal energy cases reviewed in FY 2011. The report also details
the results of two probability analyses performed in FY 2012. The methods used to conduct the screening
analysis and initial risk modeling are detailed in Section 2. Results of the consequence analysis and
probability modeling efforts are presented in Section 3. The outcomes and conclusions for the FY 2012
project activities are presented in Section 4. References cited are listed in Section 5.

2.0

Tidal and Wave Case Study Analysis for Consequence

The ERES consequence analysis consists of three steps: 1) identification and description of the case
study; 2) identification of the risk-relevant stressors and receptors and description of impact scenarios;
and 3) ranking of highest-priority risks (biophysical and regulatory) for each case, taking consequence
into account. In FY 2011, two wave and tidal cases were analyzed for consequence through review of the
scientific literature and reports and with input from a number of subject matter experts:
• Tidal Case Study—The technology developer Ocean Renewable Power Company (ORPC) is
pursuing development of a 1.2-MW pilot project using its TidGenTM Power System in Cobscook Bay,
Maine. The case is described as a hydrokinetic system mounted near the seafloor employing
crossflow turbines to drive a magnet generator set between the turbines on a common driveshaft,
designed to rotate in one direction regardless of the tidal flow direction. At this site, federally listed
fish species (Gulf of Maine Distinct Population Segment of Atlantic salmon and Atlantic sturgeon)
are key receptors of concern. Other receptors include diving birds, marine mammals, and nearshore
habitat.
• Wave Case Study—The technology developer Aquamarine Power Ltd. is pursuing development of a
project using its Oyster wave energy converter off the Oregon coast in the service areas of Central
Lincoln People’s Utility District and/or Tillamook People’s Utility District. The case is described as

3
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an oscillating wave surge pump deployed in water depths between 24 and 48 feet, designed to capture
energy from nearshore waves. Protected nearshore marine mammals (Steller sea lions, sea otters),
endangered fish (Chinook salmon and green sturgeon), endangered diving birds (marbled murrelets),
and sediment distribution are key receptors of concern.
To further gauge the validity of the ERES approach in FY 2012, these two cases were presented to the
respective developers for peer review and comment. Section 2.1 provides a summary of the consequence
analysis for these two FY 2011 case studies, a description of communications held with the developer in
FY 2012, and an update on the progress of each project.

2.1 Screening Analysis Results for Tidal and Wave Case Studies
This section provides a summary of the findings of the ERES consequence analysis for the tidal case
study (TidGenTM) and the wave case study (Oyster), the expert elicitation conducted in FY 2012, and an
update on the development of each project in FY 2012.

2.1.1

ERES Screening Analysis, Tidal Case Study – TidGenTM

For the ORPC TidGenTM tidal case study, the biophysical risk analysis shows that interactions with the
dynamic physical presence (i.e., blade strike) with marine mammals, diving birds, and threatened or
endangered (T&E) fish are relatively the highest concern for the project, along with effects of the tidal
turbine to the far-field environment (including effects stemming from an accident or disaster, change in
flow regime, or energy removal from the system). All of these potential consequences have a high degree
of uncertainty and are issues requiring additional scientific study. In addition, the determination of the
highest risk does not factor in how likely the event is to occur. After regulatory risk factors were applied,
the highest-ranked issues narrow to include the impact of the device dynamic physical presence with
threatened or endangered fish, followed by other environmental stressors on threatened or endangered
fish. This second layering underscores that at this point in time, project developer OPRC must address
the potential interactions of the TidGenTM device on threatened or endangered fish species in the
deployment area in order to satisfy the legal mandates imposed on environmental regulators in the
permitting process. The permitting pathway that ORPC is following in the Gulf of Maine (Cobscook
Bay) is underscored by the finding of this consequence analysis. The results of the case study were shared
with ORPC staff and the outcomes discussed to verify their fit with permitting requirements in Cobscook
Bay, as specified in the FERC license granted to the company.
In FY 2012, ORPC obtained a hydrokinetic pilot project license from the Federal Energy Regulatory
Commission (FERC) on February 27, 2012, for the Cobscook Bay Tidal Energy Project (FERC 2012).
The goal of the pilot process is to “allow developers to test new hydrokinetic technologies, to determine
appropriate sites for these technologies, and to confirm the technology’s environmental and other effects
without compromising [FERC] oversight of the project or limiting agency and stakeholder input” (FERC
2012, p. 1). Environmental protection, mitigation, and enhancement measures required as part of the
FERC pilot license include the following:
1. restrictions on pile driving activities, including a limited pile driving season
2. an Acoustic Monitoring Plan
3. a Benthic and Biofouling Monitoring Plan
4
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4. a Fisheries and Marine Life Interaction Monitoring Plan
5. a Hydraulic Monitoring Plan
6. a Marine Mammal Monitoring Plan
7. adherence to Bald Eagle Management Guidelines and Bird Monitoring Plan (FERC 2012,
pp. 31–35).
These monitoring plans and environmental protection and mitigation measures mirror and address the
interactions of high concern PNNL identified in the ERES consequence screening process.
ORPC installed its commercial power system on the bottom of Cobscook Bay in summer 2012, which
started generating power for the grid in September 2012 (Portland Press Herald 2012). It is anticipated
that this initial system will run and be monitored for 1 year, and additional power systems up to 5 MW
will be added over the next 3 years.

2.1.2

ERES Screening Analysis, Wave Case Study – Oyster

For the wave case study, the biophysical risk analysis shows the potential consequences to the
physical environment (changes in flow regime, energy removal, and the impact of an accident or disaster)
as the highest relative risk, followed by the potential consequence of the dynamic physical presence of the
device or an accident/disaster on T&E species of nearshore marine mammals, birds, reptiles, and fish.
Effects on the physical environment rank particularly high in this wave case study because of the
uncertainties about the siting of this nearshore project on a predominantly soft bottom substrate.
Threatened and endangered receptors also rank high on the biophysical risk analysis because of the
impact that a potential consequence may have on species with small population sizes. The S–R pairs in
these top relative biophysical tiers are all issues needing additional scientific study. Combining
biophysical and regulatory risk factors, the highest relative ranks include the potential consequence of the
dynamic physical presence or an accident/disaster on T&E species of nearshore marine mammals, birds,
reptiles, and fish. This second analysis places highest priority for Aquamarine to first address the
potential impacts of the wave device on all T&E species in the deployment region in order to advance the
deployment of a device in Oregon waters. The MHK projects represented by each case require that the
probability of occurrence of the potential risk be evaluated, including the real potential for T&E species to
occur in the vicinity of the devices. The need to evaluate the presence of animals of concern is perhaps
most acute in the Oyster case. Results from European deployments of the Oyster show no signs of
animals being directly affected by the devices; potential deployment in the United States may hinge on
rapidly identifying the presence of T&E animals at risk. Although the nature of this analysis does not
assign high rank to changes in sediment transport and soft bottom habitat from the action of the Oyster, it
is likely that if T&E species are not found to frequent the depths and location of the project, movement of
sediment due to device operation will emerge as the most likely concern for regulators and stakeholders.
The results of the ERES analysis were shared with representatives of Aquamarine in Oregon;
unfortunately the company determined soon thereafter that wave power development with the Oyster was
not feasible in Oregon and ceased progress on the project.
In November 2011, Aquamarine Power pulled its office out of Oregon, saying that a lack of
regulatory certainty over the ability to acquire seabed leases pending completion of the Oregon Territorial
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Sea Plan process has made it impossible to continue investing resources in Oregon.1 The company has
consolidated its U.S. operations in a California office and is continuing to explore sites on the U.S. West
Coast in California and Washington, stating that it hopes to return to Oregon at some point.2. A number
of locations for the Oyster wave energy device are also being explored in Scotland and Ireland. In June
2012, Aquamarine Power commenced operational testing of its second-generation Oyster 800 wave
energy machine at the European Marine Energy Centre (EMEC).3

3.0

Probability Analysis for Selected Risks

The refined characterization of two priority risks highlighted through the ERES consequence analysis
were further evaluated through probability modeling on top-ranked S-R interactions that appear to be
most highly affected by the probability of occurrence. The two interactions chosen for probability
modeling were: 1) toxicity from anti-biofouling paints leaching into the marine environment and 2) a
probability analysis focused on the physical strike encounter between a tidal turbine blade and a Southern
Resident Killer Whale (SRKW), Orcinus orca. This section provides an overview of each probability
analysis, describing the methodology and results of each case.

3.1 Toxicity Risk from Anti-Biofouling Coatings of MHK Devices
Little is known about the potential for adverse effects on the aquatic environment from the
development of renewable ocean energy, leading to regulatory and stakeholder concerns and subsequent
delays in deploying systems. One concern associated with MHK deployment is the potential for the
antifouling coatings used on the devices to affect water quality. To address this concern, PNNL
conducted a screening-level risk assessment that estimated the increase in ambient sediment and water
concentrations of antifouling compounds potentially resulting from MHK device deployment and
compared the concentrations to existing regulatory or conservative toxicological benchmarks intended to
be protective of aquatic life.
This screening-level risk assessment follows the well-established process of hazard definition,
exposure assessment, effects assessment, and risk characterization (NRC 1983). Hazard definition
consists of a description of the anticipated and/or potential environmental release, the valued
environmental attributes and/or regulatory standards that would need to be protected or met, and the
environmental context in which both would occur. In the current instance, the release consists of the slow
release of antifouling biocides from MHK devices emplaced in surface waters of estuaries and coasts.
For the screening-level assessment, we focused on those biocides that are most commonly used for MHK
applications planned in the United States, namely copper and zinc, with Irgarol 1051 and Diuron as
booster biocides. The valued environmental attributes and regulatory thresholds used as screening levels
were water and sediment quality criteria, where available, and chronic low-/no-effect benchmarks that are
below 90% of reported effects levels.

1

http://sustainablebusinessoregon.com, 7 November 2011.
http://oregonwave.org, 1 December 2011.
3
http://Aquamarinepower.com.
2
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Two case studies were included in the assessment: the SnoPUD tidal turbine energy project in
Admiralty Inlet, Puget Sound, Washington, and the OPT wave buoy project at Reedsport, Oregon.
Because these case studies include two different types of MHK devices deployed in estuary and ocean
environmental settings, they provide a representative overview of the potential effects of anti-biofouling
coatings on aquatic resources.
The full analysis for toxicity of anti-biofouling coatings is documented in PNNL-21260, Assessment
of Toxicity to Aquatic Resources from Antifouling Coatings Used on Marine and Hydrokinetic Devices
(Brandt et al. 2012).

3.1.1

Case Study: Tidal Power in Admiralty Inlet, Washington

SnoPUD is proceeding with plans to install two OpenHydro 6-m tidal energy devices (from
OpenHydro) in Admiralty Inlet, located in Puget Sound, Washington (SnoPUD 2010). OpenHydro is
currently planning to use Trilux 33 from Akzo Nobel’s Interlux line as an antifouling coating. This
coating relies on a copper–zinc mixture to provide biocide function and does not contain an organic
booster biocide. However, to make the results more widely applicable, the screening assessment
addressed formulations of antifouling coatings that contain organic biocides, placed in the Admiralty Inlet
environment.
For this screening-level risk assessment, the local water body was defined as the Admiralty Inlet area,
which is connected to the main basin of Puget Sound and the Strait of Juan de Fuca. Key parameters for
these water bodies are shown in Table 1. By applying environmental transport model parameters and
taking into account the high tidal flows within Admiralty Inlet, PNNL determined that sediment
accumulation is effectively nonexistent in the main channel of Admiralty Inlet. However, sediments
accumulate in lower-flow areas throughout Puget Sound; hence, this screening-level assessment
quantified MHK-derived biocide accumulation in sediments within the main basin.
Table 1.

Estimates of water volumes, water residence times, sedimentation rates, and sediment area for
the Admiralty Inlet case study (Lavelle et al. 1985; Babson et al. 2006; Pelletier and
Mohamedali 2009; Brandenberger et al. 2011).

Location

Sediment Area
(108 m2)

Sedimentation Rate
(g cm-1 y-1)

Total Water Volume
(1013 L)

Residence Time
(d)

Admiralty Inlet
Main Basin

0 (high current)
5.83

0 (high current)
0.87 (0.26–1.58)

3.41
6.48

14.1
31.5

The turbine and cowling surface area of the two OpenHydro devices that will be coated with
antifouling material will be on the order of 450 m2.
Concentrations of copper and zinc have been monitored throughout the Puget Sound region in both
sediment and water. Concentrations of copper in seawater range from 0.26 to 2.76 µg/L, averaging
0.5125 µg/L (Table 2).

7

Draft for Client Review Only – Do Not Cite

Table 2. Reported concentrations of copper and zinc in Puget Sound water and sediments.

Copper
Zinc

Seawater (ng/L),
min–max (mean)

Sediment (mg/kg),
min–max (mean)

260–2,760 (512.5)
360–7,280 (920)

0.1–8,900 (42.3)
1–463 (70)

The results of the screening-level assessment for the Admiralty Inlet case study are shown in Table 3.
Biocide risks to aquatic biota are far below levels of potential concern; in this case study, MHK devices
contribute less than 1 part in 1000 to the overall risk profile from all sources of biocides in the Puget
Sound environment. In the case of the organic booster biocides, the hazard quotients derived from using
toxicological benchmarks are not raised to levels of concern, even when the lowest levels identified by
others referenced earlier are used. As a guideline, hazard quotients less than 1 indicate that the
concentration will not be expected to cause adverse health effects.
Copper and zinc contributions from MHK devices will not lead to exceedances of Washington State’s
Sediment Quality Standards or the EPA water quality standards. The contribution of these devices to
local water and sediment concentrations would be between 1 part per billion and 10 parts per trillion for
either metal in sediment or water.
Table 3. Results of screening-level risk assessment for Admiralty Inlet case study.
MHK-derived water concentration (ng/L)
MHK-derived sediment concentration (ng/kg)
Background water concentration (ng/L)
Background sediment concentration (ng/L)
Total water concentration (ng/L)
Water (chronic) benchmarks (ng/L)
Total sediment concentration (ng/kg)
Sediment (chronic) benchmarks (ng/kg)
Hazard quotient for water (total water
concentration/benchmark)(a)
Hazard quotient for sediment (total sediment
concentration/benchmark)(a)

Copper

Zinc

Diuron

Irgarol

1.11E-05
1.76E-01
5.13E+02
4.23E+07
5.13E+02
3.10E+03
4.23E+07
3.90E+08

5.52E-06
6.95E-02
9.62E+02
7.00E+07
9.62E+02
1.20E+05
7.00E+07
4.10E+08

9.41E-27
2.41E-25
1.04E-23
2.66E-22
1.04E-23
3.00E+02
2.66E-22
5.63E+03

1.89E-27
1.37E-25
2.08E-24
1.50E-22
2.08E-24
6.20E+01
1.50E-22
3.36E+03

1.65E-01

8.02E-03

3.46E-26

3.35E-26

1.08E-01

1.71E-01

4.72E-26

4.48E-26

(a) Hazard quotient values were determined based on chronic benchmarks.
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Figure 2.

3.1.2
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Hazard quotients (HQ) for maximum (1), mean (2), and minimum (3) toxicological
benchmarks and exposure parameters for Puget Sound case study.

Case Study: Wave Power at Reedsport, Oregon

Wave power devices from Ocean Power Technologies (OPT) are planned for deployment 4 km
(2.5 nautical mi) off the coast from the Oregon Dunes National Recreation Area near Reedsport, Oregon
(Figure 6; PNNL 2012b). The planned deployment would consist of 10 Model PB150 PowerBuoys, each
with a 150-kW capacity. These devices have a 3-m × 11-m-diameter float riding on a shaft
approximately 25 m long by 3 m in diameter (OPT 2010). They would be anchored by 16 subsurface
floats; electrical power will be routed through a single underwater substation pod. All of these devices
are currently planned to be coated using Ameron ABC #3 antifouling paint. This paint consists of a
copper–zinc oxide formula that together comprises 70% of the mass of the paint (EPA 2003). This paint
does not contain an organic booster biocide.
The deployment area would cover an area approximately 0.25 mi2 (6.4E5 m2), with a depth varying
between 50 and 69 m (OPT 2010). Primary currents in the area are long-shore, averaging approximately
20 cm/s, based on COAST monitoring data1 and Karp-Boss et al. (2004). Bottom sediments are
characterized as medium to fine sand (OSU Sea Grant 1972; USACE 1989; OPT 2010), with an average
total organic carbon content of 0.64% (CEMAP 2003) and a typical wet bulk density of 1,400 kg/m3
(Wolf et al. 1999). Reported concentrations of suspended particulate matter in the coastal waters of
Oregon range from 250 µg/L to 14,000 µg/L (Kitchen et al. 1978; Bishop 1986; CEMAP 2003; Karp-

1

http://www.oceanpowertechnologies.com/coos.html.
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Boss et al. 2004), averaging 7,700 µg/L, with an average fractional organic carbon content of 0.2 (Hobson
1967). Together, these were used to produce the site-specific transport parameters for the screening
exposure model.
Background concentrations of copper and zinc have been measured in sediment at a number of
coastal locations in Oregon waters.1 Measurements of these constituents in water, however, are not
available. Nearest available measurements are from Washington coastal waters.2 In lieu of site-specific
data, the Washington coastal data were employed for Reedsport (Table 4).
Table 4.

Background concentrations of copper and zinc in Oregon coastal sediments and Washington
coastal waters [min – max (average)].

Copper
Zinc

Seawater (ng/L)
min–max (mean)
281–1,470 (642)
360–2,040 (690)

Sediment (mg/kg)
min–max (mean)
2–78.9 (16.4)
5–129 (55)

Background concentration measurements for Diuron and Irgarol do not exist for the Reedsport area or
anywhere within Oregon coastal waters. Consequently, background concentrations for these organic
biocides were estimated following the method described for the Puget Sound scenario. In this open ocean
case, we assumed that the background source term (marine vessels) was 10% of that in Puget Sound.
The results of the screening-level assessment for the Reedsport case study are shown in Table 5.
Biocide risks to aquatic biota are below levels of potential concern, with MHK devices contributing less
than 1 part per million to background risks from copper and zinc, which are the only two biocides planned
for use in the current scenario. Should organic booster biocides be envisioned for use at this site, the risks
would be in the parts-per-million level.
Table 5. Results of screening-level risk assessment for Reedsport case study.
Copper
Zinc
MHK-derived water concentration (ng/L)
2.57E-02
1.27E-02
MHK-derived sediment concentration (ng/kg)
4.08E+02
1.60E+02
Background water concentration (ng/L)
6.42E+02
6.90E+02
Background sediment concentration (ng/L)
1.71E+07
5.50E+07
Total water concentration (ng/L)
6.42E+02
6.90E+02
Water (chronic) benchmarks (ng/L)
3.10E+03
1.20E+05
Total sediment concentration (ng/kg)
1.71E+07
5.50E+07
Sediment (chronic) benchmarks (ng/kg)
3.90E+08
4.10E+08
Hazard quotient – water (total water
2.07E-01
5.75E-03
concentration/benchmark)(a)
Hazard quotient – sediment (total sediment
4.38E-02
1.34E-01
concentration/benchmark)(a)
(a) Chronic benchmarks were used in computing the hazard quotients.

Diuron
5.41E-02
5.55E+00
2.09E-23
2.14E-21
5.41E-02
3.00E+02
5.55E+00
5.63E+03
1.80E-04

Irgarol
8.33E-02
2.41E+01
4.19E-24
1.21E-21
8.33E-02
6.20E+01
2.41E+01
3.36E+03
1.34E-03

9.86E-04

7.16E-03

1

Data from Oregon Department of Environmental Quality’s Laboratory Analytical Storage and Retrieval (LASAR)
database, available from http://deq12.deq.state.or.us/lasar2/ and CEMAP (2003).
2
Data compiled from the Washington Department of Ecology Environmental Information Management Database,
available from http://www.ecy.wa.gov/eim/.
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To assess the influence of uncertainty on these results, the analysis was done using maximum and
minimum values, as well as mean values, for all parameters in Table 5. Maximum, minimum, and mean
toxicological reference benchmarks also were used. The results (Figure 3) show that all hazard quotients
are all well below 1.0, which indicates the unlikelihood of adverse health effects. Potential MHK
emissions contribute less than 10 parts per billion to background concentrations.
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Figure 3.
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Hazard quotients (HQ) for maximum (1), mean (2), and minimum (3) toxicological
benchmarks and exposure parameters for Reedsport case study.

3.2 Assessment of a Strike of Adult Killer Whales by an OpenHydro
Tidal Turbine Blade
SnoPUD proposes to deploy two OpenHydro tidal turbines in Admiralty Inlet, Puget Sound. The
fisheries service of the National Oceanic and Atmospheric Administration (NOAA Fisheries) has
expressed concerns that the turbines may cause a risk for the highly endangered SRKW population if a
whale were struck by an operating turbine. NOAA Fisheries is responsible for protecting the (fewer than
90) SRKWs under the Endangered Species Act of 1973 and the Marine Mammal Protection Act of 1972.
Because the SRKW numbers are so small, significant injury of a single animal could place the population
in jeopardy.
PNNL and SNL were tasked by DOE EERE to carry out an analysis of the mechanics and biological
consequences of strike of a SRKW by an OpenHydro turbine blade. The approach taken by the two
laboratories was to 1) develop a scenario for the most severe strike of a SRKW; 2) determine the
morphological and biomechanical properties of SRKW tissues that might be affected by a strike; 3) model
the forces of a strike; 4) estimate the potential effects on SRKW tissue and bone of a strike; and 5)
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provide some validation for the model through literature review and discussion with marine veterinarians
responsible for marine mammal welfare.
Full details of the assessment can be found in PNNL-21177, Assessment of Strike of Adult Killer
Whales by an OpenHydro Tidal Turbine Blade (Carlson et al. 2012).

3.2.1

Risk of Encounter Between OpenHydro Tidal Turbine Blade and Killer
Whale

PNNL and SNL developed a worst-case exposure scenario for strike of a SRKW. SNL modeled a
turbine blade (based on proprietary design data obtained from OpenHydro) and calculated the force of
blade impact on the head of an adult male SRKW weighing approximately 4000 kg. The adult SRKW
was selected for the model because an adult has a large body mass where more of the energy in a blade
strike will be absorbed by the whale’s tissue rather than going into momentum transfer that would push
the whale out of the path of the turbine blade. This scenario would maximize the risk of injury to the
SRKW. Although a juvenile SRKW might intuitively be considered to be at greater risk of injury,
because of its much smaller mass (~500 kg) more of the energy in the blade strike would go into
momentum transfer, pushing the juvenile SRKW out of the path of the turbine’s blades, leaving much less
available to damage tissue.
Recent NOAA publications provided appropriate SRKW swimming speeds of 1 m/sec to 3 m/sec for
the type of encounter envisioned in this scenario. The modeling results showed maximum stresses
(pressure) for turbine blade strike of the head of an adult male SRKW to vary between 2350 and 2365
kPa, with strains (tissue elongation) of 73–93% for the most probable rotation speed of the turbine.
PNNL obtained data for the morphology and anatomy from computed tomography (CT) scans of the
head of an adult SRKW that died in 2002. Information on the biomechanical properties of whale tissues
was found in the scientific literature. The tissues examined included the skin of the whale, other soft
tissue, and mandibular bone. Very little is known about the biomechanical properties of whale tissue,
particularly the skin, which functions to resist mechanical and other damage and to spread the force of an
impact across a region that minimizes the forces acting on underlying tissues. For this analysis, several
natural and synthetic rubber material properties were considered as surrogates for SRKW skin.
Comparison of the maximum force acting on soft tissue and bone, estimated by SNL using the finite
element models of the turbine blade and whale, with the tissue biomechanics data developed by PNNL
provided the basis for assessment of probable injury to SRKW. The analysis found that the maximum
levels of stress acting on whale tissue and bone corresponded to tissue response (strain) in the elastic
range where whale tissue would be expected to return to its normal shape when the force of the turbine
blade was removed without causing permanent change to the tissue. In addition the stresses and strains
estimated using the blade and whale models were well below the yield strength for similar material,
including natural and synthetic rubber and human skin, by a factor of three or more.
PNNL examined the available literature on blunt force head trauma in marine mammals and
interacted with marine veterinarians with experience in caring for injured animals and performing
necropsies on animals found dead.
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The results of these analyses provide the following insights into the potential risk of encounter to a
SRKW with an OpenHydro tidal turbine in Admiralty Inlet:
• PNNL/SNL analyses determined that a SRKW is not likely to experience significant tissue injury
from impact by an OpenHydro turbine blade.
• If whale skin behaves similarly to the materials considered as surrogates for the upper dermal layers
of whale skin, it is expected that in the case of a strike, whale skin tissue and the underlying soft
tissue would deform, absorb the force of the strike, and return to normal condition after the pressure
was removed. These data indicate that the skin would not be torn by blade strike. Using limited data
on the strike pressure needed to fracture the mandibular bone (jawbone) of a North Atlantic Right
Whale, and assuming the SRKW mandibles have similar biomechanical properties to those of Right
Whales, the highest stress predicted by the model (about 3750 kPa) is highly unlikely to result in the
fracture of a SRKW mandible. The available literature and best professional judgment of marine
veterinarians did not significantly inform the outcome of the analyses.
There are a number of areas where the PNNL/SNL analysis could not provide insight:
• PNNL/SNL analyses could not provide insight into the potential for subtler changes to SRKWs from
an encounter with the turbine, such as changes in behavior
• PNNL/SNL analyses do not adequately inform turbine interactions for other whales with other
turbines.
The overall uncertainty of the engineering and biomechanical analyses can best be estimated by
assessing the accuracy of each piece of information that informed the analyses. The modeling techniques
used are well documented and are unlikely to have introduced significant uncertainty. Table 6
summarizes the uncertainty of each specific information source.
Table 6. Level of certainty associated with each input to the engineering and biomechanical analyses.
Accuracy/Level
of Certainty of
Information

Portion of
Analysis

Specific Input to
Analysis

Modeling of
Strike Forces

Geometry of SRKW
approach to turbine

High

Geometry of turbine based on detailed drawings
from turbine manufacturer; geometry of SRKW
based on reports for several SRKWs studied.
Chose “worst case for injury” approach of SRKW
swimming directly into outer edge of turbine.

Speed and forces
modeled for turbine, as
they vary with tidal
current speed

High

Turbine speeds and tidal current values are well
known, supplied from manufacturer; multiple
model runs to determine forces.

Orientation of animal
with turbine blade,
transfer of momentum

Medium

Limited model runs for orientation of animal, to
ensure choice of “worst case for injury” scenario.
Based on engineering judgment.

Non-linear model for
materials

Medium

Does not include model for dermal layers
(modeled all-blubber whale) or non-linear model
for any materials, leading to overestimate of
potential harm to SRKW from turbine.

13

Explanation

Draft for Client Review Only – Do Not Cite

Biomechanics of
orca tissues

Sensory
response to
impact

Information on tissue
thickness and properties
of skin

Medium

No direct measures for head of SRKW;
information adapted from CT scans of SRKW and
literature on other species. Based on professional
judgment.

Information on tissue
thickness and properties
of blubber

High

Good biomechanical property values from
literature to estimate deformation of blubber and
transfer of force to underlying tissue and bone.

Information on tissue
thickness and properties
of bone

Medium

Biomechanics of impact on bone well understood;
used other species in absence of information on
SRKW. Based on professional judgment.

Information on tissue
thickness and properties
of mellon

Low

Tissue thickness from CT scan and necropsy data,
biomechanical values from literature. Properties
from blubber used in model because of similar
biomechanical properties.

Effects of blunt force
trauma

Medium

Good understanding and copious literature for
humans and livestock; little information for
marine mammals. Some anecdotal information
may be gleaned from interviews. Based on
professional judgment.

Post-trauma effects on
SRKW

Low

No literature on effects. Potential for anecdotal
information from interviews. Not used in model.

The PNNL/SNL analyses were limited by the available time frame in which results were needed and
focused on the mechanical response of whale tissues and bone to blade strike. Additional information on
the biomechanical properties of marine mammal tissues and finite model refinements could help to further
fine-tune this analysis. This analysis concentrated on the open center design specific to the OpenHydro
turbine; the results may not be directly comparable to other turbine designs.

4.0

Discussion/Conclusion

With this report, the initial stages of ERES framework development are completed. Until there are
many more data available to replace the professional judgment used to rank consequences of S–R
interactions for specific cases, the focus in risk assessment for MHK development will be on determining
risk for specific interactions. The toxicity screening analysis and SRKW strike analyses represent two of
these interactions.

4.1 Screening Analysis for Tidal and Wave Case Studies
The screening analysis for risk associated with developing MHK projects can be separated into three
categories: environmental risk, regulatory risk, and investment risk. Environmental risk can be described
as the risk posed by the technology to living organisms and the physical and chemical processes that
support living systems. Regulatory risk is the risk to MHK permitting and approvals due to regulations or
their implementation. Investment risk is the risk to capital investment due to regulatory, legal, or market
forces. The ERES process was created to address environmental risk because environmental risk also
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drives regulatory and investment risk. The ERES wave and tidal case studies illustrate the value of
assessing environmental risk to reduce both regulatory and investment risks.
The consequence analysis for the ORPC tidal case study in FY 2011 showed that issues of highest
concern included interactions with the dynamic physical presence (i.e., blade strike) with marine
mammals, diving birds, and threatened and endangered fish. ORPC worked diligently with federal, state,
and local regulators and other stakeholders to develop monitoring and mitigation plans that address each
of these interactions of highest concern. The ORPC plans were successfully adopted in a FERC pilot
project license in FY 2012. Addressing the issues of high environmental consequence also has mitigated
regulatory and investment risks, and the commercial tidal project is moving forward.
The consequence analysis of the Oyster wave energy device on the Oregon coast showed particularly
high relative risk to the physical environment, as well as a high relative risk to threatened and endangered
species of nearshore marine mammals, birds, reptiles and fish. This level of potential environmental
consequences of the new technology contributed to a highly restrictive regulatory climate in the state of
Oregon that resulted in a high investment risk and decision by Aquamarine Power to pull out of Oregon
in FY 2012. Continued environmental testing of the Oyster wave energy device at EMEC and other
project locations in Europe will aid in future development prospects on the U.S. West Coast.
By determining the highest-priority risks for stressors from MHK devices and associated installations
with vulnerable receptors in the marine and freshwater environment, the ERES screening process assists
project proponents, regulators, and stakeholders engage in the most efficient and effective siting and
permitting pathways.

4.2 Probability Analyses Undertaken in FY 2012
4.2.1

Risk of Toxicity from Anti-Biofouling Paints

Results from this report showed that hazard quotients were well below than 1.0 for all four
compounds using the most conservative set of assumptions for the two source water bodies and MHK
device configurations reviewed. A hazard quotient less than 0.1 implies no risk and between 0.1-1.0 the
risk is very low. As such, it is unlikely that adverse effects to aquatic biota will be caused from the
antifouling coatings on MHK devices. If source water body characteristics, biocide choice or
composition, background chemical concentrations, or other model parameters for a proposed project
differ substantially from those described above, additional risk characterization may be needed. As MHK
projects expand to commercial scale, providing increased surface area protected by anti-biofouling
coatings, additional modeling may be necessary to determine the potential increased risk of toxicity to
aquatic organisms.

4.2.2

Assessment of Encounter Between OpenHydro Tidal Turbine Blades and
Southern Resident Killer Whales

The engineering and biomechanical analyses conducted for this study indicate that insight can be
provided into potential interactions between marine animals and turbines. However, it is clear that the
information base of biomechanical properties for marine mammal tissues lacks key pieces critical to the
analyses. To account for the lack of data, conservative estimates were made, and the worst-case scenario
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was used for the modeling studies. Though our conservative estimates showed little risk, we propose the
collection of an enhanced database of marine mammal biomaterial properties, since the significant injury
of even one SRKW could be consequential to the population. This information could be collected through
a coordinated action to recover more biomechanical information on marine mammal tissue and bone as a
routine part of the existing necropsies on animals found dead. Also of importance are data on specific
properties and operational modes of turbines that could cause harm to marine animals; for example,
material properties that can be used on the leading edges of turbine blades to decrease potential harm to
animals. Animal models are needed that can connect the biomechanical properties of marine mammals
and design criteria for turbines, allowing for a modeling application to evaluate the design of turbines
before deployment.
Though the model may help to inform other modeling efforts, it is also important to note that the
analyses performed here do not necessarily predict interactions between tidal turbine blades from devices
with designs different from those of the open-center OpenHydro turbine, nor are these analytical
outcomes necessarily transferable to turbine blade interactions with other marine mammals. Similar
forces are likely to be exerted with devices that move at similar speeds, but the shape and orientation of
the blades will affect the injuries that the animal may experience. A wider range of turbine designs and
marine mammals that encounter them will provide a more complete understanding of the potential
consequence of underwater energy devices. We propose that analyses of additional turbine designs,
interacting with other marine mammals potentially at risk, be performed. Of particular interest are studies
that link turbines with unducted blades and vertical axis turbines with marine mammals that differ in size,
body conformation, and mass from the adult SRKWs.

5.0
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