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Preface
The United States Department of Energy is funding the management and operational costs of the Ocean
Energy System (OES) Annex V Workshops and the United States is serving as the Operating Agent for
Annex V. Each of the participating countries is independently funding their activities in the Annex. Annex
V workshops are managed and administered under the sponsorship of the Ocean Energy Systems
Executive Committee by:
•
•
•

Alison LaBonte, U.S. member to the OES Agreement, U.S. Department of Energy,
Robert Thresher, U.S. alternate member to the OES Agreement, National Renewable Energy
Laboratory
Samantha Rooney, administrative support, National Renewable Energy Laboratory

The Workshop Sponsors and Host
The work was sponsored jointly by the Ocean Energy Systems Agreement of the International Energy
Agency under Annex V, and by WavEC Offshore Renewables in Lisbon, Portugal.
The local meeting host was Ana Brito Melo of WavEC and the workshop was held at the Electricity
Museum in Lisbon, Portugal, on February 5-6, 2015.
Disclaimer:
Ocean Energy Systems (OES), also known as the Implementing Agreement on
Ocean Energy Systems, functions within a framework created by the
International Energy Agency (IEA). Views, findings, and publications of the OES
do not necessarily represent the views or policies of the IEA Secretariat or its
individual member countries.
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Executive Summary
The Ocean Energy Systems (OES) Agreement of the International Energy Agency (IEA) cohosted the third
workshop in this series of workshops on “Design for Reliability of Wave and Current Marine Energy
Converters.” The workshop was locally hosted by WavEC – Offshore Renewables of Portugal and was
held on February 5–6, 2015 at the Electricity Museum in Lisbon, Portugal. There were 22 participants
from 7 countries that gave 13 presentations on research into the reliability of ocean energy converters.
The participants also considered six fundamental questions on the reliability of ocean energy converters
and discussed how the reliability of these devices could be improved. The workshop presentation and a
summary of the discussion will be published by the OES later this year. The six questions addressed by
the participants with short summary answers follows.

1. What are the most prevalent system reliability and maintainability issues today?

Answer: The “in-water” operational hours for both tidal and wave devices are few making any
answer speculative. However, for tidal turbines small problems have caused large down times.
For both wave and tidal devices, problems have been observed, but the root causes are not well
documented in the public domain.

2. Are there currently satisfactory measurements of system availability and reliability?

Answer: Standard measures of reliability, such as availability and mean time between failures
are sufficient, but there are no publically available data on failures or failure conditions that can
be analyzed to guide improvement research efforts.

3. Do we have sufficient measures of system and component failures and their causes?

Answer: There are failure databases that provide generic failure information for specific
components and some subsystems; however, the data is not for the appropriate loading
conditions or taken under the right environmental conditions. There are also anecdotal system
failures reported on various news media websites, but there is insufficient context and details to
make defensible inferences from this information. Ocean energy technologies need life testing
under measured ocean operational loading and environmental conditions followed up with an
analysis of the root causes of the failures.

4. What are the most important factors in design and in operation for achieving high system
reliability and availability?

Answer: At the current stage of development of ocean energy technology, the best way to ensure
high reliability is to develop a conservative design that employs “low complexity systems with
high factors of safety, redundant components, buying components from the best manufactures
with the most experience, understanding all life-cycle load conditions, and testing the critical
systems where possible.”

5. Are existing marine reliability standards and recommended practices sufficient for marine
energy?
Answer: There was a clear consensus among the participants that existing standards are
insufficient. In particular, more research is needed to gain the in-depth knowledge that will be
needed to develop standards that facilitate “both high reliability and low cost.” Guidelines
specific to wave and tidal energy may be a helpful predecessor to standard development.

6. Are there other important reliability challenges that need to be addressed, how, and why?
Answers:
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o Encourage and support additional research into reliability and generate data that can be
released in the public domain in database form.
o Establish a reliability database in the public domain, even if some of the details must be
protected due to IP considerations. It is important to engage all stakeholders in reliability
discussions: developers, utilities, financiers, and owners; as well as to avoid duplicate efforts
creating a database. Promote awareness within the MHK industry of future reliability
projects.
o Establish archeological research project to explore past failures with organizations and
companies that have experienced them. Where possible, determine the causes of the failures
and document them to the degree possible. It is important to capture this existing experience
in some form so that others will not repeat the same mistakes. It is also important to
separate out technology failures from possible management mistakes and not to confuse
these two possible causes for company failures.
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About the Ocean Energy Systems (OES)

The Ocean Energy Systems (OES) Implementing Agreement is an intergovernmental collaboration
between 22 countries represented by specialists from government departments, energy agencies,
research agencies, and academia. The mission of OES is to advance research, development, and
demonstration of technologies to harness energy from all forms of ocean renewable resources through
international cooperation and information exchange. Ocean energy resources include tides, waves,
currents, temperature gradient (ocean thermal energy conversion and submarine geothermal energy),
and salinity gradient for electricity generation and desalination. The OES covers all forms of energy
generation in which seawater forms the motive power through its physical and chemical properties. It
does not cover offshore wind generation because seawater is not the motive power (offshore wind is
covered by the Wind Energy Implementing Agreement).
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The OES international cooperation facilitates:
 Securing access to advanced research and development (R&D) teams in the participating
countries
 Developing a harmonized set of measures and protocols for the testing of prototypes
 Reducing national costs by collaborating internationally
 Creating valuable international contracts between government, industry, and science.
The OES Executive Committee (ExCo) is continuing to develop a suite of information dissemination tools
that will assist the OES in becoming a leading international authority on ocean energy. Ocean energy is
an emerging technology area that will benefit from the existence of the international collaboration
mechanism offered under the Implementing Agreement contract.

OES Annex V: Exchange and Assessment of Ocean Energy Information
Annex V Scope

The OES Annex V will facilitate the exchange and assessment of ocean energy project information and
experience from participating member countries to foster a better understanding and accelerate the
development of ocean energy technologies. At this nascent stage of ocean energy development, there
are many different configurations for marine energy converters and each has advantages and
disadvantages. In addition, there are many competing approaches for modeling and testing these
devices individually or in arrays at both subscale and full size. However, there are no generally accepted
methodologies for design and cost analysis of these ocean energy converters. The sharing of project
data and computational assessment methods will allow the participants to determine the most
promising approaches for analysis, design, testing, cost estimation, and operation of these devices
based on the collective experience of the group. This will also facilitate an understanding of the current
state of the ocean energy industry worldwide and will help manufacturers determine the expected
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performance of a device, and ultimately, whether or not a particular device configuration has the
potential to achieve competitive cost of electricity (COE) as new systems evolve.
The primary purpose of Annex V is to conduct exchange workshops to present project information,
experience, and data to the participating members. Where feasible, workshop participants will also
integrate the resulting information into computational models to assess system performance, reliability
and costs, resource characterization, and hydrodynamic interaction between the ocean resource and
devices individually and in arrays. Three or four workshops will be conducted over approximately 36
months. This annex will compile as much usable data as possible to provide participating countries with
a consistent and measurable means for rapid optimization of ocean energy production.

Annex V Objectives and Expected Results

The overarching objective of the annex is to accelerate the development and deployment of ocean
energy technology through a multi-country exchange of available ocean project information and
experience to allow the participants to understand the current state of knowledge in the field, and to
develop a consistent method of assessing the performance and cost of ocean energy conversion
systems. The primary focus of these efforts will be to develop an assessment of the fundamental
knowledge in the following four topical areas of direct interest to the ocean energy community:
1.
2.
3.
4.

Methods for estimating and verifying the ocean energy resources and characteristics,
including instrumentation types and deployment methods to capture resource data
Methods for modeling the interaction of ocean energy devices with the resource and
verifying the results
Methods for modeling and experimentally verifying energy capture, power system
efficiency, and the resulting loads including extreme loads, from the interaction of the
device and the resource
Methods for estimating and validating the cost and performance for ocean energy device
arrays, including component, subsystem, and the electrical cable and supporting
installation, operation, and maintenance, to enable assessment of the total cost of
electricity.

The Annex V Approach and Methodology

Clearly, the challenges of assessing this broad ocean energy knowledge base and the modeling and
testing capabilities for ocean energy conversion devices are significant. The success of this effort relies
on a thorough understanding of the resource characteristics, the fluid-device interaction, and the
mechanical conversion of the captured energy to electricity. These challenges are certainly difficult for
the device designer, but are many times more difficult for government agencies and potential private
investors as they attempt to compare and contrast one device to another, both to project the role that
ocean energy may assume in their portfolios and to choose from among the designs for the best
alternative for a particular site. The products of this annex will provide a basis for selection and
investment in the most promising technologies and device designs.
The Annex V workshops will facilitate the presentation of publically funded project information
including: designs methods, modeling methods and results, experimental designs and testing results,
specific costing studies, and environmental studies and experiments. Generally, any publically funded
ocean energy project should be considered for presentation at one of the workshops. The resulting
information will be included in the assessment of the knowledge base for ocean energy. Each workshop
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will be documented by a report that contains the workshop presentations, a summary of the
discussions, and any resulting conclusions. These reports will be made available to annex participants,
but these working documents will not be released to the public or any nonparticipants. The compilation
of data, excepting proprietary data excluded by the developer of the subject devices, will be made
available to participating developers. Additional information on the overall work program and objects
for Annex V and reports from previous workshops can be found on the Ocean Energy Systems website at
www.ocean-energy-systems.org.

Goal of the Workshop
The goal of the February 2015 workshop in Portugal was to allow marine energy converter (MEC)
designers to exchange information and share knowledge on device analysis and design methods for
ensuring survivability, structural integrity, and fully operational power generation between scheduled
maintenance events. The workshop sponsors invited presentations from the international MEC
community on the following reliability related topics:
• Example applications of design methods for reliability and survivability for MECs
• Risk management and technical risk assessment techniques and methods applied to MECs
• Methods and example applications of failure modes and effects analysis applied to MECs to enhance
maintainability, reliability, and survivability
• Design guidance and procedures for maintainability, repair avoidance, maintenance cycle extension,
maintenance scheduling, and unscheduled maintenance event reduction.
• Example sets of design load cases and methods to design for survival under high load operating and
extreme environmental conditions
• Designing for fatigue under both operating conditions and extreme environmental conditions
• Methods for assessing natural frequencies and modal response under operating and extreme
conditions
• Guidance and example applications of corrosion prevention, including material selection, coatings,
cathodic protection, and active corrosion prevention systems
• Biological interaction control and prevention to increase reliability and survivability
• Safety factors selection for high reliability under operational and survival conditions
• Preventative maintenance strategies and methods.

Expected Workshop Outcomes
The workshop was planned as a 1.5 day event to allow sufficient time for thorough (about 30 minute)
presentations by the speakers with time to answer questions. Following the presentations, there was a
period for an extended discussion and development of recommendations for possible follow-on
activities. The questions discussed included:
1. What appears to be the most prevalent system reliability and maintainability issues today?
2. Are there currently satisfactory measurements of system availability and reliability?
3. Do we have sufficient measures of system and component failures and their causes?
4. What are the most important factors in design and in operation for achieving high system reliability
and availability?
5. Are existing marine reliability standards and recommended practices sufficient for marine energy?
6. Are there other important reliability challenges that need to be addressed, how, and why?
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Agenda for Ocean Energy Systems Workshop III
Designing for Reliability of Wave and Current Marine Energy Converters
Av. Brasilia, 1300-598 Lisboa, Portugal
Day 1 – Reliability Workshop
Time

Presenter
Topics
Bob Thresher, National
Introductions, Workshop Logistics, Process, and
Renewable Energy Laboratory
Objectives
9:00 – 9:15 am
(NREL) – USA
Ana Brito e Melo, WavEC Portugal
1. Lessons from Wind Energy
Daniel Laird, Sandia National
Lessons Learned from the SNL Wind Energy Reliability
9:15 – 10:15 am
Laboratories (SNL) – USA
Database
Kyong-Hwan Kim, KRISO –
A Design Method on Floating Wave-Offshore Wind
10:15 – 10:45 am
Korea
Hybrid Power Generation System
10:45 – 11:15
Robert Thresher, NREL – USA
Some Reliability Lessons from Wind Energy
11:15 – 11:30 am
Break
2. Design and Analysis Methods for Reliability
Marco Alves, WavEC –
Integrating Reliability and Uncertainty Analysis in
10:30 – 12:00 am
Portugal
Techno-Economic Models
Par Johannesson, SP Research
Variation Mode and Effect Analysis for Ocean Energy
12:00 – 12:30 pm
Inst. – Sweden
Applications
12:30 – 2:00 pm
Lunch and Open Discussion
Sam Weller, Exeter University – Reliability Design Tools for Ocean Energy Arrays
2:00 – 2:30 pm
UK
Daniel Honfi, SP Research Inst. Case Studies on Reliability Analyses with VMEA Method
2:30 – 3:00 pm
– Sweden
Vicenzo Nava, TECNALIA –
Standard-Compatible Robust Design Methods for
3:00 – 3:30 pm
Spain
Floating Marine Energy Converters (MECs)
Pauline Laporte Weywada,
Validation of Loads and Structural Calculations for Ocean
3:30 – 4:00 pm
DNV-GL - Portugal
converters
Anders Goude, Uppsala
Dynamics Loads on a Cross Flow Turbine During Loss of
4:00 – 4:30 pm
University – Sweden
Utility Conditions
4:30 – 4:45 pm
Break
4:45 – 5:30 pm
Short Discussion Session and Adjourn
Day 2 – Reliability Workshop
3. Selected Topics in Reliability
Emiliano Pinori, SP Research
Biofouling, Corrosion, and Material Selection
9:00 – 9:30 am
Inst. – Sweden
David Snowberg, NREL – USA
MHK Technology Development Risk Management
9:30 – 10:00 am
Framework
Claudio Bittencourt, DNV-GL –
Plans for Research on Reliability of Power Take-Off of
10:00 – 10:30 am
United Kingdom
Tidal Energy Converter
10:30 – 10:45 am
Break
10:45 – 12:30 pm
Final Discussion Session and Adjourn Workshop
12:30 – 2:00 pm
Lunch and Open Discussion
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Workshop Summary
Attendance and Participation in the Workshop

The workshop was attended by a total of 22 participants from 7 different countries. Over the 2 day
workshop, there were 13 presentations given on research into the reliability of ocean energy converters.
All of the workshop presentations are included in Appendix 2.

List of Attendees
Participant

Organization

E-mail

Role

Alves, Marco

WavEC, Portugal

alex@wavec.org

Speaker

Bracchi, Sandro

K.I. Energy, Italy

sandro.bracchi@italybs.it

Observer

Bittencourt
Ferreira,
Claudio
Falcão,
António
Ferreira, Diogo

DNV-GL

Claudio.Bittencourt.Ferreira@
dnvgl.com

Speaker

IST & OES
Alternate
IST Researcher
Portugal
Uppsala,
University
Sweden
IST – Post Doc
Researcher
Portugal
SP Technical
Research Institute
SP Technical
Research Institute

falcao@hidro1.ist.utl.pt

Observer

Goude, Anders

Henriques,
João
Honfi, Daniel
Johannesson,
Par

Observer

anders.goude@angstrom.u
u.se

Speaker

Observer

Daniel.Honfi@sp.se

Speaker

Par.Johannesson@sp.se

Speaker

Kim, KyongHwan

KRISO, Korea

kkim@kriso.re.kr

Speaker

Laird, Daniel

SNL, U.S.

dllaird@sandia.gov

Speaker

Nava, Vincenzo

TECNALIA

vincenzo.nava@tecnalia.co
m

Speaker

Park, Sewan

KRISO, Korea

sewanpark@kriso.re.kr

Observer

Pinori,
Emiliano

SP Technical
Research Institute

Emiliano.Pinori@sp.se

Speaker
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Presentation
Integrating reliability and
uncertainty analysis in technoeconomic models
Participate in discussion
sessions
Plans for research on reliability
of power take-off of tidal
energy converter
Participate in discussion
sessions
Participate in discussion
sessions
Dynamics loads on a cross flow
turbine during loss of utility
conditions
Participate in discussion
sessions
Case studies on reliability
analyses with VMEA method
Variation Mode and Effect
Analysis for Ocean Energy
Applications
A Design Method on Floating
Wave-Offshore Wind Hybrid
Power Generation System
Lessons Learned from the SNL
Wind Energy Reliability
Database
Standard-Compatible Robust
Design Methods for Floating
Marine Energy Converters
(MECs)
Participate in discussion
sessions
Presentation on biofouling,
corrosion, and material
selection

Participant

Organization

E-mail

Role

Presentation

Snowberg, David

NREL,USA

David.Snowberg@nrel.gov

Speaker

MHK Technology
Development Risk
Management Framework

Stromstedt,
Erland

erland.stromstedt@angstrom.uu.se

Observer

Participate in discussion
sessions

Thresher, Robert

Uppsala
University,
Sweden
NREL, USA

Robert.Thresher@nrel.gov

Facilitate
/Speaker

Some Reliability Lessons
from Wind Energy

Weller, Sam

U. of Exeter, UK

S.Weller@exeter.ac.uk

Speaker

Weywada,
Pauline Laporte

DNV-GL

pauline.weywada@dnvgl.com

Speaker

Reliability Design Tools
for Ocean Energy Arrays
Validation of Loads and
Structural Calculations for
Ocean converters

OES Annex V Workshop III Participants and Speakers on Reliability of Ocean Energy Systems
List of Speakers and Titles of Presentations at OES Workshop III
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Workshop Presentation Topics

,

,
,
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Overall Workshop Conclusions

The IEA OES implementing agreement currently comprises 22 member countries from five continents,
represented by specialists from government departments, energy agencies, research agencies, and
academia. The mission of Annex V—The Exchange and Assessment of Ocean Energy Device Project
Information and Experience—is to accelerate ocean energy device project development by promoting
the sharing, interchange, evaluation, and compilation of information from participating member
countries. Annex V’s operating agent is NREL Research Fellow, Robert Thresher, acting on behalf of the
U.S. Department of Energy.
As ocean energy technology is developed, a necessary consideration for the design and cost-effective
commercial operation is the reliability of the devices to operate for extended periods of time under
harsh marine conditions. Reliability of the devices must be considered early in the design phase in order
to significantly impact both the initial capitalization and the long life operation and maintenance costs,
especially as it relates to the labor required to ensure continuous and appreciable energy production
over a wide range of environmental conditions.
Thresher facilitated the third in a series of workshops sponsored by the OES Annex V on “Design for
Reliability of Wave and Current Marine Energy Converters.” The workshop was hosted by the WavEC –
Offshore Renewables of Portugal and was held on February 5-6, 2015, at the Electricity Museum in
Lisbon, Portugal. There were 22 participants from 7 countries who gave 13 presentations on research
into the reliability of ocean energy converters. The table provided below lists the names of the
presenters and the title of each presentation. Previous workshop reports are available at
http://www.ocean-energy-systems.org/about-oes/work-programme/annex-v-project-information/
The participants also considered and discussed six fundamental questions on reliability of ocean energy
converters and addressed how the reliability of these devices could be improved. The workshop
presentation and a summary of the discussion will be published by the OES later this year. The six
questions addressed by the participants with short summary answers follow.
1. What appears to be the most prevalent system reliability and maintainability issues today?
Answer: The “in-water” operational hours for both tidal and wave devices are few, making any
answer speculative. However, for tidal turbines, small problems have caused large down times.
For both wave and tidal devices, problems have been observed, but the root causes are not well
documented in the public domain.
2. Are there currently satisfactory measurements of system availability and reliability?
Answer: Standard measures of reliability, such as availability and mean time between failures
are sufficient, but there are no publically available data on failures or failure conditions that can
be analyzed to guide improvement research efforts.
3. Do we have sufficient measures of system and component failures and their causes?
Answer: There are failure databases that provide generic failure information for specific
components and some subsystems; however, the data is not for the appropriate loading
conditions or taken under the right environmental conditions. There are also anecdotal system
failures reported on various news media websites, but there is insufficient context and details to
make defensible inferences from this information. Ocean energy technologies need to be tested
under measured ocean operational loading and environmental conditions followed up with an
analysis of the root causes for the failures.
4. What are the most important factors in design and in operation for achieving high system reliability
and availability?
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5.

6.

Answer: At the current stage of development of ocean energy technology, the best way to ensure
high reliability is to develop a conservative design that employs “low complexity systems with
high factors of safety, redundant components, buying from the best manufactures with the most
experience, understanding all life-cycle load conditions, and testing the critical systems where
possible.”
Are existing marine reliability standards and recommended practices sufficient for marine energy?
Answer: There was a clear consensus among the participants that existing standards are
insufficient. In particular, more research is needed to gain the in-depth knowledge needed to
develop standards that facilitate “both high reliability and low cost.” Guidelines specific to wave
and tidal energy may be a helpful predecessor to standard development.
Are there other important reliability challenges that need to be addressed, how, and why?
Answers:
o Encourage and support additional research into reliability and generate data that can be
released in the public domain in database form.
o Establish a reliability database in the public domain, even if some of the details must be
protected due to IP considerations. It is important to engage all stakeholders in reliability
discussions: developers, utilities, financiers, and owners; as well as to avoid duplicate efforts
creating a database. Promote awareness within the MHK industry of future reliability
projects.
o Establish an archeological research project to explore past failures with organizations and
companies that have experienced them. Where possible determine the causes of the failures
and document them to the degree possible. It is important to capture this existing experience
in some form, so that others will not repeat the same mistakes. It is also important to
separate out technology failures from possible management mistakes and not to confuse
these two possible causes for company failures.
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Appendix 1: The Operating Agent and Organizer of the Workshop
For additional information you may contact the workshop organizer:
Bob Thresher
NREL Research Fellow
National Renewable Energy Laboratory
15013 Denver West Parkway
Golden CO 80401-3393
Robert.Thresher@nrel.gov

303-384-6922
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Appendix 2: Workshop Presentations
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Outline

STANDARDCOMPATIBLE
ROBUST DESIGN
METHODS FOR
FLOATING MARINE
ENERGY
CONVERTERS
(MECS)
Pablo Ruiz Minguela
Vincenzo Nava
Iñigo Mendikoa
Jose Luis Villate

Motivation

Motivation
Sources of (un)reliability in the modeling of MRE
devices
First aid to the treatment of reliability issues:
Experience
Offshore Standards
Study Case: Mooring design flowchart according
to DNV-OS-E301
Final Considerations and Conclusions

Motivation
Increase of cost for
structural
components

Reliability

What is it?

According to the BS, it is the capability of an item to
perform a required function under stated conditions
for a stated period of time.

What does
it depend
on?

1)The function that the device has to perform
(for a MRE device, production of energy and
withstand harsh environment and cyclic loads)
2)Operational and environmental conditions
(extreme and operational condition)
3)Design life of components/item

Motivation

Reliability
Increase
ase of
LCOE
Failure

Increase of cost for
inspections

Increase of cost for
operations
Decrease of power
production during
downtime

Sources of (un)reliability in the modeling of MRE devices

Reliability
Reliability

Severe Storms

Risks
Failure

Increase of cost for
electrical and other
subsystems

Why?

Uncertainties

